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CHAPTER 1: INTRODUCTION 

In this dissertation, atomic force microscopy (AFM) was used to conduct the 

research. The goal of this work includes two parts: 1) to develop more 

applications of the atomic force microscopy (AFM) based on scanning-probe 

lithography (SPL) technique and 2) to explore a method for generating low 

voltage electrowetting and its applications by using AFM.  

This dissertation is organized as follows. In the present chapter, I am going to 

give an overview of the early or recent development in nanolithography, 

microreactor, and electrowetting technique. Chapter 2 is devoted to the 

introduction of the theoretical principle of atomic force microscopy (AFM). 

Chapter 3 introduces the principal method to fabricate hydrophilic patterns over 

an octadecyltrichlorosilane (OTS) film surface with an atomic force microscopy 

(AFM). The chemical templates fabricated using this method will be used as 

functionalized nanopatterns and modified with a variety of different materials in 

later investigation. Chapter 4 introduces our research on protein’s conformation–

function relationship employing AFM as a tool.  In Chapter 5, I describe our 

studies about the OTS-coated IL drops assembled on chemical patterns, which 

are created by AFM and, can be used as novel micro-reactors. Chapter 6 deals 

with the ionic liquid interface properties on surfaces with charge/dipole using 

experiments via AFM. Finally, before briefly summarizing current and future 

projects, a method for generating low voltage electrowetting is introduced and its 

application in bio-molecular sorting is presented in Chapter 7. 
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1.1 Nanolithography 

Lithography means “writing on stone”. The foundation of modern meaning of 

lithography can be traced back to China’s Tang dynasty (618 - 907AD). The 

Chinese people used inked blocks to make the patterned textiles.1 In 1822, 

modern photolithography was developed by Nicephore Niepce due to an 

accident.1 With the development of integrated circuit (IC) chips and their 

increasing complexity,2 nanolithography emerges as the time require to increase 

the density of chip components and lower the fabrication prices. Basically, the 

nanometer-scale patterns fabrication with functional structures is concerned as 

nanolithography.3-5 It has been widely used for the microelectronic devices 

fabrication including integrated circuit,6 biosensor7, et al. Nanolithography 

techniques can be simply classified as conventional techniques, which are 

commercially available and widely used in manufacturing, and unconventional 

techniques, which are often followed in research. These two classifications will 

be discussed in detail as followings.4 

1.1.1 Optical lithography 

The first conventional nanolithography technique I will briefly review is optical 

lithography. Optical lithography is one of the widely used lithography techniques, 

which plays an important role in the integrated circuit production. Figure 1-1 is a 

schematic of a basic optical lithography system. An optical source shines the 

light through the mask. The pattern information, which is fabricated on the mask, 

is projected onto the wafer surface, where a light sensitive photoresist is coated. 

Once the photoresist is selectively exposed, a chemical process occurs to 
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transfer the pattern image from the mask to the wafer. Because of the diffraction 

effects and the imperfections in the optical train, the resolution of the optical 

lithography is not high enough, which limits its development, especially in the 

academic field8 . So far, a sub-50-nm sized pattern can be achieved by using a 

193 nm wavelength light.9-14 Since the resolution of the optical lithography 

system is proportional to the wavelength of the optical source, reducing the 

wavelength can be used to improve the resolution. Currently, eximer lasers are 

the most widely used optical source.15 However, a shorter wavelength of light 

requires not only a sophisticated optical-lens system,16 but also new photoresists 

with higher sensitivity, which can increase the cost significantly.17-20 Other 

drawbacks, like its time-consuming nature, also restrict the development of the 

optical lithography.4  

 

Figure 1-1 Schematic of a simple optical lithography system. 

1.1.2 Scanning beam lithography 

Another conventional nanolithography technique for patterning nanoscale 

features is scanning beam lithography. In this technique, a concentrated electron 

or ion beam is emitted onto the photoresist coated substrate or the substrate 
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directly.4 Those electrons or ions can cause erosion at the surface (subtractive) 

or substances deposition on the surface (additive). Compared to the 

photolithography, this process takes longer, but, with higher resolution features 

(down to ~5 nm)21 and maskless22. A notable example is published by Grunze et 

al., who chemically modify the terminal nitro groups of self-assembled 

monolayers (SAMs) to amines via an electron beam and then functionalize the 

surface with carboxylic acid anhydrides.23,24 So far, this technique still is not used 

in the manufacturing process because of the difficulty in developing practical 

electron beam sources.25 

 

Figure 1-2 Schematic illustration of the scanning beam lithography. 

The limitations of these conventional nanolithography techniques, like the 

resolution limit, hard to apply on nonplanar surfaces, high costs with the 

decrease of the substrate sizes, and inapplicability to biological and sensitive 

materials, let researchers to explore some new, unconventional nanolithography 

techniques. Here, I would like to spend more time on the review of the 

development of various scanning-probe lithography (SPL) systems, which is one 

of the unconventional nanolithography techniques, and in which a nano-sized 
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stylus of scanning probe microscopy (SPM) is used to fabricate a pattern on the 

surface. I would also like to introduce their applications, since these techniques 

run through most parts of our research projects. 

Scanning tunneling microscopy (STM) and Atomic Force Microscopy (AFM) are 

well known to effectively identify the structure and nature of surfaces with atomic-

scale resolution since 1982.2,26 By taking advantage of the interaction between 

the probe and surface, scanning-probe lithography (SPL) was developed for the 

pattern creating and modification of substrate.27 Because of the molecular or 

atomic resolution of STM and AFM, SPL technique can achieve a high resolution 

with atomic scale.28,29 Based on the mechanism of pattern formation, SPL can be 

used in two areas: physical and chemical surface modification.2 

1.1.3 Mechanical surface patterning/force lithography 

One of the physical probe lithography techniques is the mechanical surface 

patterning/force lithography.2 As the name of this technique describes, the 

loading force exerted on the probe was used to remove or move the material on 

the substrate selectively during the tip scanning, leaving a specific shape or 

pattern on the surface.30-32 During our experiment, it was found that when AFM 

contact mode tip swiped over a protein pattern with a large loading force, the 

immobilized protein can be selectively shaved off in a well-defined pattern as 

Figure 1-3 illustrates. If this technique is conducted in a solution environment with 

other molecules or nanoparticles, the free place, which is created by the tip, can 

be replaced by those second materials in situ.30,33 This substitution makes this 

technique more interesting since a patterning with multiple types of molecules 
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can be realized.2,4 Liu et al.30 grafted ocatdecyltrichlorosilane (OTS) into 11-

sulfanyl-1-undecanol coated gold substrate successfully by utilizing this method. 

Gold nanoparticles were also deposited on the nanoshaved SAMs by the same 

group via the same method.33 The most attractive form of the modification by 

using this approach is the atomic manipulation. For example, Eigler and co-

workers directly moved adsorbed CO molecules on a Cu(111) substrate and 

created artificial structures in an ultrahigh vacuum (UHV) at low temperature.34,35 

The disadvantage of this technique is that the deformation and contamination of 

the tip can affect the repeatability of the pattern creating since this approach is a 

tip-induced technique. One of the solutions is using diamond or diamond-coated 

tip.2 

 

Figure 1-3 AFM tapping mode topography image of Apo-CaM obtained after the AFM 

contact mode tip scanning. 

1.1.4 Dip-Pen lithography 

Another physical probe lithography technique that can be used to transfer atoms 

or molecules to the surface selectively is known as dip-pen nanolithography 
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(DPN), which was developed by Mirkin’s group.2,36 During the experiment, an 

AFM tip works as a “pen” and the interest molecules which are transferred act as 

“ink”, while the substrate acts as a “paper”. With the movement of the AFM tip 

(pen), those materials (inks) can be written on the surface (paper), as Figure 1-4 

demonstrates. In this technique, the ink can be the tip itself, like gold, induced by 

a force or a current, or it can be materials physically adsorbed onto the tip. By 

switching to another tip, it is possible to create structures with more than one 

ink.37 Water meniscus between the AFM tip and the sample surface plays an 

important role in material transportation in this approach.36-42 Other factors, like 

the radius of the curvature of the tip, the movement velocity of the tip, as well as 

the reactivity of the “ink” with the substrate also affect the spreading of the 

“ink”.43-46 By using DPN, Mirkin et al.47 have deposited IgG and Lysozome on a 

gold substrate in nanoarrays, whereas Dravid et al.48 have patterned silicon 

substrates with various dyes. 

 

Figure 1-4 Schematic representation of dip-pen nanolithography (DPN). 
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1.1.5 Oxidative probe lithography technique 

Unlike above two techniques, the oxidative probe lithography technique was 

used to modify surface through an electrochemical reaction. In the experiment, a 

conductive AFM or STM tip scans over the surface and an electric field is 

generated between the tip and surface. Typically, the area right under the tip is 

oxidized by the electric field, while the material between the tip, like oxygen or 

water, decomposed and the reaction products oxidize the substrate (Figure 1-5). 

These reactions can be expressed by the following equations (equation 1 to 3).2 

Since the invention of STM, this electrochemical patterning experiment was used 

to modify surfaces.27 In the early 1990s, this oxidation technique was firstly 

transferred to AFM and has been successfully applied to organic resists49,50, 

SAMs51, and LB (Langmuir-Blodgett) film52. This prominent approach can be 

conducted on almost any conducting sample and thin organic resists with high 

resolution. It opens up a new era for the preparation of nanoscale functional 

architectures, like biomolecules,47,53 biominerals,54 nanoparticles, and block 

copolymers55,56 on surface. Since this technique can change chemical and 

physical properties of the sample surface, which can be introduced into bio-

sensor construction,57 microfluidic devices,58 molecular electronics59,60 or special 

smart coating preparation. For example, our research group fabricated various 

chemical patterns by AFM local oxidation lithography on octadecyltrichlorosilane 

(OTS) coated Si wafer from nanometer to sub-millimeter. Then, the functional 

protein was immobilized on the surface and the activity of the protein was 

studied.61-63  
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M + xH2O → MOx + 2xH+ + 2xe-         (1) 

2H2O → O2 + 4H+ + 4e-         (2) 

2H2O + 2e- → H2 + 2OH-         (3) 

In summary, SPL is capable of precisely creating patterns on a surface down to 

the molecular and atomic resolution. However, although it is prominent in the 

formation of functional nanostructured surfaces, at present, SPL is only used in 

research since it is not suitable for patterning large areas in manufacturing. In 

this dissertation, AFM local oxidation, which is one of the oxidative probe 

lithography techniques and will be discussed in detail in Chapter 3, was used as 

a basic patterning technique. Then, molecules are selectively anchored or 

adsorbed to the desired pattern for the further study. 

 

Figure 1-5 Schematic representation of the oxidative probe lithography techniques. 

Table 1-1 compares the above methods for nanolithography, which summarizes 

the minimum feature size, as well as the types of patterns that can be generated 

by each technique.4 As one of the important areas in nanoscience and 

nanotechnology, it is unquestionable that nanolithography will lead further 
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advances in the development of microelectronic circuits, biology, materials 

science, and optics.4  

Table 1-1 Comparison of various nanolithography techniques. 

Technique Minimum featurea Pattern 

Photolithography6 37 nm Parallel generation of patterns 
Scanning beam lithography64 5 nm Serial writing of patterns 

Scanning Probe lithography28,29 <1 nm Serial writing of patterns 
a Refers to the minimum demonstrated lateral dimension. 

1.2 Microreactor 

As I mentioned before, micro- and nanolithography has been one of the key 

techniques in nanotechnology, which is often used in microreaction system.16 

Such microreactors have become important for analytical and environmental 

monitoring,65-68 micro fuel cells,69 and microorganic synthesis/production in the 

pharmaceutical industry70-73. The most striking advantages of microreactor are 

their high portability because of the small and compact size, reduced reagent 

consumption and minimization of waste production. In addition, it has efficient 

heat dissipation owing to the high surface-area-to-volume ratios.69 Thus, if there 

is accident due to the reaction, the impact in the case of micro-reactor will be 

lower compare to the conventional reactor. Once the procedure is developed, it 

can be scaled up to the industrial level. 

Generally, there are three types of micro-reaction systems which allow diffusion 

and reaction occur at the interfaces, so that the main product can be removed 

from one phase to another phase due to the large specific interfacial area and 

short molecular diffusion distance in the microsystem,they are aqueous-organic 

liquid74-76, gas-liquid77-79, and gas-liquid-solid80,81 system. Obviously, the reagent 
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AFM, a flexible cantilever, which is very sensitive to this interaction, is needed. 

However, a flexible cantilever might be easily disturbed by the environmental 

vibration and trapped by the capillary force during the surface scanning. 

Based on the above descriptions, three types of images can be formed. The first 

one is a topographical image, which records the vertical movements of AFM tip. 

The height information of objects can be obtained from this type of image. The 

second one is a frictional force image, which is used to determine the twisting 

behavior of the cantilever. The last one is a phase image, which reveals the 

elastic nature of the sample. Figure 2-7 demonstrates the examples of the 

topography, friction, and phase images captured by AFM. The color bar of the 

topography, phase, or friction image represents different height, phase or friction 

range. Low and high topography, hydrophobicity, or friction is respectively 

represented by bright and dark colors.  

 

a) b) 
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Figure 2-7 Examples of AFM images. (a) and (b) are the topography and phase images 

of CaM disk on the chemical pattern template, captured by AFM tapping mode. (c) and 

(d) are the topography and friction images of an AFM calibration standard made by 

tungsten, captured utilizing AFM contact mode. 

2.5 AFM Tip Characterization 

Determining the normal spring constant, torsional spring constant, and the tip 

radius of AFM is of fundamental importance in Lennar-Jones potential calculation, 

energy dissipation calculation, and tribological property study. All were 

addressed in our research and will be discussed in the later sections of this 

dissertation.   

Normal spring constant, which is the spring constant for the cantilever in vertical 

direction/flexural deflection, is usually calculated based on the formulation 

developed by Sader et al.,101 which is expressed by: 

𝑘𝑓 = 0.1906𝜌𝑓𝑏2𝐿𝑄𝑓𝛤𝑖(𝜔𝑓)𝜔𝑓2            (12) 

Where, kf is the normal spring constant; 𝜌𝑓is the density of the fluid, which is 1.18 

kg/m3 during calculation; b and L are the width and length of the cantilever 

c) d) 
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2.6 Methodology  

Figure 2-9 is the methodology of the projects in this dissertation. AFM was used 

to conduct the research. It has multiple roles. First, AFM was used as a 

fabrication tool. In the contact mode, conductive AFM tip was used to conduct the 

electrochemical oxidation to create a chemical pattern or conduct an 

electrowetting experiment. Then, AFM was used as a characterization tool in the 

tapping mode to characterize the surface structure, the thickness, as well as the 

surface potential. Also, AFM in the contact mode was used as a measurement 

tool to measure the tribological force properties of sample. 

 

Figure 2-9 The flow chart of the methodology in this dissertation. 
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Figure 3-1 Representation of a SAM structure. 

Scanning-probe lithography (SPL) is used for the generation of spatially defined 

nanosturctures, since it can create precursor binding sites in the controlled shape, 

size and position at molecular level. Functionalized SAMs are good candidate for 

this fabrication with designable surface chemical properties.108 For example, 

Octadecyltrichlorosilane (OTS) monolayer is an amphiphilic molecule consisting 

of a long-chain alkyl group (C18H37-) and a polar head group (SiCl3-), which is the 

widely studied and used in academia and industry. It is known that OTS 

monolayer can be stabilized on various hydroxylated surfaces, like silicon 

oxide,109,110 aluminum oxide,111 quartz,112 glass,113 mica,114 and gold surface.115  

In this dissertation, local oxidation lithography on OTS SAM is introduced as the 

patterning technique.116  Local oxidation lithography is one of the oxidative probe 

lithography techniques, but conducted in a 100% relative humidity environment. 

So, rather than the uncompleted oxidation, which only oxidizes the terminal 

group of silane film, or completed oxidation, which causes silane desorption from 

the substrate, the silane is partially degraded and stays on the surface after the 
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oxidation. Obviously, this is an ideal tool for nano-scale chemical pattern 

fabrication, which allows us to generate two-dimensional and three-dimensional 

chemically functionalized nanopatterns with a variety of functionalities on the 

surface.116 

3.2 Experimental Set-up to Create Chemical Patterns on OTS 

3.2.1 Instruments 

The surface patterns were fabricated using Agilent PicoPlus 3000 Atomic Force 

Microscopy (AFM) in an environmental chamber. MikroMasch CSC17/Ti-Pt tips 

(12 kHz resonant frequency, 0.15 N/m force constant) were employed for pattern 

fabrication in contact mode. MikroMasch NSC14 tips (150 kHz resonant 

frequency, 5 N/m force constant) were used in sample characterization in tapping 

mode. All the AFM images were processed and rendered using WSxM.117 The 

SAM thickness on the silicon surface was examined by Angstrom Advance PhE 

101 ellipsometer. 

Ellipsometry is a non-destructive, non-contact measurement technique using the 

polarization of the laser light to determine the film thickness and the optical 

property of the sample. Basically, during the measurement, a linearly polarized 

laser light (helium/neon laser with 632.8 nm wavelength in our set-up), with a 

known orientation from the source, incidentally pound the surface of the 

substrate, and are reflected off the sample, become elliptically polarized. The 

polarization of the reflected light can be measured by the ellipsometer. By 

comparing with the orientation and the direction of polarization of the incident 

light, the relative phase change, Δ and the relative amplitude change, Ψ can be 
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calculated. The relationship between Δ and Ψ can be expressed by the Fresnel 

reflection equation: 

      (2) 

Where  is the ratio that an ellipsometer measured,  and  are the Fresnel 

reflection coefficients for p- and s- polarized light. Combined with the established 

model and an iterative procedure, the thickness of the film can be obtained. 

3.2.2 Chemicals and materials 

Octadecyltrichlorosilane (OTS, 97%) was purchased from Gelest. Toluene 

(HPLC grade) was purchased from Sigma Aldrich. Silicon (100) wafers (Virginia 

Semiconductors, Nitrogen doped, 30 Ω●cm resistivity) were polished to ultra-flat 

grade with a Root-Mean-Square (RMS) roughness smaller than 5 Å. All the 

solution was prepared with water from a Narnstead Nanopure Diamond lab water 

purification system with normal resistivity of 18.2 Ω●cm. 

3.2.3 Octadecyltrichlorosilane (OTS) self-assembled monolayer preparation 
for pattern fabrication 

The Si (100) wafer was cut into 1 cm × 1 cm pieces. Then, the wafer was boiled 

in the piranha solution (2 parts of 98% sulfuric acid and 1 part of 30% hydrogen 

peroxide) at 170 °C for 30 mins. At high temperature, the H2O2 was decomposed; 

O● and OH● are generated to remove all organic contaminants and also help to 

grow a thin oxide layer of silanol (Si-OH) on the surface. After that, the wafer was 

dipped into 5 mM OTS toluene solution for 8 hrs incubation. As shown in Figure 

3-2, the precursor OTS molecule (Figure 3-2 a), reacted with the trace amount of 

water in the solution to form silanols, followed by the cross-linking and 
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condensation reactions. As a result, the silane molecules cross-linked together 

and anchored onto the surface via the Si–O–Si bond (Figure 3-2 d). Then, the 

as-prepared OTS film was incubated in a sealed vial at 40 ᵒC, 100% relative 

humidity for 8 hours to get a pinhole-free OTS film (in this case, OTS molecules 

readjust their position and the surface intensity increase). Then the OTS-coated 

wafer was dipped into the OTS toluene solution again for another 8 hours. After 

three such cycles, the OTS film was stabilized, without a pinhole and capable of 

being used for the follow-up experiment.108,118-120 

Then, AFM was used to monitor the surface properties of OTS film, while the 

ellipsometer was used to determine the thickness of this film. AFM topography 

and phase image in Figure 3-3 show that OTS film is very flat and OTS 

molecules form a featureless and homogenous film on the top of the silicon wafer. 

The height variation between any two points within 20 um2 was less than 3 nm. 

The ellipsometry result demonstrates that the OTS film thickness was 2.6 ± 0.3 

nm, which was consistent with the published results.121 
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Figure 3-2 The formation of OTS film on Si (100) wafer. 

 
Figure 3-3 AFM (a) topographic and (b) phase image of a homogenous OTS film. 

3.2.4 Fabrication hydrophilic chemical patterns on OTS by using local 
oxidation lithography 

The chemical pattern was fabricated on the self-assembled monolayer of OTS by 

electrochemical writing using a conductive AFM probe in contact mode at a 

humid environment. With the help of the chemical patterns, we were able to 

modify surface with defined chemistry and topography with references in 

a) b) 

a) c) b) d) 
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positions and height. A Mikromasch Type CSC17 platinum−titanium-coated 

conductive AFM tip was used in the pattern fabrication process and was 

connected to the virtual ground. During fabrication, a 5 to 10 V DC bias was 

applied to the wafer. In this case, the Pt-Ti-coated tip acted as the cathode and 

the OTS wafer acted as the anode. Since the voltage applied is higher than the 

water electrolysis reaction needs (1.23 V), the water between the tip and the 

sample was electrolyzed, generating active oxygen species such as ozone, 

atomic oxygen, and hydroxyl radical, which can oxidize the methyl-terminated 

OTS film to carboxylic-terminated patterns. This partially degraded OTS pattern 

is called an OTSpd pattern.99 

Figure 3-4 shows a representative OTSpd pattern fabricated set-up using a 

stationary tip under the above controlled conditions. Because the formation of the 

OTSpd pattern is due to the diffusion of the active oxygen species, the size of the 

OTSpd pattern is actually in proportion to the dwell time of the bias voltage. After 

the active oxygen species are generated continually and have converted the 

hydrophobic OTS surface to hydrophilic OTSpd, a water film can cover the 

surface of the OTSpd pattern which is beneficial for the lateral diffusion of those 

active oxygen species. As the result, the new -COOH terminated surface is 

generated and the OTSpd pattern grows bigger and bigger. The size of the 

OTSpd pattern can range from ~25 nm to sub-millimeters.99 
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Figure 3-4 The experimental setup for the AFM probe oxidation lithography on OTS film. 

The AFM image was acquired with the contact mode tip to overcome the 

topographic artifacts caused by the static charge during the AFM scanning in 

tapping mode. Figure 3-5 a is the topography image. It shows that there is a 

bright spot in the center of the OTSpd pattern. This peak is SiO2 and it is formed 

due to the deep oxidation directly under the intense electric field. It can be proved 

by dipping the wafer in 1% HF solution for 30 s, the center peak disappears and 

it is changed into a deep hole whereas patterns remain intact. This HF etching 

test indicates that the center part is made of SiO2.99 The topography histogram in 

Figure 3-5b demonstrates the height distribution of the OTS background and the 

OTSpd pattern, which shows the visual impression of the distribution of the 

height of each pixel. It is an estimation of the probability distribution of a 

continuous variable. From the histogram, we know the apparent heights and 

standard deviation of OTS and OTSpd are 9.66±0.01 Å and 20.25±0.01 Å, 

respectively. The depth of OTSpd pattern can be calculated as122 

 

And the standard deviation of the OTSpd depth can be expressed as122 
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Based on above calculation, the depth of the OTSpd pattern is 10.60±0.01 Å for 

the sample shown in Figure 3-5 a. Using the same approach, the depth of the 

OTSpd pattern was obtained for 30 different samples. The average value from 

these AFM measurements is 10.21 ± 0.72 Å. However, this height difference 

does not directly correspond to the degraded carbon number because two 

processes involved here. One is the degradation of the OTS film and another is 

the growth of SiO2 underneath the film. Therefore, the final pattern height is the 

summation of the above two processes.  
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Figure 3-5 Measuring the depth of OTSpd pattern. (a) The topography image of an array 

of OTSpd pattern, acquired in contact mode immediately after the sample was prepared. 

(b) The histogram of the topography image, which indicates the depth of the OTSpd disk 

is 10.60±0.01 Å lower than the OTS background. 

As mentioned before, the OTSpd is terminated with the carboxylic group (-

COOH). This can be proved by using fluorescent probe 1-pyrenyldiazomethane 

(PDAM). PDAM is a small molecule, which can specifically react with the –COOH 

a) 

b) 
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group, so it can be used to detect the existence of-COOH.123 The reaction is 

demonstrated in Figure 3-6, and the detailed procedure can be found in 

elsewhere written by our group.99  The experimental result shows that PDAM 

molecules can couple with the carboxylic groups of the OTSpd surface, and emit 

fluorescent photons upon excitation. Therefore, the OTSpd is terminated with 

carboxylic group.  

CH2 Cn OH

O

CHN2

CH2 Cn

O

N2

 
Figure 3-6 The reaction of PDAM and carboxylic acid-terminated surface. 

3.3. Conclusion 

A smooth OTS monolayer was obtained via chemically controlled self-assembly. 

The surface property and thickness of this film were studied from a combined 

AFM and ellopsometry study. Our experimental results demonstrate that this thin 

film is homogenous and about 2.6 nm thick. Then, AFM local oxidation 

lithography was used for the pattern creation on this OTS substrate. This method 

is a high-speed and direct approach to create surface patterns ranging from ~25 

nm to sub-millimeter, which allow the growth of other molecular layers on their 

top in the future experiment. 

Copyright © Xiaoning Zhang 2013 
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CHAPTER 4: ATOMIC FORCE MICROSCOPY STUDY OF THE 
CONFORMATIONAL CHANGE OF IMMOBILIZED CALMODULIN 

4.1 Introduction 

Ligand binding in protein can lead to a wide range of conformational changes. 

Usually, this is the prerequisite for functional activity.124 The characterization of 

these ligand induced structural modification is the first step to understand the 

conformation-function relationship of a protein. 

Calcium plays key roles in a variety of biological processes, such as the blood-

clotting process, metabolism and signal transduction. Lots of Ca2+-dependent 

proteins exist in the cytoplasma of cells, calmodulin (CaM) is one of them, which 

is ubiquitous in almost all eukaryotic cells.125 Calcium-bound CaM activates a 

series of kinases,126-128 these activated kinases are believed to mediate the 

effects of Ca2+ and play an essential role in vesicle fusion. Because of that, CaM 

is thought to be paramount important to the basic operation of neurons through 

synaptic communication129 and important in various physiological processes such 

as movement, growth and proliferation.130  

CaM is a small (148 amino acid residues), acidic (PI=4.3), and heat-stable 

protein, which can be exposed to temperatures higher than 90 °C and remains 

stable. The calmodulin-calcium binding mechanism has been described since 

1973.125 Basically, calcium-bound CaM is dumbbell-shaped with two similar EF 

hands located at either end, each with two binding sites for Ca2+ binding. The EF 

hand is a helix-loop-helix structural domain, which is characterized by two α-

helices connected by a flexible loop. Calcium is coordinated by ligands within this 
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12-residue loop, including seven oxygen atoms from the side chain carboxyl or 

hydroxyl group. In the solution, the Calcium-bound CaM molecule is about 6.5 × 

4 × 2.5 nm3 and after calcium binding, hydrophobic methyl groups from 

methionine residues become exposed on the protein via conformational change 

and allow for the interaction with target ligand (Figure 4-1a).131 After removing 

Ca2+ from CaM’s EF hands, the dumbbell-shaped CaM changes to a bound 

shape (Apo-CaM) and the hydrophobic binding pocket becomes inaccessible to 

the ligands (Figure 4-1b).  

Figure 4-1 The main chain structure of (a) Ca2+-CaM (PDB accession code 1CLL) and (b) 

Ca2+-free CaM (Apo-CaM, PDB accession code 1CFD) (b) with respective N-terminal 

domains on bottom. Hydrophobic pockets in each of the two domains are shown in blue. 

Protein patterning techniques in micro-scale have demonstrated their huge 

potential for the microarrays based bio-sensing and bio-analysis field.132-134 The 
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main advantages of these protein microarrays technologies include high 

detection sensitivity, low consumptions of reagent samples (nL level), and a few 

protein requirements.135 However, immobilized proteins often behave differently 

from their solution-state counterparts. Although the conformational change of 

CaM had been well studied, its conformational change on the solid surface in 

immobilized sate is still unclear. In this project, CaM was used as a model protein, 

and the AFM was utilized as a tool to investigate the conformational change of 

the protein on the molecular level since AFM image can provide structural and 

functional information. 

In the experiment, CaM was purified using chitin beads from New England 

Biolabs and we demonstrated an experimental technique for 1-Cysteine-mutated 

calmodulin immobilization on a mercapto-terminated surface through cysteine-

Hg-mercapto coupling. Our AFM characterization results revealed that dumbbell-

shaped calmodulin was anchored on the chemical modified surface with its 

longest axis parallel to the surface. Upon conformational change results from the 

calcium releasing, the two termini of the dumbbell contract, making the 

immobilized calmodulin higher. 

4.2 Experimental 

4.2.1 Instruments 

The fabrication and characterization of the chemical pattern were performed with 

an Agilent PicoPlus AFM in an environmental chamber. The software used for 

image processing was WSxM.117 The sample pattern was cleaned with a carbon 

dioxide snow cleaning system from Applied Surface Technologies. Patterns 
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characterizations were conducted in ac mode with MikroMasch NSC14 tips. 

Protein patterns were imaged in air at 75% relative humidity (at 25 °C). The 

imaging set point was maintained at 99% of the tip free oscillation amplitude in 

air. Under this setup, the tip tapped the protein surface under minimal force. 

Because the tip touched the protein surface in the humid environment, a possible 

electrostatic charge from the sample was dissipated after the tip touched the 

sample. Hence, the height measurement was not affected by the protein’s 

electrostatic charge. The conducting high-aspect-ratio Ag2Ga tip from the 

NaugaNeedles, LLC, was used for the topography and surface potential 

characterization conducted with the Veeco Multimode AFM (J scanner, working 

in the surface potential mode).  The tip was held at 5 nm above the surface, with 

10 V alternating current (AC) amplitude applied on the tip. A Nikon Eclipse 55C 

microscope was utilized for fluorescence imaging and measurement.122 The 

fluorescent images were acquired using a UV-2A filter and were analyzed using 

Nikon NIS elements BR software. 

Fluorescence emission spectra were taken with a Perkin Elmer LS-55 

fluorescence spectrometer (Perkin Elmer, Waltham, Massachusetts). 

Fluorescence spectroscopy allows the analysis fluorescence from a sample. 

Generally, the energy of molecules in the solution is on the ground-state energy 

level. The absorption of ultraviolet radiation causes an energy transfer from the 

ground state to the excited electronic state. With a series of rapid vibrational 

relaxations, the electronically excited molecules return to their lowest excited 

state. Finally, the transition from the lowest excited state to one of the vibrational 
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levels of the electronic ground state causes the fluorescence emission (Figure 4-

2a). Figure 4-2b shows a configuration for our fluorometer. The light source is 

split into two beams. The upper sample beam passes through an excitation 

wavelength selector firstly and the radiation of the fluorescence emission 

wavelength is excluded. Then, the emitted radiations from the sample in all 

directions pass through an emission wavelength selector, which isolates the 

fluorescence emission. After that, the isolated radiation strikes a photon-

transducer and an electrical signal is converted for measurement. For the lower 

reference beam, its power is attenuated to approximately that of the fluorescence 

radiation before striking the photon-transducer. At last, the electronics/computer 

data system calculates the ratio of the fluorescence emission intensity to the 

excitation source intensity to cancel the effect of source intensity fluctuations and 

produce the resulting spectrum. The fluorescence microscope method shares the 

same principle with fluorescence spectroscopy, but uses fluorescence emission 

to generate images. 
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Figure 4-2 (a) Energy-level diagram for a fluorescence system and (b) components of a 

fluorometer. 

In the experiment, surface potential characterization was conducted via Kelvin 

Probe Force Microscopy (KPFM). KPFM is a scanning probe microscopy 

technique which allows imaging of local sample surface potential. This technique 

was developed by Nonnenmacher et al.136 and the principle of the technique 

originates from the macroscopic method developed by Lord Kelvin in 1898.137 

KPFM measures the contact potential difference (CPD) between a conductive 

AFM tip and a sample. The CPD can be expressed by138: 

𝑉𝐶𝑃𝐷 = 𝜙𝑡𝑖𝑝−𝜙𝑠𝑎𝑚𝑝𝑙𝑒

−𝑒
  (1) 

Where 𝜙𝑠𝑎𝑚𝑝𝑙𝑒  and 𝜙𝑡𝑖𝑝are the work functions of the sample and tip; e is the 

electronic charge. 

KPFM of Vecco Inc. is a two-pass system. On the first pass, the topography is 

measured. Then, on the second pass, the tip is lifted to follow the topography 

a) b) 
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profile measured in the first pass (so the tip was maintained at fixed distance 

from the surface); an oscillating AC voltage (𝑉𝐴𝐶 sin(𝜔𝑡)), at the frequency  𝜔, 

plus a DC voltage (VDC) are applied directly to the cantilever tip. Because of the 

𝑉𝐴𝐶 sin(𝜔𝑡), an oscillating electrostatic force is generated between the tip and the 

sample surface, which has the following amplitude138: 

𝐹𝑒𝑠(𝑧) = −1
2
∆𝑉2 𝑑𝐶(𝑧)

𝑑𝑧
 (2) 

Where z is the direction normal to the sample surface; ∆𝑉 is the potential 

difference between VCPD and the voltage applied to the AFM tip; 𝑑𝐶(𝑧)
𝑑𝑧

 is the 

gradient of the capacitance between the tip and the sample surface. Since 

VACsin(𝜔t)+VDC are the voltages applied to the AFM tip, ∆𝑉 can be expressed by: 

∆𝑉 = 𝑉𝑡𝑖𝑝 − 𝑉𝐶𝑃𝐷 = 𝑉𝐴𝐶 sin(𝜔𝑡) + 𝑉𝐷𝐶 − 𝑉𝐶𝑃𝐷 (3) 

After substituting equation 3 in equation 2 and dividing the equation into three 

parts, we can get: 

𝐹𝐷𝐶 = −𝑑𝐶(𝑧)
𝑑𝑧

[1
2

(𝑉𝐷𝐶 − 𝑉𝐶𝑃𝐷)2] (4) 

𝐹𝜔 = −𝑑𝐶(𝑧)
𝑑𝑧

(𝑉𝐷𝐶 − 𝑉𝐶𝑃𝐷)𝑉𝐴𝐶sin (𝜔𝑡) (5) 

𝐹2𝜔 = 𝑑𝐶(𝑧)
𝑑𝑧

1
4
𝑉𝐴𝐶2 [cos(2𝜔𝑡) − 1] (6) 

Equation 5 is used for the 𝑉𝐶𝑃𝐷 measurement and a lock-in amplifier is employed 

to extract this electrical force component. When the applied 𝑉𝐷𝐶 equal to the 𝑉𝐶𝑃𝐷, 

the output signal of the lock-in amplifier is nullified and 𝐹𝜔 equals zero. At this 
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point, the 𝑉𝐷𝐶 will be the same as the sample surface potential and it is recorded 

by the KPFM system. 

Equation 4 shows that the surface potential is a function of the capacitance 

between the AFM tip and the sample surface. While, the capacitance exists 

between the AFM probe and the area directly underneath the probe, and those 

areas close to the probe, which means the KPFM signal obtained by KPFM 

contains surface potential information not just from the place directly under the 

probe, but also the surface regions surrounding the tip. Therefore, the CPD value 

is convoluted, and this leads to a lowers spatial resolution of KPFM.139 

Since a generic pyramid-shaped tip has large capacitances between the tip side 

planes and the sample surface, as Figure 4-3 demonstrated, we characterized 

the surface potential with an Ag2Ga needle tip. The tip has a long and sharp 

Ag2Ga needle attached at the end of the pyramid shaped probe, which minimizes 

the capacitances between the tip’s side planes and surfaces surrounding the tip. 

Because the CPD signal contains mainly the local information directly under the 

tip, the resolution of the KPFM image is improved. 

 

Figure 4-3 Capacitances formed between AFM pyramid-shaped conductive tip and 
sample surface. 
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Figure 4-4 Scanning electron microscope (SEM) image of Ag2Ga needle tip, from 

NaugaNeedles Inc. 

4.2.2 Chemicals and materials 

4.2.2.1 Chemicals for preparing the surface 

OTS (octadecyltrichlorosilane, 97%) and mercaptoundecenyltrimethoxylsilane 

(MUTMS) were purchased from Gelest. Chloroform (HPLC grade) was 

purchased from Mallinckrodt Baker. Toluene (HPLC grade) was from EMD. 

Silicon (100) wafers were purchased from KC electronics (nitrogen-doped, 5 

Ω·cm resistivity).122  

4.2.2.2 Chemicals for protein expression, purification, and reaction 

Ethylenebis(oxyethylenenitrilo)tetraacetic acid (EGTA), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), tris(hydroxymethyl)aminomethane (Tris), 

isopropyl-β-dthiogalactopyranoside (IPTG), calcium chloride (CaCl2), and β-

mercaptoethanol (β-ME) were purchased from Sigma-Aldrich Corp. (St. Louis, 

MO). Luria–Bertani (LB) broth, used to grow the cell culture, was obtained from 

Difco Laboratories (Detroit, MI). CaM was purified using chitin beads from New 
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England Biolabs (Ipswich, MA). 2-Anilinonaphthalene-6-sulfonic acid (2,6-ANS) 

used for fluorescence experiments and SDS-PAGE used to confirm the 

expressed protein were obtained from Invitrogen Corporation (Carlsbad, CA). 

Immobilized tris(2-carboxyethyl) phosphine hydrochloride (TCEP) disulfide 

reducing gel was purchased from Pierce (Rockford, IL). Calmodulin - Dependent 

Protein Kinase I (299 - 320) Binding Domain were obtained from AnaSpec 

(Fremont, CA). The solution was prepared with water from a Narnstead 

Nanopure Diamond lab water purification system with normal resistivity of 18.2 

Ω·cm. 

4.2.3 Methods 

4.2.3.1 Protein purification 

To monitor the conformational changes induced by Ca2+-binding, one cysteine 

amino acid residue that is not directly involved in Ca2+ coordination needs to be 

introduced, so the CaM can be stabilized onto the chemical modified surface. 

The purification and expression of genetically engineered calmodulin with 

cysteine on the N-terminus is based on an instructional manual by New England 

Biolabs,140 which involved the following process. 

Firstly, the plasmid pTWIN2-CaM was transformed into Escherichia coli strain 

ER2566 for protein expression. The thawed cells were incubated with plasmid, 

then “heat-shock” at 37°C for 40 seconds (the cell wall split during the heat shock 

process and DNA is taken up by cells). At this step, 90% of E. coli died while 10% 

of them survived. Then, E. coli were transferred to nutrient broth and allow cells 

to recover for 50 mins. Sequentially, they were spread out on an agar plate. After 
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plate transformation reaction on LB (Luria-Bertani) agar, a single colony was 

grown at 37 °C in LB broth containing 100 μg/mL ampicillin for approximately 5 

hrs, until the optical density (OD) of bacterial in liquid at a wavelength of 600 nm 

(OD600) reached 0.5–0.7. At this OD value, the vast majority of cells were alive 

and healthy, which made them ideal for protein expression. After that, the 

bacteria were transferred  into 250 mL of LB broth containing 100 μg/mL 

ampicillin at 37 °C until the OD600 value was approximately 0.6. The culture was 

then induced with 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG), which 

introduced the protein expression, for 3 hrs. The cells were harvested by 

centrifuging at 20°C for 5 mins at 5,000 g.  

The harvested cell pellet was re-suspended in 20 ml of 10 mM imidazole buffer 

containing 5mM EDTA (pH 6.1) and 40 µl β-mercaptoethanol (β-ME). The cell 

suspension was sonicated on ice for lysing. The supernatant was collected via 

centrifuging at 20°C for 5 mins at 25,000 g. Then, CaCl2 was placed in 

supernatant at final concentration of 10 mM. Sequentially, the solution was 

immersed in a water bath (80°C) for 20 mins and immediately submerged into ice 

slurry (0°C). Because the Calmodulin is a heat stable protein, it can stay in the 

solution while other proteins will be denatured and become immiscible with 

solution. Then, the agglutinated suspension was directly clarified by 

centrifugation (5 mins at 25,000 g). 

In the experiment, CaM was also confirmed by SDS–PAGE (SDS-

Polyacrylamide Gel Electrophoresis) analysis. SDS-PAGE is one of the most 

widely used biochemical method, which was firstly introduced by Shapiro et al. in 
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1967,141 for the protein separation and identification. In this approach, the sample 

to be analyzed was firstly mixed with sodium dodecyl sulfate (SDS), which 

denatures native proteins. Then, this protein mixture is heated to 100°C in the 

presence of SDS, and the detergent wraps around the polypeptide backbone. 

The detergent binds to polypeptides in a constant weight ratio of 1.4 g SDS per 

gram of polypeptide. This gives all polypeptide samples roughly the same 

charge-to-mass ratio. Also, SDS destabilizes the hydrogen-bonding which 

defines the 3D structure of protein, and this "denature" makes the protein more 

or less cylindrical in shape.  

The SDS gel matrix is made by polyacrylamide, which are cross linked to each 

other by N,N-methylene bisacrylamide comonomers. Once the gel was 

polymerized, the protein mixture was loaded into the well of the gel by using the 

micropipettes, and then it was connected to a DC voltage which comes with the 

instrument. The electric field applied to the gel causes the negatively charged 

protein to migrate down to the gel. Since the electric force exerted on the 

charged source can be expressed by F=E●q, where E is the electric field, q is the 

charge, and the charge-to-mass ratio of proteins is nearly the same, so the 

negatively charged proteins should own the same acceleration value (a=E(q/m), 

where a is the acceleration, E is the electric field and q/m is the charge-to-mass 

ratio). This means those SDS-denatured polypeptides have a same 

electrophoretic mobility with time while the electrophoresis is running. Therefore, 

the protein mixture will be separated according to the size of various proteins. 

The smaller proteins move more quickly than the larger ones because they 
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experience less resistance when moving through the pores formed by the 

polyacrylamide molecules cross-linking.  

 

Figure 4-5 This cartoon depicts a protein (blue line) incubated in the SDS solution. 

After the gel running is complete, the thin film was stained with Coomassie blue 

dye, which can bind with proteins weakly and give blue color, so that the 

separated proteins are visible as distinct bands within the gel. Then, by 

comparing the distance travelled of the unknown protein with that of the 

molecular weight (MW) size marker, the approximate molecular mass of 

unknown proteins can be identified.  

Figure 4-6 shows photography of our SDS-PAGE gel. The right side lane is the 

MW standard (Prestained Protein Molecular Weight Marker, Thermo Scientific; 

from top to bottom bands are 120, 85, 50, 35, 25 and 20), while the left side lane 

was loaded with purified CaM. Previous studies demonstrated that MW of CaM is 

around 17 kDa. Our SDS-PAGE analysis indicated that only one 17 kDa-band 

was observed, which suggested that CaM was successfully purified. 
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Figure 4-6 SDS gel electrophoresis of one Cys CaM. 

Further confirmation can be performed by determine the protein's amino acid 

sequence. We extract the plasmid from the E.coli by using the DNA purification 

kits (IsoPure DNA Purification Kits, Denville Scientific INC.), which is a tool to 

provide a simple and efficient method for purification of DNA. The extracted DNA 

is selectively adsorbed in the silica gel-based column and other components are 

washed away. Then, the plasmid is eluted off the column. We obtained the amino 

acid sequence from the DNA sequence information, since DNA sequences 

correspond directly to mRNA sequences which in turn correspond to the amino 

acid sequences of proteins.142 Compared the sequence of our CaM with other 

known CaM sequence,143 we ascertained that the protein we got was CaM. 

Based on amino acid sequence, we also knew that the Cys is located at the N-

terminus as the second residues. 

Sequence (One-Letter Code):  

H2N-

MCDQLTDEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQNPTEAELQDMIN
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EVDADGNGTIDFPEFLNLMARKMKDTDSEEELKEAFRVFDKDGNGFISAAELRH

VMTNLGEKLTDEEVDEMIREADVDGDGQVNYEEFVQVMMAKSGGGY-COOH 

During the protein purification, we had introduced some unwanted chemical 

molecules, such as β-ME and EDTA which might interfere with subsequent steps 

in the experimental procedure. It was necessary to eliminate these substances 

via dialysis. Dialysis is a separation technique that uses a semi-permeable 

membrane, which contains various sized pores. During dialysis, molecules larger 

than the pores cannot pass through the membrane while the smaller ones can 

pass the pores freely.140 

During the experiment, we first pre-wetted the dialysis membrane (7000 

molecular-weight cutoff), which retained 90% of the proteins having a molecular 

mass of 7 kDa or more. Then, we loaded the protein solution into dialysis tubing 

and dialyzed the protein mixture for 1-2 hours at room temperature in a buffer 

solution (10mM Tris-HCl with 1 mM CaCl2 and 10 mM TCEP●HCl). To obtain 

better results, we increased the volume of the dialysis buffer 200-fold greater 

than the sample volume and dialyzed the protein solution overnight at 4ᵒC. 

It is known that Cys residues are able to crosslink proteins by disulfide bonds 

which could be formed by oxidation of the thiol groups of cysteine residues 

(Figure 4-7).144 So, Tris (2-carboxyethyl) phosphine (TCEP) was applied as the 

disulfide bond reducing agent to prevent dimer formation.145-147 In an aqueous 

solution, TCEP reduces a disulfide group according to the reaction shown in 

Figure 4-8.144,148 
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Figure 4-7 Formation of a disulfide bond. 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 4-8 Reduction of disulfide bonds by using TCEP. 

Since the reductive state of protein or peptide is characterized by the reactive 

sulfhydryl (-SH) groups and the mutant N-terminal Cys residue is very important 

for the later protein immobilization, an experiment need to be conducted to 

determine the existence of free –SH group. In the experiment, CaM containing a 

cysteine residue and CaM without cysteine residue (control experiment) were 

mixed with Maleimide (MAL), respectively. MAL can provide the functionality for 

labeling molecules that contain free sulfhydryl (-SH) groups. The mechanism of 

this reaction was demonstrated in Figure 4-9.149 In this case, CaM with cysteine 

residue can be labeled with MAL according to conjugation reactions, while CaM 
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