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Abstract 

 

Technology Development for Microfluidic Multifunctional Probe Array 

Dielectrophoretic Force Spectroscopy with wide loading rate 

 

 

Insu Park 

The Graduate School 

Yonsei University 

Department of Biomedical Engineering 

 

 

The simultaneous investigation of a large number of events with different types of 

intermolecular interactions, from non-equilibrium high-force pulling assay to quasi-

equilibrium unbinding events inside the same environment, is very important issues for fully 

understanding intermolecular bond rupture mechanism. Here, we describe a novel 

dielectrophoretic force spectroscopy technique that utilizes micro-sized beads as 

multifunctional probes for parallel measurement of intermolecular forces with an extremely 

wide force rate (10
-4

pN/s-10
4
pN/s) inside a microfluidic device. In our experiments, various 

forces, which broadly form the basis of all molecular interactions in order to establish that our 

approach can be used for wide range of applications, were measured across a range of force 

loading rates by multifunctional probes with various diameters with about 600 events per 

mm
2
, simultaneously and under the same environment. Furthermore, the individual bond 



 

xi 

rupture forces, parameters for the characterization of entire energy landscapes, and the 

effective stiffness of the force spectroscopy were determined using the measured results. This 

method of determining intermolecular forces could be very useful for the precise and 

simultaneous examination of various molecular interactions as it can be easily and cost-

effectively implemented within a micro-fluidic device for a range of applications including 

immunoassays, molecular mechanics, chemical and biological screening, and 

mechanobiology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keyword: Dielectrophoresis, Force Spectroscopy, Intermolecular interactions, Microfluidic 

device, Quasi-equilibrium unbinding events, High-force pulling Assay  
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Ⅰ. Introduction 

 

1.1. Background 

 

The characterization of biochemical bonds in biological processes, from cell 

adhesion
1
 to protein/RNA unfolding,

2,3
 requires the measurements of large number of 

individual events for obtaining statistically reliable data to draw specific conclusions. 

Moreover, since some biological processes rely on the interplay of different types of 

intermolecular bonds, the statistically reliable data with different intermolecular forces 

simultaneously and in the same environments are a really important issue. Studies involving 

measurements of intermolecular forces have also found that the forces required for rupturing 

the bonds can be very different when estimated using different loading rates.
4
 For instance, in 

an experiment probing the viscoelasticity of titin,
5
 force required for unfolding of individual 

titin domain was estimated to be about 10 pN at loading rate of about 10
-2

 pN/s. On the other 

hand, in an AFM pulling experiment,
6
 force required to unfold individual titin domain was 

measured to be about 200 pN at loading rate of about 100 pN/s. (figure Ⅰ- 1)  

 

 

Figure Ⅰ- 1. (a) Titin is a large modular protein composed of 244 repeats of Ig-like and 

fibronectin-like domains. (b) Evidence for sequential unfolding of individual 

titin Ig domains.
 6
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In additions, force-driven bond ruptures observed with a wide range of loading rates have 

been as a model system to validate the physical theories in phase transition such as escape 

field theory. It is shown that the kinetics of chemical reaction driven by a mechanical force is 

strongly dependent on the loading rate (rf) in such a way that force required for the reaction is 

proportional to log(rf) in low loading rate
7
 and [log(rf)]

3/2
 at a high loading rate.

8
 Force-driven 

bond rupture experiments have also been used to verify non-equilibrium dynamics theories 

such as Jarzynski’s theory
9
 and Crooks’ theory.

10
 Furthermore, the intermolecular bond 

rupture depends on not only the loading rate but also the ‘effective stiffness constant’ 

(defined asF/x) of the force probe or the method used for the force measurement.
11

Hence, the 

control of extremely wide range of loading rate within a force spectroscopy can be very 

desirable, from quasi-equilibrium intermolecular unbinding events that require extremely low 

force loading rates to non-equilibrium bond-rupture assays that require high force loading 

rates. 

As shown in figure Ⅰ- 2, current force spectroscopy methods such as atomic force 

microscopy (AFM),
12,13

 laser optical tweezers,
14,15

 and bio-membrane force probes
16,17

 can 

handle individual single molecules (e.g. AFM), perform measurement of biological sample 

under near-physiological conditions (e.g AFM or bio-membrane force probe), and measure 

molecular motions by manipulating sub-nanometers to micrometers sized particles with sub-

nanometers accuracy (e.g. optical tweezers). However, those techniques have only been 

applied for the measurement of single to few binding events at a time. In general, the force 

loading rate of AFM, optical tweezers, and bio-membrane force probes
17,18

 are limited to the 

ranges ~10-10
7 

pN/s, ~10
-1

-10
2 

pN/s, and ~10
-1

-10
4 

pN/s, respectively, and none can reach a 

very low loading rate (<10
-2 

pN/s) due to the low-frequency drift from mechanical or optical 

components. (Table Ⅰ) Magnetic tweezers have recently been suggested as a force 

spectroscopy method enabling the parallel measurements at low force loading rates (~10
-3

-10
0 
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pN/s).
18

 However, the presence of non-uniform magnetic fields and magnetic field gradient at 

different locations on the substrate can lead to measurement uncertainty.
18

 Even though 

electromagnetic tweezers can allow three-dimensional manipulation, the implementation can 

be complicated. Realization of the large magnetic field and gradients require high-current 

electromagnets that can produce substantial heating. Additional challenges include 

fabricating tweezers with multiple magnetic poles for the generation of repulsive and 

attractive forces while ensuring minimal pole interference, and fabrication of small, closely 

spaced pole pieces that cannot realize the constant-force benefit of this approach
19,20

.  

 

 

Figure Ⅰ- 2. (a) Schematics of optical tweezers–based assays. (b) Schematic of the atomic 

force microscope (c) Schematic depicting the layout of magnetic tweezers 

based on permanent magnets. 
1-5
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Table Ⅰ. Comparison of single-molecule force spectroscopy techniques. 
1, 17, 18

 

 

1.2. Problem Description 

 

Although the AFM and the optical tweezers are very powerful and have been 

characterized to measure the intermolecular interactions, these techniques can obtained 

onlysingle interaction event (or at least a few events) but are difficult to analyze many 

particles simultaneously. Hence, many measurements need to be performed serially to 

analyze the intermolecular interactions statistically and quantitatively. The AFM controlled 

the probe tip to be brought close to the surface for generation of molecular interaction and 

simultaneous imaging is not easily possible, and optical tweezers require a laser beam to be 

focused on a particle for the manipulation of the particle. Although the magnetic tweezers can 

be parallel, the approach is less attractive because a repulsive force needed for the 

measurement procedures is complicated by the lack of a single magnetic pole and by the fact 
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that the repulsive force scales as fourth power of the dimension of integrated microcoils.
22,24

 

Also, these experimental limitations demonstrate difficulty to measure two or more molecular 

interactions simultaneously. In experimental conditions, just one probe can be performed a 

single binding event, so multiple binding events is hard to generate. In this situation, 

currently approaches seem to be in need of improvement that is parallel measurement of 

interaction simultaneously and the same conditions to analyze molecular interaction 

statistically and effectively. 

As shown in figure Ⅰ- 3, the Dielectrophoretic (DEP) tweezers
21,22

 can be used to 

measure intermolecular forces and provide many advantages over currently available 

approaches. The technology is inexpensive and easy to implement with simple on-chip 

interdigitated (IDT) electrodes used to generate the forces
23

, and is ideally suited for 

integration inside a microfluidic device as compared to other approaches
22

. The technology 

can achieve precise local control of the electric fields and corresponding DEP forces 

generated using the IDT electrodes, since the DEP force scales as the 2
nd

 power of the 

dimension of IDT structures, versus the 4
th

 power of the dimension of the micro-coils in the 

case of magnetic tweezers
24

. 

However, the previous reports
21,22

 established the basic concept of DEP tweezers, but did not 

determine the applicability of the technology to massive and parallel measurements or 

explore the range of force loading rates at which the method can be employed. 
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Figure Ⅰ- 3. (a) schematic diagram of dielectrophoresis _DEP_-based tweezers (b) Square 

of electric field of the IDT structure with 40 μm width and 10 μm space and a 

schematic diagram depicting the lateral and vertical movement under a 

negative DEP force. 
21, 22 

 

1.3. Thesis Overview 

 

This thesis present a novel dielectrophoretic force spectroscopy technique that utilizes 

beads as multifunctional probes for parallel measurement of intermolecular forces with an 

extremely wide range of force rate (10
-4

 to 10
4
 pN/s). Dielectrophoretic force spectroscopy 

technique can be used to measure intermolecular forces and provide many advantages over 

currently available techniques.  

Chapter 2 present overall methods for generating the MDFS systems and theoretical 

analysis that make up for a weak point in the current available approaches. This chapter 

includes experimental and theoretical methods to develop the multifunctional probes for 

parallel measurement in microfluidic device. And Method for applying wide force loading 

rate to the system is demonstrated. 
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Chapter 3 presents the experimental results that contain non-covalent, Ligand-

Receptor interactions using dielectrophoretic force spectroscopy with wide loading rate. 

These results are analyzed theoretical methods (Poisson statistical method, Bell model, 

Quasi-equilibrium theory) and verified previous works. 

Finally, Chapter 4 presents the conclusion of this thesis and suggests the future works 

related to MDFS measurement system. 
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Ⅱ. MDFS measurement technique Development Methods 

 

2.1.  Material and sample preparation 

 

2.1.1.  Micro-Chip Fabrication 

 

A 0.2 μm thick chromium interdigitated (IDT) electrode array pattern was creat

ed on an oxidized silicon wafer using thermal evaporator technique and lift-off proces

s, where each electrode line was 40 μm wide and 10 μm apart. The metal electrodes 

were covered by a 0.8 μm thick plasma enhanced chemical vapor deposited silicon di

oxide with a TEOS (tetraethylorthosilicate) source. After then, the contact pads to app

ly AC voltage into the array were opened by wet etching process. (figure Ⅱ- 1) 

 

 

 

Figure Ⅱ- 1. Fabrication process. 
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2.1.2.  Specifications of the functionalized beads used in the experiment 

 

Functionalized polystyrene beads (carboxyl-terminated beads, amino-terminated 

beads, streptavidin-terminated beads, Avidin-terminated beads) used in the experiments were 

purchased from Kisker Biotech GmbH & Co.KG. For the experiments herein, the original 

stock solution was diluted by DI water, and the concentration of beads in the diluted solution 

was ~5x10
5
 particles/ml . 

 

The catalog numbers of the beads (Kisker Biotech GmbH & Co.KG) used for the experiment 

as follows: 

COOH Polystyrene particle 

PPs-10.0COOH (surface COOH) 50 mg/ml 

PPs-12.0COOH (surface COOH) 50 mg/ml 

PPs-15.0COOH (surface COOH) 25 mg/ml 

NH2 Polystyrene particle 

PPs-10.0NH2 (surface NH2) 50 mg/ml 

PPs-12.0NH2 (surface NH2) 50 mg/ml 

PPs-15.0NH2 (surface NH2) 25 mg/ml 

Streptavidin Polystyrene particle – Streptavidin fluo (633/672nm) 

PPs-10.0SA (surface Streptavidin) 25 mg/ml 

PPs-12.0SA (surface Streptavidin) 25 mg/ml 

PPs-15.0SA (surface Streptavidin) 25 mg/ml 

Avidin Polystyrene particle –Avidin fluo (480/510nm) 

PPs-10.0SA (surface Avidin) 25 mg/ml 

PPs-12.0SA (surface Avidin) 25 mg/ml 
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PPs-15.0SA (surface Avidin) 25 mg/ml 

The original stock solution containing the beads consists of a PBS buffer (pH 7.4), stabilized 

with 0.02% sodium azide. For the experiments herein, the stock solutions were diluted using 

DI water as follows: (1) Di water 10 ml + 10 μm particle stock solution 50 μl, (2) Di water 10 

ml + 12 μm particle stock solution 70 μl, (3) Di water 10 ml + 15 μm particle stock solution 

100 μl. After the dilution, the concentration of beads in the diluted solution was ~5x10
5
 

particles/ml. 

 

2.1.3. Preparation of the functionalized oxide surface layers 

 

Each functionalized surfaces such as carboxyl-terminated oxide surface  by succinic 

anhydride (Sigma, 23960), amino-terminated oxide surface by 3-aminopropyltriethoxysilane 

(APTES, Sigma, A3648), amino-terminated oxide surface layer by L-lysine (Sigma, L5501), 

and biotin-terminated oxide surface by biotinylated bovine serum albumin (Sigma, A8549) 

was prepared using the modified Stöber method. 

 

Carboxyl-terminated oxide surface layer by succinic anhydride 

The fabrication chip having interdigitated electrodes covered by an oxide layer was tra

nsferred into a solution consisting of H2SO4: H2O2(1:1), resulting in a hydroxyl-functi

onalized substrate (SiO2-OH). 

This hydroxyl-functionalized substrate was placed into 10 mM of APTES (3-aminopro

pyltriethoxysilane, Sigma, A3648) solution in ethanol for 80 min, resulting in an amin

o-functionalized substrate (SiO2-NH2). 

This amino-functionalized substrate was immersed in 0.1 M succinic anhydride(Aldrich,

 239690) in DMF (N,N-dimethylformamide, Sigma, D158550) for 24h. 
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The resulting chip with the carboxylic-function groups at its surface(SiO2-COOH) was

 cleaned with DMF and DI water and dried by nitrogen. 

 

Amino-terminated oxide surface by APTES 

The fabrication chip having interdigitated electrodes covered by an oxide layer was tr

ansferred into a solution consisting of H2SO4: H2O2(1:1), resulting in a hydroxyl-functi

onalized substrate (SiO2-OH). 

The hydroxyl-functionalized substrate (SiO2-OH) was placed into the 10 mM of APTE

S A3648) solution in ethanol for 80 min, resulting in an amino-functionalized substrat

e (SiO2-NH2). 

The substrate was subsequently densely rinsed with ethanol and DI water and blown 

dry with nitrogen.  

 

Amino-terminated oxide surface by L-lysine 

The fabrication chip having interdigitated electrodes covered by an oxide layer was cl

eaned in acetone and methanol.  

The chip was then sequentially rinsed with a solution consisting of H2O (20ml), ethan

ol (30 ml), and NaOH (5 g) and rinsed again, densely, with DI water. 

The chip was cleaned with an oxygen plasma etcher for 20 min. 

A solution of L-lysine (Sigma, L5501) with a concentration of 0.1 mg/ml was introdu

ced into the chip and incubated for 1 h at 37 °C. 

The chip was rinsed with DI water and dried by nitrogen. 

 

Biotin-terminated oxide surface by BBSA (Biotinylated bovine serum albumin) 

The fabrication chip having interdigitated electrodes covered by an oxide layer was cl
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eaned in acetone and methanol.  

The chip was cleaned using an oxygen plasma etcher for 20 min. 

The wafer was transferred into a solution (H2SO4 : H2O2 = 1 : 1, 30 min), resulting 

in a hydroxyl-functionalized substrate (SiO2-OH). 

BBSA (Biotinylated bovine serum albumin) in a PBS solution at a concentration of 0.

1 nM was introduced into the chip and incubated for 24 h at 25 °C.  

The chip was rinsed with DI water and dried by nitrogen. 

 

2.2. Method for analyzing grayscale variation due to voltage application to the 

IDT electrode  

 

When a bead located on the center of electrodes covered by a functionalized oxide 

surface was moved upward by the negative DEP force generated as voltage was applied to 

the electrode, images of the bead were simultaneously recorded from top and side views. As 

shown in figures Ⅱ- 2 (a-c), the grayscale from the top view images of the bead differed 

with the application of 0 V, 1.5 V, and 3 V. The side view images shown in figures Ⅱ- 2 (d-f) 

correspond to the top view images shown in figures Ⅱ- 2 (a-c). These figures show that the 

grayscale value increases as the bead moves upward. We developed Matlab code to 

automatically number the grayscale variation. For example, The automatically attributed 

values of 103, 125, and 162 for the variations represented by figures Ⅱ- 2 (a-c), respectively. 

Grayscale variation not attributable to the applied voltage was also investigated, whereby the 

grayscale and height variations of the bead located at the center of the electrode was 

simultaneously recorded prior to the application of any voltage. figures Ⅱ- 3 (a) and (b) 

depict the observed results. The region of fluctuation within dotted lines, as shown in figure 
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Ⅱ- 3 (a), is the variation of grayscale value, which matches the 50 nm height variation shown 

in figure Ⅱ- 3 (b). 

 

 

 

Figure Ⅱ- 2. (a)-(c) top view images with different grayscales, (d-f) side view images 

corresponding to the top view images (a)-(c), respectively. 

 

While a bead was attached to a substrate by an intermolecular bond, the grayscale 

level of the bead did not exceed the fluctuated region shown in figure Ⅱ- 3, even as the 

negative DEP force acting on the bead increased. Only after the intermolecular bond between 

the bead and the substrate was broken, and the bead moved upward from the substrate, would 

the grayscale level be observed to exceed the fluctuated region. To develop this qualitative 

observation into a quantitative analysis, we can assume that each grayscale within the 

fluctuated region is an independent, identically distributed random variable. Then, the 

distribution of many grayscales tends to the normalized distribution with a probability density 

function of not occurring a bond-rupture, 







 
2

2
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1







x , by central limit theorem
41

, where 
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x ,  ,  are a grayscale value, the mean of the grayscale values, and the standard deviation 

of the grayscale values. In figure Ⅱ- 3,  , and   are 102.93 and 0.65.  

 

 

 

Figure Ⅱ- 3. (a) grayscale fluctuation (b) height fluctuation corresponding to the grays

cale fluctuation (a). 

 

The grayscale value fluctuation which cannot be exceeded without the rupture of an 

intermolecular force between a bead and the substrate, called noise level, are defined as the 

following ways: using the determined mean and standard deviation, the noise level can 

represents  z . As the number of z is reduced, the noise level is more tightly bounded. As 

a result, a lowest grayscale value at which the grayscale value exceeds the noise level is also 

lowered. However, the tightly bounded noise level leads to increase the possibility that the 

grayscale is outside the noise level even though a bond-rupture event does not occur. For 



 

１５ 

example, z =1, the range of the noise level is located between 102.33 and 103.58 shown in 

figure Ⅱ- 3. The not occurring bond-rupture event is 31.7% even though the grayscale is 

outside the noise level. When the noise level is loosely bounded as increasing z number, the 

possibility is increased but the lowest grayscale value is also higher.  

 

In this experiment, the distinct minimum resolution of height variation when the bond 

between a bead and a surface does not completely rupture is 50 nm. This value is 

corresponding to the variation of grayscale value, 2 . We can determine that the unbinding 

event sufficient to break the intermolecular bond occurs outside of the noise level with a 95.3% 

confidence interval according to the central limit theorem. figure Ⅲ- 3 (a) shows the noise 

level, and the grayscale variation of the bead located inside a small box as in figures Ⅲ- 2 (a-

d) as increasing the voltage. 

 

2.3. Method for calculating an individual bond using Poisson Statistics 

 

The bond formation between a probe and a surface should vary as measurement 

conditions such as contact area, molecular density between the probe and the surface, 

chemistry on surface, and so on. Poisson statistics analysis can minimize the variation from 

the measurement conditions, and extract an individual bond strength.
28, 42

 For Poisson 

statistics analysis, suppose that the individual bond is independent, discrete random variable, 

and the unbinding force between a probe and a surface is the sum of each individual bond. 

These assumptions are regarded as a reasonable hypothesis according to the previous 

reports.
28

 Then, Poisson distribution is the probability of observing the random sample of n 

discrete events (i.e. n events to occur rupture of individual bond), and the unbinding force 

should vary as a Poisson distribution with the following mean (m) and variance (σ
2
): 
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         [S1] 

where F and n, are the individual binding force and the number of the individual bond in a 

fixed contact area, respectively. Then, the individual binding force can be described as
28 

 

           [S2] 

 

In our experiment, 10 um, 12 um and 15 um beads were used to measure the unbinding force. 

figure Ⅲ - 2 (a-d) (10 um beads) and figure Ⅲ - 4 (a-c) (10 and 15 um beads) are optical 

images representing the movement of beads due to negative dielectrophoresis (DEP). Each 

image was used to measure the unbinding force in combination with grayscale variation 

method and voltage-DEP force relationship. As a result, the unbinding forces can be 

determined, as shown in figure Ⅲ - 3 (c), and figure Ⅲ - 5 (a-c). Applying Gaussian fitting 

method to the measured unbinding forces graphs, the mean and variance of the unbinding 

forces can be extracted (e.g. In figure Ⅲ – 5 (a), 2.69 nN (mean force) 0.446 nN (Standard 

deviation), 0.1989 nN
2
 (Variance)). Dots in figure Ⅲ - 5 (d) represents the mean- Variance 

relationships when carboxyl-terminated hydrogen bonds were ruptured using different size of 

beads (i.e. 10 um, 12 um, or 15 um), where the sampling number for drawing each dot is 

greater than 100. Lastly, associating these dots with Equation S2, The line (the best linear fit) 

in figure Ⅲ - 5 (d) can be extracted. Then the slope of the line describes the single binding 

force of individual carboxyl-terminated hydrogen bond with a coefficient of determination of 

R = 0.84. Other calculated single binding forces as shown in figure Ⅲ – 5 (e, f), figure Ⅲ 

– 7 (a, b), and figure Ⅲ - 5 (c, d) were extracted using the same method. 
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2.4. Method for applying force loading rate to the system 

 

In the experimental system described in figure Ⅱ- 4, the function generator (NI 

PXI/PCI-5421) is used to increase the voltage incrementally. The loading rate using the 

generator is 5 mVpeak-peak with a sampling rate of 40 MS/s, and the loaded voltage ranges from 

0 Vpeak-peak to 12 Vpeak-peak.  When this generator is used to apply 5 mVpeak-peak to the IDT 

electrode system shown in figures Ⅲ- 2 (a-d), the negative DEP force acting on the 10 μm 

beads on the electrode can be determined to be 5 x 10
-6

 pN if we convert 5 mVpeak-peak to the 

DEP force. Hence, 10
-4

 pN/s can be achieved by a linear ramping rate comprising 20 steps 

incremented at 5 mVpeak-peak. 

 

 

 

Figure Ⅱ- 4. Experimental system setup 

 

Since the maximum generated voltage is 12 Vpeak-peak, the generator cannot yield a 

high force loading rate. For example, in the system described above, 12 Vpeak-peak is 
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equivalent to 2.88 pN. Thus, to obtain a high force loading rate, an amplifier (AMPLIFIER 

RESEARCH 150L, Electronics & Innovation A150) is connected to the arbitrary function 

generator. By doing so, the loading rate is changed from 5 mVpeak-peak to 500 mVpeak-peak, 

resulting in 5 x 10
-2

 pN.  Hence, the linear ramping rate comprising 350 steps incremented at 

500 mVpeak-peak reaches 1 x 10
4
 pN/s.  

It is worth noting that the loading rate determined using our novel technique has 

certain limitations. First of all, since the minimum voltage increment is 5mVpeak-peak, and 

because at least more than 10 increment steps per second are needed to obtain a linear 

ramping rate, the force loading rate cannot be reduced to below 1 x 10
-5

 pN/s in our 

implemented system, as shown in figures Ⅲ- 2 (a-d). Actually, in the experiment, force 

loading rates of 1 x 10
-5 

pN/s were not stable and the application of such a rate would require 

further optimization of the system. In the case of high force loading rates (~ 1 x 10
4
 pN/s), the 

unbinding event between the beads and the surface occurred within two seconds, as shown in 

figures Ⅲ- 2 (a-d). In order to apply the grayscale variation method, at least 100 image 

frames must be captured each second. Thus, our maximum loading rate was limited to 1 x 10
4
 

pN/s due to the frame rate limitation of our CCD camera. Therefore, at present, force loading 

rates in the range of 10
-4

 ~ 10
4
 pN/s can be used for the examination of intermolecular 

interaction in our system when 10-15 μm beads are used. We believe that the possible loading 

rate would be extended from10
-5

 ~ 10
6
 pN/s if the measurement system is optimized. 

 

2.5. Calculation of the gravitational force on the beads in the system 

 

The formula to calculate the gravitation force can be written as ( gr mp )(
3

4 3   ), 

where r (=5, 6, 7,5 μm) is the radius of the particle, p (= 1.03 x 10
3 
kg/m

3
), and m (= 1 x 
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10
3 

kg/m
3
) are the densities of the particle and medium, and g  (= 9.8 m/s

2
) is the 

gravitational acceleration constant. Therefore the gravitational force acting on the beads is 

about ~0.1 pN. 

 

2.6. Theoretical Analysis: Effect of the Stiffness of Force Probe in Measured R

upture Forces 

 

For gaining insight into the role of the stiffness of a force probe in measured rupture 

forces in unbinding experiment, we have theoretically considered Kramers theory, which is 

useful in deciphering the bond rupture mechanism, along with a presumed free energy 

landscape. For a theoretical convenience, we have utilized the linear-cubic energy landscape 

G*, which is widely used in theoretical study
43

 , given as 
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where x is the reaction coordinate (distance in the direction of an applied force), G0 and x 

represent the energy barrier and energy barrier width, respectively, at zero force. For an 

unbinding experiment of biotin-avidin complex, the parameters of free energy landscape are 

given by G0 ~ 40kBT and x ~ 0.4 nm, where kB and T are the Boltzmann’s constant and 

absolute temperature, respectively. When the free energy landscape of biotin-avidin complex 

is perturbed by a mechanical force, the perturbed free energy of a system becomes 
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Here, K is the stiffness of a force probe, and v is a pulling speed that can be converted into a 

loading rate  F  (i.e.  F = Kv). For unbinding of biotin avidin complex. When unbinding 

occurs, a mechanical force has to allow for overcoming the energy barrier with the amount of 

 

 DG = DG0 1- 8el + 4e 2( )
3/2

      [S4] 

 

where  = vt/x and  = Kx
2
/12G0. Consequently, the kinetic rate of unbinding process is 

represented in the form 
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Here, D is a diffusion coefficient, and  T is a normalized temperature defined as

 T = pkBT 3DG0
. With assuming that unbinding process is described as a first-order phase 

transition, we have a differential equation for a probability to exhibit an intact avidin-biotin 

complex (denoted as S) under a mechanical loading such as dS t( ) dt = -k t;K( ) ×S t( ) . The 

probability distribution of a force to unbind the complex is therefore given by 
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The mean force required for unbinding the complex can be computed from a relation of 
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We have numerically computed the unbinding force using Eq. [S6] as shown in figure Ⅱ- 5. 

 

 

 

Figure Ⅱ- 5. Simulated unbinding forces as a function of loading rate as well as the stiffness 

of a force probe. 

 

 

 

 



 

２２ 

2.7. Method for converting applied voltage to dielectrophoretic force  

 

The DEP force
21,22

 is given by 
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where n is the force order,   refers to the electrostatic potential of the external electric field, 

and 
nK  is the n

th
-order Clausis-Mossotti factor. Based on this equation, a Matlab (R12, 

Mathworks) code was developed for calculating the total DEP force. The electrical-field 

profiles for the IDT electrodes used for the experiment, when the AC signal with 1 Vpeak-to-peak 

and 10 MHz was applied to the electrodes, were generated from a finite element program 

(version 5.7, ANSYS Inc.) with grid spacing of 0.2 μm. The experimental parameters and the 

generated electric-field data were used as inputs for the Matlab code, As a result, the 

dielectrophoretic force can be calculated as a function of the applied voltage. 

 



 

２３ 

 

 

Table Ⅱ- 1. Parameter to calculating Vertical DEP force. 

 

1. When 1 Vpeak-to-peak is applied. All of the parameters used for the simulation are l

isted in the first line of Table Ⅱ- 1 (10μm carboxyl-terminated beads in DI wate

r at pH 4). 

2. Figure Ⅱ- 6 is a simulated graph of dielectrophretic force at 6 μm height above 

the electrode (y position of the center of the particle, oxide thickness from electr

ode = 1 μm) as increasing voltage was applied. The other parameters are the sa

me as above and the force order was 1. 

3. The force, when an intermolecular force between a bead and a surface is the for

ce(horizontal position = 0) shown in figure Ⅱ- 6, at the given unbinding voltage. 

4. Other unbinding forces in the paper are calculated following the method describe

d above. Each parameter for the calculation is summarized in Table Ⅱ- 1. 
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Figure Ⅱ- 6. Simluated Vertical DEP force at 6μm height above the electrode as increasing 

voltage was applied. 

 

The crossover frequencies were measured in Table Ⅱ- 1 as follows: (1) introduced 

functionalized beads into the chip that has the same structure what we measured the binding 

forces, (2) Applied the high voltage at 1KHz into the electrode. As a result, the beads were 

located on the edge of each electrode due to the positive DEP force effect, (3) as increasing 

frequency from 1 KHz, the frequency (crossover frequency) at which the beads moved to the 

center of electrode was found, and (4) repeated 10 times and calculated the average frequency. 

The medium conductivities in Table Ⅱ- 1 were also measured 10 times using a conductivity 

meter (SCHOTT Instrument Handylab LF11) and we recorded the average values in Table 

Ⅱ- 1. After then, the relative particle conductivity was calculated by 



 

２５ 

)~2~()~~()( mpmpK  
     [S1] 






p
pp

i
~

, 


 m

mm

i
~

 

 

Where 
p

~  and m
~  are complex permittivity of the polystyrene bead and the medium,

)5.2( 0 p , )78( 0 m p ,and m  are real permittivities, and conductivities of the 

polystyrene bead and the medium, respectively, and   is angular frequency. Since 

0)](Re[ K at the crossover frequency, the relative particle conductivities in Table Ⅱ- 1 

were extracted. 

 

2.8. Temperature variation on the oxide surface 

 

Heat generation is an important factor that can affect the rupture force of an 

intermolecular bond.
44, 45

 Hence, the temperature at the functionalized surface was 

investigated using the experiments. Firstly, we directly measured the temperature on the 

oxide surface using a thermocouple (HUATO, HE701), where the shaft diameter of the 

thermocouple is 0.5 mm, and the temperature resolution of it is 0.05 ℃. DI water containing 

polystyrene beads was introduced into the chip after attaching 5 x 5 mm PDMS reservoir. 

Then, the shaft region of the thermocouple was introduced into the chip and placed on the 

surface. The temperature of the oxide surface was measured with varying voltage. Figure Ⅱ- 

7 (a) is the optical image of the experimental set-up to measure the surface temperature and 

figure Ⅱ- 7 (b) is the measured surface temperature as a function of applied voltage, where 

the room temperature in the experiment is 293K. The temperature increase, when 100 V was 

applied to the electrode, is within 1.5K, as shown in figure Ⅱ- 7. 
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Figure Ⅱ- 7. (a) Experimental set-up (b) Experimental result – Voltage vs. Temperature (K) 

 

These results can be explained by the thermal conductivity differences of each material and 

the experimental set-up, where thermal conductivities of each material are 0.538, 1.06, and 

160 W/(m∙k), respectively. While the experiment had being performed, the microfluidic 

device had placed on a metal chunk (high thermal conductivity material). Hence, the heat 

generated by the applied voltages could be flowed very quickly from the oxide surface to the 

silicon substrate and the metal chuck. As a result, the temperature increase at the oxide 

surface is small enough to be ignored in measuring rupture forces.
44, 45

 

 

2.9. Effect of the voltage drop across the PECVD oxide 

 

In order to find the voltage drop across the PECVD oxide that covered the Cr 

electrode, the simulations were performed using a finite element program (COMSOL 

Multiphysics 3.5a Sweden). For the simulation, we solved Laplace equation associated with 

Constitutive equation using the finite element program
46, 47

, where the subdomain/ boundary 



 

２７ 

condition are listed in Table Ⅱ- 2. 

 

 

 

Table Ⅱ- 2. Subdomain/boundary conditions list to simulate the voltage drop across the 

PECVD oxide 

 

figure Ⅱ- 8 (a) describes the voltage drop with varying oxide thickness. That is, the voltage 

on the oxide surface is inversely proportional to the oxide thickness. figure Ⅱ- 8 (b) shows 

the DEP force acting on the center of a 5um radius bead as a function of the input voltage. 

The distance from the oxide surface to the center of the bead is decreased as the oxide 

thickness decreases; resulting in the increase of DEP force at the same applied input voltage, 

as shown in figure Ⅱ- 8 (b). In general, the rupture force of a given chemical bond should be 

constant in a certain environment so that the DEP force to break the bond should be also 

constant. Hence, the input voltage to break the bond should also decrease with decreasing the 

oxide thickness according to Ⅱ- 8 (b). 

 



 

２８ 

 

 

Figure Ⅱ- 8. Simulation results as increasing the oxide thickness; (a) Voltage drop vs. 

height, (b) Vertical DEP force vs. input voltage, (c) Input voltage to break the 

hydrogen bond vs. the oxide thickness 

 

When the carboxyl-terminated beads and surface were used to calculate the rupture force of 

the hydrogen bond, the relationship between the applied voltage and the oxide thickness is 

shown in figure Ⅱ- 8 (c). At 0.8um oxide thickness, the measured voltage to break the bond 

was 83.2V, and the extracted DEP force from the measure voltage was 2.84nN. According to 

the simulation result shown in figure Ⅱ- 8 (c), the input voltage could be 66.6V (~0.2um 

oxide thickness), 69.2V (~0.4um oxide thickness), 74.6V (~0.6um oxide thickness), and 

89.2V (~1um oxide thickness), as increasing the oxide thickness in order to get the same DEP 

force 

to break the hydrogen bond. Therefore, the rupture force measured and extracted by using our 

system is independent of the voltage drop across the oxide thickness. It should be noted that 

even though the voltage drop due to the oxide thickness does not affect the rupture force. As 

the thickness of the oxide is reduced, the input voltage to break a chemical bond is also 

decreased. 
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Ⅲ. Verification for MDFS Measurement Technique 

 

3.1. DEP force spectroscopy 

 

 

 

Figure Ⅲ- 1. Schematic diagram for the measurement system 

 

 Carboxyl functionalized beads of 10 μm diameter were used as probes to measure the 

intermolecular forces. Figure Ⅲ- 1 shows the schematic diagram of the measurement system. 

Optical images (figures Ⅲ- 2 (a-d)) were taken sequentially as the magnitude of the AC 

voltage (at frequency of 10 MHz) was increased. The IDT electrodes were covered by an 

oxide layer functionalized with a succinic anhydride layer, and the beads were suspended in 

DI water at pH 4.  



 

３０ 

 

 

Figure Ⅲ- 2. (a)-(d) Optical images of 10 μm polystyrene beads on the electrode covered by 

succinic anhydride functionalized oxide layer with the application of voltages 

of (a) 0 V (b) 60 V (c) 80 V (d) 100 V 

 

Figure Ⅲ- 2 (a) shows the randomly distributed beads on the functionalized oxide 

surface without application of the AC voltage. It can be safely assumed that a hydrogen bond 

has been established between each bead and the functionalized surface
22

. As shown in figures 

Ⅲ- 2 (a-d), by increasing the amplitude of negative DEP force generated by applying the AC 

voltage across the IDT electrodes, the beads moved toward the middle of each IDT electrode 

(the region of being the lowest electric field gradient and existing only in the vertical 

direction of the force), and were eventually pulled away from the surface. In general, a bead 

attached on a surface by an intermolecular bond does not move upward from the surface until 

the intermolecular bond with the surface is completely ruptured due to the applied DEP force. 
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Since the applied force corresponding to the bead movement is correlated by optical imaging 

to the movement of the beads, the unbinding force can be determined. Previous reports have 

determined the initial distance variation using fluorescence
18

 or optical defocusing
21,22

 to 

estimate the unbinding forces. However, since those methods rely on manual determination 

of the distance variation, the estimated values could be unreliable. Our current work 

developed a “grayscale variation method” to overcome the manual estimation and the 

potential reliability issues inherent in previously used methods. In this method the noise level, 

defined by the fluctuation in the grayscale value can be established by the experiments and 

statistics. 

 

 

 

Figure Ⅲ- 3. (a) Grayscale and height variation corresponding to the bead inside a small 

box as in figure Ⅲ- 2 (a-d); (b) Grayscale and height variation graph as a 

function of applied voltage; (c) Histogram graph representing the number of 

hydrogen bond unbinding events as a function of applied voltage; (d) 

Histogram and Gaussian fitting graphs as a function of unbinding force that 

ruptures the hydrogen bond. 

 

Figure Ⅲ- 3 (a) is an example for the grayscale variation corresponding to the distance 

variation of the bead inside the small box shown in figures Ⅲ- 2 (a-d). As shown in figure 
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Ⅲ- 3 (a), when the hydrogen bond between the bead and surface is not completely ruptured 

by the applied DEP force (e.g. where bead is visible at the surface at 0 V in figure Ⅲ- 2 (a), 

and when the bead is located at center of the IDT electrode at 60 V in figure Ⅲ- 2 (b)), the 

grayscale value stays within the noise level, or the grayscale value that is outside the noise 

level returns to within the noise level as the applied voltage increases. When the hydrogen 

bond between the bead and the surface ruptures completely, the grayscale value exceeds the 

noise level (e.g. where the bead separates from the surface at 80 V in figure Ⅲ- 2 (c)) and 

continues to increase as the applied voltage increases (e.g. where bead further separates from 

the surface at 100 V in figure Ⅲ- 2 (d)). Based on these observations, the unbinding voltage 

is defined as the voltage corresponding to the lowest grayscale value at which the grayscale 

value exceeds the noise level and continues to increase (e.g. 80V in figure Ⅲ- 2 (c) among 

the voltages at which figures Ⅲ- 2 (a-d) were recorded). This unbinding voltage histogram 

(figure Ⅲ- 3 (b)) can be used to determine the actual force of the interaction by calculating 

the DEP force on the bead using a model described earlier
21,22

. The model results in the 

correlated unbinding force histogram of the hydrogen interaction, as shown in figure Ⅲ- 3 

(c). The mean unbinding force for a hydrogen bond between two non-ionized carboxyl-

terminated groups is 2.86nN 0.36nN. While this value is in good agreement with earlier 

reports
25-27

, unlike any other report, it is measured by obtaining hundreds of experimental 

values in parallel in a fraction of the time as compared to the scanning probe approaches 

which provide a single value per measurement.  

 

 

 

 



 

３３ 

3.2. Multiple probe array DEP force spectroscopy with different probe diameters 

 

The technique allows the use of multiple, different diameter probes that obtain large 

ensemble measurements of different numbers of intermolecular bonds formed with the probes 

of different diameter, simultaneously and in the same environment. We validate the DEP 

force spectroscopy approach by first employing multiple probes with the same diameter, and 

then employing multiple probes with different diameters, and comparing these results for 

hydrogen bonding interactions. Using many carboxyl-terminated beads with the same 

diameter of either 10 μm or 15 μm (figure Ⅲ- 4 (a, b)), or the different diameters of 10 μm 

and 15 μm (figure Ⅲ- 4 (c)), located on a succinic anhydride functionalized oxide surface, 

the upward movement of the beads was determined as the voltage was increased in order to 

obtain the histograms of the unbinding forces required to break the hydrogen bond between 

the beads and the surface (figures Ⅲ- 5 (a-c)). The unbinding force calculated by this 

approach was 2.69 nN  0.45 nN (for 10μm diameter beads), and 5.24 nN  0.64 nN (for 15 

μm diameter beads). 

 

 

 

Figure Ⅲ- 4. (a)-(c) Optical Images of carboxyl-terminated polystyrene beads located on 

the center of the electrodes covered by the succinic anhydride functionalized 

oxide surface (a) 10 μm beads (b) 15 μm beads (c) 10 μm and 15 μm beads. 
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Table Ⅲ- 1. Summary of the mean forces and standard deviations of multiple probes 

consisting of uniform or different radii, when measuring the hydrogen bonds 

generated between carboxyl-terminated polystyrene beads and the succinic 

anhydride functionalized oxide surface layer. 

 

The unbinding forces calculated by the approach employing multiple, different 

diameter probes were 2.93 nN 0.48 nN, and 5.00 nN 0.64 nN (10 μm and 15 μm multiple-

probes together). We also used multiple beads consisting of only 12 μm beads or a 

combination of 12 μm and 15 μm. The mean forces and standard deviations recorded by 

multiple beads of same or multiple diameters are summarized in Table Ⅲ- 1. Using these 

values, the individual bond-rupture force of the hydrogen bond was calculated by applying 

the Poisson distribution statistical method
28

 to the mean force and variance obtained from the 

unbinding measurement data recorded by multiple probes with different diameters. By 

applying this statistical method to the data in figure Ⅲ- 5 (d), the individual bond-rupture 

force of the hydrogen bond is calculated to be 95.6 pN with a coefficient of determination of 
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R = 0.84. This value is in agreement with previous studies
29,30

, but can be obtained in a 

fraction of the time needed to perform the serial measurements. 

We next investigated the Ionic interactions between the differently sized carboxyl 

coated beads and positively charged oxide surface functionalized by 3-

aminopropyltrithoxysilane (APTES) or L-lysine using the methodology described above.  

 

 

 

Figure Ⅲ- 5. (a)-(c) Histogram and Gaussian fitting graphs as a function of unbinding force 

that ruptures the hydrogen bond (a) 10 μm beads (b) 15 μm beads (c) 10 μm 

and 15 μm beads; (d)-(f) Variance vs. mean graphs to calculate an individual 

bond-rupture force for (d) the hydrogen interaction between carboxyl-

terminated beads and succinic anhydride functionalized oxide surface (e) the 

ionic interaction between the carboxyl-terminated beads and APTES 

functionalized oxide surface (f) the ionic interaction between the carboxyl-

terminated beads and L-lysine functionalized oxide surface. 
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Table Ⅲ- 2. Summary of the mean forces and standard deviations of multiple probes 

consisting of different radii, when measuring the ionic bonds generated 

between carboxyl-terminated polystyrene beads and APTES functionalized or 

L-lysine functionalized oxide surface. 

 

The acid dissociation constants (pKs) of the amino-terminated molecule in the tail group of 

the APTES functionalized surface, the amino-terminated molecule in the tail group of the L-

lysine functionalized surface, and the carboxyl-terminated molecule in the tail group of the 

beads, are 11,
31

 above 9,
32

 and below 5,
33

 respectively. Hence, at pH 7, it is expected that the 

positive charges on the amino-terminated molecules and the negative charges on the 

carboxyl-terminated molecules will result in an ionic interaction. The mean bond-rupture 

force and standard deviation of the ionic interactions between the carboxyl group and APTES 

surface or L-lysine surface in DI water at pH 7 was measured and results in Table Ⅲ- 2. 

Moreover, the individual bond rupture forces are extracted to be 130.0 pN for the carboxyl 
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group and APTES functionalized surface, and to be 200.4 pN for the carboxyl group and L-

lysine functionalized surface, as shown in figures Ⅲ- 5 (b, c). 

 

3.3 Multifunctional probe array DEP force spectroscopy with extremely wide force 

loading rate 

 

 

 

Figure Ⅲ- 6. (a)-(b) Optical Images of 15 μm functionalized beads located on the center on 

the electrodes covered by the biotin funtionalized oxide surface (a) amino-

terminated polystyrene beads and streptavidin-terminated beads (b) avidin-

terminated polystyrene beads and streptavidin-terminated beads. 

 

 Nonspecific interactions occur in biological assays and need to be minimized or 

eliminated. Quantitative characterization of nonspecific and specific interactions 
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simultaneously and in the same environment can be very useful in the design of 

immunoassays and also to determine conditions necessary to achieve specific capture in 

microfluidics.
34,35

 In our experiment, a combination of 15 μm diameter amino-terminated 

beads and 15 μm streptavidin-terminated beads (which also had a fluorescent label) were 

introduced on electrodes covered by a biotin-functionalized oxide surface (figure Ⅲ- 6 (a)). 

The beads arranged on the center of the electrode were imaged as the force loading rate was 

increased from 1 pN/s to 10
4 

pN/s. The variance as a function of the mean force between the 

amino-terminated beads and streptavidin-terminated beads with 10 μm, 12 μm and 15 μm 

diameters and the biotin-functionalized oxide surface in a solution of DI water at pH 7 under 

various force loading rates was plotted as shown in figures Ⅲ- 7 (a) and (b). The figure 

insets describe the individual bond-rupture force of an ionic interaction (a nonspecific 

interaction) between the positively charged amino-terminated beads and the negatively 

charged biotin-terminated functionalized surface,
36

 and a ligand-receptor interaction (a 

specific interaction) between the streptavidin-terminated beads and the biotin functionalized 

surface at the lowest and highest force loading rates. The individual bond-rupture forces of 

the ionic interaction and ligand-receptor interaction vary from 138.8pN to 174.3 pN, and 

from 114.3 pN to 224.4 pN, respectively. 

We also investigated the individual bond-rupture force between streptavidin-biotin 

and avidin-biotin with a wide force loading rate (~1 pN/s-10
4 

pN/s). Figure Ⅲ- 6 (b) shows 

the combination of 15 μm streptavidin- and avidin-functionalized beads, which were used for 

the measurement of the force between two different ligands, located on the center of the 

electrode covered by the biotin functionalized oxide surface. The variances of the 

streptavidin-biotin and avidin-biotin interactions measured using 10 μm, 12 μm, and 15 μm 

streptavidin-terminated beads and avidin-terminated beads were plotted as a function of mean 

force in figures Ⅲ- 7 (c) and (d). figure Ⅲ- 8 (a) shows the individual bond-rupture force  
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Figure Ⅲ- 7. (a-b) Variance vs. mean force graphs to calculate an individual bond-rupture 

force as the force loading rate is varied to effect (a) ionic interaction between 

amino-terminated beads and biotin functionalized oxide surface (b) ligand-

receptor interaction between the streptavidin-terminated beads and the biotin 

functionalized oxide surface; (c-d) Variance vs. mean force graphs to calculate 

an individual bond-rupture force for two different ligands as the force loading 

rate is varied to effect (c) streptavidin-biotin interaction (d) avidin-biotin 

interaction; Each insets of figure (a-d) describe the individual bond-rupture 

forces at lowest and highest force loading rates. 
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as a function of the force loading rate extracted from figures Ⅲ- 7 (c) and (d). A low loading 

rate, ~10
-4

 pN/s - 1 pN/s, was used to examine the intermolecular force between the varying 

sized carboxyl-terminated beads and the succinic anhydride functionalized surface in DI 

water at pH 7. Figure Ⅲ- 8 (b) shows the mean force as a function of the DEP force loading 

rate, and shows that an intermolecular attractive force in the pN range exists between the 

beads and the surface. Especially, this wide range of lowest loading rate (~10
-4 

pN/s) has not 

been reported before by linear force ramps.
18,19

  

 

 

 

Figure Ⅲ- 8. (a) The individual rupture force vs. the force loading rate to calculate the 

energy landscape of the streptavidin-biotin and avidin-biotin interactions; (b) 

Mean force vs. the force loading rate for the Van der Waals interaction 

between the carboxyl-terminated functionalized beads and the succinic 

anhydride functionalized oxide surface 

 

In this work,  the measured mean forces such as hydrogen bond using 10 um 

carboxyl-terminated beads, and the individual bond-rupture force of hydrogen bond between 

two neutralized carboxyl group (figure 2(d) and (g)) are in good agreement of the previous 
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reports.
25-27

 The minor discrepancies between our experimental results and those of previous 

reports can be explained by the differences between the contact area of the bead employed in 

our studies, the contact area of the probe tips used in the previous experiments. For instance, 

in our experiment data (Exp 2, Table Ⅲ- 1), the measured mean binding force of hydrogen 

bond are about 2.86 nN (for 10 μm diameter beads), 3.71 nN (for 12 μm diameter), and 5.09 

nN (for 15 μm diameter). The Individual bond-rupture force of hydrogen bond between two 

neutralized carboxyl group, as shown in figure Ⅲ- 5 (d), obtained by our method has also 

minor difference comparing with the result in the earlier reports.
29,30

 These minor 

discrepancies could be from the variation in the surface charged density of the functionalized 

group at the contact area. It should also be noted that the individual ionic bond-rupture force 

using the APTES functionalized surface is clearly distinguishable from that of the L-lysine 

functionalized surface in our method. This difference can be explained by the chemical 

components of the two molecules. There is one amino-terminated molecule in the tail group 

of the APTES functionalized surface and two in that of the L-lysine functionalized 

surface.
31,32

 Therefore, the individual ionic bond-rupture force of the L-lysine functionalized 

surface is greater than that of the ATPES functionalized surface. Such precise and rapid 

discrimination of the forces between these molecules in a large array of beads opens the 

possibility of measuring the biological or chemical interactions in a very high throughout 

manner. 

The ability to investigate molecular bond rupture using multifunctional probes with 

extremely wide loading rate could be used to characterize biological process easily and 

rapidly, and could also provide the necessary tools for investigate of a bond rupture 

mechanism. In our experiments, specific (streptavidin-biotin) and non-specific (NH3
+
-biotin) 

interactions, and two different ligand-receptor interactions (streptavidin-biotin and avidin-

biotin) were measured simultaneously and in the same environment, and the different 
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individual bond rupture forces associated with the measured values are clearly determined, as 

shown in figure Ⅲ- 7 (a)-(d). Moreover, the bond rupture force range from bounded state to 

unbounded state could depend on which type of chemical bond is involved in the molecular 

interaction (Table Ⅲ- 3).  

 

 

 

Table Ⅲ- 3. Summary of the individual bond rupture force using multifunctional probe 

arrays consisting of streptavidin-terminated beads/amino-terminated beads and 

streptavidin-terminated beads/avidin-terminated beads on biotin coated oxide 

surface as a function of force loading rate. 

 

The result from figure Ⅲ- 8 (a) to (b), which are obtained by the accessibility of 

both quasi-equilibrium (extremely low loading rate) and non-equilibrium (high loading rate) 

process of our method, can be regarded as a model system for the verification of physical 

theories in phase transitions. For instance, assuming a linear relationship between the rupture 

force and the logarithm of the force loading rate from the Bell model
37,38
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with the data in figure Ⅲ- 8 (a), x , the dissociation rate in terms of 

an energy barrier width in the entire energy landscape, can be calculated, where 
*f , Bk ,T ,

fr , and 0k is the binding force, Boltzmann’s constant, absolute temperature, force loading 

rate, and the dissociation rate constant in the absence of applied force, respectively. From 1 

pN/s to 10
3 

pN/s, x  for the streptavidin-biotin and avidin-biotin interactions are 0.50 nm 

and 0.54 nm, respectively, and they become 0.15 nm and 0.30 nm when the loading is 

increased from 10
3 

pN/s to 10
4 

pN/s. In the low loading rate case, the rupture forces of the 

streptavidin-biotin interaction are close to those of the avidin-biotin interactions, but the 

rupture forces between the two different ligands are still clearly distinguishable. The 

calculated x  values and the characteristics of the individual bond-rupture rate under 

various loading rate are in good agreement with previous results.
37,38

 In additions, the 

unbinding forces, as shown in figure Ⅲ- 8 (b), are found to be nearly the same with loading 

rates less than 10
-2 

pN/s despite increases in the force loading rate, which implies that 

unbinding likely occurs during a quasi-equilibrium condition, as predicted by Bell’s model.  

An interesting observation in figure Ⅲ- 8 (b) is to measure the intermolecular 

attractive force even though there are negatively charged molecules between the carboxyl-

terminated beads and succinic anhydride functionalized oxide surface. In order to explain this 

phenomenon, the intermolecular attractive forces could be augmented by hydrophobic 

interaction, gravitational force, and Van der Waals force in our measurement approach. 

Hydrophobic interactions can be ignored because while the bead might be hydrophobic, the 

surface is hydrophilic. The effects of gravity can also be ignored. Lastly, the Van der Waals 

force between a sphere and half-plane can be analyzed
39,40

 by 
212



Ad
F WaalsderVan , where 
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A( TkB
4

3
 ) is the Hamaker constant, d is the particle diameter, and Δ is the physical contact 

length. By associating the mean unbinding forces in figure Ⅲ- 8 (b) with the Van der Waals’ 

formula mentioned above, the physical contact length (Δ) can be calculated to be from about 

24 nm to 38 nm as the force loading rate decreases. This range of separated distance closely 

matches the distance between the 9.8 μm polystyrene beads and a fluorocarbon, or PEG 

surface in the region of low force loading rate (10
-2 

pN/s ~10
-1 

pN/s).
18

 The large separation 

distance in our experimental system can be explained by an electrical repulsion between the 

negatively charged carboxyl-terminated beads and the negatively charged succinic anhydride 

functionalized surface in DI water at pH 7. It can also be observed from figure Ⅲ- 8 (b) that 

the attractive force increases with increasing bead diameter, which follows the characteristics 

of the Van der Waals force described by the formula above. Taken in aggregate, the above 

observations suggest that the attractive force analyzed in figure Ⅲ- 8 (b) could be the Van 

der Waals force. 

It has also been recently reported that the ‘effective stiffness constant’ (defined as F/x) 

of the force probe or the method used for the force measurement is a critical factor to 

estimate the bond rupture force.
11

 Specifically, for an unbinding measurement of avidin-

biotin complex at loading rate of ~10
3
 pN/s, the bond rupture force measured by 

biomembrane force probe is obtained as ~60 pN,
38

 whereas the bond rupture force estimated 

by our DEP probe is ~135 pN (Table Ⅲ- 3). In order to understand the dependency of the 

force measurement on the stiffness constant of the method, we have theoretically considered 

Kramers theory using a linear-cubic potential in the free energy landscape. As shown in 

Figure Ⅱ- 5, the force required for such an unbinding experiment is governed by both 

loading rate and the stiffness of the force probe. In particular, at a loading rate of ~10
3
 pN/s, 

the unbinding force measured by a probe with its stiffness of 10
2
 pN/nm (corresponding to 
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the stiffness of our DEP probe) is predicted as ~130 pN, while the unbinding force measured 

by biomembrane force probe with its stiffness of << 1 pN/nm is anticipated as ~80 pN. These 

results clearly show that stiffness of the force probe in the measurement of unbinding force 

(or bond rupture forces) is important and our method allows the measurement over a wide 

loading range with the same effective stiffness. 
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Ⅳ. Conclusion and Future work 

 

In conclusion, our multifunctional probe array DEP force spectroscopic technique 

employs hundreds of functionalized polystyrene beads at an interrogation density of about 

600 events/mm
2
, where each bead acts as a probe inside the microfluidic device with 

fabricated IDT electrodes. It offers parallel measurements of interaction between different 

molecules simultaneously and under the same conditions. And the technique can also provide 

for a wider dynamic range of applied force and loading rates (~10
-4

pN/s-10
4
pN/s) as 

compared to any other approach. Hence, our DEP force spectroscopy enables the high 

throughput measurement of molecular bond rupture over a wide range of force loading and 

allows easy implementation within micro-fluidic devices. The accessibility of force loading 

range from quasi-equilibrium to non-equilibrium states can enhance the understanding of 

fundamental mechanisms behind bond rupture. Using the experimentally obtained unbinding 

voltages, simultaneously and in the same time, over a wide range of force loading rate, the 

mean unbinding forces and their standard deviation were determined for various biochemical 

molecular interactions. . Furthermore, the results were used to determine the individual bond 

rupture forces parameters for the characterization of entire energy landscapes, and the 

effective stiffness constant of the force spectroscopy. 

 

Future work may characterize physical properties of Dielectrophoretic force 

spectroscopy, such as the trap stiffness. The trap stiffness can be changed with the change of 

the trap position, power, thermal energy, experimental conditions and surface-probe specific 

interactions. Therefore, this value is significantly important factor to understand physical 

properties of the force spectroscopy and surface-probe specific interaction. The existing force 

spectroscopy has its own value of the trap stiffness, but until recently, very little study about 
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the trap stiffness with dielectophoretic force spectroscopy has been done. Therefore, further 

study will be done with measuring dielectophoretic trap stiffness according to various 

experimental conditions. Dielectrophoretic force spectroscopy trapped the particle (probe) 

with 2-dimensional electric field gradients and trap strength is affected by potential level, 

particle size, electrode design and specifically particle-surface binding properties. So, the 

research about the trap stiffness would be possible to analyze the physical and chemical 

properties of the intermolecular interaction such as protein pulling mechanism, single/double 

stranded DNA binding properties and pH-variable bimolecular conformation changes. 
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Abstract (in Korean) 

 

Wide Loading Rates 을 인가할 수 있는 다기능 유전영동 

Force Spectroscopy의 기술개발 

 

박인수 

의공학과 

연세대학교 대학원 

 

생체 단 분자간의 결합 메커니즘을 분석하는 연구는 생체내의 생명현상

을 이해하는데 있어서 매우 중요한 연구 분야이다. 이러한 상호단백질간의 결합 

특성을 분석하는 연구는 기존에 많이 수행되었으며 대표적인 분석기술로는 

Optical tweezers, magnetic tweezers, AFM(Atomic force microscopy) 가 있다. 허나 위

와 같은 기술력은 단일 Probe를 사용하기 때문에 실험 시간과 비용, 효율성 면

에서 보안이 필요하며, Target molecule에 인가되는 Loading rate 관점에서 한계점

을 가지고 있다. 본 연구에서는 위와 같은 기술력의 한계점을 보안함으로써 새

로운 개념의 분석 기술을 소개하고자 한다. 

유전영동(Dielectrophoretic technique)을 이용하여 새로운 개념의 Tweezers를 

적용하고 기존에 개발된 기술력으로는 불가능 했던 Multifunctional probe array를 

개발하여 단백질의 특성 분석에 있어서 좀 더 효율적이고 정량적인 분석이 가

능하도록 시스템을 설계한다. 단일 probe 가 아닌 여러 가지 다양한 probe를 이

용하여 동시에 다양한 결합력을 측정할 수 있는 multifunctional probe를 개발하고 

probe 의 효율성 및 정밀성을 판단하기 위하여 새로운 분석 시스템(Grayscale 

analysis)을 적용한다. 또한 넓은 범위의 Loading rate 을 인가하는 기술을 개발하

여 생체 단 분자 간의 결합력을 다양하게 측정함으로써 기존의 기술력과의 차

별성과 효율성을 검증한다. Loading rate 에 따른 특정 단백질의 Energy landscape

을 분석하여 기존의 연구결과와 비교함으로써 개발된 시스템의 정확성을 검증

하고, Quasi-equilibrium theory 을 적용하여 매우 낮은 Loading rate 을 인가하였을 
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때 단 분자간의 결합력을 통계적으로 분석하고 그 특성을 비교 검증한다.  

 

핵심되는 말: 유전영동기술, 단분자간 결합, 마이크로 유체 시스템, 준평형상태, 

단백질풀림현상 
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