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中文摘要  

    本論文以開發心臟病量測晶片為背景，量測專一性結合之蛋白質鍵結力。臨

床上對於急性冠心症(acute coronary syndrome, ACS)的診斷為症狀評估、心電圖判

斷以及心臟酵素濃度的檢測。為實現心臟病患之定點照護系統，本論文所屬計畫

致力於開發一生物感測晶片，透過適體(Aptamer)捕捉血液中心臟酵素(Cardiac 

troponin I)以檢測血液所含酵素的濃度，由於本計畫所開發之生物晶片與微流道結

合，透過真空所造成的壓差或毛細力將血液輸送至檢測區域，由於流體所產生的

剪力有可能破壞蛋白質的專一性結合，因此本論文致力於量測此種專一性結合之

鍵結力，以開發高精確度之簡易量測系統為目標。量測蛋白質間鍵結力之方法已

有許多文獻 

提出，然而多以原子力顯微鏡(Atomic force microscope)為主要量測方法，以此方法

量測，需昂貴的量測儀器與精確控制的量測環境，因此本論文開發一微流體系統

間接量測一級抗體與二級抗體之間專一性結合之鍵結力。在本論文中，首先將一

級抗體(Rabbit IgG)共價接合於含有羧基(-COOH)的微球體上備用，接著將微流道

之基板以氣象沉積之方式，沉積一層高分子層，此高分子層含有NHS-ester官能基，

透過此官能基，二級抗體(Anti-rabbit IgG)共價接合於上，當含有一級抗體之微球體

通入流到中，微球體上之一級抗體將被流道底部之二級抗體所捕捉而停留於流道

中，接著通入緩衝液並逐漸加大流量，當流體所產生之剪力足以破壞鍵結時，微

球體將被沖走。此外，利用螢光標記蛋白，單一微球體上所含蛋白質數量可透過

螢光強度量化，透過上述實驗並佐以模型計算，一級抗體與二級抗體之間的鍵結

力將能夠以計算之方式得知。在量測結果中，我們量測出此對抗體間的鍵結力約

為 118 pN，此結果與文獻所測出的 Human IgG 與 Anti-human IgG 相較之下較大，

但已經非常接近。本論文所量測之結果，為凡德瓦力、靜電力與鍵結力的總和，

若能以理論剪去靜電力與凡德瓦力的影響，單純由鍵結所提供之鍵結力即可得

知。 

 

關鍵字：鍵結力量測、適體、心肌蛋白、急性冠心症、一級抗體(rabbit IgG)、二級

抗體(anti-rabbit IgG)、微流體、微流體剪力、微球體 
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ABSTRACT 

We measured the specific binding force between proteins with the background of 

the development of heart disease detection biochips.  In clinical, it is pathogonostic to 

have acute coronary syndrome (ACS) of three items that are clinical symptoms, 

electrocardiography (ECG) diagnosis and cardiac enzymes.  To achieve the goal of 

constructing a point-of-care system for ACS patients, this thesis is dedicated to the 

development of biological sensing chip.  Specifically, aptamers capture the heart blood 

enzyme (Cardiac troponin I) in order to detect the concentration of the enzyme 

contained in blood.  Since the biochip was combined with the microfluidic channel, the 

blood was delivered into the sensing area through pressure difference by vacuum or the 

capillary force.  The shear force generated by fluid could break the binding between 

proteins, so we are committed to measuring the binding force between specific bindings 

and developing a system with high accuracy to investigate different kinds of 

protein-protein interactions.  The method of measuring the interaction force between 

proteins had been revealed by many literatures.  However, most of them used atomic 

force microscope (AFM) to measure the force.  This method of measurement need well 

controlled environment. Alternatively, we developed a microfluidic system to measure 

the binding force between primary antibody and secondary antibody indirectly.  In our 

research, the primary antibody (Rabbit IgG) was covalently bonded to carboxylated 

(-COOH) microbeads.  The substrate of the microchannel was deposited with a film of 

polymer containing NHS-ester functional group by chemical vapor deposition, and the 

secondary antibodies (Anti-rabbit IgG) can be covalently bonded on the substrate 

through these functional groups.  The microbeads conjugated with the primary 

antibodies were injected into the microchannel and captured by the secondary 
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antibodies on the substrate.  Then the buffer was injected into the microchannel with 

gradually increased flow rate. When the shear force was large enough to break the 

bonds, the microbeads will be washed away.  In addition, we quantified the numbers of 

proteins on one bead with the use of fluorescent labeled protein by fluorescence 

intensity measurement. With the above experiment and model calculations, the binding 

force between the primary antibody and the secondary antibody can be calculated.  In 

the measurement results, the binding force between the antibodies was 118 pN.  

Though the result is greater than the binding force between human IgG and anti-human 

IgG measured from other literatures, it was still very close.  The measured interaction 

force is attributed to the bond, van der Waals force and electrostatic force.  If the van 

der Walls force and electrostatic force can be eliminated by calculation, the force only 

contributed by the bond can be investigated. 

 

Keywords: binding force measurement, aptamer, cardiac troponin I, acute coronary 

syndrome, rabbit IgG, anti-rabbit IgG, microfluidic, shear force, microbead. 
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SYMBOL TABLE 

Ac Contact area C Binding density 

CP Capacity of solid sphere surface for a given protein Fadh Adhesion force 

FD Drag force acting on the microbead 

FL Lifting force acting on the microbead 

FD
* Don-dimensional parameter of drag force acting on the 

microbead with a distance from channel surface Q Flow rate in the microchannel Qc Critical flow rate 

Re Reynolds number 

S Shear rate in the flow 

SSat Amount of representative protein required to achieve surface 

saturation 

V Volume of the microbead 

W Weight of the microbead 

a Radius of the microbead 

d Distance from channel surface to the bead center 

ds Mean diameter of solid sphere 

g Gravity acceleration h Height of the microchannel k Modeled spring constant lb Length of the bond 
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rc Radius of contact area w Width of the microchannel ߁ Torque acting on the microbead ߁adh Torque contributed by the adhesion force ߁* Don-dimensional parameter of torque acting on the microbead 

with a distance from channel surface λ Modeled spring elongation μ Viscosity of fluid ρ Density of the microbead ߩ௦ Density of solid sphere 

  

 



 vii

CONTENTS 

致謝 ....................................................................................................................................i 

中文摘要 .......................................................................................................................... ii 

ABSTRACT .................................................................................................................... iii 

SYMBOL TABLE ............................................................................................................. v 

CONTENTS ................................................................................................................... vii 

LIST OF FIGURES ..........................................................................................................ix 

LIST OF TABLES .......................................................................................................... xii 

Chapter 1 Introduction .............................................................................................. 1 

1.1 Background  ................................................................................................... 1 

1.1.1 Acute coronary syndrome ..................................................................... 1 

1.1.2 Biomarkers ............................................................................................ 2 

1.1.3 Cardiac muscles and troponin ............................................................... 3 

1.1.4 Biosensors detecting cTnI biomarkers .................................................. 5 

1.1.5 Antibody and aptamer ........................................................................... 6 

1.2 Binding force between aptamer and target molecule ..................................... 7 

1.3 Motivation  ............................................................................................... 8 

Chapter 2 Literature review .................................................................................... 10 

2.1 Binding force measurement using AFM ....................................................... 10 

2.2 Hydrodynamic shear assay ........................................................................... 12 

2.3 Other methods to study the interaction between ligands and receptors........ 14 

Chapter 3 Principle and theoretical model ............................................................ 16 

3.1 Measurement principle ................................................................................. 16 

3.2 Hydrodynamic shear load on microsphere ................................................... 18 



 viii

3.3 Theoretical model ......................................................................................... 20 

3.4 Critical flow rate ........................................................................................... 25 

3.5 Relationship between binding force and shear load ..................................... 26 

Chapter 4 Fabrication and experiment .................................................................. 27 

4.1 Microfluidic system fabrication .................................................................... 27 

4.1.1 Silicon Mold fabrication ..................................................................... 27 

4.1.2 PDMS microchannel fabrication ......................................................... 31 

4.1.3 Microfluidic system holder ................................................................. 31 

4.2 Preparation of IgG microbeads ..................................................................... 35 

4.2.1 Conjugation process ............................................................................ 35 

4.2.2 Rabbit IgG conjugation optimization .................................................. 37 

4.3 Preparation of Anti-IgG substrate ................................................................. 40 

4.4 Experiment  ............................................................................................. 41 

4.4.1 Specific binding test ............................................................................ 41 

4.4.2 Detachment experiment ...................................................................... 42 

4.4.3 Rabbit IgG on microbeads quantification ........................................... 44 

Chapter 5 Results and discussion ........................................................................... 45 

5.1 Specific binding test results .......................................................................... 45 

5.2 Detachment experiment results .................................................................... 47 

5.3 Rabbit IgG quantification results .................................................................. 50 

5.4 Binding force error discussion ...................................................................... 52 

Chapter 6 Conclusions and future works .............................................................. 55 

6.1 Conclusions  ............................................................................................. 55 

6.2 Future works  ............................................................................................. 56 

Reference ......................................................................................................................... 58 



 ix

LIST OF FIGURES 

Figure 1-1 Timing of concentrations of various biomarkers released after acute 

myocardial infarction [4]. ............................................................................... 3 

Figure 1-2 Proteins comprise cardiac myofilaments [5]. .................................................. 4 

Figure 1-3 Schematic process of SELEX [15]. ................................................................ 7 

Figure 1-4 3D structures formation of aptamer and target binding [16]. ......................... 8 

Figure 2-1 Force and displacement relationship when AFM tip approaches to and 

retracts from the target protein [18]. ............................................................. 11 

Figure 2-2 Side view of radial flow device for detachment experiment [23]. ................ 13 

Figure 3-1 (a) Schematic diagram of microbeads in the microchannel for 

immobilization.  Inject microbeads and stop pumping for immobilization.  

(b) After immobilization, increase the flow rate to wash away the 

microbeads attached on the surface. ............................................................. 17 

Figure 3-2 Forces and torques acting on a sphere in shear flow .................................... 19 

Figure 3-3 Schematic diagram of contact area ............................................................... 22 

Figure 3-4 Force acting on the beads as it detached. ...................................................... 24 

Figure 3-5 Schematic diagram of the contact area between microbeads and the substrate 

surface. .......................................................................................................... 24 

Figure 3-6 Adhesion force acting on the contact area of the bead in circular coordinates.25 

Figure 4-1 Fabrication process of silicon mold for microchannel by lithography and 

ICP etching. .................................................................................................. 29 

Figure 4-2 The microscope image of the microchannel silicon mold after Teflon coating.

 ...................................................................................................................... 30 

Figure 4-3 Assembly of the microchannel holder .......................................................... 32 



 x

Figure 4-4 Acrylic holder with micrchannel and tube. ................................................... 33 

Figure 4-5 The seal ability test setup. ............................................................................. 34 

Figure 4-6 Flow chart of antibodies conjugation process. .............................................. 36 

Figure 4-7 Aggregation occurred when insufficient or excess antibodies was added. ... 39 

Figure 4-8 Aggregation turned to dispersion after antibodies concentration was 

optimized. ..................................................................................................... 39 

Figure 4-9 Flow chart of NHS-ester group contained polymer film chemical vapor 

deposition. ..................................................................................................... 41 

Figure 4-10 Schematic diagram of detachment experiment setup. ................................. 43 

Figure 4-11 (a) Image of the microchannel under inverse microscope.  (b) Image 

process using ImageJ which defines the pattern of the microbeads. ............ 43 

Figure 5-1 SEM image of microbeads.  (a) Bare microbeads; (b) Microbeads coated 

with rabbit IgG. ............................................................................................. 46 

Figure 5-2 Specific binding test.  Microbeads coated with rabbit IgG were injected 

into the microchannel coated with anti-rabbit IgG for specific binding.  

And microbeads coated with BSA were injected into the microchannel 

coated with anti-rabbit IgG for non-specific binding. .................................. 47 

Figure 5-3 Experimental percentage of the microbeads remaining as a function of the 

flow rate. ....................................................................................................... 48 

Figure 5-4 Average experimental percentage of the microbeads remaining as a function 

of the flow rate with error bar.  Regression line and error regression line 

are plotted too. .............................................................................................. 49 

Figure 5-5 Calibration curve for labeled rabbit host IgG. .............................................. 51 

Figure 5-6 Relative average experimental percentage of the remaining microbeads as a 

function of the flow rate with error bar.  Regression line and error 



 xi

regression line are also plotted. .................................................................... 53 



 xii

LIST OF TABLES 

Table 4-1 Parameters for SPR 220-7 photoresist in lithography process ....................... 30 

Table 5-1 Comparison of different methods of measuring protein-protein interactions. 54 

 

 



 1

Chapter 1 Introduction 

1.1 Background 

1.1.1 Acute coronary syndrome 

There are more and more people suffering from cardiovascular disease, generally 

referred to conditions that involve narrowed or blocked blood vessels that can lead to a 

heart attack, chest pain (angina) or stroke [1].  With increasing salt or fat consumption, 

people nowadays have increasing probability of having cardiovascular disease.  Acute 

coronary syndrome (ACS), clinical presentation of myocardial ischemia, occurs when 

heart muscles lack of oxygen because of narrowed or blocked blood vessel.  There 

were more than 1.1 million patients with acute coronary syndrome (ACS) in U.S in 

2010 [1], and about 114,000 people go to hospital because ACS in UK each year [3].  

ACS can be divided into ST-segment elevation myocardial infarction (STEMI), non–

ST-segment elevation myocardial infarction (NSTEMI) and unstable angina according 

to its different symptoms, electrocardiography (ECG) and enzymes concentration.  In 

clinical, there is a series of examination to determine ACS including 

electrocardiography and different kinds of enzymes.  In particular, enzymes detection 

takes a long time and the patient with ACS must be sent to the hospital to do such 

examination before being arranged to the next treatment.  However, it is always very 

urgent for an ACS patient to arrive at hospital.  Therefore, more and more laboratories 

aim to develop biosensors to detect the enzymes concentration in blood quickly and 

easily.   
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1.1.2 Biomarkers 

Injured cardiac muscle release proteins and enzymes known as cardiac biomarkers 

into the blood.  In clinical, biomarkers for diagnosis ACS are CK-MB, myoglobin and 

cardiac troponin.  The timing of release of various biomarkers after acute myocardial 

infarction is shown in Figure 1-1. When acute myocardial infarction (AMI) occurs, [3] 

CK-MB rises to a peak of 2 to 5 times the upper limit of normal (ULN: define as the 

99th percentile from a normal reference population without myocardial necrosis; the 

coefficient of variation of the assay should be 10% or less), and returns to normal after 

about 2 days.  Myoglobin is the earliest rising biomarker; however, it returns to normal 

concentration very fast, typically in 2~3 days after AMI.   Troponin rises to different 

levels when large infarctions and small infarctions happened.  For small myocardial 

infarction, as is often the case of NSEMI, troponin shows a small elevation.  However, 

for large myocardial infarction, as is often the case of STEMI, troponin rises to more 

than about 13 times of CK-MB and lasts for about three days.  Further, the troponin 

level may stay elevated above the ULN for 7 days or more after AMI.  Because the 

concentration level of troponin is high and lasts for a long time for large myocardial 

infarction, the detecting will be easier and the risk of misjudgment is low.  Therefore, 

troponin is the most important biomarkers to be monitored for a severe ACS patient.   
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1.1.3 Cardiac muscles and troponin 

Cardiac muscle is one of three major muscles in human body; the others are 

skeletal and smooth muscles.  Cardiac muscle can not be controlled by brain, so called 

involuntary muscle, but can coordinate contracts for heart to pump blood to the whole 

body for oxygen supply.  Like most other tissues in body, cardiac muscles need blood 

to deliver oxygen and nutrients and to remove waste products.  The artery which 

supplies blood to cardiac muscles is called coronary artery.  If the coronary arteries 

became narrowed or even blocked, the cardiac muscles damaged and reduced the ability 

to pump blood efficiently due to the lack of oxygen supplied.  Furthermore, sever 

blockage in coronary artery will lead to cardiac muscles necrosis.  When cardiac 

muscles are damaged or even necrotized, the cardiac troponin will be released into the 

Figure 1-1 Timing of concentrations of various biomarkers released after acute 

myocardial infarction [3]. 
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blood.  And that is why cardiac troponin can be one of the cardiac biomarkers for 

diagnosis.   

Cardiac troponins include three different proteins: troponin-I (TnI), troponin-T 

(TnT), and troponin-C (TnC).  As shown in Figure 1-2 [5], all of them act as key roles 

in cardiac muscle contraction.  They act together as a complex in inhibiting the binding 

of myosin to actin strands.  TnT acts as a linker between troponin complex and myosin, 

TnI blocks the binding site between myosin and actin; TnC binds with calcium ion and 

then performs conformal change to move TnI away from the binding site. Therefore, the 

muscles can do contraction.   

 

 

Figure 1-2 Proteins comprise cardiac myofilaments [5]. 
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    According to Jesse. E (1993) [6], cardiac troponin-I (cTnI) is highly specific for 

myocardial injury. Therefore, it is a good biomarker for ACS.  In the past, CK-MB was 

the main detection biomarkers in clinical. However, it increases not only because of the 

cardiac muscles injured, but also skeletal muscles, causing diagnostic confusion.  

Today, more and more research has shown that cTnI is a better cardiac biomarker 

because of its specificity in heart [7]. The normal concentration of cTnI in healthy 

human is below 0.4 ng/mL.  The concentration greater than 2 ng/mL indicates high 

risk of cardiopathy [8].   

 

1.1.4 Biosensors detecting cTnI biomarkers 

    Due to more and more people suffering from ACS, there are a lot of researches in 

developing biosensors to detect cardiac biomarkers.  For practical usage, the essentials 

of biosensors are portability, convenient execution, rapid detection, high sensitivity, and 

low cost.  Over the last decades, biosensors using different methods to achieve these 

characteristics have been developed.  In general, they can be roughly divided into 

optical biosensors, electrochemical biosensors and transistor biosensors.  For optical 

biosensors, such as enzyme-linked immunosorbent assay (ELISA) and surface plasma 

resonance (SPR), are the most common methods to sense the biomarkers concentration.  

For ELISA based biosensor, its limit of detection (LOD) concentration can be as low as 

0.03 ng/mL [9].  However, it takes about 5 hours of analysis time.  For SPR 

techniques, the sensing time can be shortened for real-time detection; in addition, its 

LOD concentration can reach 0.07 ng/mL [10][11].  But it is high cost and needs 

expensive analysis equipment so it is difficult to be applied in point-of-care system.  

For electrochemical biosensors such as cyclic voltammetry (CV) and electrochemical 
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impedance spectroscopy (EIS), LOD concentration were reported to be 1 ng/mL and 0.2 

ng/mL.  For transistor biosensors, according to [12], grapheme-based field effect 

transistor has been reported to have LOD of 0.04 ng/mL.   

1.1.5 Antibody and aptamer 

Most of biosensors use ligands to capture cTnI.  The most common ligand is 

antibody which binds to its antigen specifically.  Normal antibody identification 

process starts with an animal immune system and the generation process must be done 

in vivo.  Therefore, antibody production is expensive and time-consuming.  In 

contrast, aptamer can be identified in vitro that does not depend on animals, cells, or 

even in vivo condition [13].  Because animals and cells are not involved in generation 

process, the toxins and some unwanted molecules can be easily controlled. Therefore, 

high affinity aptamers can be produced.  

The method to generate aptamers is called systematic evolution of ligands by 

exponential enrichment (SELEX), first reported by C. Tuerk et al. in 1990 [14].  

Figure 1-3 shows the schematic process of SELEX [15].  At first, random nucleic acid 

source with target molecules was incubated.  Second, unbound molecules were 

separated form bound molecules.  Then, the bound nucleic acids were eluted and 

amplified by polymerase chain reaction (PCR).  The process above were repeated for 

six to twelve cycles to obtain desirable aptamers with high purity.  The development of 

SELEX techniques makes it possible to produce aptamers recognizing virtually any 

class of target molecules with high efficiency and low cost.  In addition, SELEX 

techniques produces high specificity and affinity aptamers because the repeat cycles for 

recognizing target in process.  In recent years, many literatures have reported that 

aptamers have better affinity than antibodies and claimed that aptamers are better 

candidates in immunobiosensors.  In transistor-based biosensors, the shorter length of 
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aptamers makes it more sensitive than antibodies as ligands.  Today, more and more 

biosensors using aptamers as ligands are developed. 

 

 

 

1.2 Binding force between aptamer and target molecule  

Aptamers are short, single strands of DNA or RNA with 3-dimentional structures 

that facilitate specific binding with their targets such as small molecules, DNAs, 

proteins or cells.  Similar to antibodies, aptamers recognize their targets by 

3-dimentional structures like Fig 1-4 shows [16].  Once recognizing their targets, 

aptamers bond to them by complementary RNA base pair which creates secondary 

structures such as short helical arms and single stranded loops.  Combination of these 

secondary structures to their targets results in the formation of tertiary structures that 

Figure 1-3 Schematic process of SELEX [15]. 
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allows aptamers to bind to their targets via van der Waals force, hydrogen bonding and 

electrostatic interaction [17].  As the tertiary structures form, aptamers fold into a 

stable complex with the target.  This complex has strong interaction force so it’s not 

easy to break the binding, making aptamer a good ligand with high binding affinity.   

  

 

 

1.3 Motivation 

The interaction force in aptamer-target complex is an important factor for 

understanding the recognition process.  Further, the quantification of this interaction 

force is a key data for developing biosensors that use aptamers in microfluidics system.  

Therefore, a lot of literatures have reported some methods to measure the binding force 

between this kind of ligands and receptors.  Because there are many different kinds of 

forces in the aptamer-target complex, it’s still an unsolved problem about clarifying the 

interaction in detail.  Based on the project which developed a transistor based 

biosensors in our laboratory [12], we focus on the binding force between cTnI and its 

aptamer in this article and quantify the interaction force by hydrodynamic shear assay in 

a microfluidic system.  In the project, the biosensor is integrated with a microchannel 

Figure 1-4 3D structures formation of aptamer and target binding [16].
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and in which blood with biomarkers, cTnI, will flow into the channel by capillary force 

and go through detection area.  The flow rate of the blood in the channel is important 

because the shear force of the fluid may be too strong so that the aptamers cannot 

capture the cTnI.  As the result, the detection sensitivity decreases and the sensor 

performance will not reach the expectation.  To optimize the flow rate of the blood in 

the channel, the interaction forces between cTnI and its aptamer are extremely 

important; hence it is necessary to investigate the binding force for developing the 

biosensors in the future. 

In addition, the biosensors will detect not only one kind of biomarkers in our future 

development.  Therefore, it is important to develop a method to measure the binding 

force between different kinds of ligand and receptors quickly and easily.   
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Chapter 2 Literature review 

2.1 Binding force measurement using AFM 

Atomic force microscopy (AFM) has been developed for few decades and used 

widely for scanning images in nano and micro scales.  With a cantilever beam probe, 

AFM scans the sample surface by tapping or contacting and detects the force and the 

displacement of the cantilever beam. It then reconstructs the topography of the samples.  

In 1994, Florin et al. used AFM to measure the specific interaction between biotin and 

avidin [18].  AFM probe with nitride tip was functionalized with avidin first.  It then 

contacts with a biotinylated agarose bead and measures the force and the displacement 

of the beam, as shown in Fig 2-1.  In Figure 2-1, the horizontal line means no forces 

acting on the cantilever beam as the tip approaches the surface.  Suddenly, there is a 

compressive force acting on the tip when it contacts with the surface.  In the retraction 

process, the adhesion force between bead and tip results in a deflection of the cantilever 

beam toward the bead.  With increasing bend of cantilever, the tension force on the 

adhesive bond between bead and tip increases until the bond breaks.  When the bond 

between biotin and avidin breaks, a sudden step occurs, which shows the maximum 

adhesion force between biotin and avdin in the retraction process.  This condition 

allows only a limited number of molecular pairs to interact.  The force required to 

separate the biotinylated agarose bead and the avidin coated tip was quantized in 

integers multiples of 160 ±20 piconewtons.  In 1994, Lee et al. measured the force 

between two complementary DNAs using AFM [19].  As the reported results, the 

adhesive forces are 1.52, 1.11, and 0.84 nN, which are associated with 20, 16, and 12 

base pairs of complementary DNAs separately.   
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Besides DNA and protein interaction, specific antibody and antigen interaction was 

investigated by Dammer et al. in 1996 [20].  In addition, primary and secondary 

antibody interactions and aptamers interactions were studied by Lv in 2010 [21] and 

Nguyen in 2011 separately [22].  Though a lot of different ligands and receptors have 

been discussed, they all had a same problem: it is hard to measure one pair of ligand and 

receptor directly at the same time.  Always, there are multiple pairs of interactions 

between tip and sample surface in measurement because the tip of the probe is still too 

large compared to antibody, protein or DNA.  However, it is still the most common 

way to measure the molecule interactions. 

 

 

Displacement 

Force 

Figure 2-1 Force and displacement relationship when AFM tip approaches to and 

retracts from the target protein [18]. 
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2.2 Hydrodynamic shear assay 

    Though the interactions between ligands and receptors can be measured directly 

using AFM, there are some literatures which reported to measure the interactions by 

hydrodynamic shear assay because it needs expensive instruments and well controlled 

environment to reduce noises to measure the binding force using AFM.  In 1990, 

Roberts et al. had tried to model the cell adhesion by conjugating beads to antibodies 

and then adhered them to surface-coated complementary antibodies.  To investigate the 

interactions between two antibodies, they conducted beads detachment experiment in a 

radial flow device [23].  Schematic diagram of the radial flow device is shown in 

Figure 2-2. The fluid is injected into the radial discs through the tube in the middle of 

the device.  Because the cross-sectional area of the flow increases with radial distance, 

the flow velocity and the shear force decrease.  Therefore, within a circular zone 

around the inlet where the shear forces are higher, particles are swept away.  However, 

within the outer zone where shear forces are smaller the beads can adhere.  There is a 

boundary between these two zones, and the radius marked this boundary is defined as 

critical radius.  The reported mathematical model interprets the experiment data and 

analyzes the adhesion between ligands and receptors.  DNA binding was investigated 

with hydrodynamic flow in 2006 by Zhang et al. [24].  Similarly, beads coated with 

DNA specifically adhere to the surface with complementary DNAs; however, the whole 

device was a parallel plate flow chamber.  The flow was controlled with a syringe 

pump, and the detachment experiment was observed with a converted microscope.  

The interactions between the ligands and receptors were analyzed in these two 

literatures, but none of them had quantified the binding force.  Lorthois et al. 

investigated Fibrin/Fibrin-specific molecular interactions in 2001 [25].  With some 
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critical assumptions, Lorthois modeled the bond between fibrins as Hookean springs 

and calculated the binding force of the DNA pairs, suggesting that this force is about 

400 pN.   

 

 

 

Since microfluidics emerged in 1980s, precise control of small volume fluids 

makes it possible to reduce the cost and time of reaction in biological science.  Further, 

the microscale fluids form stable laminar flow in microchannel naturally so the flow 

field can be easily controlled.  With many advantages of microfluidics, a lot of 

researches have realized hydrodynamic shear assay in microfluidic systems.  

Yokokawa et al. measured the adhesion force between kinesins and microtubule using 

hydrodynamic force produced by microfluidic flow in 2011 [26].  The microchannel is 

Figure 2-2 Side view of radial flow device for detachment experiment [23]. 
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fabricated by the poly(dimethylsiloxane) (PDMS) using casting method and held by 

aluminum plate holder.  Microtubule is immobilized on the bottom of the channel, and 

the beads coated with kinesins adhered to it.  Just like the literature above, the device 

was linked to syringe pump to perform detachment experiment.  As the fluid force 

exceeded the adhesion force between kinesins and microtubule, the beads were swept 

away.  In addition, the ATP was added into the fluid to decrease the binding strength 

between kinesins and microtubule.  As the results, the binding forces are 362.9 pN and 

31.3 pN for conditions of ATP absence and ATP presence separately.   

There are same problems in hydrodynamic assay: there are multiple bonds between 

one bead and the surface.  Binding density estimation may be a good solution.  The 

contact area of the bead can be calculated; therefore, the bond numbers between bead 

and the surface can be estimated with binding density.  Today, a lot of efforts are taken 

to measure single bond between ligand and receptor; however, no good methods can 

investigate the binding interactions with single bond. 

 

2.3 Other methods to study the interaction between ligands 

and receptors 

    Except for the two methods mentioned above, there are other methods to study the 

interactions between specific ligands and receptors, such as unbinding cells by two 

micropipettes, optical tweezers method, centrifugation method and magnetic forces 

method etc. [27].  In 1991, Evans et al. first used two micropipettes to unbinding two 

capsules with adhesion molecules [28].  Markel et al. measured the unbinding force 

between biotin and streptavidin by conjugated them to two capsules separately.  With 

the method like Evans, capsules sucked by two micropipettes were moved away slowly 
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and the force was measured as capsules separated. [27][29].  The biotin-streptavidin 

unbinding force was about 50 pN.  For optical tweezers method, Nishizaka et al. 

measured the unbinding force between actin filaments in 1995 and the unbinding force 

was 9.2 ± 4.4 pN [30].  In 1996, Miyata et al. reported that the unbinding force 

measured by optical tweezers between actin and skeletal muscle α-actin was about 18 

pN [31]. 

        With the development of biotechnology, the interactions between different 

kinds of ligands and receptors become more and more important.  A lot of different 

methods to investigate this kind of molecular interactions have been developed.  In this 

thesis, we will focused on hydrodynamic shear assay and measure the aptamer-cTnI 

binding force by this method.   
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Chapter 3 Principle and theoretical model 

3.1 Measurement principle 

    In order to investigate the interaction forces between cTnI and its aptamer, a 

hydrodynamic shear assay was implemented in our experiment.  We have an idea 

about measuring the binding force between cTnI and its aptamer by fluidic force.  

However, the cTnI and its aptamer are too small to calculate the forces acting on them.  

Therefore, we induced a spherical microbead as a medium to transport the force from 

the flow to the cTnI-aptamer complex.  The model about the hydrodynamic shear load 

acting on a sphere attached to the plate surface has been well developed by O’Neill [32] 

and Goldman [33].  Therefore, the force acting on the bead can be calculated easily.  

Further, the adhesion force of the bead contributed by the ligand-receptor complex can 

be modeled, so the binding force and the unbinding force of the cTnI and its aptamer 

can be calculated.   The adhesion force model of the microbeads carrying with 

cTnI-aptamer complex will be explained later.  To realize the hydrodynamic shear 

assay, a microfluidic system was used in the experiment.  The system consists of a 

strait rectangular microchannel, and the bottom of the channel was coated with aptamers.  

The microbeads coated with cTnI will be injected into the channel, and the cTnI on the 

beads will be captured by the aptamers on the channel surface (Figure 3-1(a)).  

Therefore, the microbeads will attach to the channel surface and can be observed by an 

inverse microscope.  Than the fluid will be injected into the micrchannel to wash the 

beads away.  More and more beads will detach with increasing flow rate, and the 

detachment results will have further proces to calculate the adhesion force of the beads 

(Figure 3-1(b)).  Applying the model about the adhesion, the binding force of the cTnI 

and aptamer can be investigated finally. 
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(a) 

Figure 3-1 (a) Schematic diagram of microbeads in the microchannel for 

immobilization.  Inject microbeads and stop pumping for immobilization.  (b) After 

immobilization, increase the flow rate to wash away the microbeads attached on the 

surface. 

 

Increasing flow rate 

(b) 



 18

3.2 Hydrodynamic shear load on microsphere 

    The schematic model of shear load acting on sphere in flow is showed as Fig 3-2.  

Because there are cTnI-aptamer complexes between the microbead and the substrate 

surface, we assume that the bead has few nanometers of distance from the surface.   In 

the rectangular microchannel, the velocity gradient caused by non-slip boundary layer 

leading to the shear rate, S, was showed as Fig 3-2.  We applied the model from 

Goldman [33] which described a similar situation, and the model has been used 

successfully by R. Yokokawa [26] previously.  From this model, the microbead is 

applied with three forces by the shear flow, the drag force, the lifting force and the 

torque.  They are shown as below:  

 *6D DF adSFπμ=  (2.1) 

 3 *4 a SπμΓ = Γ   (2.2) 

 29.257 ReLF a Sμ= ×   (2.3) 

in which, FD is the drag force, FL is the lifting force, ߁ is the torque contributed by shear 

flow, μ is the fluid viscosity, a is the bead radius, d is the distance from channel surface 

to the bead center, Re is the Reynolds number and S is the shear rate in the flow.  FD
* 

and ߁* is the non-dimensional parameter as a function of d/a.  The geometry scale is 

extremely small in microchannel, leading to very small Reynolds number.  As a result, 

the lifting force, FL, is about 2 orders smaller than FD and ߁.  Hence, FL can be 

neglected in computation.   
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The shear rate S in rectangular channel can be calculated by the equation below: 

 
2

6Q
S

h w
=   (2.4) 

in which, Q is the flow rate, h is the channel height and w is the channel width.  By 

applying 
2

6Q
S

h w
=  into Equation 2.1 and 2.2, the drag force and the lifting force 

become 
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h w
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According to Goldman [33], the non-dimensional parameter FD
* and ߁* are, 

respectively, 
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Γ 
FD 

FL 

Figure 3-2 Forces and torques acting on a sphere in shear flow 
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 Γ = −  
 

    (2.8) 

By applying Equation 2.7 and 2.8 into Equation 2.5 and 2.6, the equations become: 

 2

9
36 1

16D

ad a
F Q

h w d
πμ     = +        

    (2.9) 
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       (2.10) 

As the result, we can calculate the drag force and the torque acting on the sphere with 

flow rate, dimensional parameters and fluid viscosity.   

 

3.3 Theoretical model 

    With the equations above, we can calculate the drag force and the lifting force 

acting on the microbead in the shear flow.  Here, we are going to model the 

ligand-receptor complex and the microbead to investigate the situation when the beads 

detach and the ligand-receptor complexes break.  Before modeling, we have some vital 

assumptions as below: 

1. The ligand-receptor complex is modeled as linear spring. 

2. All the ligand-receptor complexes between each microbead and the surface are 

equally stressed. 

3. The microbeads were coated with ligands uniformly. 

    Because it is too complicated to model each bond with different strains when the 

microbeads are swept away, the assumptions above are necessary.  In addition, it is 

hard to count the numbers of bonds formed as the microbeads attach to the surface.  

With the assumption 3, we can calculate the numbers of bonds with contact area and the 
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bond density. 

The contact area is a key parameters in our model, which is defined as the area 

where has ligand-receptors bonds.  According to S. Lothois [25], the schematic 

diagram is showed as Figure 3-3.  Because the ligand-receptor complexes are too small 

in comparison with the microbeads, there are many bonds formed between one bead and 

the surface.  All the bonds between the bead and the surface contribute the adhesion, 

so the contact area should include the place where the bonds exist.  Since the ligands 

on the microbead are coated uniformly, it is obvious that the contact area is a circle.  

Here, we assume that the bonds length, lb, the radius of the microbeads, a, and the 

radius of contact area, rc.  From Figure 3-3, the relationship of them can be showed as 

below: 

 ( )22 2
b ca a l r= − +    (2.11) 

Furthermore, the radius of contact area can be derived from Equation 2.11 as 

 2c br al=           (2.12) 

    As the radius of the microbead is known and lb can be estimated, the radius of 

contact area can be easily calculated.  Since lb is the bond length, it can be estimated by 

the sum of the ligand and receptor length.   
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    Since we have the contact area, the theoretical model can be established as Figure 

3-4 shows.  When the microbeads were dragged by the flow toward the outlet of the 

channel, it is assumed that the bond which is modeled as a linear spring is stretched at 

an angle α (Figure 3-5).  The forces acting on the sphere are shown in the Figure 3-4.  

We assume the torque is referred to the front edge of the contact area, as point I shown 

in Figure 3-4, and the adhesion force can be calculated by the equilibrium of the force 

acting on the sphere and the torque at the point I.  The equilibrium equations are 

Force equilibrium: 

 0adh D LF F F W+ + + =
   

       (2.13) 

cr
bl

a

Figure 3-3 Schematic diagram of contact area.  The lb is the characteristic 

thickness of the bond.  The characteristic thickness of ligand and receptor are 

represented in light gray and dark gray. 
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Torques equilibrium: 

 0adh DF a W aΓ + Γ + × + × =
    

  (2.14) 

in which Fadh is the adhesion force acting on the sphere contributed by the bonds, W is 

bead weight, and ߁adh is the torque contributed by the adhesion force.  Since the 

ligand-receptor complexes are modeled as linear spring, the adhesion forces contributed 

by the bonds can be expressed as: 

 adh cF A Ckλ=      (2.15) 

in which, Ac is the contact area, C is the binding density in unit area, k is the modeled 

spring constant, and λ is the modeled spring elongation.   

     As the Figure 3-6 shows, the torque contributed by the adhesion force can be 

calculated as 

 sin ( cos )adh adh cdF r rα θΓ = −         (2.16) 

where r is the radius from dFadh to the center of the bead, and θ is the angle between 

dFadh to the x-axis. 

By applying Equation 2.15, it becomes: 

 
0

sin ( cos )
cA

adh c cCk r r dAλ α θΓ = −      (2.17) 

With the circular coordinates shown in Figure 3-6, the Equation 2.17 becomes: 

 
2

0 0
sin ( cos )

cr

adh cCk r r rdrd
π

λ α θ θΓ = −                (2.18) 

Integrating Equation 2.18 leads to 

 3 sinadh cr Ckπ λ αΓ =               (2.19) 

Though the bond elongation and the bond spring constant are unknown, by modeling 

the bond as linear spring, the force contributed by the bond can be investigated by 

experiment. 
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adhF

DFLF
Γ

I
W

Figure 3-4 Force acting on the beads as it detached.   

2 Cr

Figure 3-5 Schematic diagram of the contact area between microbeads and the 

substrate surface.  
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3.4 Critical flow rate 

    The critical flow rate which causes shear load sufficiently large to break the bonds 

and to detach the microbead is defined as critical flow rate.  The bead size is Gaussian, 

as confirmed by the provider, Polysciences, Inc.  As the result, the distribution of bond 

numbers is also Gaussian.  As Gaussian distributions are symmetric around the mean 

value, the shear load to detach 50% beads is independent of the standard deviation of 

the distribution.  Here, we defined the critical flow rate, Qc, as the value that causes 

50% beads detachment.  In fact, the critical flow rate is the necessary flow rate to 

detach the beads whose size is equal to the mean size of the distribution.  Since we 

apply the Qc into the Equation 2.9 and 2.10, the drag force and the torque acting on the 

dA
θ

α

cr

r

adhF

Figure 3-6 Adhesion force acting on the contact area of the bead in circular 

coordinates. 
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bead when detachment occurred are show as below separately:  

 2
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F Q

h w d
πμ     = +        

       (2.20) 
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         (2.21) 

 

3.5 Relationship between binding force and shear load 

    Since we have the shear load on the microbeads and the theoretical bond model 

above, we can calculate the binding force by applying the model and the load into the 

equilibrium equations.  By applying the Equation 2.15 and 2.19 into Equation 2.13 and 

2.14, the Fadh can be solved as 

 
( )2

2
2 2

1 D c
adh c c D
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aF Wr
F A Ck r Ck F

r F
λ π λ

+ Γ −
= = = +    (2.22) 

Further, W can be replaced by ρVg, in which ρ is the density of the bead, V is the 

volume of the bead, and g is the gravity acceleration.  The Equation 2.22 becomes: 
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F A Ck r Ck F

r F

ρ
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+ Γ −
= = = +     (2.23) 

    Now the adhesion force is a function of drag force and torque; the drag force and 

the torque are functions of critical flow rate as shown in Equation 2.20 and 2.21.  The 

critical flow rate can be obtained by experiment, and the adhesion force of the bead can 

be easily calculated.  Applying the binding density and the contact area, the bond 

numbers on the bead can be estimated, and so is the binding force per bond. 
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Chapter 4 Fabrication and experiment 

4.1 Microfluidic system fabrication 

    The development of microfluidic system makes it possible to reduce the cost in 

biological research because the requirement for solvents, reagents and samples volumes 

are very small.  With microfluidics, complicated process of biological assays 

performed in laboratory can be miniaturized on a small chip.  Miniaturized versions of 

bioassays offer many advantages, including short reaction time, portability, low 

consumptions of power and potential for integrated with other miniaturized devices [34].  

Further, with well-developed techniques of MEMS, the fabrication of microfluidic 

systems becomes easier and cheaper.  Thus, the microfluidic systems are widely used 

in biological, medical research and bioassays.   

    Microchannel plays a key role in microfluidic systems, and lots of research have 

explored and developed the fabrication method of the microchannel.  Based on 

well-established fabrication techniques in semiconductor industry, making 

microstructure molds on silicon wafer is the most common way to fabricate 

microchannel.  Polydimethylsiloxane (PDMS) is one of the most widely used materials 

for microchannel in medical, biological and chemical applications because of its 

advantages of biocompatibility, low cost, easy molding into sub-micrometer features, 

chemical inertness, gas permeability and optical transparency for real-time optical 

detection [35]-[37].   

 

4.1.1 Silicon Mold fabrication 

    In this article, the microchannel used in the microfluidic system was made from 

PDMS by replicating fabrication from a master mold.  To manufacture a mold with 
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sub-micrometers structures, the fabrication techniques of MEMS is the best choice.  

The master mold used in this article was made from silicon wafer.  Before fabrication, 

some process must be done to clean the silicon wafer.  First, the inorganic contaminant 

on the wafer surface was removed by immersing the wafer in piranha solution (H2SO4 : 

H2O2 = 3:1) for 5 minutes, and then rinsed with deionized water, and dried with nitrogen 

gun.  Than, the organic contaminant on the wafer was removed by acetone and 

isopropyl alcohol (IPA) bath for 5 minutes separately.  Finally, the wafer was rinsed 

with deionized water and dried with nitrogen gun, and the clean process was done.  

Before lithography process, the silicon wafer had to be modified in order to increase the 

adhesion between photoresist and the wafer surface.  Hence, the wafer was soaked in 

BHF solutions for 5 minutes for modification.  Again, the wafer was cleaned with 

deionized water and dried with nitrogen gun and it appeared that the silicon surface 

properties turned from hydrophilic to hydrophobic, and now the wafer was ready for 

lithography process.  To define microchannel pattern, we spin coated about 6 μm 

positive photoresist (SPR 220-7) on the wafer first.  Then, put the wafer with 

photoresist on the hotplate to soft-bake it for 90 s at 90 °C (Figure 4-1 (a)).  The 

microchannel was patterned by exposing process under 3.9 mW/cm2 for 70 s and then 

was developed in TMHA developer for 70s (Figure 4-1 (b)-(c)).  After rinsed with 

deionized water and dried with nitrogen gun, the wafer was put on the hotplate for 

hard-bake at 90 °C for 15 minutes then the photoresist on the wafer was ready for mask 

for etching process.  To etch the silicon wafer in high aspect ratio, we used inductively 

coupled plasma (ICP, Samco) etching for the process (Figure 4-1 (d)).   Finally, the 

wafer was soaked with acetone and IPA to remove the photoresist (Figure 4-1 (e)) and 

immersed in piranha solution again for advance cleaning.  The parameter of 

lithography process is listed in Table 3-1.  In order to demold the PDMS replica easily, 
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a thin layer of Teflon (DuPontTM Teflon AF, Dupont, Wilmington, Delaware, USA) was 

spin coated on the mold surface.  Teflon was spin coated on the mold at 3500 rpm and 

heated at 90 °C for drying.  The microscope image of the mold is shown as Figure 4-2, 

the surface coated with Teflon looks corrugated.  However, the topography of the mold 

had been checked using Probe Type Surface Analyzer.  The surface is still smooth and 

flat, the height of the corrugation is very small so can be ignored.  The width and the 

height of the microchannels are 80 μm and 32μm separately which were measured by 

Probe Type Surface Analyzer. 

 

  

(a) 

(b) 

(c) 

(d)

(e)

Figure 4-1 Fabrication process of silicon mold for microchannel by lithography 

and ICP etching. 
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Table 4-1 Parameters for SPR 220-7 photoresist in lithography process 

 

 

 

 

 

Process Parameters 

Spin coating 
(3 steps) 

(a). 500 rpm for 10 sec. 
(b). 2000 rpm for 30 sec. 
(c). 3000 rpm for 55 sec. 

Soft bake 90 °C for 90 sec. 

Exposure 3.9 mW/cm2 for 70 sec. 

Developing In TIMAH for 70 sec. 

Hard bake 90 °C for 1min 15 sec. 

Figure 4-2 The microscope image of the microchannel silicon mold after Teflon 

coating. 
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4.1.2 PDMS microchannel fabrication 

    After the silicon mold was fabricated, the PDMS microchannel can be made by 

replication process.  Liquid PDMS prepolymer mixed with curing agent in 10:1 weight 

ratio was prepared before poured onto the mold.  The liquid PDMS prepolymer and 

curing agent were fully mixed by a mixer, then placed in a vacuum chamber for 

degassing.  After degassing for 30 minutes, the liquid PDMS mixture was poured onto 

the silicon mold and put into the vacuum chamber again to degas thoroughly for 1 hour.  

If there were no bubbles in the liquid, then the mold was placed on a hotplate and heated 

at 70 °C for 3 hours to cure the PDMS thoroughly.  And then the dried solid PDMS 

sheet was peeled from the mold carefully.  There are 8 components on one sheet, and 4 

microchannels on each component.  Therefore, there are 32 microchannels being made 

in one batch.  The peeled PDMS sheet have to be cut and punched to make the inlet 

and outlet holes.   

 

4.1.3 Microfluidic system holder 

    The peeled PDMS replica has to be sealed with a substrate to form a channel.  

Hydrophobic surface of PDMS can form reversible seal by conformal contact easily.  

However, the adhesion is not strong enough to prevent liquid leakage at high pressure.  

There are many methods to increase the adhesion between PDMS and glass, including 

chemical treatment, plasma treatment, and corona treatment [38]-[40].   The most 

common way is oxygen plasma treatment.  According to Duffy et al. [41], PDMS and 

glass can be sealed by irreversible bonding with oxidation treatment, and both of them 

can be oxidized using oxygen plasma.  Surface oxidation is believed to expose silanol 

groups (OH) at the surface of the PDMS layers and glass surface that when these 
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surfaces are brought together to form covalent siloxane bonds (Si–O–Si).  Typically, 

such bonding can withstand 30-50 psi air pressure without breaking.  All the methods 

above need to modify the PDMS and substrate surface.  However, the glass substrate is 

specially prepared for antibodies immobilization in our research and can not be treated 

with oxygen plasma.  In addition, the seal of the PDMS and the substrate need to 

withstand high pressure due to detachment experiment.  Therefore, we designed a 

holder to hold PDMS replica and substrate together to seal the microchannel.  The 

holder and the PDMS replica are shown in Figure 4-3, which is composed of a base to 

place the glass substrate and a cover to hold the PDMS replica.  

 

 
Figure 4-3 Assembly of the microchannel holder  
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The holder base and the cover are made of acrylic by laser cutting.  The holder holds 

the replica and substrate tightly with screw on four screw sockets.  The photo of the 

holder is shown in Figure 4-4.  The seal was checked by injecting dyed deionized 

water with increasing flow rate (Figure 4-5).  The maximum flow rate could reach 80 

μl/min without fluid leakage.  The maximum flow rate in the test can detach the 

microbeads that attach to the surface with adhesion force of ~31.4 nN, which is much 

larger than the expected adhesion force of the beads in our research.  In this test, we 

confirmed that the seal of the holder is good enough to against detachment. 

 

 

 

 

 

Figure 4-4 Acrylic holder with micrchannel and tube.  
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Figure 4-5 The seal ability test setup.

Syringe pump 

Microchannel 
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4.2 Preparation of IgG microbeads 

4.2.1 Conjugation process 

    Carboxylated microbeads with 1 μm in diameter were purchased from 

Polysciences, Inc.  The beads were made of polystyrene whose hydrophobic 

interactions with glass substrate contribute to their resistance to elastic and plastic 

deformation.  Therefore, the beads will not deform when contact with surface and 

remain in their spherical shape.  To confirm whether the detachment experiment setup 

can be used to measure the binding force, we first measured the binding force between 

rabbit IgG and goat anti-rabbit IgG, which has been investigated before.  In addition, 

IgG antibodies is easier to acquire and cheaper than the cTnI so it is better for us to use 

IgG to optimize the concentration in conjugation process.  In our research, we 

conjugated two kinds of proteins onto the microbeads which are bovine serum albumin 

(BSA) and rabbit IgG for non-specific binding and specific binding.   

    The carboxylic acids groups on carboxylated microbeads can crosslink to primary 

amines compounds with N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide 

hydrochloride  (EDC) and N-Hydroxysuccinimide (NHS) in aqueous condition.  This 

method is called carbodiimide crosslinking chemistry and the detail of activation 

process was shown in Figure 4-6.  EDC reacts with carboxylic acid group to form an 

active O-acylisourea intermediate (Figure 4-6-(b)) which is easily displaced by NHS in 

the reaction mixture.  Actually, the O-acylisourea intermediate can crosslink with 

primary amino groups on the protein, but it is unstable in aqueous. 
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The intermediate easily hydrolyzes if it fails to react with primary amino groups.  

Therefore, NHS is added to replace the intermediate from EDC to form a more stable 

amine reaction group.  NHS-ester forms on the microbeads (Figure 4-6-(c)) as NHS 

replaces the intermediate from EDC and can be easily displaced by nucleophilic attack 

from primary amino groups on the protein (Figure 4-6(d)).  With EDC and NHS, the 

carboxylic acid groups on the microbeads crosslink efficiently with primary amino 

groups on the proteins. 
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Figure 4-6 Flow chart of antibodies conjugation process. 
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Before conjugation process, the carboxylated microbeads had to be washed.  First, 

we pipetted 5 μl of microbeads into a 1.5 ml centrifuge tube and then added 170 μl MES 

buffer.  MES buffer was prepared by dissolving MES hydrate in deionized water at the 

concentration of 10 mM and followed by the introduction of NaCl to reach the 

concentration at 0.9 wt%.  The solution was then adjusted to pH 5.5.   The microbead 

suspension was centrifuged for 6 minutes, and the supernatant was carefully removed 

using a pipette.  Next, we refilled the centrifuge tube with MES buffer to suspend the 

microbeads and repeated the process above for three times. Then the microbeads were 

ready for protein conjugation. Before the protein conjugation, a 200 mg/ml EDAC 

solution was prepared by dissolving 10 mg EDC in 50 μl MES buffer, and 120 mg/ml 

NHS solution was prepared by dissolving 6 mg NHS in 50 μl MES buffer.  We added 

20 μl EDC solution and 20 μl NHS solution in sequence into the microbeads suspension 

to activate the carboxylic acid group.  The microbeads were sonicated for 15 minutes, 

and the excess EDC and NHS in the solution were removed by centrifuge.  Then, we 

re-suspended the microbeads in 210 μl PBS buffer and added 10 μl rabbit IgG solution 

(1 mg/ml).  The solution was sonicated for 15 minutes and mixed for 30 minutes.  To 

block the unreacted group on the microbeads, excess BSA was added and mixed 

overnight.  After removing the excess rabbit IgG and BSA and re-suspending 

microbeads in 400μl PBS buffer by sonication, the conjugation process was done.   

 

4.2.2 Rabbit IgG conjugation optimization 

Microbeads aggregation is a problem to be solved in the conjugation process.  

The microbeads we bought from Polyscineces, Inc. is well dispersed in deionized water 

and PBS buffer because of the full surface charge on the beads.  However, each steps 

of conjugation process will change the surface charge of the beads and results in 
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aggregation (Figure 4-7).  This kinds of aggregation could be reversed by some 

methods.  Sonication is one of them and that is why we sonicated the latex at each step.  

However, some reasons may cause irreversible aggregation such as crosslinking 

between beads and beads by proteins.  One protein will crosslink to two or more 

microbeads if insufficient protein is added in conjugation process.  To avoid this kind 

of microbead aggregation, the volumes of rabbit IgG added into the latex for 

conjugation have to be optimized.  

    The amount of protein required to saturate the bead surface can be estimated by 

equations provided by Polysciences, Inc.: 

 Sat

6
S = P

S S

C
dρ

  (4.1) 

where SSat is the amount of representative protein required to achieve surface saturation, ρs is the density of solid sphere, ds is the mean diameter of solid sphere, and CP is the 

capacity of solid sphere surface for a given protein.  For IgG with molecular weight 

about 150 kDa, the capacity CP is estimated as 2.5 mg/m2.  The diameter and the 

density of the microbead is 1 μm and 1.05 g/cm3.  We prepared 5 μl microbeads in 

conjugation process, and the amount of rabbit IgG to saturate the beads is about 0.2 μg 

which is calculated by Equation 4.1.  For optimization, we prepared 1 mg/ml rabbit 

IgG in PBS buffer and added different volumes of it in conjugation.  From the 

computation above, only 0.2 μl of rabbit IgG would be enough. However, the results 

showed that the microbeads aggregated after conjugation.  Thus we increased the 

volume added into the latex and found that 10 μl of rabbit IgG was enough to disperse 

the microbeads (Figure 4-8).  There is about 20 μg rabbit IgG in the latex for 

conjugation, which is 100 times of estimated amount. 
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Figure 4-7 Aggregation occurred when insufficient or excess antibodies was added.  

Figure 4-8 Aggregation turned to dispersion after antibodies concentration was optimized. 
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4.3 Preparation of Anti-IgG substrate 

    The glass substrate was coated with anti-rabbit IgG for specific binding with rabbit 

IgG.  Glass wafer was cut into 21.7 mm X 25 mm pieces as substrate and cleaned 

thoroughly.  Glass substrate was soaked in piranha solution for 5 minutes and rinsed 

with deionized water.  Then immersed in acetone, IPA and deionized water for 5 

minutes in sequence and dried with nitrogen gun.  For protein coating, the glass 

surface had to be modified.  Without any chemical treatment, the glass substrate was 

only chemical vapor deposited (CVD) with a layer of polymers contained NHS-ester 

group.  The chemical vapor deposition polymerization process is shown in Figure 4-9.  

4-N-hydroxysuccinimide ester-[2.2] paracyclophane was first sublimed; the resulting 

vapor was transferred into the pyrolysis zone and then then polymerized upon 

condensation to the cooled substrate surface [42]-[44].  The thickness of the CVD 

polymer was about 30 to 50 nanometers, and the NHS-ester group on it can easily form 

covalent bonding with primary amino group on the protein at room temperature in 

aqueous conditions.  For anti-rabbit IgG conjugation, the antibodies was prepared at 

concentration of 10μg/mml in PBS buffer first.  Next, we assembled PDMS replica and 

the glass substrate which had chemical vapor deposited with NHS-ester to be a 

microchannel, and injected anti-rabbit IgG (10 μg/mml) under slow flow velocity 

overnight.  Then PBS buffer was injected into the microchannel to remove unbinding 

antibodies.  At last, BSA solution was injected to block the excess NHS-ester group on 

the glass substrate followed by PBS buffer for removing unbinding BSA.   
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4.4 Experiment 

4.4.1 Specific binding test 

    In order to confirm whether the microbeads were conjugated with rabbit IgG 

completely, the specific binding test was conducted.  For specific and non-specific 

binding test, microbeads conjugated with rabbit IgG and BSA were prepared.  Also the 

glass substrate coated with anti-rabbit IgG and BSA were prepared.  Anti-rabbit IgG 

will catch the beads coated with rabbit IgG and form specific binding; in contrast, the 

beads coated with BSA will not be captured and most of them will be washed away 

under slow flow velocity.  Only few of them will attach on the surface because 

non-specific binding.  We injected both microbeads into two microchannel separately 

for the test and observed the amounts of the microbeads attached on the surface after 1 

hour under very slow flow velocity.   

 

4-N-hydroxysuccinimide 

ester-[2.2] paracyclophane  

CVD

poly(4-N-hydroxysuccinimide 

ester-p-xylyene-co-p-xylylene) 

Figure 4-9 Flow chart of NHS-ester group contained polymer film chemical vapor 

deposition. 
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4.4.2 Detachment experiment 

   Detachment experiment was performed to measure the binding force between rabbit 

IgG and anti-rabbit IgG.  The schematic experiment setup diagram is shown as Figure 

4-10, there is a syringe pump and an inverse microscope with CCD connected to the 

computer.  In the experiment, we used a syringe pump to control the flow rate injected 

into the microchannel which was held by the holder.  Syringe and the microchannel 

inlet were connected with a Teflon tube of 1 mm outer diameter.  The tube and the 

microchannel inlet sealed automatically because the elastic deformation of PDMS 

leading to its inlet hole held the tube tightly.  For detachment experiment, the 

microchannel holder was placed on the inverse microscope and the microbeads 

conjugated with rabbit IgG was injected into the microchannel at the flow rate of 10 

μl/min.  As the microbeads arrived at the observation area, we reduced the flow rate to 

1 μl/hr and kept pumping for 1 hour for anti-rabbit IgG to capture the microbeads.  

Then we injected PBS buffer into the microchannel to wash away the unbinding 

microbeads under slow flow rate and recorded the numbers of the microbeads attached 

on the surface of observation area (Figure 4-11(a)).  To count the numbers of the beads, 

we use the software, ImageJ, assisted with human observation to analyze the image 

taken form the CCD.  The image was transformed into 8-bit image first, and then we 

used threshold of grayscale to define the beads pattern (Figure 4-11(b)) and counted the 

numbers of patterns.  The beads detachment experiment was initiated by applying a 

gentle flow at 1μl/min and the flow rate was increased at 1 μl/min.  Before increasing 

the flow rate, the numbers of the microbeads remaining on the surface were recorded.   
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Syringe pump 

Inverse Microscope 

CCD

Microchannel 

Figure 4-10 Schematic diagram of detachment experiment setup.

Figure 4-11 (a) Image of the microchannel under inverse microscope.  (b) Image 

process using ImageJ which defines the pattern of the microbeads.   

(a) (b) 
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4.4.3 Rabbit IgG on microbeads quantification 

    As mentioned in the chapter 3, the bond numbers are very important parameters in 

calculating the binding force per bond.  Therefore, the numbers of rabbit IgG 

conjugated on the microbeads have to be quantified.  With the numbers of the rabbit 

IgG on the beads, the binding density can be calculated and the bonds formed in contact 

area can be estimated, too.  Since the rabbit IgG we used in the detachment experiment 

is not labeled, the quantification of rabbit IgG is very difficult.  Hence, we use labeled 

rabbit host anti-goat IgG to stimulate the situation that rabbit IgG is conjugated to 

microbeads.  Antibodies with the same host species have similar structures and 

molecular weight.  So the binding efficiency and the numbers of antibodies conjugated 

to the beads are similar between rabbit IgG and rabbit host anti-goat IgG.   

    Before quantification process, the calibration curve of fluorescent absorbance and 

antibodies concentrations must be characterized.  We diluted the rabbit host anti-goat 

IgG to 8 different concentrations and measured the absorbance to create the curve.  

The antibodies had FITC labeled which excitation wavelength is 492 nm and emission 

wavelength is 520 nm.  We use a luminometer from Turner Biosystems, Modulus™ 

Single Tube to measure the absorbance of labeled antibodies.  Three times of 

measurement were done for each concentration, and the average absorbance was 

calculated.  Each concentration corresponds to its absorbance, and the relationship 

between them can be plotted as a calibration curve.  Since the calibration curve was 

made, the absorbance of the latex whose microbeads conjugated with antibodies can be 

used to calculate the corresponding concentration by regression function.   
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Chapter 5 Results and discussion 

5.1 Specific binding test results 

    After conjugation process, the microbeads coated with rabbit IgG were observed 

under SEM.  The bare microbeads were shown in Figure 5-1 (a).  As you can see, the 

surface of the microbeads is smooth.  On the other hand, the microbeads conjugated 

with rabbit IgG is shown in Figure 5-1 (b).  In which, the surface of the microbeads is 

extremely different from the bare microbead surface.  Though, it was still hard to say 

that the rabbit IgG was conjugated on the microbead correctly.  The result was 

confirmed in the specific binding test. 

The results of specific binding test are shown as Figure 5-2, in which the y axis is 

the numbers of the microbeads remaining on the surface after injecting bead latex for 1 

hour followed by washing with gentle flow.  Most of the microbeads conjugated with 

rabbit IgG remained on the surface after applying gentle flow in the channel.  In 

contrast, most of the microbeads coated with BSA were washed away at slow flow rate.  

Which means that the anti-rabbit IgG on the microchannel surface had captured the 

rabbit IgG on the beads and formed specific binding.  The strength of non-specific 

binding between glass substrate and the BSA microbeads are too weak to withstand the 

shear force in the fluid.  Thus, the beads were washed away by the flow at low flow 

rate.  From specific binding test and the SEM image, we can also confirm that the 

rabbit IgG had coated on the microbeads correctly.   
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(a) 

(b) 

Figure 5-1 SEM image of microbeads.  (a) Bare microbeads; (b) Microbeads 

coated with rabbit IgG. 
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5.2 Detachment experiment results 

    The experimental percentage of the remaining microbeads as a function of the flow 

rate is plotted in Figure 5-2.  The plot shows the raw data of the detachment 

experiment.  The experiment was repeated for 11 times in different samples.  We 

calculated the average percentage of remaining beads related to the flow rate and plotted 

a curve as shown in Figure 5-3.  The flow rate that causes the 50 % beads detachment 
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Figure 5-2 Specific binding test.  Microbeads coated with rabbit IgG were injected 

into the microchannel coated with anti-rabbit IgG for specific binding.  And 

microbeads coated with BSA were injected into the microchannel coated with 

anti-rabbit IgG for non-specific binding.  In which, N is the bead numbers per 

millimeter square.  
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is defined as critical flow rate as mentioned in Chapter 3.  In Figure 5-4 shows a 

regression line along the curve and computed the regression function.  We can 

calculate the critical flow rate by applying 50% beads remaining into the regression 

function.  With critical flow rate, the adhesion force between microbeads and the 

surface can be calculated, which is 9.83 nN.   

  

0 20 40 60 80 100

0

20

40

60

80

100

120

Figure 5-3 Experimental percentage of the microbeads remaining as a function of the 

flow rate.  In which, N is the bead numbers under specific flow rate and N0 is the 

original bead numbers. 
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The adhesion force between the bead and the surface is contributed by numbers of 

bonds.  Since we know the bond numbers, the binding force per bond can be 

calculated. 

As we can find in the raw data (Figure 5-2), some beads remained on the surface 

even if large flow rate is applied.  As the results, the deviation was very large.  The 
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Figure 5-4 Average experimental percentage of the microbeads remaining as a 

function of the flow rate with error bar.  Regression line and error regression line 

are plotted too.  In which, N is the bead numbers under specific flow rate and N0 is 

the original bead numbers. 
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reason why that some beads can be washed away easily and some still attached on the 

surface is that the beads and the glass surface might not be blocked with BSA entirely.  

So the hydrophobic surface of the polystyrene microbeads stuck to the glass surface 

tightly.  Since the coating function of the CVD polymer film on the glass substrate will 

decay with time, the BSA or antibodies may not coat on the surface entirely.   

 

 

5.3 Rabbit IgG quantification results 

The calibration curve of absorbance as the function of labeled antibodies is plotted 

as Figure 5-4.  Further, the absorbance of latex conjugated with labeled antibodies is 

4654.01 FSU.  According to the calibration curve, the concentration of antibodies in 

the bead latex can be calculated by regression function, which is 1.725 μg/ml.  The 

latex used for quantification had volume of 100 μl so the antibodies in the latex are 

0.173 μg.  Since we know the molecular weight of the IgG is about 150 kDa.  The 

numbers of IgG in the latex can be calculated.  Further, there were 5.68×107 

microbeads in the latex.   Hence, there were about 12147 labeled IgG were conjugated 

on one bead in average.  The microbead with 1 μm in diameter has 1.257×10-11 m2 

surface area so the binding density of IgG is about 9.67×1012 IgG / cm2.  According to 

the binding density estimated by Roberts [23], the binding density of goat IgG is at the 

range between 1012 -10-14 / cm2, which is very close to our measured density of rabbit 

IgG.   

As we mentioned in Chapter 3, bond numbers in contact area must be known to 

calculate the binding force per bond.  In Equation 2.12, rc can be calculated with 

estimation of lb.  It can be estimated as the sum of rabbit IgG height and anti-rabbit 
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IgG height.  According to Ouerghi et al.[45], the theoretical height of IgG is about 4 

nm.  Thus we estimated lb to be 8 nm.  The contact area can be calculated as 

5.03×10-14 m2, and there are about 49 bonds in contact area. 

 

 

    The binding force per bond can be calculated with bond numbers and adhesion 

force of the bead.  The adhesion force of the bead as it detached from the surface is 

9.83 nN as mentioned above.  Since there are 49 bonds contributed to the adhesion 

force, the binding force per bond is 200.8 pN.  In addition, we plotted the regression 

curve of the upper and lower bound in Figure 5-4 and calculated the critical flow rate of 

each bound.  Hence, the binding force we calculated had lower bound of 105.6 pN and 

upper bound of 315.11 pN. 
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5.4 Binding force error discussion 

    The binding force of rabbit IgG and anti-rabbit IgG measured above is much 

bigger than the value measured in other literatures.  According to Lv et al., the binding 

force between human IgG and anti-human IgG is144 pN.  Though the rabbit IgG and 

human IgG are a little different, the binding force should be similar because of their 

similar structure.  The most possible reason that the binding force we measured is 

larger is that some microbeads were stuck to the glass surface because of hydrophobic 

property of polystyrene.  Therefore, we had to inject fluid at larger flow rate to wash 

away most of the beads.  To prevent bead stickiness, low level of blockers and 

surfactant can be included in the buffer that the beads are diluted in before injecting into 

the microchannel.   

    To eliminate the measurement error from the beads that stuck on the surface, we 

tried to ignore the beads that cannot be washed away.  And then the relative average 

experimental percentage as the function of flow rate is plotted in Figure 5-5.  In the 

same way, we drew the regression line and computed the regression function to 

calculate the critical flow rate.  The critical flow rate is 14.79 μl/min, and the 

corresponding adhesion force between the bead and the surface is 5.81 nN.  Applied 

with bond numbers, the binding force per bond is 118 pN, which is smaller than the 

force measured by Lv et al..  However, the force measured by Lv et al. is between 

human IgG and rat anti-human IgG.  The correct binding force between rabbit IgG and 

goat anti-rabbit IgG have not been measured before.  Using the same way we did in 

Section 5.3, the regression curve of the lower bound and the upper bound is plotted in 

Figure 5-6.  The binding force of the lower bound is 67.3 pN, and the upper bound is 

169.4 pN.   
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    There are potential errors associated with the force calculation such as binding 

density and contact area.  Especially, the contact area affected the values extremely.  

It is still a problem to estimate the radius of contact area accurately.  The error of 

contact area radius doubled in contact area calculation and so was the error in bond 
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Figure 5-6 Relative average experimental percentage of the remaining microbeads as 

a function of the flow rate with error bar.  Regression line and error regression line 

are also plotted.   In which, N is the bead numbers under specific flow rate and N0 is 

the original bead numbers. 
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number calculation.  For accurate binding force measurement, there must be a better 

way to estimate the contact area to reduce the error of binding force. 

A lot of methods had been investigated to measure the binding force between 

various ligands and receptors.  The results of different methods measuring different 

protein-protein interactions are summarized in Table 5-1.  The binding force between 

rabbit IgG and anti-rabbit IgG measured in our research is close to the binding force 

between HSA and anti-HSA antibody measured by Hinterdorfer et al. [49].  However, 

it is lower than that of human IgG and rat anti-human IgG.  The binding force we 

measured is affected by the van der Waals force and electrostatic force.  The binding 

force contributed only by the bond still needs a lot of effort to investigate.  Since the 

bead detachment experiment was performed in aqueous, the electrostatic force and van 

der Waals force should be investigated by DLVO theory, which describes the force 

between charged surfaces interacting through a liquid medium.  It combines the effects 

of the van der Waals attraction and the electrostatic repulsion.  If we can eliminate the 

effect of the van der Waals force and electrostatic force, the binding force contributed 

by the bond can be accurately obtained.   

Table 5-1 Comparison of different methods of measuring protein-protein interactions. 

Ligand Receptor Method Binding force 

Biotinylated BSA Anti-biotin goat IgG AFM 60 ± 10 pN [20] 

Protein A rabbit IgG Optical tweezers 44 ± 12 pN [46] 

BSA rabbit anti-BSA IgG AFM 98 ± 4 pN [47] 

Angiogenin Anti-angiogenin IgG AFM 1029 ± 63 pN [48]

Human IgG Rat anti-human IgG AFM 144 ± 11 pN [21] 

Human serum 

albumin  
Anti-HSA  AFM 244 ± 22 pN [49] 
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Chapter 6 Conclusions and future works 

6.1 Conclusions 

    In this thesis, we demonstrated a microfluidic system to realize hydrodynamic 

shear assay to measure the binding force between rabbit IgG and anti-rabbit IgG.  To 

measure the binding force in microfluidic system, we applied the hydrodynamic force 

acting on the sphere in fluid from Goldman [33] and the modified the theoretical model 

from Yokokawa [26] to explain the ligand-receptor complex.  We fabricated a silicon 

mold by MEMS to make PDMS replica and designed a holder to seal the replica and the 

glass substrate to form a microchannel, in which the height is 32 μm and the width is 80 

μm.  As the results of seal ability test, the maximum flow rate injected into the 

microchannel could reach 80 μl/min without leakage.  The glass substrate were coated 

with NHS-ester group by chemical vapor deposition for protein immobilization.  

Carboxylated polystyrene microbeads were conjugated with rabbit IgG by carbodiimide 

crosslinking chemistry.  In rabbit IgG conjugation, we optimized the volumes of rabbit 

IgG and solved the aggregation problems. 

    In the specific binding test, the results showed that the rabbit IgG on the 

microbeads were captured by the anti-rabbit IgG on the glass substrate.  Also, the 

forming of the specific binding confirmed the protein conjugation both on the beads and 

the glass surface.  In the detachment experiment, the microbeads were washed away by 

flow with increasing flow rate, and the numbers of remaining were recorded by image 

processing.  Applied with the theoretical model, the adhesion force between the bead 

and the surface is 9.83 nN.  In protein quantification experiment, we constructed the 

calibration curve for the rabbit IgG concentrating on and quantified the amounts of 

rabbit IgG conjugated on the microbead.  In our research, we found that the binding 
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density of rabbit IgG is 9.67×1012 IgG / cm2.  The contact area was calculated with 

estimation of the bond length between rabbit IgG and anti-rabbit IgG.  With the 

binding density of rabbit IgG and the contact area, the binding force between rabbit IgG 

and anti-rabbit IgG were calculated and the result was 200.8 pN.  The value is much 

bigger than expected and the reasons were discussed.  After fixing the data by ignoring 

the beads that stuck on the surface, the binding force per bond is about 118.3 pN which 

is close to the binding force between human IgG and rat anti-human IgG.  In this thesis, 

we successfully built up a microfluidic system and measured the binding force between 

rabbit IgG and goat anti-rabbit IgG.  Though the data in detachment experiment has 

large deviation, we calculated the relative beads remaining to eliminate the effect of 

stuck beads.  The deviation is much smaller and the binding force calculated is much 

closer to the value measured by other literatures using AFM.  We believe that the force 

measured in this thesis is contributed by the electrostatic force, van der Waals force the 

bonds.  The pure binding force of the bond can be calculated by further studying of 

electrostatic force and van der Waals force. 

 

6.2 Future works 

  In this thesis, we had constructed a microfluidic system to measure the binding 

force between the rabbit IgG and anti-rabbit IgG.  We are going to measure the binding 

force between cardiac troponin I and its aptamer in the future.  Though there are some 

problems need to be solved.  The troponin I is an expensive and rare protein so the 

volumes used in the conjugation process will not be enough to prevent microbeads 

aggregation.  More experiment has to be done to optimize the concentration of 

troponin I for microbeads conjugation or other methods have to be developed to 
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conjugate troponin- I in low concentration. 

    The real flow velocity and flow field in the microchannel can be investigated by 

micro particle image velocimetry (PIV).  With the flow filed constructed by micro PIV, 

the drag force and torque acting on the microbeads can be calculated more precisely.  

With the data recorded in detachment experiment, the calculated binding force will have 

higher accuracy. 

    The binding force we measured is contributed by the bond, electrostatic force and 

the van der Waals force.  The effect of electrostatic force and van der Waals force 

should be eliminated to investigate the binding force contributed only by the bond.  It 

needs more studying to find out how the electrostatic force and van der Waals force 

affect the adhesion of the bead.   

    The seal of PDMS replica and the glass substrate which had CVD coated with thin 

film of polymer can be improved.  In our research, we designed a holder for seal, 

however, the thickness of the holder base makes that the image of detachment 

experiment can’t be observed under high magnification because the focus of the 

objective lens.   
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