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Abstract 

There are two parts in this thesis. First of all, a TFT-based protein sensor with a 

microfluidic channel is designed to detect and quantify the bio-molecules. Secondly, the 

TFT sensor is further applied to detect the protein-ligand interaction between MDH and 

NADH. 

We demonstrate a TFT-based protein sensor combined with microfluidic channel. 

Due to the concentration gradient in solution, the analyte diffuses to the sensing pad 

through the microfluidic channel and causes a drain current increment. With various 

microfluidic channel lengths or different concentrations of IgG antibody, the results of 

response (diffusion) time and the amount of induced charges are quite distinguishable. 

All results following some theoretical relations. Thus, the unknown concentrations of IgG 

antibody can be obtained. Our design can acquire not only electrical information (the 

charges carried by the bio-molecules) but also fluidic information (diffusion time which 

is related to the size and weight of the bio-molecules). 

We next examine the diffusion and electrical signals of protein, ligand, and protein-

ligand interaction. They were first measured separately to obtain information that would 

be referenced for later experiment. An estimation equation is provided for new analyte 

with unknown diffusion coefficient, and is verified in our experiment to have accurate 

evaluation of diffusion time. We also did the fluorescent snapshots to gain a visual picture 
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of the diffusion scheme aside from electrical measurement. Finally, protein-ligand 

interaction is detected by our TFT sensor. 

 

Key words: a-IGZO, TFT, protein sensor, microfluidic channel, protein-ligand interaction 
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摘要 

    論文中包含了兩個部分。首先是將薄膜電晶體應用於血清蛋白的偵測，其次是

其在偵測蛋白質與配體之間的反應行為。 

    生物分子的偵測是當今熱門的研究。我們設計的蛋白質感測器結合了微流道

系統。當待測物經由微流道擴散到金感測板時，會造成薄膜電晶體電流瞬間增加。

不同的流道長度或是蛋白質濃度，都會影響電流變化的時間以及感應電荷的數量。

而這些結果又可以經由理論關係式相互推導，因而達到偵測與量化的目的。我們的

設計可以得到電性方面的資訊（蛋白質帶電量），並且同時可以得到流體的訊息（和

蛋白質的尺寸大小及質量相關），是一個非常簡易卻又方便迅速的蛋白質感測器。 

 另外，蛋白質與配體間的交互作用一直是世界各大藥廠相當關切的議題。我們

首先用薄膜電晶體感測器偵測蛋白質與配體分別的訊號，並給出一個估算式以預

估量測未知擴散係數的生物分子時適合的調配濃度。我們進行螢光染色的影像拍

攝以驗證先前純粹電性量測的結果。最後我們將配體引入蛋白質溶液並量測其電

性反應，以探究兩者之間的反應行為。 

 

關鍵字：非晶相銦鎵鋅氧化物，薄膜電晶體，生物感測器，微流道，蛋白質配體反

應行為 
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Chapter 1  Introduction 

1.1  Background of protein bio-sensor 

1.1.1  Overview of protein detection 

Biomedical engineering is a popular research topic nowadays. Cancer diagnostics 

and detection are the central investigating issue since cancer has been the top of the ten 

leading causes of death for over thirty years. Therefore the interest in human genes is 

significantly increasing and the investigations of bio-molecules (e.g. antibodies, 

nucleotides and peptides, etc.) are of great value in biological science [1, 2]. Protein 

molecules, in particular, has received considerable attention since the occurrence of 

diseases has appeared at the protein level [3, 4]. 

Traditional ways of diagnostics include blood tests, urinalysis and tumor markers. 

However, identification and quantification can be very complicated, time consuming and 

expensive. Thus, there is a rising need for convenient methods for detecting and 

measuring the levels of specific proteins. 

There are existing techniques for the detection of proteins such as optical, mass 

spectrometry, and electrochemical measurements. Colorimetric protein assay (including 

BCA protein assay, Bradford assay, the Lowry method, etc.) [5] is one of the most 

common methods of protein measurement. The process is fast, simple and direct. 

However, the detection is nonspecific and inaccurate. In the meanwhile, Western blotting 
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[6] is a way commonly used to specifically detect the protein concentration as well as 

other methods such as spectrophotometric assay [7] and surface plasmon resonance (SPR) 

[8], but the sensitivity is limited and the process is sophisticated and time-consuming. 
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1.1.2  FET-based biosensors 

To overcome the above mentioned problems, field effect transistor (FET)-based 

biosensors, which are widely used in semiconductor integrated circuit (IC) technology, 

have attracted a great deal of attention because of their various advantages in terms of 

miniaturization, standardization, mass-production. Especially, they are suitable for the 

on-chip integration of both the sensor and measurement systems [9, 10]. Comparing to 

traditional quantification methods, the required sample and detecting time are quite low. 

The structure investigated most is nanorod transistor-based biosensor. The channel 

is replaced by the nanorods as illustrated in Fig 1.4 [11]. The material of the channel 

may be carbon nanotube, silicon nanowire, ZnO nanorods and so on. Since proteins are 

intrinsically charged, they can influence the carrier in the channel and lead to a change 

in drain current. Therefore, by monitoring drain current, the concentration of the proteins 

is revealed. The signal of protein detection process is illustrated in Fig 1.5 [11]. The 

structure suffers from difficulties in fabrication such as the alignment of nano-structure. 

Also the sensing area is small, basically the size of the semiconductor channel. 
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Fig 1.1. Demonstration of nanorods transistor-based biosensor. The channel is formed 

by the nanorods instead of the bulk and used as the sensing area. [11] 

 

 

Fig 1.2. Illustration of signal of protein detection process. As the protein applying to the 

device, the drain current of the device switch to another level [11]. 
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A problem might occur because of the poor isolation between the device and the 

biological solution. Thus, it is very important to develop an encapsulation process of 

biosensors that is compatible with the IC technology. Accordingly, most frequently used 

FET-type biosensor is an extended gate field effect transistor (EGFET) [12, 13]. Its 

structure (see Fig 1.6 [14]) brings about the isolation of transistor from the chemical or 

biological environment, in which a sensitive membrane is deposited on the end of a signal 

line extended from the transistor gate electrode. For such reasons, the EGFET structure 

has several advantages, such as insensitivity to temperature and light, simple method of 

passivation and packaging, flexibility of shape of the extended gate. Thus, it could be 

tested and characterized without the need for coming into contact with solutions [13].  

 

 

Fig 1.3  Cross section of an EGFET bio-sensor [14] 
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Therefore, we introduce a thin-film-transistor with extended sensing gold pads and 

a microfluidic channel that is designed to detect both the electronic and fluidic properties 

of proteins. The extended metal pad is designed for sensing the induced charge on the pad 

and also to avoid the biological solution contact with the IGZO TFT. On the other hand, 

the microfluidic channel is composed to get more information such as diffusion time from 

the biological solution through diffusion process in the microfluidic channel. 
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Chapter 2  TFT-based Protein Sensor with 

Microfluidic Channels 

2.1  Introduction 

2.1.1  Overview of the microfluidic system 

The concept of microfluidics and lab-on-a-chip (LOC) was put forth by Widmer and 

Manz in 1990 [15] and is widely applied in chemical and biological analysis, such as the 

preparation and separation of molecules, monitoring, specific detection, quantification on 

a single device, etc. All these applications can be integrated with electronic or optical 

signal, making the concept of LOC more attractive. 

The simplest microfluidic network design includes a set of orthogonally intersecting 

microchannels (see Fig 2.1 [16]). These channels provide for the controlled handling of 

small volume of aqueous analyte solution. Generally, the shorter channel functions as the 

injection unit while the longer channel usually provides the necessary conditions to 

facilitate separation of the mixture in the analyte solutions by electroosmosis or 

electrophoresis [17]. In principle, the detection units are integrated with the longer 

microchannel. 
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Fig 2.1. The structure of microfluidic network includes a set of orthogonally intersecting 

microchannels and some detectors. [16] 

 

There is an enormous development in separation mode [18], detection schemes, 

analysis of biological species [19], biological and chemical reactors [20]. Thus, 

fabrication of microchannel has become more important. Polymer substrates are widely 

used due to their simple fabrication process (molding techniques), optical properties 

(transparency) and low cost. On the other hand, semiconductor substrates, particularly  

silicon, have gained an increasingly interest [21, 22] because their the direct integration 

of electronic components are becoming more and more feasible. 

In recent years, numerous reports are suggesting that biosensors should be integrated 

with a microfluidic system for detection accuracy, sample volume reduction, fast response 

time and ultimately portable, disposable chip [23]. Most of the research use microfluidic 

channel just as a way to deliver the biological or chemical solution(see Fig 2.2 [1]). A few 
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reports combine these two methods and detect the optical signal progressing with time 

[24]. It means that only a little part of the ability of microfluidic system has been exploited 

to combine with the biosensors. 

 

Fig 2.2  Micro-channel is used for delivering the solutions [1]. 

 

Therefore, we design a TFT-based biosensor with microfluidic channel to detect both 

electronic and fluidic properties of the analyte solution. There is a sensing gold pad 

extended from IGZO TFT and is designed for sensing the induced charge on the pad and 

also to avoid the biological solution contact with the device. On the other hand, the 

microfluidic channel is composed to get information from the biological solution while 

the analyte solutions diffuse in the microfluidic channel because of the created 

concentration gradient. 
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2.1.2  Introduction of the IgG antibody 

Immunoglobulin G (IgG) antibody was used to charge the extended sensing pad. IgG 

antibodies, a major effector molecule of the humeral immune response in man, accounts 

for about 75% of the total immunoglobulin in plasma of healthy individuals.  

IgG antibodies are very important in fighting bacterial and viral infections. They are 

large molecules, having a molecular weight of approximately 150 kDa, composed of two 

different kinds of polypeptide chain. One is heavy chain of approximately 50 kDa. And 

the other is termed light chain, and is about 25 kDa. 

 Each IgG antibody consists of two heavy chains and two light chains to form “Y” 

shape. For any IgG antibody, the two heavy chains and the two light chains are identical 

to recognize specific molecule, and thus they have the ability to bind simultaneously to 

identical structures [25]. 
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2.1.3  Structure and mechanism 

We design a protein detecting biosensor using IGZO TFT with extended sensing 

metal pad and microfluidic channel. The extended metal pad is designed for sensing the 

induced charge on the pad and also to avoid the biological solution contact with the TFT. 

On the other hand, the microfluidic channel is composed to observe the diffusion 

phenomenon when biological solution go through the microchannel. 

As in Fig 2.3, there are mainly two parts in the device. One is the thin film transistor 

and the other is the extended sensing gold pad with patterned sink and microfluidic 

channel. The sensing gold pad is extended from the top of the IGZO channel of TFT with 

SiO2 passivation layer in between. The patterned sink and microfluidic channel are 

formed by SU-8 which has a large depth to width ratio and can isolates the TFT from the 

biological solution. 

 

Fig 2.3. Structure of TFT-based biosensor with microfluidic channel 
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When a biological concentration gradient was created in the microfluidic channel, 

proteins may diffuse from regions of high concentration to regions of low concentration. 

By the law of diffusion, the concentration of protein affects the flux and the diffusion time. 

Besides, most biological substances carry a few negative charges. Therefore, as they 

reach the sensing pad through diffusion, the sensing pad will be charged. By the Gauss’s 

law, that may influence the carriers in the IGZO channel and thus change the drain current. 

The flux of the protein affects the amount of induced charge of the extended sensing pad 

and the drain current.  

Consequently, the concentration of the protein can be measured through the variation 

of the drain current, the amount of induced charge amount and the protein diffusion time. 
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2.2  Device fabrication and measurement 

2.2.1  Fabrication 

The fabrication process is shown in Fig 2.4. A staggered and bottom gate 

configuration is employed to fabricate a-IGZO TFTs on Corning Eagle 2000 glass 

substrate. The process starts from molybdenum (Mo) gate metal by DC sputtering and 

reactive ion etching (RIE). Then a 80nm-thick SiO2 dielectric layer is deposited by plasma 

enhanced chemical vapor deposition (PECVD) at 350℃. In the subsequent step, a 50nm 

IGZO film is coated by RF sputtering at room temperature. Next, the channel mesa is 

patterned by photolithography and dipping into dilute HCl for several seconds. Mo metal 

is coated by DC sputtering and etched by RIE, forming source and drain contacts. To 

eliminate the defects on the surface of IGZO caused by RIE, we dip the samples into 

dilute HCl again for a few seconds. Then we deposit 100nm SiO2 passivation layer by RF 

sputtering at room temperature, which serves the purpose of protecting the devices and 

also as an insulator for the sensing metal pad. The via-holes are opened by RIE to expose 

the contact pads. 

After the fabrication of the TFT, the sensing gold pad is evaporated by E-gun 

evaporation for 300nm, pattern defined by lift-off. Then we perform post-annealing at 

300℃ under nitrogen ambient for an hour in an oven tube. Gold was selected as the 

material of the sensing pad since there have been studies showing that gold are of good 
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biocompatibility and are widely used in biomedical research. 

1. DC sputter , RIE etching 5. RF sputter 

  

2. PECVD (350℃) 6. RIE etching 

 

3. RF sputter, HCl wet etching 7. E-Gun evaporation, Lift-off 

  

4.DC sputter, RIE etching 8. SU-8 photolithography 

  

Fig 2.4. Fabrication process 
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Finally, SU-8 2100 was coated and patterned by photolithography to be the micro-

sink and microfluidic channel of the bio-solution. SU-8 is a high contrast, epoxy based 

photoresist designed for micromachining. It has been designed as a permanent, high cross 

linked epoxy material and with high depth to width ratio. The fabrication process of 

patterned SU-8 is critical and need to be well controlled. The process flow of the 

fabrication of SU-8 is shown in Fig 2.5. The height of SU-8 is about 100μm. 

1. Spin coating 4. Post exposure bake 

  

2. Soft bake 5. Development 

 

3. Exposure 6. Hard bake 

 
 

Fig 2.5  Fabrication of 100 μm SU8-2100  
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2.2.2  Method of measurement 

As shown in Fig 2.6, the sensing pad and the microfluidic channel are first filled 

with phosphate buffered saline (PBS) before applying IgG antibody solution to the pool. 

The IgG antibody was purchased from Abcam Company in liquid form. It was diluted by 

30, 50, and 100 times with PBS before the measurement. 

The IgG antibody solution was then gradually diffused from the pool to the sensing 

pad through the microfluidic channel because of the concentration gradient. We start to 

see the change of TFT drain current as soon as the IgG antibody diffuses and conjugates 

with the sensing pad. It usually takes several minutes. 

 

 

Fig 2.6  Solution condition before measurement. 
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2.3  Characterizations of TFT-based protein sensors 

2.3.1  Drain current variations in time domain 

The electrical properties of the TFTs were extracted by Agilent 4155C 

semiconductor parameter analyzer at room temperature. The IGZO channel width is 600 

μm and length is 250 μm. We first measured the drain current of the devices with IgG 

antibody solution (IgG antibody : PBS = 1:50) and dispersed at the bias condition VGS = 

8 V and VDS = 5 V. The measurement was repeated every 30 seconds. 

For the samples with a microfluidic channel length of 2700 μm, the drain current is 

abruptly increased from 195.8 to 206.1 μA at 6.5 minute (see Fig 2.7), which implies that 

at t = 6.5 minute, the antibody reaches the sensing pad and conjugates with it, leading to 

the increment of drain current. Since IgG antibody carries some negative charges, they 

can be attached to the gold pad through Van der Waals force. 

  

Fig 2.7. (channel length 2700 μm) Drain current and induced charge variation  
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To understand the change of IDS-VDS curves, Fig 2.8 show the transfer and 

modulation curves of the device before (t = 0) and after (t = 15 min) applying the IgG 

antibody solution.  At VGS = 8 V and VDS = 5 V, the drain current is 180.4 at t=0, and 

increases to 228.7 μA at t = 15 minute. From the transfer curves, the application of IgG 

antibody result in little changes of threshold voltage as well as the subthreshold swing of 

the devices, indicating that the channel property remains nearly the same after the protein 

binding. 

 

  

(a) 
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(b) 

 

 

(c) 

 

Fig 2.8  Properties of a-IGZO TFT (a) IDS-VGS at t = 0 and 15 min  

(b) IDS-VDS at t = 0  (c) IDS-VDS at t = 15 min 
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We next measured the drain current on the sample with a shorter 1800 μm 

microchannel length.  At t = 3 min, an abrupt increase of current from 350.5 to 383.6μA 

(see Fig 2.9) indicates that the antibody has reached the sensing pad.  By comparing Fig 

2.7 and 2.9, it is observed that the response time of drain current is dependent on the 

microfluidic channel length. With longer microchannel length (2700 μm) , the response 

time is later. 

 

Fig 2.9  (Microfluidic channel length 1800 μm) Drain current and induced charge 

variation  

 

The following diffusion equation is employed to explain the correlation of channel 

length and response time [26]. 

 xଶ ൌ 2	D	t (2.1) 
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which x is the mean length of displacement, D is the diffusion coefficient of the IgG 

antibody solution and t is the diffusion time. By fixing the concentration of IgG antibody 

solution (in this case, IgG antibody : PBS = 1:50), the diffusion coefficient D is a constant 

value. As a result, the mean square displacement x2 is proportional to the diffusion time t. 

In our case, with the microchannel length 1800 μm and the response time 3.0 minute, 

D is calcuated to be 5.4×105 μm2/min. The value is close to the case of 2700 μm length 

and 6.5 minute response time with D = 5.6×105 μm2/min. The difference may be attributed 

to serpentine shape of the micochannel, for the fluid flow rate in the curved region is 

different from that in the straight line region. 

    It verifies that the diffusion equation can describe our experiment. Thus, IgG 

antibody goes from pool to the sensing pad is a “diffusion” phenomenon. 

 

Fig 2.10  Summary of response time and △Qmax (IgG antibody : PBS= 1:50) 
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2.3.2  Induced charge variations in time domain 

To further understand the amount of additional changes sensed by the device so that 

the concentration of IgG can be benchmarked. The amount of induced charges in the 

IGZO TFT is obtained from the following equation [27]: 

 Q ൌ ଶ

ଷ
WLCሺVୋ െ V୘ሻ (2.2) 

 Iୈ ൌ
ଵ

ଶ
μC୛

୐
ሺVୋ െ V୘ሻଶ (2.3) 

which Q is the induced charge in the IGZO channel, W and L are the width and length of 

the TFT channel respectively, C is the insulator capacitance per unit gate area, VGS is the 

voltage between gate and source, VT is the threshold voltage of the transistor and μ is the 

mobility of carriers in the channel. By combining Equation (2.2) and (2.3), the induced 

charge Q is correlated only to the drain current ID by 

 Q ൌ ቀ଼
ଽ

୛୐యେ

ஜ
Iୈୗቁ

଴.ହ
  (2.4) 

Here we define change difference at each time interval, 

 ΔQ(t) = Q(t) – Q(t-30 sec) 

Which Q(t) is the calculated charges at time t from Equation (2.4), and Q(t-30 sec) is the 

charges at the previous measurement, i.e., t-30 sec.  

In Fig 2.7, as the protein reached the sensing pad, △Qmax is 0.0109nC at t = 6.5 min 

with the microchannel length being 2700 μm. On the other hand, for the case with the 

microchannel length of 1800 μm in Fig 2.9, △Qmax is 0.0321 nC at t = 3 min. 
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The dependence of IgG concentration on the electrical properties was next examined. 

Fig 2.11 and Table 2.1 are the summary of the response time and ΔQmax for the samples 

with different microchannel lengths and various IgG antibody concentrations. With 

microchannel length being 2700 μm and a higher IgG concentration (IgG antibody : PBS 

= 1:30), the response time is earlier ( t = 4 min) and ΔQmax (0.0304 nC) is also larger as 

shown in Table 2.1. 

 

 

Table 2.1  Summary of response time and △Qmax 
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Fig 2.11  Summary of response time and △Qmax 

 

Table 2.2 lists the D calculated from Equation (2.1) with different concentration of 

IgG antibody solution. It indicats that with the same concentration, the diffusion 

coefficient is also the same. 

 

Table 2.2  Diffusion coefficient calculated from equation (2.1) 
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By Fick’s first law of diffusion [26, 28], the diffusion flux goes from the region of 

high concentration (pool) to the one of low concentration (sensing pad) and the  

magnitude of the flux is proportional to the concentration gradient. 

 J ൌ െD ∙
∆஦

∆୶
 (2.5) 

φ is the concentration and x is the diffusion length. J is the diffusion flux, which 

means the amount of substance that flows through a cross-section during a small time 

interval [28]. SinceΔQ means the amount of induced charges (which are carried by IgG 

antibody) sense on the extended pad at a certain time. Thus, ΔQ is similar to J. D is the 

diffusion coefficient and is depends on temperature, viscosity of the fluid and the size of 

the particles according to the Stokes-Einstein relation [26]. To simplify the analysis, 

Equation (2.1) provides a first order estimation of the diffusion coefficient. With the same 

x, D is reversely proportional to diffusion time t following D	 ∝ 	 ଵ
୲
 . 

Equation (2.5) can also be simplified to the following equation with a constant 

microchannel (diffusion) length x. 

 ∆Q	 ∝ 	
∆஦

୲
  (2.6) 

As the microchannel length is fixed at 2700 μm (Fig 2.12) , the value of ΔQmax is 

0.0109 nC with concentration of antibody is 
ଵ

ହ଴
. Then, evaluate the ΔQmax with 

ଵ

ଷ଴
 

concentration by using relation (2.6). The ΔQcalculated is 0.0295 nC ,and it is very near 
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the real ΔQmax which is 0.0304 nC. Fig 2.13 shows the results with microchannel length 

fixed at 1800 μm. 

The results evaluated from relation (2.6) are listed in Table 2 (using  concentration 

1:50 as the standard). From the table, it is obvious that the ΔQCalculated which is evaluated 

from relation (2.6) are close to the ΔQ Real that is measured from our device. Our 

experiment results fit well with the theoretical relation, which means that the 

concentrations of IgG antibody can be obtained by following relation (2.6). 

 

Table 2.3 ΔQReal and ΔQCalculated from relation (2.6) 
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Fig 2.12 Summary of response time and △Qmax (2700 μm Microchannel length) 

 

Fig 2.13 Summary of response time and △Qmax (1800 μm Microchannel length) 
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2.4  Summary 

In this work, we designed a thin film transistor with extended sensing pad and 

microfluidic channel. Because of the concentration gradient of IgG antibody solution, the 

fluid diffuses to the sensing pad and creates a drain current increment. 

With various microchannel length or various concentration of antibody, the results 

of ΔQmax are quite different. All results agree well with some theoretical models, which 

means that the concentrations of IgG antibody can be obtained by following relation (2.6). 

The response time is primarily related to the fluid condition, which depends on 

temperature, viscosity and the size of the particles…. etc. Another aspect,ΔQmax is 

evaluated from drain current increment and connected with the charges carried by the 

biological molecules. 

Comparing with the traditional FET-sensor, our design can acquire not only 

electrical information (i.e. the charges carried on the IgG antibody) but also fluidic 

information (i.e. diffusion time which is related to response time). Since microfluidic 

channels are often used to separate the mixture in the solution, it advantages us to divide 

bio-molecules and detect the charges carried on them at the same time. 

In other words, if there are two different proteins in the analyte solution and both of 

them carried almost the same amount of charge, we can distinguish them from each other 

due to the different response (diffusion) time (related to protein size and weight, etc.). 
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Surely, our design is a convenient and simple way to identify and quantify the bio-

molecules. 
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Chapter 3  TFT-based Biosensors and Protein-

ligand Interaction 

3.1  Introduction 

3.1.1  Overview of Protein-ligand interaction 

Finding protein-ligand binding and protein folding without external interferences is 

one of the most critical challenges and tasks for fundamental biological science and drug 

discovery, for proteins have incredible flexibilities and their proper functions in the 

biological systems depend on the correct folding and configurations [29, 30]. Also, 

protein-protein binding to form protein complexes and protein binding with small 

molecules provide important traces for drug discovery. Small molecules linking with 

proteins may produce therapeutic effects by correcting or changing the protein behaviors 

to activate or inactivate them. Promising drug candidates are chosen by protein-ligand 

binding tests among the library of millions of small molecules, typically conducted after 

the first screening by computer simulations [31]. However, because of the difficulties in 

modeling protein behaviors, the simulation often yields a very great number of drug 

molecule candidates for further tests. Because of the extremely high and rapidly 

increasing expense for drug test in the late phase of drug development, pharmaceutical 

companies pursue stable accurate, and high-throughput devices and methods for the 

screening of drug candidates in their drug discovery work flow. 
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For basic biological science, uncovering the protein-protein and protein-ligand 

interactions is an important act to understand the biological functions in normal and 

diseased state[32, 33]. All biological functions including metabolism, cell growth, gene 

expression, enzymatic reactions, and various diseases such as immune diseases, neural 

diseases, cardiovascular diseases, and cancer, involve protein interactions with other 

proteins, small molecules, nucleic acids, ions, and other biomolecules [34]. 

Understanding these functions is essential to the advance of biological science. However, 

despite the undisputable significance of the obstacle, there has been no approach available 

that can detect protein interactions without interfering the analytes under test. 

Most present methods involve fluorescent labeling, including the fluorescence 

resonance energy transfer (FRET) technique [35]. Although fluorescent tracking enables 

visualization of the protein molecules with excellent spatial resolution and high signal-

to-noise ratio when used in fluorescence microscopy, introduction of the fluorescent 

components may alter the protein conditions, restrict protein folding, and affect its 

binding affinity or binding sites. The same issues also exist in other labeling techniques 

such as those with nanoparticles, quantum dots, magnetic beads, Raman probes, et cetera 

[36-38]. Among the label-free methods, surface plasmon resonance (SPR) is the 

prevailing one for protein-ligand detection. Although no labels are attached to the protein 

molecules in SPR assays, the ligand molecules have to be immobilized onto a solid 
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surface. To achieve high sensitivity and specificity, the binding sites of protein and ligand 

have to be very near to the gold surface of the SPR system, typically within 10 nm. This 

is a strict constraint on the motions of analyte proteins and their interactions with ligands. 

Often times in biological systems, both the proteins and the ligands are free to move in 

space, having high degrees of freedom to search for binding sites to form the desired 

configurations. However in the SPR setup, some of the degrees of freedom are taken away. 

Due to the lack of an interruption-free way to study protein interactions, the current 

techniques may yield incomplete results, either suggesting incorrect drug candidates or 

skipping promising ones. Thus there is a rising demand in achieving constraint-free, label-

free detection of protein properties in recent years. 
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3.1.2  Introduction of MDH and NADH 

The protein-ligand pair to be inspected in this work is chosen to be MDH and NADH. 

Nicotinamide adenine dinucleotide, abbreviated NAD+, is a coenzyme found in all 

living cells. The compound, possessing a molecular weight of 741.62 Da, is a dinucleotide 

since it consists of two nucleotides joined through their phosphate groups. One nucleotide 

contains an adenine base and the other nicotinamide. In metabolism, NAD+ is involved 

in redox reactions, carrying electrons from one reaction to another. The coenzyme is, 

therefore, found in two forms in cells: NAD+ is an oxidizing agent – it accepts electrons 

from other molecules and becomes reduced. This reaction forms NADH, which can then 

be used as a reducing agent to donate electrons. 

Malate dehydrogenase (MDH) is an enzyme that reversibly catalyzes the oxidation 

of NADH to NAD+ using the reduction of oxaloacetate to malate. This reaction is part of 

many metabolic pathways, including the citric acid cycle. According to Devenyi et al. 

(1966) the molecule is composed of similar subunits of molecular weight 35,000, and has 

a total molecular weight of 70,000 [39, 40]. 
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3.2  Device fabrication and measurement 

3.2.1  Fabrication 

The fabrication process is the same as in Chapter 2. Staggered bottom-gate TFTs are 

fabricated on the Corning Eagle 2000 glass substrate. The process starts from 

molybdenum (Mo) gate metal by DC sputtering and reactive ion etching (RIE). SiO2 

dielectric layer is then deposited by plasma enhanced chemical vapor deposition 

(PECVD). IGZO film is coated by RF sputtering at room temperature subsequently, and 

the channel mesa is patterned by photolithography and dipping into dilute HCl for several 

seconds. Mo metal is coated by DC sputtering and etched by RIE, forming source and 

drain contacts. SiO2 passivation layer is deposited by RF sputtering at room temperature 

for the purpose of protecting the devices and also as an insulator for the sensing metal 

pad. The via-holes are opened by RIE to expose the contact pads. After the fabrication of 

the TFT, the sensing gold pad is formed by E-gun evaporation followed by lift-off. Post-

annealing at 300°C is then performed under nitrogen ambient for an hour in the oven tube. 

Finally, 100 μm SU-8 is coated and patterned by photolithography to be the micro-sink, 

or pool, and microfluidic channel of the bio-solution. 
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1. Gate(Mo), DC sputter , RIE etching 5. Passivation(SiO2), RF sputter, RIE etching 

2. Insulator(SiO2), PECVD (350℃) 6. Sensing pad(Gold), E-Gun evaporation , Lift-off 

3. Channel(IGZO), RF sputter , HCl wet etching 7. Microfluidic pool/channel, SU-8 photolithography 

4. Source/Drain(Mo), DC sputter , RIE etching  

 

Fig 3.1. Fabrication process 
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3.2.2  Method of measurement 

The measurement method is similar to that in chapter 2. But in this chapter both 

pools and the fluidic channel are prefilled with 0.05 M Tris buffer (pH 7.4). Analyte is 

introduced into the left pool at t = 0 min. Drain current is sampled at VGS = 8 V, VDS = 5 

V for 187 nM NADH every 30 seconds. As for 1.03 μM MDH, the signal is monitored 

under subthreshold VGS region (VDS still at 5 V). Current change is calculated with respect 

to TFT bare state (when nothing is on the sensing pad). 

When conducting protein-ligand interaction measurement, both pools and the fluidic 

channel are prefilled with 0.05 M Tris buffer and 1.03 μM MDH. We then  apply 187 

nM NADH to the left pool, and start drain current sampling at VGS = 8 V, VDS = 5 V. 

  



 

37 

 

3.3  Results and Discussion 

Agilent 4155C semiconductor parameter analyzer is used to extract the electrical 

properties of the TFTs at room temperature. The channel width and length of our IGZO 

TFT sensor in this chapter are 100 μm and 50 μm, respectively, with microfluidic channel 

being 2000 μm. We first measured the signal of our targets, i.e. NADH and MDH, 

separately. 

In the tests of 187nM NADH diffusion, TFT drain current was measured at the bias 

condition VGS = 8 V and VDS = 5 V. The measurement was taken every 30 seconds. The 

drain current jump occurs at t = 4.5 ~ 5 min, with an increase percentage of 12.5% with 

respect to bare state, as shown in Fig. 3.2. 

 

Fig 3.2. Drain current sampling of a pair of TFT sensors in a test of NADH diffusion. 

The lines connecting the dots are for the ease of eye-tracking. 
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Figure 3.3 shows the transfer curve of the device before (t = 0 min) and after (t = 5 

min) sensing 187nM NADH. At VGS = 8 V and VDS = 5 V, the drain current is 8.30 nA at 

t = 0 min, and increases to 9.32 nA at t = 5 min. 

 

Fig 3.3. Transfer curve of a-IGZO TFT at t = 0 and 15 min. The inset shows the magnified 

region of VG = 4 ~ 8 V. The drain current increased from 8.30 nA to 9.32 nA at 

VG = 8 V after NADH reaches the sensing pad. 

 

The NADH concentration of 187nM is chosen for that, under this analyte 

concentration, the arrival time for NADH from the introduction pool to the sensing pad 

is estimated to be at t = 4.0 min. The diffusion coefficient D in Eq. (2.1) can be further 

expressed as 

 D ൌ ଵ

௙
݇ܶ (3.1) 
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in which ݇ , ܶ  are Boltzman constant and absolute temperature, and ݂  being the 

frictional coefficient where 

 ݂ ൌ  (3.2) ݎߟߨ6

For a simple estimation, we assume our targets share a similar mass density so that ݂ ∝

ݎ ∝ ܸ
భ
య ∝ ܯ

భ
య. And from previous results summarized in Table 2.1 we can roughly say 

that diffusion coefficient D is proportional to C1.5, where C is the target concentration. 

Following this argument we can calculate the diffusion coefficient of NADH by referring 

to our data in Chapter 2 as 

ே஺஽ுܦ  ൌ ூ௚ீܦ ൈ ൬
஼ಿಲವಹ
஼಺೒ಸ

൰
ଵ.ହ

ൈ ቀ
ெ಺೒ಸ

ெಿಲವಹ
ቁ
భ
య  (3.3) 

And by Eq. (2.1), Eq. (3.3) is equal to 
୶మ

ଶ௧
. Assigning L, the microfluidic channel length, 

to x, Eq. (3.3) leads to 

ே஺஽ுܥ  ൌ ൥
஼಺೒ಸ
భ.ఱ 	

஽಺೒ಸ
ൈ ൬

ெಿಲವಹ

ெ಺೒ಸ
൰
భ
య
ൈ ௅మ

ଶ௧
൩

మ
య

  (3.4) 

Thus by choosing an arrival time that is suitable for our measuring condition, say, 4 

minutes, we have obtained that an NADH concentration of 187nM should be used. In Fig. 

3.x, the arrival time falls between t = 4.5 or 5 min, indicating that our estimation has a 

certain precision on predicting target arrival time to the same order of magnitude. 

Equation (3.4) is useful when encountering a new analyte of unknown diffusion 

coefficient. By choosing an acceptable range of the target arrival time, the analyte solution 

concentration is decided. And after testing, the diffusion coefficient of the analyte is in 
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turn determined. 

We next measured the diffusion signal the other target, MDH, in concentration of 

1.03 μM as calculated by Eq. (3.4). The drain current was sampled under VGS in 

subthreshold region (-2 V) and VDS = 5 V, with a same sampling rate of 30 seconds.  At 

t = 10.0 min, an increase of current from 15.1 pA to 18.6 pA (see Fig 3.4) indicates the 

device has sensed the diffusion of MDH over to the other pool. In the meanwhile we 

observed that there is a current drop in the left TFT, which is related to the pool that 

analyte is introduced in. This one-decrease-the-other-increase observation is quite 

common among our experimental results, and can be reasonably interpreted as a portion 

of analyte leaving the pool while diffusing to the other. 

 

 

(a) 
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(b) 

Fig 3.4. (a) Drain current sampling in time domain (b) TFT transfer curve before and after 

MDH sensing. The inset shows the magnified subthreshold region. The drain 

current increased from 15.1 pA to 18.6 pA at VG = -2 V after MDH reaches the 

sensing pad. 

 

Apart from exploiting electrical properties of our device to detect biological analyte, 

we also use NHS-Fluorescein, a fluorescent dye label with excitation and emission 

wavelength being 494 and 518 nm respectively, to verify the diffusion scheme. NHS-

Fluorescein is a amine-reactive derivative of fluorescein dye that have wide-ranging 

application as antibody and other probe labels for use in fluorescence microscopy, flow 

cytometry and immunofluorescence-based assays such as Western blotting and ELISA. It 
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is capable of labeling MDH, our analyte, by binding onto its primary amines. We can then 

observe the process of diffusion under a fluorescent microscope. Figure 3.5 shows the 

snapshots of a complete diffusion event. We first fill both of the pools and the microfluidic 

channel with buffer solution. Then we apply 1.03 μM MDH to the left pool and at the 

same time we start taking pictures every 30 seconds. From the figure we can see that 

fluorescent labeled MDH steadily fill up the microfluidic channel and gradually spread 

out from the channel outlet onto the surface of the other pool. The fluorescent proportion 

became most obvious around 7.5 ~ 8.0 min, slightly quicker than that determined 

electrically (9.5 ~ 10 min). The emission weakens after t = 10 min because that the 

fluorescein eventually dies out. These fluorescent snapshots give a hint that it requires a 

certain amount of analyte for the device to trigger a sensing response. A few minutes 

ahead of electrically determined arrival time, we see that there are already some 

fluorescein sparkling around the channel outlet. This implies in this case the time it takes 

for analyte to diffuse through the microfluidic channel is actually shorter than we 

measured previously. But not until enough amount of analyte has diffused onto the 

sensing pad does it cross over the detection limit of our device to make a response. 
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Fig 3.5. Snapshots of the diffusion process of NHS-fluorescent-binding MDH. The 

pictures were taken every 30 seconds (others not shown). 
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Finally we conduct the mixing diffusion experiment to examine the signal of protein-

ligand interaction. We fill both of the pools with 1.03 μM MDH and 0.05 M Tris buffer. 

187 nM NADH is then introduced into the left pool. Drain current variation in time 

domain is shown in Fig. 3.6. A sudden current increase at t = 5 ~ 6 min is observed and 

is considered the signal of the arrival of NADH to the right-hand-side sensing pad, since 

the arrival time and current gain percentage (10.1%) is matching our previous 

experimental results on separate target detection (t = 5 min, gain 12.5%). 

 

Fig 3.6. Drain current variation of mixing analyte diffusion in time domain. The signal of 

the left-hand-side sensor is hidden to avoid distraction. 
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A second current jump is observed at t = 12 min. This sudden increase is considered 

to be the outcome of the chemical reaction below, 

ܪܦܣܰ  ൅ܪା ൅ ݁ݐܽݐ݁ܿܽ݋݈ܽݔ݋
						ெ஽ு						
ሯልልልልልሰܰܦܣା ൅ ܮ െ݈݉ܽܽ(3.5)  ݁ݐ 

Research shows that NADH acts as an electron donor in many other biological-related 

chemical reactions. Upon applying to the pool, NADH sets out to the other side due to 

concentration gradient. After reaching the sensing pad, NADH participate in the chemical 

reaction of Eq. (3.5) catalyzed by MDH, donating its electron and turning into the 

oxidized form of NAD+. The election transfer of the oxidation may lead to a change in 

local charge distribution near the sensing pad [41], causing the second current jump in 

time domain. 

Another possible explanation could be the diffusion signal of the product of the 

redox reaction. After the introduction of NADH, L-malate is formed in the left pool. Thus 

a concentration gradient of L-malate is created across the microfluidic channel, causing 

it to diffuse through the fluidic channel and induce the second current gain. According to 

Eq. (3.4), a diffusion time of 12 min, the time interval between the addition of NADH 

and the second current jump, implies an analyte with a concentration of 61.5 nM has 

diffused to the other sensing pad. Following this calculation we can further deduce that 

32.9% of NADH in the initial introduction is consumed during the redox reaction in the 

left pool.  
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3.4  Summary 

In this work, we put further application to our TFT biosensor as to detect the 

chemical reaction of our analytes. 

First we measure the diffusion and electrical signals of our targets separately. We 

deduced Eq. (3.4) to estimate a desirable diffusion arrival time. The experimental results 

proved that the time estimation is accurate down to the same order of magnitude. 

Therefore Eq. (3.4) is useful when encountering a new analyte, for it can be applied to 

determine appropriate experimental concentration and thus determining the diffusion 

coefficient of the new analyte. 

A series of fluorescent snapshots have been taken to reveal the complete diffusion 

scheme of our target molecule through the microfluidic channel. The snapshots provide a 

visual verification of our measurement results, which mainly relies on electrical signals. 

We find that NHS-fluorescein-binding MDH appears a few minutes ahead of our 

electrically detected arrival time. This could mean that there exists a sensing threshold in 

our device. A certain amount of analyte has to be diffused onto the sensing pad to be 

detected by our device. 

The chemical reaction of MDH and NADH is examined by the mixing diffusion 

experiment. Besides the arrival signal of NADH as observed in previous tests, the signal 

of NADH oxidation is detected as well.  
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Chapter 4  Conclusion 

4.1  TFT-based biosensors with microfluidic channels 

In chapter 2, we demonstrated a TFT-based biosensor with extended sensing metal 

pad and microfluidic channel. Due to the created concentration gradient of IgG antibody 

solution, the analyte solution diffuses to the sensing pad and creates a drain current 

increment. 

As the microchannel length and concentration of antibody are different, the results 

of response time and ΔQmax are quite distinguishable. All results agree well with some 

theoretical models, which means that the concentrations of IgG antibody can be obtained. 

The response time is mainly related to the fluid condition. In the meanwhile, ΔQmax 

is evaluated from drain current increment and connected with the charges carried by the 

biological molecules. Thus, our design can acquire both fluidic (protein size and weight) 

and electrical (charge carried on protein) information at the same time. 
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4.2  TFT-based biosensors and protein-ligand interaction 

In chapter 3, we examine the diffusion and electrical signals of protein, ligand, and 

protein-ligand interaction. Our analyte are chosen to be MDH and NADH. They were 

first measured separately to obtain information that would be referenced for later 

experiment. 

An estimation equation is provided for new analyte with unknown diffusion 

coefficient, and is verified in our experiment to have accurate evaluation of diffusion time. 

We also did the fluorescent snapshots to gain a visual picture of the diffusion scheme 

aside from electrical measurement. 

Finally, the protein-ligand interaction is detected by our TFT sensor. The electron 

transfer of the oxidation of NADH into NAD+ is reflected in the second current jump in 

time domain. 
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