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ABSTRACT OF DISSERTATION 
 
 

 
 

FABRICATION AND CHARACTERIZATION OF MESOSCALE PROTEIN 
PATTERNS USING ATOMIC FORCE MICROSCOPY (AFM) 

 
A versatile AFM local oxidation lithography was developed for 

fabricating clean protein patterns ranging from nanometer to sub-millimeter 
scale on octadecyltrichlorosilane (OTS) layer of Si (100) wafer. This protein 
patterning method can generate bio-active protein pattern with a clean 
background without the need of the anti-fouling the surface or repetitive 
rinsing.  

As a model system, lysozyme protein patterns were investigated 
through their binding reactions with antibodies and aptamers by AFM. 
Polyclonal anti-lysozyme antibodies and anti-lysozyme aptamer are found to 
preferentially bind to the lysozyme molecules on the edge of a protein pattern 
before their binding to the interior ones. It was also demonstrated that the 
topography of the immobilized protein pattern affects the antibody binding 
direction.  We found that the anti-lysozyme antibodies binding to the edge 
lysozyme molecules on the half-buried pattern started from the top but the 
binding on the extruded pattern started from the side because of their different 
spatial accessibility.  
       In addition, after incubating lysozyme pattern with anti-lysozyme 
aptamer in buffer solution for enough long time, some fractal-shaped aptamer 
fibers with 1-6nm high and up to tens of micrometers long were formed by the 
self-assembling of aptamer molecules on the surface. The aptamer fibers 
anchor specifically on the edge of protein patterns, which originates from the 
biospecific recognition between the aptamer and its target protein. Once these 
edge-bound fibers have formed, they can serve as scaffolds for further 
assembly processes. We used these aptamer fibers as templates to fabricate 
palladium and streptavidin nanowires, which anchored on the pattern edges 
and never cross over or collapse over each other. The aptamer fiber scaffold 
potentially can lead to an effective means to fabricate and interface nanowires 
to existing surface patterns. 



KEYWORDS: Atomic Force Microscopy (AFM), Protein Patterns, Lysozyme,    

                      Aptamer, Nanowires 
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CHAPTER 1 
INTRODUCTION 

 
1.1. Fabrication of nanopatterns of protein: motivation and 

techniques 
              Nanoscale protein patterns serve as one of the key elements in many 

fields including enzyme catalysis, biosensors, tissue engineering, diagnostic 

protein tips and pharmacology.1-3 Surfaces covered with patterned proteins are 

especially crucial in biosensors, modified microscopic electrodes, and implanting 

devices.4-6 However, precisely and easily immobilizing protein molecules on a 

specific place while retaining their native biological functionality is a difficult and 

challenging task. Besides immobilization techniques, the miniaturization of 

protein arrays is also quite important because of the huge potentials for the 

nanoscale protein pattern in future research. The development of smaller 

biosensors and biochips could potentially increase the sensing element density, 

improve detection limits, and reduce the analysis time and cost of analysis.7 

Therefore, many efforts have been devoted to the development of 

microfabrication techniques for the production of two dimensional protein 

patterns.8-14 

               Generally, a patterned substrate that contains some protein adhesives and 

resistive terminated groups is necessary for the selective binding of protein 

molecules from the liquid phase. Then, the sample with the chemical patterns is 

exposed to the protein solution to let the protein molecules accumulate on the 

patterned area. The driving forces for protein adsorption on the chemical patterns 

are electrostatic interactions, covalent bonding and bio-specific linkage. 15-17 

       There are some conventional patterning techniques in the lab for 

fabricating nanometer to micrometer-sized arrays on surfaces, for example, 

photolithography,18 and scanning electron beam lithography.19 However, 

because of their unfriendly working environment, these conventional patterning 

techniques are limited in patterning certain organic and biological samples.  
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Therefore, there are several novel lithographic methods showing up including 

nanoimprinting lithography,20,21 soft lithography,22-24 and scanning probe 

lithography 25,26 to meet this urgent need. These novel lithographic methods are 

capable of creating nano-sized patterns on substrates with a mild patterning 

condition. Since they were published, these patterning methods have been 

widely applied in many research areas based on their different patterning 

characteristics, respectively.                

 

1.2. Conventional nanofabrication methods 
             Photolithography is one of the most traditional ways used for metal 

patterning in the microcircuits area. In this method, as a beam of UV light is cast 

on an optical mask covered surface, either the exposure part or the area beneath 

the mask will be etched away. Therefore, the designed patterns on the mask will 

be transferred onto the surface. This method is widely used in semiconductor 

industry because of its well known fabrication capability. Not only can the pattern 

shape and size on the surface be precisely controlled, but the photolithograph is 

also capable of generating a large pattern area on a surface. However, the 

resolution of this method inhibits its further development in the nanotechnology 

field. The resolution of  photolithography is limited by optical diffraction.27 The 

theoretical resolution of photolithography is about half of the wavelength of the 

light source used,27 but the actual minimum feature size that can be fabricated is 

approximately the wavelength of the light source in the lab. The shorter 

wavelength lights (down to 157 nm) have been tried to reduce pattern feature 

size to less than 50nm.28 However, the use of short wavelengths below 157 nm 

(deep UV and soft X-ray wavelengths) causes increased technical difficulties, 

particularly in developing new optical elements. 29-33  

Scanning electron beam lithography is another approach to make 

nanostructures on surfaces. This technique creates patterns line-by-line by 

scanning a high-energy beam of electrons or ions over a resist material. It is 

much slower than photolithography. It has been used in the production of mask 

and reticules for optical lithography, and for making very small scale devices as 
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well. The resolution of the electron beam lithography is limited by high-energy 

secondary electrons and the scattered electrons within the resist layer and 

substrate. It is reported that the resolution of electron beam lithography is above 

10 nm.34 In the newly developed method – focused beam lithography, the 

electron beam was replaced by an ion beam to improve its resolution. Because 

ions are heavier than electrons, the back scattering from the substrate can be 

minimized. Therefore, the resolution of focused beam lithography can reach 5nm 

compared with the electron beam lithography. Focused beam lithography has not 

been widely used due to a limited development so far. 18 

In summary, photolithography and scanning electron beam lithography 

have been highly developed and applied in semiconductor and integrated circuit 

fabrication. However, they are both not ideal in pattering some organic and 

biological samples because of the intense damage to surfaces. Therefore, some 

novel lithographic methods with a higher resolution and better accessibility for 

other fields have been urgently required to overcome their technical and financial 

limitations. 

 

1.3. Novel lithographic methods 
     There are several novel lithographic methods including nanoimprinting 

lithography, soft lithography, and scanning probe lithography. 

              Soft lithography also called micro-contact printing (μCP) was first 

demonstrated by Whitesides and coworkers.35 The method is based on the use 

of an elastomeric stamp, which is cast and cured against a master created by 

photolithography or electron-beam lithography. The elastomeric stamp is typically 

made of polydimethylsiloxane (PDMS) and is capable of transferring “ink” 

molecules when they came in contact with target surfaces. The inking of  PDMS 

stamps is processed by immersing them in different solutions corresponding to 

various substrates where ink molecules are transferred later; like thiols are used 

for noble metals or zinc selenide substrates36-38 while silanes are used for silicon 

substrates.39  The highly hydrophobic PDMS material allows the ink to be 

diffused not only on the surface but also in the bulk of the stamp material. This 
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diffusion in the bulk creates an ink reservoir for multiple prints. After the stamp is 

airdried, it is ready to transfer patterns on surfaces. Ink molecules will be 

transferred onto various solid surfaces once the PDMS mold comes in contact 

with substrates, which results in the formation of a self-assembled monolayer 

(SAM) on the contact area. This patterned self-assembled monolayer can be 

used as a resist for further pattern transfer. The resolution of the soft-lithography 

is limited by the mode feature size and the lateral diffusion of the ink molecules 

on substrates. Normally, the feature size can be made as small as 200 nm and 

the lateral feature size can reach below 100 nm by using a stiff mold as-called 

hard PDMS and UV-cured PDMS. 40,41 Since it is a one-step procedure to 

transfer a series of features onto surfaces, several other techniques founded on 

the application of the PDMS have been developed, such as micro-transfer 

printing (μTP),42 replica molding,43 and micro-transfer molding (μTM).44  

              Another stamping method is nanoimprint lithography. In this technique, a 

rigid mold is used to physically deform a thermoplastic polymer coated on a 

substrate to form micro or nanostructures. The imprint mold can be made of 

either metal or silicon dioxide produced on a silicon substrate. The imprint is 

normally done at a high pressure, around 50 bar, and in an elevated temperature 

ranging from 100 to 200 °C. The operation temperature is dependent on the 

glass transition temperature of the polymer-coated surfaces. It has been 

demonstrated that the resolution of nanoimprinting lithography can reach 6 nm.21 

The application of this technique is limited because the surface coating has to be 

thermoplastic polymer and the fabrication can not be done under normal 

pressure and temperature.                 

Scanning probe lithography (SPM) is a new class of surface modification 

techniques stemming from either scanning tunneling microscope (STM) 26or 

atomic force microscope (AFM).25  AFM is a newly developed instrument created 

in 1986 that has quickly attracted intense interest due to its great capability to 

image surfaces with high spatial resolution.45-49 Many materials such as organic 

thin films,46,50-52 metals,53-56 and semiconductors57-60 have been characterized at 

molecular or atomic resolution. For AFM scanning, a sharp probe is rastered 
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across sample surfaces to record the probe-surface interaction as a function of 

position.  Typically, the dimension of the AFM tip is tens of nanometers. The 

sharp AFM tips have been explored as a way to fabricate nanosized patterns on 

surfaces and subsequently characterize them. The way of AFM working on 

surfaces will be explained later.  

        By taking advantage of the localized interaction between the AFM tip 

and surfaces, people have developed several different kinds of AFM based 

patterning techniques, including nanoshaving,61,62 nanografting,63 dip-pen 

nanolithography,64-67 and AFM local oxidation lithography.68,69 Due to their easy 

manipulation (no stamp is needed) and high resolution (less than 10nm) 

properties, these AFM based technologies have achieved their great successes 

in the area of nanoscale biological molecules patterning. According to their 

different patterning characteristics, different types of AFM tips, such as contact 

mode tips, tapping mode tips, or lab-made user coated tips are used to fabricate 

nanosized patterns on the self-assembled monolayers (SAMs).  A self-

assembled monolayer, is a layer of organic molecules self-assembled on a 

substrate, is typically used in AFM based lithography techniques. An AFM tip is 

capable of patterning structures on organic monolayers through displacing the 

surface coated molecules with a high load force on substrates, electrochemical 

degrading molecules with a potential applied between AFM tip and substrates, 

and transferring “ink” molecules from a precoated tip to replace background 

molecules on surfaces. Therefore, the created patterns following the scanning 

track of the tip can have a designated size, chemical properties, and adjustable 

topography. Moreover, the patterned sample surface can be characterized by the 

same AFM probe with a high resolution.  In the following paragraph, I will simply 

explain some AFM based nanolithography patterning techniques used in labs. 

           Nanoshaving is accomplished by exerting a high load on an AFM tip 

during scanning. In the process, the high shear force pushes the tip to come in 

contact with the underlying substrate and shaves the adsorbed molecules off the 

surface to expose an area of uncovered substrate.  Some nanopatterns such as 
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holes or trenches are fabricated with one to several scans. After switching to a 

lower force, the created negative pattern can be characterized by the same tip.      

           Nanografting is a technique that combines nanoshaving and molecule 

self-assembly techniques. It uses a moving AFM tip to mechanically displace 

molecules on the SAMs in a liquid cell with a high force load on surfaces. Then, 

new molecules from the solution immediately adsorb onto the grafted area, like 

thoil molecules contained in the solution can adsorb onto the freshly exposed 

gold area. Either negative or positive patterns can be fabricated by using different 

chain lengths of thiols contained in the solution to replace the background thiol. 

The same AFM tip can be used to image the produced nanopatterns at a 

reduced loading force. 

              Dip-pen nanolithography (DPN) was originally demonstrated by Mirkin 

and coworkers. It uses molecules of interest as the “ink”, an AFM tip as a pen 

“nib” and a solid substrate with a chemical affinity with the ink as “paper”. 67 The 

tip has been pre-coated with different adsorbates before it is applied in this 

technique. When a pre-coated AFM tip is scanning surfaces, it can directly “write” 

patterns in a submicrometer dimension on the surface. The pattern created 

consists of a small collection of molecules delivered from the AFM tip through the 

water meniscus between the tip and the substrate. The principal procedures of 

nanoshaving, nanografting, and DPN are illustrated in Figure 1.1. 

              In AFM local oxidation lithography, a conductive AFM tip is installed, and 

the contact mode is operated while a tip is scanning on alkylchlorosilanes self-

assembled monolayers on the silicon substrates. A bias of about 5-10v is applied 

between the silcon (100) substrate and the conductive AFM tip. In the 100% 

humid environment (at 25ºC), the layer of alkylchlorosilanes under the AFM tip is 

partially deconstructed, forming a partially degraded, carboxylic acid-terminated 

pattern in this oxidation process. AFM local oxidation is the basic protein 

patterning technique used in this thesis, and it will be further introduced in 

chapter three.  
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Figure 1-1. Basic procedures of the three AFM nanofabrication methods 

 

1.4. AFM operation principle and instrumentation 
                 AFM was first invented by Quate and Gerber in 1986,25 and was first 

commercially available in 1989. AFM is one of a family of scanning probe 

microscope types and has been a tool of great importance in biological science 

since its invention. Compared with other complementary techniques such as 

electron microscopy, AFM has a lot of extra advantages as an imaging tool in 

biology and physics which electron microscopy is not currently able to offer. 

Beyond its unique capabilities of visualizing at molecular level, AFM is also 
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capable of presenting more information about the sample of interest on a surface 

including topography, stiffness, adhesive force,70-72 frictional force50,52,73,74 and so 

on. In addition, besides being used in air and UHV (ultra-high-vacuum) media, 

AFM allows samples to be scanned under liquids which can be modified or 

changed during the imaging in real time.  Therefore, this manner of imaging 

samples in a liquid cell provides us a chance to observe live biological activities 

in their native condition of need.75 Using AFM, there have been many studies of 

biological materials including nucleic acids and their complexes with proteins, 

individual isolated proteins, membrane and membrane bound proteins, and living 

cells.76 It was also demonstrated that the instrument can manipulate molecules 

on various surfaces through physical grafting or electrochemical reactions with 

the help of a conductive AFM tip. Besides that, it was also reported that AFM is 

capable of measuring the strength of molecular interaction through a 

functionalized AFM tip covered with some specific biological molecules.77 This tip 

was placed on a sample surface to sense the specific interaction between 

different molecules on this surface and the AFM tip with pico-newton 

sensitivity.77,78 

                   There are different parts working together to accurately operate an AFM 

instrument, including an AFM tip, a scanner, feedback electronics, and so on. A 

schematic diagram of a home-built atomic force microscope is shown in Figure 

1.2.79 The resolution that a typical AFM can achieve is 2-10nm in the x, y 

direction and 0.1nm in the z direction. A high resolution image can be obtained 

by a rastered probe scanning across a sample surface to record the tip and 

surface interaction. It is known that AFM probes the surface of a sample with a 

sharp tip; thus, one of the most important factors influencing the resolution is the 

sharpness of the tip. Normally, an AFM tip has a radius of curvature of around 

10nm and is fabricated on free end of a thin cantilever arm which is 100 to 200 

μm long.  Because the AFM tip is the only part to interact with the surface when it 

is scanning, its size, shape, and material are all critical to the interpretation of the 

information on the surface. In our experiment, all the tips used are pyramidal in 

shape and made of SiO2.  
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                  When the AFM  tip is scanning a surface, forces between the tip and the 

sample surface cause the cantilever to bend, or deflect. A photodetector 

measures the cantilever deflection as the tip is scanning the surface by recording 

the positions of a laser beam reflected from the back of the cantilever. The 

photodetector consists of four side-by-side elements of quadrant photodiodes 

which are sensitive to the position where the laser strikes. When an AFM tip is 

rastering across the surface, the laser point on the photodetector is deflected up 

and down or left and right on the four segments of the photodiode. The difference 

between the top and bottom photodiode signals indicates the bending of the 

cantilever in the vertical direction, which represents the three dimensional shape 

of the sample surface. The difference between the left and right photodiode 

signals indicates the torsion of the cantilever in the horizontal direction, which 

represents the force of the sample surface with the AFM tip. The torsion, or 

twisting, of the cantilever will increase or decrease depending on the frictional 

characteristics associated with the surface. The measured cantilever deflections 

allow a computer to generate a map of surface topography. Based on this 

working mechanism, AFM is capable of studying insulators and semiconductors, 

as well as electrical conductors. 

 
Figure 1-2. Schematic diagram of AFM working principle 
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                There are several forces that typically contribute to the deflection of an       

AFM cantilever. The force most commonly associated with AFM is van der Waals 

force. Based upon the distance between the tip and the sample, and thus 

different interatomic forces, there are two kinds of AFM operating modes involved 

in this paper – contact mode and tapping (non-contact) mode. The two distance 

regions of contact mode and non-contact mode are red-labeled on Figure 1.3, 

respectively. In the contact region, the AFM cantilever is held less than a few 

angstroms from the sample surface, and the interatomic force between the 

cantilever and the sample is repulsive. In the non-contact region, the AFM 

cantilever is held on the order of tens to hundreds of angstroms from the sample 

surface, and the interatomic force between the cantilever and the sample is 

attractive.  In different operating modes, various AFM tips with different 

parameters, such as surfacing coating or force constant, are used in our lab. In 

the contact mode, an AFM tip with around a 0.15±0.01 N/m force constant is 

used to contact the sample surface all the way through the adsorbed fluid layer 

during the scanning. To acquire the image, a feedback loop monitors a small 

constant force between the cantilever and the sample of interest. However, in the 

intermittent region, an AFM tip with a much higher force constant ranging from 

1.5-12.5 N/m is used, and the tip lightly taps on the sample surface during the 

scanning. This is referred to as tapping mode. In contrast  with the contact mode,  

the tapping mode works by maintaining a constant oscillation amplitude of the 

AFM tip on the surface through the feedback loop. Because the tapping mode 

avoids dragging the tip around the surface, it has more advantages in probing the 

soft sample surface than the contact mode. The imaging mode used in this thesis 

is primarily tapping mode. In the following section, the three imaging modes 

working in the different force regions specified in Figure 1.3 will be described in 

detail, respectively. 
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Figure 1-3. Theoretical curve showing the interatomic force between the tip and 

sample as a function of tip-sample separation 

 

                The other important part for AFM imaging on sample surfaces is an AFM 

scanner, which is a tube-shaped piezoceramics. Piezoceramics is a class of 

material that can elongate or contract proportionally to the voltage gradient 

applied to it. Conversely, it creates a voltage gradient when forced to expand or 

contract. There are four electrodes covering the outer surface of the tube, while a 

single electrode covers the inner surface.  An application of voltage to one or 

more of the electrodes causes the tube to bend or stretch.  Therefore, an AFM 

scanner can manipulate samples and probes with high precision in three 

dimensions. During the scanning, an AC voltage is applied to the different 

electrodes of the piezoelectric scanner to produce a scanning raster motion in 

the X and Y directions. The feedback system maintains a constant deflection of 

the laser beam on the quadrant photodiode by vertically moving the scanner at 

each x & y point all the time. By correlation, point by point, the feedback system’s 

status with the scanner’s motions, the z position is plotted against the X and Y 

scanning to provide the topography image, while the left and right signals from 

the photodiode simultaneously produce the friction image as well.          
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     1.5. AFM imaging conditions 
              In contact mode, the AFM tip and sample surface are always in contact 

during imaging. Typically, images are acquired in the repulsive interaction region, 

where the cantilever bends upwards. Besides the repulsive van der Waals force 

mentioned above, there are two types of other forces contributing the contact 

mode scanning: a capillary force exerted by the thin water layer often present in 

an ambient environment, and the force exerted by cantilever itself. The 

magnitude of the capillary force depends upon the tip-to-sample separation. The 

force applied by the cantilever is like the force of a compressed spring which 

follows Hook’s law F=Kcz, where Kc

               For tapping mode, the cantilever on an AFM probe was oscillated at or 

near its resonant frequency, and only lightly taps the surface on the end of each 

oscillation during the scanning. The movement of the cantilever on the sample 

surface can be considered as a forced harmonic oscillator. To better understand 

the working principle of AFM tapping mode, we can start from a single harmonic 

motion (SHM). The angular frequency and the displacement of an oscillator in 

SHM are given by equation (1) and (2), separately.  

 is the cantilever force constant and z is the 

displacement from equilibrium of the cantilever.  During the imaging, the 

cantilever deflection is maintained constant by moving the piezo up or down. The 

output of the z-piezo voltage of the sample is plotted against the X, Y scanning to 

manifest a topographic image. Contact mode is the most common mode used in 

the AFM imaging, which can be applied to the different sample, especially for a 

rough surface with a high scanning speed. Additionally, it is capable of providing 

the friction information between AFM tip and the surface. Contact mode is 

avoided in imaging biological molecules on a surface, or a relative soft surface, 

because AFM tip can easily pick up some molecules or scrape the surface itself 

during the scanning.  

m
k

=ω            (1) 

( )ψω += tAx cos             (2) 
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      Here, k is the force constant, and m is the mass, A and Ψ separately mean 

amplitude and phase angle, which are determined by the initial position and 

velocity of the body.  As an AFM tip approaches a sample, the van der Waals 

attractive force between the tip and the sample causes changes in both the 

amplitude and the phase of the cantilever oscillation, which makes a simple 

harmonic motion of AFM probe to a damped oscillation. With a damping force 

Fx=-bVx

( ) tAex tmb 'cos2/ ω−=

 proportional to velocity added to a simple harmonic oscillator, the 

angular frequency ω’ and the displacement of a damped oscillator x are given by:  

         (3) 









−= 2

2

4
'

m
b

m
kω              (4) 

     First, the amplitude Ae-(b/2m)t is not constant but decrease with time because of 

the decreasing exponential factor e-(b/2m)t.  It also shows that the larger the value 

of b, the more quickly the amplitude decreases. Second, the angular frequency 

ω’ is no longer equal to ω=(k/m)1/2 but is somewhat smaller. From the above 

equation, it is concluded that a damped oscillator left to itself will eventually stop 

moving. But we can maintain a constant-amplitude oscillation by applying a force 

that varies with time in a periodic or cyclic way, with a definite period and 

frequency. Suppose we force the oscillator to vibrate with an angular frequency 

ωd that is nearly equal to the natural angular frequency ω’, the amplitude A of the 

forced oscillation depends on the frequency of a sinusoidal driving force 

F(t)=Fmaxcosωdt, with maximum Value Fmax

( ) 2222

max

dd bmk

F
A

ωω +−
=

 could be worked out as equation (5).  

     (5) 

     When k-mωd
2=0, the first term under the radical is zero, so A has a maximum 

near ωd=(k/m)1/2.  By correlation, the AFM tapping mode tip is mounted on a 

piezo disk actuator. At the beginning, the tip’s frequency response curve was 

measured. Based on this, a modulated voltage is applied to the piezo actuator to 
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oscillate the cantilever at or near its resonant frequency to generate a large 

amplitude.80 As the cantilever bounces vertically, the reflected laser beam is 

deflected in a regular pattern over a photodiode array, generating a sinusoidal 

electronic signal. This signal is finally converted to a root mean square (RMS) 

amplitude value displayed in AC volts.  When the AFM tip is getting close to the 

sample surface, the resonant frequency, oscillation amplitude, and phase are 

changed due to an interaction or repulsive force between the AFM tip and 

sample, which is referred as a small dumping we discussed before. These 

changes are associated with the information about the sample’s characteristics, 

including vertical height, hydrophobility, and hydrophilicity.  Same to the contact 

mode, an electronic feedback system moves the piezo up or down, to maintain a 

constant oscillation amplitude by keeping a constant force between AFM tip and 

sample, when the tip is vibrating on the surface. The topographic image of the 

sample surface is generated by using the output Z-piezo voltage. The AFM tip 

always lightly “taps” the surface and it only touches the sample surface at the 

end of vibration, which is also called intermittent mode. Therefore, the tapping 

mode overcomes problems associated with friction, adhesion, electrostatic forces 

that a plague conventional AFM scanning methods, by alternately placing the tip 

in contact with the surface. As a result, the tapping mode is the most common 

imaging mode used to screen the biological samples on the surface for a higher 

resolution and less damage to the surface.81 

                  Non-contact is another probing method in the operation of AFM. During 

non-contact imaging, the tip is also oscillated at the resonance frequency of the 

cantilever. However, the difference with the tapping mode is that the tip does not 

come in contact with the surface during the oscillation, but was kept in a few of 

nanometers distance from the sample surface. When the tip is close enough to 

the sample surface, it will bend towards the surface due to the interatomic 

attractive force between the cantilever and the sample. The oscillation amplitude 

will be changed correspondingly. Similar to the tapping mode, the feedback 

system moves the piezo up and down to maintain a constant oscillation 

amplitude. The piezo movement in three dimensions is recorded to create a 
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topographic image of sample surface. Although the non-contact mode exerts a 

very low force to the surface, it is not often operated in ambient condition 

because of the poor resolution. The good resolution can be obtained through the 

operation in an ultra high vacuum (UHV) chamber.   

     
1.6. Objectives of this thesis 
                   The major goal of this research includes three parts. Firstly, the 

introduction of AFM local oxidation lithography as a fundamental fabrication 

method in the whole research, and a good way to create chemical patterns on 

octadecyltrichlorosilane (OTS) silicon wafers.  Secondly, different mesoscale 

protein patterns with clean background were fabricated on the above mentioned 

chemical patterns, and their activities were studied through the binding with 

antibody and surface reaction, which were directly visualized by Atomic force 

microscopy (AFM). Thirdly, metal and bio-functionalized nanowires based on the 

DNA template were fabricated and designated on the lysozyme patterned OTS 

silicon surface. To accomplish these goals, AFM, Kelvin probe force microscopy 

(KPFM), Fourier transform infrared spectroscopy (FTIR), Scanning electron 

microscope (SEM), Ellipsometry, and Fluorescence Microscope were used to 

provide different information. 

 

  1.7. Organization of this thesis 
                    Following the first general background introductory chapter, chapter 2 

and chapter 3 will separately describe the SAMs and AFM local oxidation 

lithography, which are respectively the basic working substrate and technique 

used in this research.  Chapter 4 will introduce a “paper swapping” way to 

fabricate various bio-active protein patterns with a clean background on the 

chemical patterns created by AFM local oxidation lithography.  The boundary 

effect of the immobilized protein pattern to the antibody binding on different 

chemical islands will be described in chapter 5. Chapter 6 discusses the DNA 

aptamer fibers anchored on the edge of protein patterns, and chapter 7 shows 
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how to fabricate different nanowires on these DNA fibers templates.  In these two 

chapters, multiple techniques such as AFM, KPFM, SEM, and Fluorescence 

microscope are used. The Chapter 8 will briefly summarize the current and future 

projects.  
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CHAPTER 2 
 

THE FABRICATION AND CHARACTERIZATION OF 
SELF-ASSEMBLED MONOLAYERS (SAMs) 

 

   2.1. Introduction 
 Self-assembled monolayers (SAMs) are ordered molecular assemblies 

that are formed spontaneously by immersion of a substrate into a solution of 

active molecules in a solvent. SAMs have been the subject of extensive research 

due to the ease of preparation, the tenability of surface properties via 

modification of molecular structure and function,82-84 high structural order and 

stability. The intensive study on these films showed us their promising application 

in  biosensing,85-89 corrosion inhibition,90,91 lubrication,92-95 lithographic resists, 

surface patterning,22,96,97 and molecular device fabrication.98,99         

  Organic molecules can spontaneously assemble on solid surfaces by 

immersion of substrate into the solutions of interest. There are three important 

functions of the organic molecules to form SAM. Firstly, the head groups, those 

provide a strong adsorbate-substrate interaction, such as covalent bonding and  

electrostatic force. There are several types of molecules that can form self-

assembled monolayer for example, silanes on the hydroxyl surface which 

contains oxidized silicon, mica,  and glass;100-102 other molecules with the same 

behavior are the thiols on Au(111),93,103-108 thiols on Ag(111), 109thiols on 

Cu(111),110 and Alkanethiols on Ni.111 The second part of the molecules is the 

long alkyl chain. The van der Waals interaction between the long alkane chains 

of adjacent organic molecules (8.4 KJ/mol per CH2 group) contributes to the 

ordering of the layer on the substrate. The third part of the molecule is the  

terminal functional groups such as alkyls, amides, alcohols, carboxylic acids, 

esters, and nitriles. The interfacial characteristics of the monolayer can be 

changed by varying these terminal groups through different chemical 
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modifications on those surfaces. Therefore, the incorporation of various organic 

molecules on solid surfaces provides a means to tailor interfacial properties. 

              SAMs have been thoroughly characterized using a large number of 

surface analytical tools. The most frequently used techniques are fourier 

transform Infrared (FT-IR) spectroscopy,104,112 ellipsometry,113 studies of wetting 

by different liquids,114 x-ray photoelectron spectroscopy,103,115 and scanning 

probe measurement.116,117 Typical organic molecules commonly used in this 

thesis are illustrated in Figure 2.1. The SAMs assembled on the silicon surface 

was investigated by FT-IR spectroscopy, ellipsometry, and  AFM, respectively.   

 

 

 

 
 

Figure 2-1. The structures and formula of silanes used in this thesis. 

Mercaptoundecyltrimethoxysilane (MUTMS), Undecenyltrichlorosilane (UTS), 

Octadecyltrichlorosilane (OTS) and Dodecyltrichlorosilane (DDTS) 

 
2.2. Experimental part to prepare and characterize SAMs 
 2.2.1. Instrumentation 

                  The SAM characterization was performed with the Agilent PicoPlus 

AFM in an environmental chamber. The imaging mode is primarily tapping mode 

with MikroMasch NSC-14 tips, which have a typical natural frequency of 150 kHz 

and a force constant of 5N/m. All AFM characterizations were performed in an 
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environmental chamber with 70% relative humidity (RH). The SAMs thickness on 

a surface was examined by Angstrom Advance PhE 101 ellipsometer.  A varian 

Excalibur 3100 Fourier transformed infrared spectrometer equipped with a 

semiconductor cooled DTGS detector was used to check the surface properties.     

     
 2.2.1.1. Ellipsometry 

             Ellipsometry is a technique that determines the change of elliptically 

polarized state of light reflected from an interface, which separates two media 

with different indices of refraction. The elliptically polarized light is composed of 

two types of linearly polarized lights; the electric fields of p polarized light and the 

electric fields of s polarized light. The electric fields of p polarized light is parallel 

to the plane of incidence and the electric field of s polarized light is perpendicular 

to the plane of incidence. When an electromagnetic wave is reflected from a 

interface, it will change its phase and amplitude. Therefore, the amplitude and 

phase of p and s polarized light will be altered upon reflection, respectively. This 

will result in a change in the overall polarization of the light wave. Here, the 

phase shift δ and amplitude change ׀r׀ depend upon the angle of incidence, 

refractive index (ratio of speed of light in vacuum to material), and extinction 

coefficient (penetration depth of light into material). The polarization change from 

the light reflected on a sample is measured by two parameters Δ and Ψ. Here, 

the angle Ψ represents the ratio of the changes in amplitude for the s and p 

polarizations of light upon reflection from the interface. The angle Δ is the 

difference in the phase shifts that are experienced by s and p polarization upon 

reflection, which can be expressed as equation (1) and (2).  

sp δδ −=∆                               (1) 

                                             
s

p

r

r
=ψtan                              (2) 

An ellipsometer measures the ratio p shown in equation (3), which is related to 

the Fresnel reflection coefficients RRpR and RRsR for p polarized and s polarized light. 

RRpR and RRsR are given by equation (4) and (5), respectively. Here, the ratio p is a 
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complex function of the angle of incidence, the wavelength, the optical constants, 

the ambient medium, and the layer thickness.   

                                          )exp(tan ∆== i
R
R

s

p ψρ            (3) 

                                    

2

21

21

coscos
coscos









+
−

=
ti

ti

nn
nnRs

θθ
θθ

      (4) 

                                      

2

21

21

coscos
coscos









+
−

=
it

it

nn
nnRp

θθ
θθ

    (5)     

Ellipsometry is an indirect way to obtain all the information of interest such 

as optical constant and thickness of a sample. The two parameters Δ and Ψ can 

not be converted directly to the optical constants of the sample. The 

interpretation of the ellipsometry data is based on a model consisting of parallel 

interfaces separating air, the alkylsilane monolayer, and the substrate shown in 

Figure 2.2.  

 
Figure 2-2. A two-layer model used for ellipsometry. The silicon substrate has 

refractive index n2 (~3.8), the alkylsilane monolayer on silicon has refractive 

index n1 (~1.45), and the ambient air has refractive index n0 assumed to be 1. 

The incident angle of the laser light Ф0 is 70° (because of the higher sensitivity of 

ellipsometry under this angle). The angles of refraction Ф1and Ф2 are 40° and 

15° respectively, given by Snell’s law (n1sinФ1=n2sinФ2).      
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     We assume that the interfaces, monolayer-substrate and air-monolayer in 

the established model are isotropic and homogeneous. Moreover, each individual 

layer has a uniform optical constant. The thick substrate has a refractive index n2, 

the monolayer has a refractive index n1, and the ambient atmosphere has 

refractive index n0 (which is assumed to be 1). In principle, ellipsometry can 

determine both the thickness and the refractive index of a monolayer through an 

iterative procedure. It was reported that the thickness of these n-alkylsiloxane 

monolayer on a substrate corresponds very closely to those which we expect for 

a trans-extended chain oriented perpendicularly to the surface. This also agrees 

with the infrared measurements. Therefore, with a plausible optical constants and 

thickness, Δ and Ψ values are calculated using the Fresnel equation. The 

calculated Δ and Ψ values which match the experimental data at their best, 

provide the optical constants and thickness information of the sample. An 

ellipsometer can measure layers as thin as 1nm and up to several microns thick. 

Applications of ellipsometer include the accurate thickness measurement of thin 

films, the identification of materials or thin layers and the characterization of 

surface. The principle of the operation of a laser ellipsometer is showed in the 

Figure 2.3. 

 
Figure 2-3. The layout of laser ellipsometry measurement system 

       

   It consists of a laser (commonly a 632.8nm helium/neon laser), a polarizer, 

an analyzer and a detector. The polarizer can provide a state of polarization 

which can be varied from linearly polarized light to elliptically polarized light to 
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circularly polarized light by varying the angle of the polarizer. When a beam is 

reflected off the layer on a surface, it will be analyzed by an analyzer. The 

operator changes the angle of the polarizer and analyzer until a minimal signal is 

detected. The minimal signal is obtained when the light reflected by the sample is 

linearly polarized. The analyzer is set so that only light with s polarization which 

is perpendicular to the incoming polarization is allowed to pass. Now, the 

measured angles from polarizer and analyzer are related with the two 

parameters Δ and Ψ. Combined with the established model, a couple of Δ and Ψ 

pairs measured for different places on a surface, can determine the thickness of 

the layer on the top. 

       Because ellipsometry measures the ratio of two values, it is highly 

accurate and reproducible. It measures phase and thus is very sensitive to the 

presence of ultrathin films. Meanwhile, it doesn’t need a reference sample, and 

measurement is non-destructive to the sample surface. 

 
2.2.1.2. Fourier transform infra-red (FT-IR) Spectrometry  
            Infrared spectroscopy is a widely used technique for material analysis in a 

research laboratory. As we know, an infrared spectrum measures the absorption 

frequencies which are corresponding to the vibration between the bonds of the 

atoms making up the material. Additionally, the size of the peaks in the spectrum 

is a direct indication of the amount of material present on the surface. Therefore, 

infrared spectroscopy has the capability to identify every different material, and 

quantify them from the corresponding infrared spectrum specified as a plot of 

intensity vs. frequency. 

              The traditional IR instrument is dispersive style, which uses a prism or 

grating to separate the individual frequency of energy emitted from the infrared 

source. Then, the detector measures the amount of IR energy at each frequency 

which has passed through the sample one by one and is summed up to draw the 

spectrum. Generally, it needs minutes to finish one sample measurement. 

Fourier Transform Infrared (FT-IR) spectrometry was developed to overcome the 

limitations encountered with the traditional dispersive instruments such as slow 
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scanning process and low sensitivity. A method for measuring all of the infrared 

frequencies simultaneously instead of individually was implemented by using 

interferometer. An interferometer produces a unique type of signal which has all 

of the infrared frequencies included through employing a beamsplitter. The 

beamsplitter takes the incoming infrared beam and divides it into two optical 

beams. One beam reflects off a mirror which is fixed in place, and the other 

beam reflects off a moved mirror with a very low speed.  After the two beams 

experienced their reflection path respectively, they are recombined as meeting 

back at the beamsplitter.   It is because that one beam travel is a fixed length and 

the other is constantly changing as its mirror moves, the signal which exits the 

interferometer is the result of these two beams interfering with each other. The 

resulting signal is called an interferogram which contains every infrared 

frequency generated in the source. This means that as the interferogram is 

measured, all frequencies are being measured simultaneously. Thus, the use of 

the interferometer results in extremely fast data collection and signal 

measurement, usually on the order of one second or so rather than several 

minutes.  However, the measured interferogram signal can not be interpreted 

directly by us. A readable frequency spectrum represented as a plot of the 

intensity at each individual frequency is required to analyze the sample of 

information. FT-IR then uses Fourier transformation mathematical technique to 

decode the individual frequency and accomplish the whole process with the help 

of a computer. The sensitivity of FT-IR can also be improved through co-adding 

the one second scans together to ration out random noise.  Figure 2.4 shows the 

layout of FT-IR measurement system.  
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Figure 2-4.  The layout of FT-IR measurement system 

    

     The FT-IR in my lab is equipped with a DTGS detector. There is an IR 

UMA 600 microscope attached to the FT-IR spectrometer, which is equipped with 

a liquid nitrogen cooled mercury cadmium telluride (MCT) narrow band detector. 

In addition, a computer-controlled shuttle to transfer samples to the designated 

positions is built in the sampling chamber of the IR spectrometer. The advantage 

of the shuttle is that more than one sample can be placed on the different sample 

holders in the sampling chamber at the same time and can be continuously 

checked without any interruptions during the experiment. In contrast to the 

traditional way, this setup can save us time on waiting for another nitrogen 

environment in the chamber every time a new sample is introduced. Furthermore 

the different background signals could be collected in the same environment as 

the sample. In total, there are seven sample holders in the IR chamber, setting at 

an angle of incidence of 73.7° to mount the IR transparent Si wafers, separately. 

The angle here is Brewster’s angle also known as polarization angle, which is 

from the Brewster’s law shown as equation (6). 
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Here, n1 and n2 are the refractive indices of the two media. So, the IR instrument 

used in our lab is also called Brwester’s angle FT-IR, which is used to 

characterize the SAMs grown on silicon wafer. Because the refractive index of Si 
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is 3.42, if the air refractive index is assumed to be 1, the Brewster’s angle is 

73.7° for a silicon media in the air.  The IR measurement is performed in the 

Brewster’s angle configuration because the reflection of the IR beam at the front 

and back Si-air interfaces generates intense interference in such thin wafers, as 

shown in Figure 2.5a. When this interference is measured with the real signal, it 

will obscure the spectral contribution of the organic surface film of interest. This 

problem is solved by using a p-polarized IR beam incident on the surface at the 

Brewster’s angle, which is shown in Figure 2.5b. The Brewster’s angle can be 

understood that only the s polarized light can be reflected and the p polarized 

light perfectly refracted as an incidence with the specific angle ФB 

(ФB=arctan(n2/n1)) encounters an interface, which separates two media with 

different refractive index.  Figure 2.5a and 2.5b show the two situations when a 

p-polarized IR beam incidence encounters an interface with a random angle and 

a Brewster’s angle, respectively. Therefore, with a Brewster’s angle FT-IR, the IR 

spectrum with only sample information in it will be collected by the detector. 

Instead, the intense interference signals originated from the continuous reflection 

on the silicon surface will be avoided. The incident ray with a random angle is 

supposed to both generate reflection and refraction on the front silicon-air 

interface in Figure 2.5a. However, the IR instrument used in our lab takes only 

transmission spectra, and thus a simplified scheme is provided here. 

Figure 2-5. The illustration of a p-polarized IR beam incident encounters an 

interface with: (a) a random angle; (b) Brewster’s angle 
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2.2.2. Preparation of the Self-assembled monolayer on Si(100) 
wafer  
2.2.2.1. Materials 
             (100) silicon wafers are nitrogen doped, each having a resistivity of 5 

ohm.cm. Octadecyl-trichlorosilane (OTS, 97%) is from Gelest. Toluene (HPLC 

grade) is from SigmaAldrich. All chemicals are used without further purification. 

All aqueous solution were prepared with water from a Narnstead NANoPure 

water purification system with normal resistivity of 18.2 MΩ cm 

 
2.2.2.2. Experimental procedure to prepare SAMs 
                (100) silicon wafers were cut into 1×1cm2 pieces and rinsed with 

distilled water. After the wafers were dried in a flow of air, they were then boiled 

in the piranha solution (one part of 30% hydrogen peroxide solution in two parts 

of 98% sulfuric acid) for 20 minutes at 120-125ºC to grow a fresh oxide layer. 

This solution is an extremely potent oxidant. It removes organic impurities from 

the substrate and also helps to grow a thin oxide layer of silanol (Si-OH) groups 

on the top. Once the solution cooled down to room temperature, these wafers 

were rinsed, and kept in the distilled water for future uses. The silanol groups 

created a hydrophilic surface on top of the wafers. After being rinsed in deionized 

water and dried in a stream of nitrogen, the cleaned wafers were dipped in a 

5mM octadecyltrichlorosilane (OTS) toluene solution to start the adsorption 

reaction. During the 10 hours’ incubation, the surface-bound water hydrolyzes 

the Si-Cl bonds to form Si-OH groups, which undergo condensation reaction to 

cross-link and bind with the substrate or with the adjacent alkyl silane molecules 

through Si-O-Si bonds. The formation of OTS monolayer on a silicon wafer is 

illustrated in Figure 2.6. 
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SiO2 SiO2

Si Si  
Figure 2-6. Schematic representation of the formation of octadecyltrichlorosilane 

(OTS) monolayer by adsorption of OTS molecules from solution onto silanol (Si-

OH) groups covered on silicon wafer substrates  

 
2.2.2.3. The characterization of OTS film on silicon wafer 
            Here, AFM (Picoscan 3000; Agilent Technologies), FT-IR(Varian Exalibur 

3100), and Ellipsometer (PHE-101) were used to characterize the silane 

adsorption after the overnight soaking in the OTS toluene solution. AFM and 

FTIR are capable of determining the surface properties of SAMs, such as 

roughness, adsorption mechanism, and surface properties. AFM topography and 

phase image in Figure 2.8 shows that OTS molecules formed a featureless and 

homogenous film on the silicon surface. The highly oriented and densely packed 

OTS film was very flat. It was demonstrated that the height variation was smaller 

than 5nm over the AFM scanner’s range (90×90μm 2). FTIR spectra in the C-H 

stretching region of OTS adsorbed on Si(100)/SiO2 is shown in Figure 2.7. 

Methylene (-CH2) and methyl (-CH3) asymmetric and symmetric C-H bands are 

observed, which suggests the OTS adsorption on the surface. The peaks at 2918 

cm-1 and 2850 cm-1 arise from the methylene (-CH2) asymmetric and symmetric 

stretching, respectively. Methyl (-CH3) asymmetric and symmetric stretching 

feature at 2965 cm-1 and 2880 cm-1, respectively. The results are in close 

agreement with the FTIR spectra results of OTS layer, which is highly ordered 
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and densely-packed monolayer with perpendicular chain axis orientation.118,119 

The ellipsometry results indicated that the OTS film thickness was 26±3Å, which 

was consistent with the published result as well.102  

          The peaks on 2918 and 2850 cm-1 associated with –CH2

120

 asymmetric and 

symmetric stretching in FT-IR spectra can also indicate the microstructure of 

SAMs arrangement on silicon wafer through their full width at half height (FWHH).  

It has been reported that a liquid-like state of paraffinic chains on surfaces was 

shown to be accompanied by a considerable broadening of the H-C-H stretch 

bands and quite blue-shift position of 2924 cm-1(FWHH above 28 cm-1) and 2854 

cm-1 (FWHH above 17 cm-1), respectively.   In comparison, the different peak 

position and relatively low corresponding FWHH as 2918 cm-1 (FWHH ca.13.3 

cm-1) and 2850 cm-1 (FWHH ca.10.1 cm-1) from my results confirm that OTS 

molecules are packed in an ordered, solid-like arrangement on silicon surface.  

 
Figure 2-7.  FTIR spectra in the C-H stretching region of Si(100)/SiO2 with OTS 

adsorption showing –CH2 and –CH3 stretching bands  
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Figure 2-8. AFM image in the 50×50 μm2 area showing the OTS layer is a feature 

and homogenous film on the silicon surface. 
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Figure 2-9. The plot of the C-H stretch bands region area in the Brewster’s angle 

IR spectra of different silanes with methylene and methyl group numbers in the 

corresponding silane molecule 
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                While OTS SAMs were formed on Si(100)/SiO2 wafer surface, 

mercaptoundecyltrimethoxysilane (MUTMS), undecyltrichlorosilane (UTS), and 

dodecyltrichlorosilane (DDTS)  SAMs were prepared through the same dipping 

method in our lab.  Through the direct characterization from AFM and 

ellipsometry, it has been demonstrated that they all form a very thin and 

homogenous film on Si(100)/SiO2

 

 wafer surface. With different surface properties, 

they provide us a good substrate to manipulate on the top through either direct 

chemical way or indirect surface lithography way. All the SAMs related 

experiments will be discussed in the following chapters. In addition, the 

relationship between the C-H stretch bands region area in the Brewster’s angle 

IR spectra of different silanes, and methylene and methyl group numbers in the 

corresponding silane molecule, is plotted in Figure 2.9.  From the well-fitted 

linearity, we can conclude that FT-IR is a good technique to quantitatively 

indicate the amount of absorbed hydrocarbon material on the surface through 

measuring the C-H stretch bands region area in the Brewster’s angle IR spectra.   

2.3. Conclusion of chapter 2 
           A very flat and homogeneous SAMs film was grown on Si(100)/SiO2

 

 wafer 

surface  through the 10 hours’ incubation in the different silane solutions for the 

cleaned wafers.  Based on this method, OTS, UTS, MUTMS and DDTS SAMs on 

Si(100)/Si surface have been prepared in our lab. The various surface properties 

of SAMs such as the layer thickness, roughness, and chemical identity have 

been investigated by FT-IR, AFM, and ellipsometry, respectively. It was 

demonstrated that SAMs are a good substrate for the future patterning 

techniques to assemble protein molecules in our lab.     

 

 

 

 

Copyright © Pei Gao 2011 
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CHAPTER 3 
 

AFM LOCAL OXIDATION LITHOGRAPHY 
 
3.1. Introduction 
             Working with a sharp conductive AFM tip and self-assembled organic 

monolayer on surfaces, people have developed the local oxidation lithography 

techniques. The local probe oxidation has been extensively used to fabricate 

chemical patterns on surfaces since it was invented. Chemical patterns created 

through this method were used to control the adsorption, shape, and size of 

molecules at mesoscale.121-124 

                 Basically, a bias is applied between a conducting AFM probe and 

silicon substrate, and either a positive or a negative topographic feature is 

fabricated under the probe. The local probe oxidation conducted on a bare silicon 

surface generates SiO2
125 positive pattern underneath of the probe. ,126The size 

and the height of the pattern are functions of the oxidation voltage and oxidation 

dwell time, which have been investigated in the literature. 127-130 If a bias is 

applied on the alkanethiol self-assembled monolayer grown on a single crystal 

gold surface, a negative topography pattern is created through the destructive 

desorption of the alkanethiol molecules by the local probe oxidation.131 A more 

complicated situation could happen on the alkanethiol SAMs grown on a gold film 

coated silicon wafer. Depending on the alkanethiol terminal functionalities and 

the alkyl chain length, the pattern generated can be either a negative pattern or a 

positive pattern, respectively. The production of different topographic features on 

the surface depends on the growth of SiO2

132

 after the desorption of the alkanethiol 

moledules.  

                   A similar reaction pathway happens on a silane coated silicon wafer 

surface. Both a positive topography pattern133,134 and a zero-contrast topography 

pattern have been reported regarding to the oxidation in a dry or an ambient 

humid environment.135,136  The oxidation of a silane film in a dry environment 

yields oxide, whereas oxidation under an ambient relative humidity only oxidizes 



 - 32 - 

the terminal methyl group of silane, which is an incomplete oxidation process 

called   “constructive lithography”. In this method, only the terminal group is 

oxidized, and the growth of SiO2

68

 is negligible, thus, the patterns generated have 

no apparent topography change on the substrate. ,135,137-139 The oxidation of 

OTS has been reported in the literature, which involves two processes to 

determine the final topographic change of patterns. 136,140One is the degradation 

of the OTS film and the other is the growth of SiO2

135

 underneath the film. As a 

result,, the final pattern height is the summation of these two processes.  In the 

case of conductive lithography, the oxide growth process is negligible under 

incomplete oxidation conditions. Therefore, the conducting AFM probe only 

oxidizes the terminal methyl group of the OTS molecule on silicon surface, 

converting the methyl group to carboxylic acid group (OTSox). The constructive 

lithography generates patterns with almost no apparent topography change on 

OTS surface.  

                 It is generally agreed that the degree of oxidation causes these 

difference: incomplete oxidation only converts the terminal group of the silane 

film, while complete oxidation causes silane desorption from the substrate and 

the growth of SiO2. Here, OTSpd pattern is first introduced by our group, which 

involves the third possibility in the oxidation process of OTS SAMs on silicon 

wafer: the silane is partially degraded and stays on the surface after the oxidation.  

Using the setup illustrated in Figure 3.1 which is same as that used by the Sagiv 

group, but in 100% relative humidity instead, our data show that OTS molecules 

are partially degraded and stay on the surface. It was proven that the terminal 

methyl group was converted to carboxylic acid group which can attract different 

protein molecules through electrostatic interaction from protein solutions. AFM 

images show the OTSpd pattern is 10.2Å lower than the OTS film, which is 

different from the zero topography contrast OTSox patterns. Also, it was proven 

that the OTSpd pattern can even grow very well beyond the contact area of the 

AFM probe in this method. So, by controlling the voltage and dwelling time of 

AFM tip on the surface, we can fabricate such OTSpd pattern ranging from 

~18nm to submillimeter in size which is even beyond the piezo scanner’s range.   
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3.2. Experimental of AFM local oxidation lithography 
3.2.1. Material 
              Silicon (100) wafers are nitrogen doped, with a resistivity of 13 Ωcm, 

were purchased from James Rive Semiconductors. The wafers were polished to 

the ultra-flat level with a root mean square (RMS) roughness smaller than 5 Å. 

Octadecyltrichlorosilane (OTS, 97%) and 10-undecenyltrichlorosilane (UTS, 97%) 

were from Gelest. Chloroform (HPLC grade, for residue analysis) were obtained 

from Mallinckrodt Baker. Toluene (HPLC grade) was purchased from Sigma-

Aldrich. 1-Pyrenyldiazomethane (PDAM) was from Invitrogen. All chemicals were 

used without further purification.  All aqueous solution were prepared with water 

from a Narnstead NANoPure water purification system with normal resistivity of 

18.2 MΩ cm 

 

3.2.2. Instrument 
           The chemical pattern fabrication and characterization were operated with 

the Agilent PicoPlus AFM in an ambient environment. The chemical pattern was 

fabricated in the contact mode with MikroMasch CSC17 Ti-Pt coated AFM tip. 

The patterns were characterized in the tapping mode with MikroMasch NSC-14 

tips, which have a typical natural frequency of 150 kHz and a force constant of 5 

N/m. The fluorescent image was obtained by Nikon Eclipse N55i Microscope. 

 
3.2.3. Fabrication and characterization of OTSpd chemical patterns 
             In this thesis research work, all the substrates are self-assembled 

monolayer of octadecyltrichlorosilane (OTS) on Si (100) wafer. A platinum-

titanium-coated conductive tip was installed on the Agilent PicoPlus AFM and 

operated in the contact mode. As the tip was in contact with the OTS film, a bias 

was applied between the Si (100) wafer and the conductive AFM tip. In the 100% 

humid environment (at 25ºC), the OTS film under the AFM tip could be partially 

destructed, forming a partially degraded, carboxylic acid-terminated pattern 

(OTSpd) under this oxidation process.   
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      Figure 3-1. Schematic view of AFM local oxidation lithography: conductive AFM 

tip induced electrooxidation of top methyl functional group of 

octadecyltrichlorosilane (OTS) on the silicon wafer to carboxylic acid group in the 

100% humid environment at 25ºC. 

          

           From the AFM image, we can see the OTSpd pattern is lower than OTS 

background, as shown in Figure 3.2. The image was acquired under a 50mM 

PBS buffer to avoid the charge interaction between the AFM tip and the surface. 

The peak of the disk center is composed of silicon dioxide. The oxidation of a 

silane film is the function of humidity, voltage, and dwell time. The size of the 

OTSpd patterns is controlled by the duration of the bias voltage. The longer the 

bias voltage, the bigger the disc is. By controlling the duration of the voltage, the 

pattern can be fabricated from 18nm to submillimeter in size. Figure 3.2c shows 

the friction channel image of two thin lines fabricated by the AFM probe oxidation, 

where the line width is 18nm. Figure 3.2b is the histogram of Figure 3.2a. From 

the histogram, we measured the apparent height of OTSpd to be 9±3Å, and the 

apparent height of OTS film is 20±2Å. Thus, the OTSpd pattern is 11±4Å lower 

than the OTS background. The image (a) was acquired under a 50mM 

phosphate buffered saline (PBS) buffer. The same area was also scanned from 

different directions. The depth values of the OTSpd pattern from different 

scanning directions were consistent, indicating that the topography-friction 

crosstalks were minimal. 
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Figure 3-2. (a) A 3×3 array of OTSpd disc-shaped pattern fabricated on the OTS 

surface. (Topography, AC mode) (b) The height histogram of (a) shows that the 

OTSpd pattern is 11±4Å lower than the background. (c) Two lines were fabricated 

using the AFM probe oxidation on the OTS film. The line width is 18nm. (Contact 

mode, friction channel.)  

 

  In addition, we used PicoLith software to control the moving direction and 

speed of AFM tip, which can determine if the linear or disc shaped patterns 

would be fabricated. A stationary tip created disc-shaped patterns, while a 

moving tip created linear patterns. Because the design of the PiciLith software 

determines the AFM tip always be halted briefly before changing direction during 

the pattern writing process, the joints between two lines always appear as round 

discs. The AFM image in Figure 3.3a shows the linear OTSpd pattern created by 

AFM local lithography. In Figure 3.3b, the height cross- sectional profile along the 

line in Figure 3.3a illustrated that depth of OTSpd pattern is around 10.2 Å, which 

is consistent with the value measured before. These finished chemical patterns 

were used as templates to direct the assembly of lysozyme molecules and define 

the shape and dimension of the protein pattern. 
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Figure 3-3. (a) The topography image of the OTSpd pattern on OTS monolayer of 

silicon surface. (AC mode) (b)The height cross-sectional profile along the green line 

in (a) shows the depth of OTSpd pattern is 10.2 Å. 

 
3.2.4. The identification of OTSpd pattern 
             It is known that 1-Pyrenyldiazomethane (PDAM) can specifically react with 

the carboxylic acid group to form an ester product and generate fluorescence upon 

excitation. The schematic equation about this reaction is illustrated in Figure 3.4.  

Therefore, PDAM was directly used as a fluorescence-labeling reagent to identify the 

chemical properties of OTSpd patterns.141 The binding of OTSpd patterns with 

PDAM has been visualized in our lab by AFM and fluorescent microscope, 

respectively.122 It was demonstrated that the OTSpd pattern grew to the same height 

as OTS background after the binding with PDAM. The fluorescent microscope image 

showed the pattern area on the surface has fluorescence signal but with relatively 

low resolution.  

 
Figure 3-4. The schematic reaction of PDAM with carboxylic acid group on 

OTSpd and UTSox 
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            To further prove that the fluorescence signal on the surface is from 

carboxylic acid group, an experiment was designed to prove the chemical properties 

of OTSpd surface by comparing its fluorescence signal with that from UTSox 

patterns. It has been demonstrated that double bond terminal group on 

undecenyltrichlorosilane (UTS) can be converted to carboxylic acid group through 

chemical way.101,142 To confirm the conversion of UTS molecules on surfaces, a UTS 

monolayer on a 2.5cm×2.5cm silicon wafer was prepared, which follow the same 

procedure as the OTS monolayer preparation. Next, the UTS-coated silicon wafer 

was incubated in the oxidizing solution (0.01M NaIO4, 5×10-4 M KMnO4, in 0.05M 

Na2CO3

 

 buffer) for 10h at 40ºC. The sample was then rinsed with deionized water 

and followed by 1% Hydrazine for 1 min. Finally the sample was dried in a stream of 

nitrogen. In the Brewster angle IR spectra of the UTS wafer before and after 

oxidization in Figure 3.5, we can see the 3080 and 1645 cm-1 peaks of the vinyl 

group disappear and a new peak at 1710cm-1 appears, which corresponds to the 

carboxylic acid group. It can be concluded that the double bond was converted into 

carboxylic acid group after this oxidation process. The chemical reaction was shown 

in Figure 3.6.  
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Figure 3-5. The Brewster angle IR spectra of the UTS monolayer (red) and the 

oxidized UTS (UTSox, blue) monolayer. The peak at 1710 cm-1 of UTSox 

indicates the vinyl group of UTS is converted into the carboxylic acid group after 

the oxidation. 

 
Figure 3-6.The oxidation process of undecenyltrichlorosilane (UTS) to UTSox 

 

In this experiment, OTSpd and UTSox patterns are fabricated in 50

×50μm2 of OTS surface area, respectively. The patterned sample was checked 

with fluorescence microscope after being incubated in 3mM PDAM methanol 

solution. Through direct comparison with UTSox, the chemical properties of 

OTSpd can be identified.  Our experiment procedure is illustrated in Schemes 3.1. 

The carboxylic acid-terminated OTSpd patterns were first fabricated through the 

AFM local oxidation lithography in the contact mode in a humid environment. 

Subsequently, the pattern was incubated in a 5mM UTS toluene solution 

overnight. The UTS silane self-assembled on the hydrophilic OTSpd pattern, 

forming a second layer, which was double bond terminated on the top. Following 

the same oxidation method, the UTS layer on the OTSpd surface was converted 
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to UTSox layer. Next, some new OTSpd patterns were fabricated around the 

UTSox-OTSpd patterns on the OTS film. The sample was then dipped into 3mM 

PDAM methanol solution to start the reaction. After 10 hours of incubation, the 

sample was rinsed and ultrasonicated in methanol. When the sample was dried 

with a stream of Nitrogen gas, it was checked with fluorescence microscope.   

 
Scheme 3-1. The fabrication of OTSpd and UTSox patterns in 50×50μm2 of 

OTS surface area: OTS (green) is oxidized to OTSpd (pink) through the AFM 

local oxidation lithography. Next, the OTSpd pattern is reacted with UTS, to form 

a double bond terminated OTSpdUTS pattern. The OTSpdUTS pattern is then 

oxidized to a COOH-terminated OTSpdUTSox pattern (light pink). Next, another 

OTSpd pattern is fabricated around the OTSpdUTSox pattern. 

              

               From the fluorescence microscope image in Figure 3.7, we can see the 

patterned area is much brighter than the background area due to the fluorescent 

signal from PDAM covered on OTSpd and UTSox patterns. The bigger round 

disc on the surface is OTSpd pattern and the smaller ones are UTSox patterns. 

From the image, we can also see that the OTSpd pattern has a similar 

fluorescent signal as that from UTSox patterns which are terminated with 

carboxylic acid groups on the top, and this has been demonstrated by FT-IR 

spectroscopy. From this comparison, it can be concluded that OTSpd pattern is a 

carboxylic acid group terminated pattern. Furthermore, not only PDAM can 

identify the chemical properties of OTSpd surface, but also it has been used as a 

quantitative method to measure the amount of carboxylic acid group.143 Based on 

the two ways to fabricate carboxylic acid terminated patterns in our lab: one is 
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AFM local oxidation lithography which uses a conductive AFM tip to partially 

degrade OTS molecules on the surface but with unknown oxidation process; the 

other one is the chemical method to covert double bond to carboxylic acid group 

through oxidant with a clear reaction mechanism, we can compare the carboxylic 

acid group coverage on OTSpd and UTSox patterns through the fluorescence 

signal quantitatively generated from the bound PDAM. The information from the 

comparison is expected to help us to better understand the AFM local oxidation 

process. The experiment is ongoing in our lab, and more data will be presented 

in chapter 8.  

            In a parallel experiment, the middle part of OTSpd surface was confirmed 

to be SiO2. We fabricated an OTSpd patterns as shown in Figure 3.2. Then, the 

pattern was reacted with a 1% HF solution for 5 minutes, and imaged again after 

being rinsed with deionized water. It was found that the center “peaks” in the disc 

patterns changed to deep holes after the HF treatment, while other parts of 

OTSpd pattern remain intact. This indicated that the middle part of OTSpd pattern 

is composed of SiO2

 

, which can be etched away by HF solution. However, the 

remaining part of OTSpd pattern was protected by an organic layer from the HF 

etching, which is the partially degraded OTS layer. And thus, the OTSpd layer still 

remained 10Å below OTS background.  
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Figure 3-7. The fluorescence microscope image of OTSpd (big patterns) and 

UTSox (small pattern) patterns on OTS surface 

                   

              In the experiments of determining the OTSpd depth and the OTSpd 

chemical identity, we conclude that OTSpd is a degraded silane layer with 

carboxylic acid groups terminated. Based on the data collected, we deduce that 

there are two simultaneous processes in the whole oxidation process: the 

degradation of the silane film, which decreases the pattern height, and the silicon 

oxide growth, which increases the pattern height. It was speculated that these two 

opposite processes reached equilibrium when the height of OTSpd was 10Å lower 

than OTS surface. It is known that the projection of carbon-carbon bond onto the 

surface normally (z axis) is 1.26Å for a trans-extended chain on surfaces.142 

Therefore, the 10Å-depth roughly corresponds to the dimension of eight CH2 units. 

However, this doesn’t mean that there are exact eight CH2 units truncated from 

the OTS backbone in the local probe oxidation process.  To explain, there are two 

situations we need to consider: firstly, the SiO2 underneath the probe might grow 

thicker after the local oxidation; secondly, the tip contact area is around 10×10nm2 

or larger in the AFM measurement, which means the height measured from AFM 

can not tell the surface feature to a signal. When tall and short molecules mixed, 

AFM can only detect the tall molecules because of the tip size. Therefore, the 
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AFM data only suggests that the oxidation process truncated at least eight CH2

 

 

units from the OTS backbone. The mechanism of AFM local oxidation process 

needs to be further investigated.  

3.3. Conclusion of chapter 3 
 
             A new patterning method, AFM local oxidation lithography, has been 

created in our lab.  Through this oxidation method, hydrophilic OTSpd patterns 

ranging from ~18 nanometer to submillimeter in size could be fabricated on OTS 

surface.   OTSpd is carboxylic acid-terminated and around 10Å below the OTS 

background, which came from the partial degradation of OTS molecule in the 

oxidation process. It was demonstrated that the surface is converted to oxide 

during the local probe oxidation in low humidity environment. Under ambient 

humidity and fast moving speed, only the terminal group of OTS molecule is 

converted to carboxylic acid group, and the fabricated pattern OTSox has no 

topographic contrast with OTS background. However, in our new patterning 

method, the partially degraded OTSpd pattern with 10Å height contrast compared 

to OTS background is fabricated under 100% relative humidity environment. It 

was proven that the oxidation process is a function of environmental humidity, 

applied voltage, and dwelling time of tip on surfaces.  
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CHAPTER 4 
 
A METHOD FOR FABRICATING PROTEIN PATTERNS 
ON THE OCTADECYLTRICHLOROSILANE (OTS) 
SURFACE THROUGH PAPER SWABBING 
 
4.1. Introduction 

Nanoscale protein patterns have potentials to be used in many fields 

including enzyme catalysis, biosensors, tissue engineering, diagnostic protein 

tips and pharmacology.1-3  However, precisely and easily immobilizing protein 

molecules onto a specific place on a surface while retaining their native biological 

functionality is a difficulty and challenging. Generally, a patterned substrate that 

contains some protein adhesives and resistive terminated groups is necessary 

for the selective binding of protein molecules from the liquid phase. Then, the 

sample with the chemical patterns is exposed to the protein solution to let the 

protein molecules accumulate on the patterned area. The driving forces for 

protein adsorption on the chemical patterns are electrostatic interactions, 

covalent bonding and bio-specific linkage.15-17 This process introduces lots of 

non-specific adsorptions accumulated in the non-patterned area, which reduces 

the sensitivity and signal quality of the protein sensors. Therefore, inhibiting the 

non-specific protein adsorption is a very important task in the protein patterning 

technology.  In the lab, there are two approaches in inhibiting the protein’s non-

specific adsorption on the surface.  One is passivation. An anti-fouling agent, 

typically an oligo/poly-ethylene glycol-based molecule is used to passivate the 

surface that is not designated for protein adsorption.144-149 For example, Gu et al. 

fabricated patterns on the oligoethylene glycol (OGE)-terminated silane film by 

scanning probe oxidation. Avidin molecules were then coupled onto the pattern 

using 1-ethyl-3-[3-(dimethylami-no)propyl]-carbodiimidehydrochloride (EDC) 

cross-linking, while the OEG-terminated background resisted the non-specific 

protein adsorption.150 The other approach to reduce non-specific adsorption is to 

repetitively rinse the sample in water, buffer solutions or detergent solutions to 

get non-specific adsorption protein molecules off the surface after the protein 
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adsorption.151-155 Both of these ways can generate relatively clean protein 

patterns, but the adsorption/rinsing parameters (such as the exposure time, 

buffer pH/concentration, selection of detergents, the rinsing time /strength) have 

to be optimized through trial and error, which is a cumbersome task.  

      In our lab, we created clean lysozyme protein patterns through the 

approach of “surface swabbing” with a piece of chemwipe paper, which is an 

easy and non-chemical way to avoid the non-specific protein adsorption. In this 

method, protein molecules were firstly selectively bound on the OTSpd pattern 

surface which is carboxylic acid-terminated group on the top through coulomb 

force. Due to the methyl-terminated group on the background of OTS substrate, 

protein molecules are adsorbed on both the capturing templates and the methyl- 

terminated alkysilane surface when the sample was incubated in the protein 

solution. Subsequently, we swabbed the sample surface with a piece of 

ChemWipe paper instead of using anti-fouling agent or some rinsing solutions. 

We found that the paper swabbing removed most non-specifically adsorbed 

protein molecules. Only specifically immobilized protein molecules on the 

chemical template remained. Based on the “paper swabbing” approach, it could 

be concluded that the initial protein adsorption amount on the sample is irrelevant 

of the quality of the final protein pattern. In addition, this method has the potential 

to be used on other self-assembled silane films which have been extensively 

used for surface patterning and surface chemistry modifications without surface 

passivation or over rinsing. Therefore, the paper swabbing approach can not only 

generate a clean protein pattern but also is a simple and quick method without 

additional prior or post treatment on the sample.  

    
   4.2. Experimental  
   4.2.1. Preparation of self-assembled OTS film and OTSpd chemical patterns 

               (100) silicon wafers are nitrogen doped, each having a resistivity of 5 

ohm.cm, were cut into 1×1cm2 pieces and rinsed with distilled water. After the 

wafers were dried in a flow of air, they were then boiled in the piranha solution 

(one part of 30% hydrogen peroxide solution in two parts of 98% sulfuric acid) for 
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20 minutes at 120-125ºC to grow a fresh oxide layer. This solution is an 

extremely potent oxidant. It removes organic impurities from the substrate and 

also helps to grow a thin oxide layer of hydroxyl (Si-OH) groups on the top. When 

the solution cooled to room temperature, these wafers were rinsed and kept in 

the distilled water for future uses. The hydroxyl groups created a hydrophilic 

surface on top of the wafers.    

               After being rinsed in deionized water and dried in a stream of nitrogen, 

the cleaned wafers were dipped in a 5mM octadecyltrichlorosilane (OTS) toluene 

solution to start the adsorption reaction. The structure of OTS is shown in Figure 

4.1. AFM (Picoscan 3000; Agilent Technologies), FT-IR(Varian Exalibur 3100) 

and Ellipsometer (PHE-101) were used to characterize the silane adsorption after 

the overnight soaking in the OTS toluene solution. It was proven that the OTS 

surface is a featureless homogenous surface. The highly oriented and densely 

packed OTS film was very flat with a root mean square roughness smaller than 

2Å. Over the AFM scanner’s range (90×90μm 2), the height variation was smaller 

than 5nm. The infrared spectroscopy of the OTS film was similar to the published 

one.156 The ellipsometry results indicated that the OTS film thickness was 26±3Å, 

which was consistent with the published result as well.102 

 

Figure 4-1. The structure of octadecyltrichlorosilane (OTS) 

     
                  As we discussed before, to immobilize protein molecules on the surface, 

a patterned substrate which contains protein adhesives and resistive terminated 

groups is firstly required to selectively absorb the protein molecules from the 

liquid phase. In our experiment, the protein adhesive terminated groups (OTSpd) 

were created by AFM local oxidation lithography method, which was 

demonstrated in chapter 3.  
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4.2.2. The Fabrication and characterization of protein patterns 
   4. 2.2.1. Immobilize lysozyme molecules on the OTS surface 
                Lysozyme is a well-studied protein with known structure and functions.  It 

is a relatively small globular protein with a molecular mass of 14kDa and 

dimensions of 30×30×50Å3,157 which can hydrolyze 1-4- β-glycosidic linkages 

between N-acetylmuramic acid (NAM) and N-acetyl-D-glucosamine (NAG) 

residues present in the mucopolysaccharide cell wall and has a similar function 

as cellulase. The hydrolysis reaction of lysozyme is shown in Figure 4.2. 

Furthermore, lysozyme has been successfully immobilized and imaged with 

molecular resolution by the Atomic Force Microscope (AFM). As a model, we 

chose to first immobilize the hen egg white lysozyme on chemical patterns and 

study its binding activity to antibody.   

 
     Figure 4-2. The hydrolysis reaction of lysozyme to 1-4- β-glycosidic linkages 

between NAM and NAG 

                     

                       To immobilize protein molecules on the surface, firstly the protein 

molecules of interest need to be selectively adsorbed on some functionalized 

chemical islands through specific forces such as covalent binding, electrostatic, 
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bio-specific interactions, and molecular recognition. It has been demonstrated 

that lysozyme molecules can be immobilized onto carboxylic acid terminated 

chemical pattern to form a tightly packed monolayer on the chemical substrate 

through the coulombic force. In our experiment, the carboxylic acid-terminated 

chemical pattern (OTSpd) was fabricated by the AFM local oxidation lithography 

as described earlier. The carboxylic acid-terminated silane surface (OTSpd) has 

an estimated pKa of 4.9.158 In a pH 7 buffer, the carboxylic acid-terminated 

pattern carries negative charges. The isoelectric point of lysozyme is 11, and 

lysozyme molecules carry positive charges in the pH7.0 buffer.159 When the 

sample was incubated in a 4μg/ml lysozyme solution (in a 4-(2-hydroxyethyl)-1-

piperazineethanesul-fonic acid (HEPES) buffer, pH 7.0, 25mM) for 2 hours, the 

positive charged lysozyme molecules are driven onto the negatively charged 

carboxylic acid-terminated patterns by the attractive Coulomb force. In the 

meanwhile, the protein molecules are also non-specifically adsorbed on the OTS 

background. The water contact angle on the sample surface changed from 110º 

to smaller than 60º after the protein incubation, which indicated that the whole 

surface was covered with protein molecules. The sample was then rinsed with 

deionized water and dried in a stream of nitrogen gas. Next, a piece of 

ChemWipe paper was cut into 2×5cm2 stripes. We held the sample between the 

thumb and the index finger and wrapped it with the paper stripe. The sample 

surface was swabbed several times with a force between 1 and 5N, but each 

ChemWipe paper stripe was used only once. During each swabbing process, the 

motion was one directional. Back-and-forth swabbing should be avoided.  

              After being swabbed, the sample surface became hydrophobic again. 

Water stayed on the surface as beads instead of spreading to the whole surface. 

Figure 4.3 shows the AFM image of lysozyme patterns after the swabbing. The 

non-specifically adsorbed lysozyme molecules were completely removed, while the 

lysozyme molecules specifically immobilized on the carboxylic acid-terminated 

chemical templates remained intact. In Figure 4.3a, both the line and disc-shaped 

chemical patterns were generated through AFM probe local oxidation lithorgraphy. 

We used different bias duration to fabricate different sizes of the OTSpd discs. 
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Because the design of the PiciLith software determines the AFM tip always be 

halted briefly before changing direction during the pattern writing process, the 

joints between two lines always appear as round discs. In Figure 4.3b, the 

histogram illustrates that the lysozyme pattern is 17Å higher than the OTS 

background. Since the OTSpd pattern is 11Å lower than the OTS background, we 

can derive the height of the lysozyme molecule is 28Å. The lysozyme molecule is 

30×30×50Å3 in size. Thus, the height of lysozyme measured from our experiment 

is consistent with the value measured from the crystal structure,157 assuming the 

lysozyme molecules on the pattern were adsorbed with their long axis parallel to 

the surface.  

             From the AFM image, we can see the lysozyme protein patterns are very 

clean and homogenous. The consistent 28Å height of the patterns’ surface indicates 

the patterns are monolayer. The higher resolution AFM image of the lysoyzme 

pattern directly shows that the lysozyme molecules are tightly packed within the 

pattern.160 

 

 
Figure 4-3. (a) The topography image of the lysozyme pattern fabricated on the 

OTSpd pattern. (AC mode) (b)The height cross-sectional profile along the white line 

in (a) shows the lysozyme is 17Å higher than the OTS. 
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              The bio-active properties of the lysozyme molecule in the pattern can be 

tested with the binding of anti-lysozyme antibody. So, the lysozyme pattern was later 

incubated in the polyclonal anti-lysozyme antibody solution (200ng/ml, in a 10mM 

HEPES pH 7.0 buffer) for 2h before being characterized by the tapping mode AFM. 

Figure 4.4a shows the OTSpd chemical pattern. Figure 4.4b shows the same pattern 

after lysozyme incubation. Figure 4.4c shows the same pattern after the protein 

pattern was incubated with antibodies. Figure 4.4d is the histogram of Figure 4.4c. 

From the histogram, we find that the antibody-covered pattern is 46±6Å higher than 

the OTS background. The height of the pattern increased an additional 29Å after we 

incubated the lysozyme pattern with the antibodies. The 29Å height corresponds to 

the antibody’s height.161-163 The anti-lysozyme antibody from the solution can 

selectively bind on the lysozyme molecule in the pattern on the surface, which 

demonstrates that our ‘‘surface swabbing’’ approach can fabricate clean and bio-

active protein patterns. 

              There are several reasons that explain why the OTSpd patterns do not 

appear as round discs at joints of the lines. Firstly, due to the brief halt of the AFM 

tip when the tip is changing the direction on the surface, the OTSpd pattern should 

appear as round discs in the joint of lines, as those shown in Figure 4.3a.  However, 

due to the surface heterogeneity (defects in the OTS film), the OTSpd patterns do 

not appear as round discs, and they instead appear as irregular shapes. We 

deliberately chose this region to demonstrate that the OTSpd template precisely 

controls the shape of the lysozyme pattern, even at those small irregular features. In 

Figure 4.4c, the antibody-bound pattern has exactly the same shape as the 

lysozyme pattern, which has, in turn, exactly the shape of the OTSpd pattern. 

Therefore, there exists neither non-specifically adsorbed protein nor non-specifically 

adsorbed antibody as shown in Figure 4.3.  
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Figure 4-4. Anti-lysozyme antibodies selectively bound on lysozyme patterns 

after 2h incubation in antibody solution: (a) The OTSpd pattern. (b) The lysozyme 

pattern on the OTSpd template. (c) The lysozyme pattern after being incubated 

with polyclonal anti-lysozyme antibodies. (d) The histogram of (c). (a), (b), and (c) 

are topographic images, acquired using the AC mode of the Agilent PicoPlus 

AFM .All topographic images are rendered in the 10nm height scale 

               

                   To further identify the binding of lysozyme and antibodies on the surface, 

the Infrared spectra of lysozyme and lysozyme-antibody complex were obtained 

respectively. Since lysozyme patterns smaller than 10μm would not be detectable 

by the IR microscope, a relatively larger lysozyme pattern was need for the IR 

characterization. We used the AFM to fabricate an 8×8 array of lysozyme discs in 

a 50×50 μm2 area. Each disc in the array is 3 μm in diameter. Sixteen such arrays 

were fabricated as a 4×4 matrix inside a 200×200 μm2 patterned region, resulting 

in 1024 lysozyme discs in total. The silicon wafers we used were polished on one 

side. The pattern was fabricated on the polished side. On the rough side, we 

applied a trace amount of Vaseline to eliminate the IR interference from two 

surface of the sample. To locate the lysozyme pattern, we made a scratch mark on 

the wafer before fabricating the protein pattern. Using the optical microscope 

attached on the IR microscope and the marks on the wafer as a reference, we 

could locate the invisible pattern and obtain the IR spectra over the 200×200 μm2 

patterned region.  
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            The standard IR spectrum for the lysozyme was obtained by directly 

applying one drop of 4mg/mL lysozyme solution onto the silicon surface till it dried. 

Lysozyme formed a thick film on the surface after the drying, which appeared as a 

dark stain through the optical microscope. We acquired the IR spectrum of the 

thick film and used it as the standard IR spectrum of the lysozyme.  

               Here, The Infrared spectra of the different wafer surface were acquired by 

using a Varian UMA 600IR microscope equipped with a liquid nitrogen cooled 

mercury cadmium telluride (MCT) narrow band detector in the reflection mode.  

Figure 4.5b shows that the infrared spectra of the lysozyme monolayer were 

immobilized on the chemical template. Figure 4.5a shows that the infrared spectra 

of the lysozyme thick film with non-specific adsorption on the silicon wafer surface. 

Although the amide I, amide II, amide III, and N-H stretching bands are weak due 

to the monolayer nature of the pattern, the infrared spectra on the chemical 

templates are similar to the spectra of absorbed lysozyme on the surface. In 

addition, Figure 4.5c shows the infrared spectrum of the antibody covered 

lysozyme pattern, where a broad peak from 1100-1900 cm-1 appears and buries all 

the weak peaks of the amides.   

 

 
Figure 4-5. Infrared spectra of lysozyme and lysozyme-antibody complex: (a) 

infrared spectrum of a thick lysozyme film on the surface, (b) infrared spectrum of 

the lysozyme monolayer immobilized on the chemical template, and (c) spectrum 

of the same pattern after incubation with the antibody. 
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4.2.2.2. Immobilize catalase molecules on the surface 
    A catalase protein pattern was fabricated on the OTS surface to 

demonstrate that the “surface swabbing” approach is not only applicable to 

lysozyme molecules but also applicable to other proteins.   

      Catalase is a well-known enzyme which can catalyzes the decomposition 

of hydrogen peroxide. Oxygen is one of the products of the decomposition 

reaction, which can be observed as bubbles generated from the hydrogen 

peroxide solution. This provides a chance to study the activity of catalase 

patterns on the surface through the direct observation of the oxygen bubbles 

from the hydrogen peroxide solution given that they are still catalytically active. 

To immobilize catalase molecules on the OTSpd chemical patterns as lysozyme, 

similarly, the sample with OTSpd patterns will be incubated in the 4μg/ml 

catalase solution for 2 hours as the same procedure as that of the immobilization 

of lysozyme. The bovine catalase’s isoelectric point is 5.4. In the pH3.5 buffer, 

the catalase molecule is positively charged, while the OTSpd pattern surface is 

slightly positively charged as well. In addition, the hydrophilic surface of the 

catalase has a stronger adhesion to the hydrophilic surface of the OTSpd than 

that of the hydrophobic OTS surface. Therefore, during the incubation the 

adhesion force drove the catalase molecule to selectively adsorb on the 

carboxylic acid-terminated template. Figure 4.6a shows a catalase pattern 

immobilized on the OTSpd template. The AFM image demonstrates that no 

catalase non-specifically adsorbed on the OTS surface after the swabbing.  

              It was demonstrated that catalase molecules can be immobilized on the 

OTSpd pattern and that a clean clatalase can be obtained through the “paper 

swabbing” method. From the AFM images in Figure 4.6a, we can see that the 

immobilized catalase molecules are closely packed together on the patterns. In 

Figure 4.6b, the height cross-sectional profile along the white line in Figure 4.6a 

shows that the catalase pattern is 29Å higher than the OTS background. 

Considering the 11Å depth of the OTSpd pattern, the catalase height measured 

from AFM is about 40Å, which is similar to the previous published results. 164  
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              To test the bio-activity of the catalase pattern fabricated on the OTS 

substrate, a drop (3 mL) of a 3% H2O2 solution (in pH3.55 mM HAC/NaAc buffer) 

was applied onto the patterned area of the sample. Another 3mL drop of the 3% 

H2O2 solution was also applied in a non-patterned region on the same sample as a 

control.   At 25°C, after an hour, we observed an oxygen bubble inside the H2O2 

drop that covered the catalase pattern as shown in Figure 4.7a. In contrast, no 

bubble was observed for the control H2O2 drop (Figure 4.7b). In Figure 4.7a, the 

pictures were taken through an optical microscope that focused on the H2O2 

drop/OTS contact interface. The field of view represents a small region within the 

drop. The bright background is the H2O2

 

 drop and the black disc is the oxygen 

bubble since the light reflected off the gas/liquid interface was not collected by the 

microscope’s objective. 

 

Figure 4-6.The catalase pattern fabricated on the OTSpd pattern after paper 

swabbing. (a) Topography, (ACMode). (b) The height cross-sectional profile along 

the white line in (a). The profile shows that the catalase pattern is about 29Å higher 

than the OTS background.  

Topography 
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Figure 4-7. (a) An oxygen bubble (the black disc) generated over the catalase 

pattern inside a drop of 3% hydrogen peroxide solution. (b) No bubble was observed 

when a drop of 3% hydrogen peroxide solution was placed on the OTS surface. The 

images were acquired through an optical microscope in the reflective mode. The 

diameter of the oxygen bubble is about 60 mm. 

 
4.2.2.3. Immobilize CaM molecules on the surface  

             This “paper swabbing” approach was also attempted in order to fabricate 

calmodulin (CaM) patterns on the OTSpd-MUTMS chemical island. The structure 

and formula are shown in Figure 4.8. CaM is a calcium binding protein and 

expressed in all eukaryotic cells. Calcium (Ca2+) concentration is very important for 

many biological functions such as metabolism, smooth muscle contraction and 

immune response.165 CaM participates in transducing numerous calcium 

concentration based signals to regulate these crucial cellular responses through the 

direct and indirect binding with calcium in many organisms.166-169 We say “indirect” 

binding because a lot of proteins can not bind with calcium by themselves without 

the “help” of CaM. Therefore, the study of the binding of CaM and Ca2+ at the 

molecular level is valuable to understand how the change of Ca2+ signal is converted 

into cellular function in the organism.  

            In this experiment, OTSpd patterns were firstly fabricated through AFM 

local oxidation lithography. The sample was then incubated in 5mM 

mercaptoundecyltrimethoxysilane (MUTMS) in toluene solution over night. It was 

proven that the MUTMS molecules can self-assemble a layer on the OTSpd 
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surface through hydrogen bonding. Therefore, the carboxylic acid group on the 

surface was replaced by hydrogen sulfur (H-S) group on the MUTMS.  After that, 

a drop of 100mM mercury chloride was dipped on the pattern area of surface for 

ten minutes and then rinsed off with the stream of deionized water. MUTMS 

molecules on the surface could react with mercury chloride to produce Hg-S 

bond on the surface, which provides a good substrate for the binding of cystein 

on CaM.  Figure 4.9 shows a CaM pattern immobilized on the OTSpd-MUTMS 

template. The AFM image demonstrates that no CaM was non-specifically 

adsorbed on the OTS surface after the swabbing.  

S Si
OCH3

OCH3
OCH3

H
MUTMS C14H32O3SSi  

Figure 4-8. The structure and formula of mercaptoundecyltrimethoxysilane (MUTMS) 

 

1.2µm
 

      Figure 4-9.The calmodulin (CaM) pattern fabricated on the OTSpd-MUTMS   

       pattern after paper swabbing. Topography, (ACMode) 

                

             It was demonstrated that CaM molecules can be immobilized on the     

OTSpd-MUTMS pattern and a clean CaM pattern can be obtained through 

“paper swabbing” method. It is expected that the binding information gained on 

the CaM patterns can be obtained through the direct visualization by the AFM. 

Now, this project is being studied by other group members in our lab.  

Topography 
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4. 3. Conclusion of Chapter 4 
          The carboxylic acid-terminated chemical templates OTSpd on the OTS film 

can be fabricated through AFM local oxidation lithography. Three kinds of protein 

molecules were immobilized onto the prefabricated chemical patterns.   The 

“paper swabbing” approach removed all non-specifically adsorbed protein 

molecules on the OTS background. It was proven that the protein patterns 

method can generate bio-active protein pattern with a clean background without 

the need of the anti-fouling the surface or repetitive rinsing.  
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CHAPTER 5 
 

THE BOUNDARY MOLECULES IN A LYSOZYME 
PATTERN EXHIBIT PREFERENTIAL ANTIBODY BINDING 

   
5.1. Introduction 

      Efficient, stable, and economical protein immobilization methods are 

always demanded in the production of protein sensors, protein motors, and 

bioethanol.87,170-178 Simply, successfully patterning proteins can improve the 

efficiency and sensitivity of such protein-based devices and reactions. The 

“paper swabbing” approach can provide clean protein patterns without any non-

specific adsorption on the background. It was also demonstrated that the 

lysozyme protein pattern created by this method is active towards antibody 

binding.   

    However, research on the development of protein patterns is still not 

complete. Normally, people have always paid more attention to the ways of 

fabricating nanosized protein patterns. However, the activity of the protein pattern 

is of great importance. To characterize and improve the activity of the 

immobilized enzyme, the structure–activity relationship of immobilized enzyme 

has to be understood at the molecular level. It is because that the protein 

reaction is highly site-specific and directional. That means the spatial 

accessibility of an immobilized protein molecule is critical, which is subjected to 

influences such as the adsorption orientation, the adsorption site, and the 

packing structure of the surface bound protein. The spatial confinements also 

suppress the relaxation of surface-immobilized protein.179 It is understood that 

the immobilized protein molecules did not just arrange their 2-dimensional shape 

according to the chemical patterns we created, and they have their own distinct 

characteristics.  

               Since there are established protocols and feasible procedure for the 

evaluation of the immobilized lysozyme pattern, we chose this model system to 

investigate the geometry effect on the antibody binding through direct atomic 
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force microscope (AFM) visualization.161-163,180-184  In our experiments two kinds 

of highly ordered lysozyme protein patterns have been fabricated on the 

octadecyltrichlorosilane (OTS) self-assembled monolayer surface. One of the 

lysozyme patterns is half buried in the OTS substrate and the other one is 

completely exposed out of the OTS substrate. Polyclonal antibodies are found to 

firstly bind on the edge of protein pattern before binding on the center of the 

pattern, suggesting that the edge molecules have a higher affinity toward 

antibody binding than that in the middle. It was demonstrated that protein 

molecules on the pattern edge had a higher affinity toward antibody binding than 

that in the center of the pattern. In addition, we found that the antibody binding to 

the edge lysozyme molecules on the half-buried pattern started from the top, 

whereas the binding on the extruding pattern started from the side because of 

their different spatial accessibility. The study is expected to be used in the 

immobilized enzyme system and as a useful guide in the development of protein 

patterns with higher activity in the future.  
 

  5.2. Experimental  
 5.2.1. Two schemes to fabricate protein patterns 

       In our experiments two kinds of highly ordered lysozyme protein patterns 

were fabricated on the octadecyltrichlorosilane (OTS) self-assembled monolayer 

surface to study the activity of the immobilized protein at the molecular level.  

The highly ordered and clean lysozyme protein pattern could be fabricated with 

“paper swabbing” approach discussed in chapter 4. Our experimental procedure 

is illustrated in Schemes 5-1 and 5-2, respectively. The antibody binding 

structures in Schemes 5-1 and 5-2 are not drawn to the actual ratio. They are 

only for illustration purposes showing they bind to the lysozyme and do not mean 

that antibodies actually bind to lysozyme in this specific orientation. 
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5.2.1.1. Immobilize lysozyme molecules on the OTSpd surfaces   
                In the first approach, similarly, carboxylic acid terminated OTSpd patterns 

were fabricated through the AFM local oxidation lithography in the contact mode 

in a humid environment.68,69 The OTSpd patterns direct the shape and dimension 

of the protein patterns. When the patterned sample was incubated in the 

lysoyzme solution, the lysozyme molecules could selectively bind on the 

carboxylic acid terminated OTSpd surface from liquid phase through coulombic 

force. Next, the sample was rinsed with deionized water and gently wiped with 

“KimWipe” paper to remove the nonspecifically adsorbed protein on the OTS 

background. The AFM image in Figure 5-1 shows the lysozyme patterns 

immobilized on OTSpd surface. The fabrication procedure is followed by Scheme 

5-1. The histogram in the inset shows that the lysozyme pattern has an apparent 

height of 18Å, which is a monolayer. The detailed experimental procedure can be 

found in chapter 4.  

 
Figure 5-1. Representative lysozyme pattern on the OTSpd template (topography 

image, tapping mode, 14 μm × 14 μm, the scanning rate is 1 line/s). The 

histogram (inset) shows that the lysozyme pattern is 18Å above the OTS 

background. 

 

 

 

Topography 
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Scheme 5-1. The fabrication of a half buried lysozyme pattern on OTS surface: 

OTS (1a) is oxidized to COOH-terminated OTSpd (1b, pink) under a conducting 

AFM probe. Next, lysozyme molecules (green) absorb on the OTSpd, forming a 

lysozyme pattern (1c, OTSpd-lysozyme). The polyclonal antibodies (blue) bind to 

the edge of the lysozyme pattern first (1d). When the incubation time is 

sufficiently long, antibodies cover the whole lysozyme pattern (1e).  

 

 
Scheme 5-2. The fabrication of a fully exposed lysozyme pattern on OTS surface: 

OTS (2a) is oxidized to OTSpd (2b, pink) through the scanning probe oxidation. 

Next, the OTSpd pattern is reacted with undecenyltrichlorosilane (UTS), to form a 

double bond terminated OTSpdUTS pattern. The OTSpdUTS pattern is then 

oxidized to a COOH-terminated OTSpdUTSox pattern (2c). Next, lysozyme is 

immobilized on the OTSpdUTSox pattern. The immobilized lysozyme on the 

OTSpdUTSox template (2d) is then reacted with antibodies for 15 min (2e). 

 



 - 61 - 

5.2.1.2. Immobilize lysozyme molecules on the OTSpd-UTSox surfaces   
In the second route, carboxylic acid-terminated OTSpd patterns were 

first fabricated on the OTS film by an AFM conducting tip as the first route. 

Subsequently, the pattern was incubated in a 5mM UTS toluene solution 

overnight instead of the lysozyme solution. The UTS silane self-assembled on 

the hydrophilic OTSpd pattern, forming a second layer, which was double bond 

terminated on the top. The AFM image in Figure 5.2a shows that the OTSpd-

UTS pattern fabricated on the surface, and the cross-sectional height profile in 

the inset shows that the OTSpd-UTS pattern has an apparent height of 14Å over 

the OTS bakground. Next, the sample with the bilayer pattern (UTS on the 

OTSpd, OTSpdUTS) was incubated in the oxidizing solution (0.01M NaIO4, 

5×10-4 M KMnO4, in 0.05M Na2CO3

        The pattern of OTSpdUTSox was then incubated in a 4μg/ml lysozyme 

solution (in a 4-(2-hydroxyethyl)-1-piperazineethanesul-fonic acid (HEPES) buffer, 

pH 7.0, 25mM) for 2 hours. The lysozyme has an isoelectric point of 11 and 

carries positive charges in the pH 7 buffer solution, while the carboxylic-

terminated chemical patterns carry negative charges. When soaking the 

chemical patterns into the pH 7 lysozyme solution, the attractive coulombic force 

drove the lysozyme molecules to selectively absorb onto the carboxylic acid-

terminated chemical patterns, forming a lysozyme pattern with the same shape 

as the chemical pattern. Differently, the lysozyme protein pattern in the first route 

was roughly 17Å higher than the OTS background while the protein pattern from 

the second route was 44 Å higher than the OTS background. The 27 Å height 

difference makes the lysozyme protein pattern fully exposed out of the substrate 

on the surface, which means that the spatial hindrance for the molecule on the 

edge of the protein pattern in the second route will be much smaller than that in 

the first route. So, it will give us an opportunity to study the properties of protein’s 

 buffer) for 10h at a 40ºC. The sample was 

then rinsed with deionized water and followed by 1% Hydrazine for 1 min. Finally 

the sample was dried in a stream of nitrogen. After this oxidation process, the 

double bond was converted into carboxylic group which carries negative charge. 

The full details of this oxidation process have been explained in chapter 3. 
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reaction on the surface in different spatial confinements. The AFM image in 

Figure 5.2b shows the OTSpdUTSox-lysozyme pattern on the OTS surface, and 

the cross-section height profile in the inset shows that the lysozyme pattern is 

44Å higher than the background. Since the height of the OTSpdUTSox pattern is 

roughly 14Å above the OTS surface, the height of the lysozyme is 30Å, which is 

consistent with the previous experiment result. 

 

 
Figure 5-2. The heights of a pattern during the surface reactions in Scheme 5.2. 

a. The OTSpdUTS pattern (2c). The cross-section height profile (green line, 

plotted in the inset) shows the pattern is 14 Å higher than the background. b. The 

OTSpdUTSox-Lysozyme pattern (2d). The cross-section height profile (green line, 

plotted in the inset) shows the OTSpdUTSox-Lysozyme is 44 Å higher than the 

background. c. The antibody fully covered OTSpdUTSox-Lysozyme pattern. The 

cross-section height profile (green line, plotted in the inset) shows the antibody-

covered pattern is 73 Å higher than the background.  

   
       5.2.2. lysozyme activity characterization through the binding with antibody 

   5.2.2.1. Boundary binding effect on the lysozyme pattern from Scheme 5.1  
To demonstrate that the lysozyme pattern on the OTS surface is still 

active towards the binding of the antibody, the lysozyme pattern was incubated 

with the polyclonal anti-lysozyme antibody (anti-hen egg white, rabbit, Rockland 

Immunochemicals, Inc.) solution. One drop (33μL) of 100 or 200ng/mL polyclonal 

antibody solution was applied to cover the pattern on the surface. After 15 

minutes incubation, the sample was taken out and rinsed three times with 100 μL 

of 5mM PH 7 HEPES buffer to remove most of the remaining nonspecifically 

Topography Topography Topography 
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absorbed antibodies from the surface. Finally, the surface was blown dry with a 

stream of nitrogen. It was found that the antibodies preferentially bound on the 

edge of the lysozyme pattern while only a few antibodies bound to the lysozyme 

molecules in the pattern interior. Figure 5.3 shows the lysozyme pattern right 

after the antibody incubation. We can see that the edge of the lysozyme pattern 

increased an additional 28Å in height after the incubation with the antibody, 

which corresponds to the height of the antibody.161-163 In Figure 5.4, we also 

measured the size of the antibody which non-specifically adsorbed on the OTS 

film (white spots in the image).  From the cross-sectional profile, it shows the 

height of the antibody is around 31 Å.  After incubating the lysozyme pattern in a 

200ng/mL antibody solution for 8 h, the antibody fully covered the whole 

lysozyme pattern. Therefore, the whole lysozyme pattern grows an additional 

28Å in height. The AFM image in Figure 5.2c shows us the antibody-covered 

pattern on the surface, and the cross-sectional height profile in the inset shows 

that the pattern has an apparent height of 73Å over the OTS background. Figure 

5.2a-c shows the same region of pattern after the incubation in UTS solution, 

lysozyme solution, and anti-lysozyme polyclonal antibody solution, respectively. 

After each cycle of incubation, it shows the pattern maintained the basic shape 

and structure, and the pattern height increased from 14Å to 44Å, and 73Å.   
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Figure 5-3. Polyclonal antibodies preferentially bind to the edge of the OTSpd-

lysozyme pattern after 15 min incubation in a 100 ng/mL antibody solution. (a) 

Topography image (tapping mode, 2.3 μm × 2.3 μm, the scanning rate is 0.8 

line/s.). (b) Height cross-sectional profile corresponding to the green line in (a). 

The profile shows that the lysozyme pattern is 18 Å above the OTS. The edge of 

the lysozyme pattern increases by an additional 28 Å after incubating in the 

antibody solution. (c) Structure model of the antibody bound on the lysozyme 

pattern. 

 
Figure 5-4. Analysis of the antibody height and phase contrast: a. Topography 

image of protein bound antibodies and the non-specific absorbed antibodies on 

the OTS background. The height cross-section profile (inset) of a non-specific 

absorbed antibody shows that the height of the antibody is 31 Å. b. The phase 

image of the same region; The antibodies appear as white spots. 

Topography 

Topography Phase 
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         Two control experiments have been done to demonstrate that the observed 

binding is a biorecognition event. Firstly, we rinsed a lysozyme pattern that had 

been incubated for 8h with a 200ng/mL antibody solution. The pattern was fully 

covered by the antibody. We imaged the sample before and after the rinsing. We 

found that the abundant rinsing only removed the nonspecifically adsorbed 

antibodies on the OTS background instead of those bound on the pattern area.  It 

was proven that the rinsing process could not affect the adsorption of the 

lysozyme or the antibodies bound to the lysozyme.  

         Secondly, following the same procedure, anti-lysozyme antibodies were 

replaced by anti-polyhistidine antibodies in the incubation with the lysozyme 

pattern. The AFM image in Figure 5.5 shows that most of the anti-lysozyme 

antibodies preferentially bind to the edge of the disc shaped lysozyme pattern 

(white spots). Just a few anti-polyhistidine antibodies are observed on the 

lysozyme pattern, with only one absorbed close to the edge.It means that the 

polyhistidine antibodies do not exhibit the “edge binding” as anti-lysozyme 

antibodies do. Therefore, the observed “boundary binding” is a biospecific 

binding rather than nonspecific adsorption of antibodies on the step edges.  

 
Figure 5-5. Control test of the antibody binding. Representative AFM tapping 

mode topography images; both (a) and (b) are 917 nm × 917 nm in size and 8.0 

nm in height scale. A concentration of 100 ng/mL anti-lysozyme polyclonal 

antibody (a) or anti-polyhistidine antibody (b) was deposited on two lysozyme 

patterns with the same conditions.  

Topography Topography 
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        Our observation indicates that (i) the immobilized lysozyme pattern 

maintains the antibody binding activity and (ii) the antibodies bind to the 

boundary lysozyme molecules of protein pattern before they bind to the interior 

lysozyme molecules. To further understand the “edge binding” effect, another 

experiment was done to compare the antibody binding to lysozyme molecules in 

a tightly packed, full monolayer lysozyme pattern with a loosely packed, 

submonolayer pattern.  

        Two different shapes of protein patterns were fabricated respectively in the 

form of line and disc as shown in Figure 5.6.  The line pattern was created using 

a fast moving tip during the electrochemical oxidation of the OTS film, which led 

to an incomplete oxidation in the pattern, whereas the disc pattern was created 

using a stationary tip, which brought the complete oxidation of the OTS film. 

Thereby, the negative charge density over the line is lower than that of the disc 

pattern. As a result, after the lysozyme deposition, the lysozyme has only a 

submonolayer coverage on the line pattern. Whereas, the lysozyme film on the 

disc shaped pattern forms a tightly packed, full monolayer. The AFM image in 

Figure 5.6 shows the pattern after 5 minutes of incubation with a 100ng/mL 

antibody solution. The antibodies (white dots in the images) bound to the loosely 

packed, submonolayer lysozyme in the line pattern before the tightly packed 

monolayer ones in the disc pattern. The “preferential edge binding” did not occur 

for the line pattern. Most observed antibodies bound to the interior molecules of 

the line pattern. At this shortened incubation time, no binding was observed for 

the disc, indicating the loosely packed lysozyme molecules in the line pattern 

have better accessibility and improved flexibility than the edge lysozyme 

molecules in the tightly packed disc pattern.  
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Figure 5-6. Antibody binding to the loosely packed, submonolayer lysozyme 

pattern (lines) and the tightly packed, full monolayer lysozyme pattern (discs) 

        

        It was speculated that the difference in the spatial accessibility and the 

structural flexibility between the lysozyme molecules on the edge and in the 

pattern center cause the observed difference in binding preference. In a tightly 

packed lysozyme pattern shown in Figure 5.7, which is a representative 

lysozyme pattern immobilized on the OTSpd template, most of the lysozyme 

molecules are embraced by neighboring lysozyme molecules. The left part of the 

image is the lysozyme, and the right part is the OTS film. From the smallest 

feature shown in the image, the resolution is estimated to be about 5 nm. Except 

for one defect spot, most of the lysozyme molecules inside the pattern appear as 

a continuous film, which can be understood from the way of the lysozyme 

molecules bind on the OTSpd pattern. On the OTSpd pattern, if there are still 

vacant areas larger than the size of lysozyme molecule, the lysozyme molecule 

from the solution will be driven by the attractive Coulomb force to fill in this site. 

Therefore on the OTSpd template, the coverage of lysozyme reaches to the 

saturation value. Therefore, in the pattern, both the neighboring lysozyme 

molecules and the underneath supporting surface block the epitopes on the 

lysozyme from external accesses. Also, the relaxation and lateral translational 

Topography 
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and rotational motions of lysozyme molecules in the center are constrained by 

their tightly packed neighbors, whereas the edge proteins are more flexible. 

Therefore, the antibody molecules have more chances to access the lysozyme 

on the edge and tend to bind to the edge first. When the edge sites have been 

occupied and there are still free antibodies in the solution, the antibodies can 

also bind to the interior lysozyme of the pattern.  

 

       
Figure 5-7. High-resolution AFM image of lysozyme pattern. Tapping mode, 

327×327nm2. The left part is one section of a lysozyme disc immobilized on the 

OTSpd template. Except for one defect spot (green arrow) in the center of the 

image the lysozyme appears as continuous film. The height variation within the 

lysozyme pattern is smaller than 7 Å. We explain this variation as the height 

difference in different lysozyme adsorption conformations.   

      

        The preference of the antibody binding on the loosely packed submonolayer 

rather than tightly packed full monolayer protein pattern further confirms our 

speculation. Because the lysozyme molecules in the submonolayer film are not in 

contact with other molecules, they are better relaxed and easier to access than 

the lysozyme molecules in the tightly packed lysozyme pattern.  

 

Topography 
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5.2.2.2. Boundary binding effect on the lysozyme pattern from Scheme 5.2  
In the first route, the lysozyme on the OTSpd chemical patterns is half 

buried in the 10Å deep OTSpd channel, with an apparent height of only 18Å over 

the OTS, whereas the protein patterns from the second route is immobilized on a 

14Å high terrace with an apparent height of 46Å above the OTS. To investigate 

the topographic effect of the lysozyme pattern toward the antibody binding, we 

deposited the antibodies on the OTSpdUTSox lysozyme pattern following the 

same procedure as described for the OTSpd-lysozyme pattern. The AFM image 

in Figure 5.8 shows the OTSpdUTSox-lysozyme pattern after 15 minutes 

incubation with a 100ng/mL antibody solution. At first glance, the pattern appears 

the same before and after the antibody incubation. However, by analyzing the 

topographic image (Figure 5.8a) along with the corresponding phase image 

(Figure 5.8b), we find that the antibodies also preferentially bound to the edge. 

Furthermore, these antibodies bound to the edge in a configuration different from 

the antibody binding configuration in the OTSpd-lysozyme pattern.  

           The phase channel detects the chemical properties of a surface, which 

complements the capability of topography image to distinguish the different 

chemical islands with the same topography. Although both the lysozyme and 

antibody are proteins, they have quite different contrasts in the phase image. 

Therefore, the phase signal can be used to identify the positions of antibodies in 

the pattern. From the AFM phase image in Figure 5.8b, we can see the antibody 

has a higher phase contrast than both the lysozyme and OTS, and it appears as 

a white spot in the phase image. Therefore, we can locate the position of 

antibodies through the phase signal change on the surface. In the height and 

phase cross-sectional profiles, the phase signal has two peaks over the pattern 

edge, where the topographic data show that the height of the white rim is 31 Å. 

This height matches the size of the antibody. In the phase profile, there are also 

few peaks between the two “edge peaks”. They correspond to the few antibodies 

bound to the lysozyme pattern from the top.  
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Figure 5-8. Antibodies preferentially bind to the OTSpdUTSox-lysozyme pattern 

from the side. (a) Topography image, tapping mode, 1.4 μm × 1.4 μm, 0.8 line/s. 

Inset: The lysozyme disc is rendered in an exaggerated color scale to 

demonstrate the 31 Å high antibody on the edge. Due to the minute height 

difference between the lysozyme pattern and the antibody, the common gradient 

scale is unable to show the antibody in the topographic image. (b) Phase image. 

A white rim around the pattern edge reveals the presence of antibodies on the 

edge. (c) Height (purple line) and phase (blue line) cross-sectional profiles. (d) 

Structure model of the side-bound antibody on the lysozyme pattern. 

           

            It is known that the topographic change may also interfere with the phase 

signal. However, the phase signal jumping due to the topographic change have 

unique characteristics and can be distinguished from the phase signal changes 

from the surface chemistry. Figure 5.9 shows an example of a lysozyme pattern 

immobilized on the OTSpdUTSox template. It appears as a terrace 46Å above 

the OTS background. When the tip moved across a step edge, the sudden 

topography change caused the “jumping” of the phase signal. However, in such 

circumstances, the direction of jumping is associated with the scanning direction. 

Topography Phase 
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In Figure 5.9d, the green curve corresponds to the green line in the trace (left to 

right scan) phase image (Figure 5.9a). The left (rising) edge and the right (falling) 

edge appear as a positive peak and a negative peak, respectively, in the phase 

cross-sectional plot. In the right to left scan phase image (Figure 5.9b), the left 

(falling) edge and the right (rising) edge appears as a negative and a positive 

peak (red curve in Figure 5.9d), respectively. Another characteristic associated 

with the topographic originated phase change is that the phase signal change in 

the trace scan line is opposite from that in the retrace scan line. The green and 

red curves in Figure 5.9d are the trace and retrace phase cross-sectional profiles 

corresponding to the same topographic position. They have opposite peaks over 

the same topographic position.  

 
Figure 5-9. Lysozyme pattern immobilized on the OTSpdUTSox template. The 

lysozyme is 46 Å above the OTS. The phase signal peaks from the topographic 

jumping are opposite for the trace and retrace scans (3.8μm × 3.8 μm, tapping 

mode). (a) Phase image, trace (from left to right, 1.5 V phase scale). (b) Phase 

image, retrace (from right to left, 1.5 V phase scale). (c) Topographic image, 15 

nm height scale. (d) Phase signal cross-sectional profiles corresponding to the 

red (trace) and green (retrace) lines across the lysozyme terrace. 

In the phase channel image of the lysozyme pattern on the OTSpdUTSox 

template (Figure 5.8b) after the antibody incubation, a white rim surrounds the 

Topography 

Trace Phase Retrace Phase 
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lysozyme disc pattern in the phase channel. From the phase cross section plot of 

the lysozyme pattern after the antibody binding, we found the phase signal 

shows two positive peaks at both the rising edge and falling edge. In addition, the 

trace and retrace phase signal lines are identical. Therefore, based on these 

unique characteristics, we can distinguish the phase signal changes originating 

form the topography and the phase signal changes originating from the surface 

chemistry. 

From the discussion above, we can conclude that peaks in the phase 

channel of Figure 5.8c come from surface chemistry change rather than 

topographic interference. They indicate the presence of the antibodies 

surrounding the lysozyme pattern after the antibody incubation. Therefore, the 

white rim around the lysozyme pattern is assigned to the bound antibodies. 

When the OTSpd-UTSox-lysozyme pattern was incubated in the antibody 

solution for an enough long time, the antibodies will fully cover the whole pattern 

surface as shown in Figure 5.2c.  

The AFM image in Figure 5.8 also shows that the antibodies preferentially 

bind to the edge lysozyme molecules in the OTSpdUTSox-lysozyme pattern as 

OTSpd-lysozyme pattern. However, the antibodies preferentially bound to the 

edge lysozyme molecules from the top to the OTSpd-lysozyme pattern, while 

they bound from the side to the OTSpdUTSox-lysozyme pattern. In Figure 5.8c, 

we plot the height cross-sectional profile and the phase cross-sectional profile 

together. At the pattern edges, the phase signal has two peaks, which is 

corresponding to the position of the antibodies. In the same position of the height 

cross-sectional profile (along the green dashed line in Figure 5.8c), we find there 

are two small steps on the edge. The height cross-sectional plots of these steps 

revels their heights are 31Å, which matches the reported size of the antibody.161-

163 Even though these antibodies bound on the side of protein patterns are 

invisible in the topography image, we can identify the antibody binding through 

AFM phase channel as well as the phase signal change in the phase cross 

sectional plot. If the antibodies bind to the edge lysozyme from the top, the 

antibody would be higher than the protein pattern, which is never observed from 
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the OTSpdUTSox-lysozyme pattern. In addition to this, the lysozyme pattern is 

around 46Å higher than the OTS substrate, the observed 31Å height of the step 

on the protein pattern edge indicates that the antibodies bind to the protein from 

the side (Figure 5.8d). In both the topography and phase cross section profile, 

there are also few peaks between the two “edge peaks”. They correspond to the 

few antibodies bound to the lysozyme pattern from the top.  

Through the comparison above, it can be concluded that the fully 

extruding lysozyme pattern favors the side binding and the half-burried lysozyme 

pattern favors the top binding. The “template embedding” approach developed in 

our lab indicates the way of protein immobilization on the surface significantly 

affects the binding direction for protein molecules to polyclonal antibodies.   

5.3. Conclusion of Chapter 5 
       Two kinds of tightly packed lysozyme pattern were fabricated on different 

prefabricated chemical pattern through AFM local oxidation lithography. In the 

antibody binding experiment, we find that the antibodies preferentially bind to the 

edge lysozyme molecules before their binding to the lysozyme molecules in the 

interior of the pattern. It could be understood that the edge molecules have better 

spatial accessibility and flexibility. The interior molecules on the pattern are 

surrounded by their neighbor molecules and their epitopes are blocked by their 

close packed neighbors from the periphery as well as the supporting surface 

from the bottom. It can be derived that a protein nanoarray with more protein 

molecules on the edge has higher bioactivity than a protein microarray if the 

coverage of an immobilized protein remains the same. In turn, a microarray has 

more edge protein molecules and has higher bioactivity than a protein film. 

Therefore, reducing the protein pattern feature to the nanoscale will improve the 

overall binding of immobilized proteins toward antibodies. The study is expected 

to be used in the immobilized enzyme system and as a useful guide in the 

development of immobilized enzymes with higher activity in the future.  

 

 

Copyright © Pei Gao 2011 
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CHAPTER 6 
 
LABEL-FREE DETECTION OF THE APTAMER BINDING 
ON PROTEIN PATTERNS USING KELVIN PROBE FORCE 
MICROSCOPY (KPFM) 
 
6.1. Introduction            

         Patterned DNA and protein have been widely used in the bio-sensing 

and bio-analysis applications.185-188 The protein or DNA molecules usually form 

ordered islands on surface in such protein and DNA arrays.  Different kinds of 

analytes can be recognized or captured by these specific protein or DNA islands 

on the surface. As a result, the changes originated from this recognition or 

capture can be gathered and analyzed to obtain analytes’ information such as 

concentration, binding activity, or other derivative properties people are 

interested in.186 The array approach in bio-analysis offers lower unit cost, better 

sensitivity, and the possibility for larger-scale screening. However, the way how 

to transfer the recognition event into a readable signal always keeps the array 

technology from being used more in this field. Usually, labeling agents are 

required,189 but the requirement of labeling agents limits the applicability and 

increase the cost of the array method.   

               Kelvin probe force microscopy (KPFM) measures the spatial 

distribution of surface potential.190,191 Bio-macromolecules such as protein and 

DNA have distinct charges. The surface potentials over the immobilized bio-

macromolecules are different from the background.  When protein molecules 

bind to other protein or DNA molecules on the surface, their surface potentials 

also change.  Therefore, measuring surface potential variations during a reaction 

is a promising approach toward the label-free detection for protein/DNA chips.  

Previous KPFM experiments have demonstrated that different protein molecules 

can be recognized based on their different isoelectric points.189,191   In addition, 

KPFM can distinguish single stranded DNA from double stranded DNA adsorbed 

on the surface since single stranded DNA molecules have different surface 
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charges from double stranded DNA molecules.189,192-194 These pioneering works 

have demonstrated the power and potentials of KPFM for the label-free detection 

of biological relevant events.  

              Our previous work has shown that in a well-ordered protein pattern, 

the edge protein has a much higher binding affinity than the interior protein 

molecules.160  This is because that the edge protein molecules are better relaxed 

and are easier to be accessed whereas the protein molecules in the interior part 

of the tightly pack pattern are blocked and embraced by their neighboring protein 

molecules.  This discovery suggests that in a protein array, the binding event 

happens from the edge binding. In this chapter, the anti-lysozyme aptamer-

protein binding was also investigated. Aptamer based molecular recognition is a 

developed area that is expected to be used in novel biosensor, where the 

aptamer-protein binding is the key step.195-206 Aptamers are short sequences of 

signal-stranded polynucleotides. Aptamers bio-specifically bind to the different 

target analytes such as proteins, cells.207 As we know, the antibodies are 

routinely used for the protein recognition in the biological field. However, the 

aptamer has some comparable advantages over antibodies such as less loss of 

sensitivity after multiple times use, better thermal stability and lower synthesis 

cost. It was shown the anti-lysozyme aptamer also preferentially bind to the edge 

of a tightly packed lysozyme pattern. Besides that, most KPFM studies on 

biological samples have the spatial resolution at the macron level.189,191 In our lab, 

a long and sharp Ag2

 

Ga needle tip was used and it was demonstrated that 

KPFM is capable of detecting the aptamer-protein binding down to the nm scale. 

6.2. Experimental  
6.2.1. Fabrication of protein patterns on the OTS film 
          The highly ordered and clean lysozyme protein pattern could be fabricated 

with “paper swabbing” approach we discussed in chapter Four. Some carboxylic 

acid-terminated OTSpd patterns were fabricated through the AFM probe 

oxidation lithography,68,135 which directs the shape and dimension of the protein 

patterns. When the pattern sample was incubated in the lysoyzme solution, the 
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lysozyme molecules could selectively bind on the carboxylic acid -terminated 

OTSpd surface from liquid phase through the coulombic force. Next, the sample 

was rinsed with deionized water and gently wiped with “KimWipe” paper to 

remove the nonspecifically adsorbed protein.208 The AFM image in Figure 6.1 

shows a representative lysozyme disc before the aptamer binding. The height 

cross-sectional plot in Figure 6.1c corresponds to the black line in Figure 6.1a, 

showing an apparent height of 1.5nm of the lysozyme pattern. In Figure 6.1d, the 

histogram image shows the height distribution of the topography image. From the 

histogram, we measured the peak positions and their standard deviations. From 

these values, the lysozyme disc is calculated to be 1.5±0.4nm higher than the 

OTS background. Since the OTSpd we fabricated was 1nm lower than the OTS 

film,69,160 the actual height of the lysozyme in Figure 6.1a is 2.5nm, which is a 

monolayer and consistent with the published result.160,209 The detail experiment 

part could be found in the chapter four. 
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Figure 6-1. A representative lysozyme disc pattern before the aptamer incubation. 

(a) Topography image. (b) The phase image. (c) The height cross-sectional 

profile corresponding to the black line in a. d The height histogram of the 

topography image. From the height distribution statistics, the lysozyme is 1.5±0.4 

nm higher than the OTS background. Image was acquired with Agilent PicoPlus 

AFM in AC Mode 

 
6.2.2. Boundary effect for aptamer binding on the lysozyme pattern      
             To demonstrate aptamer’s binding to the lysozyme pattern on the OTS 

surface, the sample was incubated in a 200μl 100-nmol/ml anti-lysozyme aptamer 

aqueous solution (pH=7) at room temperature in a sealed vial for 10h. After rinsing 

with de-ionized water for three times, the pattern was characterized by AFM at 

25°C with a relative humidity of 70%. Here, the sequence of anti-lysozyme 

aptamer is 5’-ATCTA CGAAT TCATC AGGGC TAAAG AGAGT TACTT AG-3’, 

which is obtained from Operon.  

                After the incubation, the change of lysozyme pattern was shown in the 

AFM image of Figure 6.2. The topography image (Figure 6.2a) shows that the 

height of the pattern edge increases an additional 1–5 nm, whereas the interior of 
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the lysozyme pattern remains unchanged, which is still 1.5±0.3 nm above the OTS. 

In the corresponding phase image (Figure 6.2b), the pattern edge is much brighter 

than the pattern interior. In Figure 6.2c, we plotted the height (black) and phase 

(red) cross-sectional profiles, which correspond to the black and red lines in the 

topography and phase images, respectively. The plots show that the edge of the 

pattern increased an additional 5 nm after the incubation. In the height cross-

sectional profile, the standard deviation of the lysozyme height is 0.3 nm, whereas 

the edge of the lysozyme pattern is 5 nm higher than the lysozyme. Therefore, the 

height increase after the aptamer incubation reflects the real topography change 

on the pattern edge. It was demonstrated that the anti-lysozyme aptamer 

preferentially bound on the edge of lysozyme protein pattern. Compared with the 

“boundary effect” of antibodies on the lysozyme patterns,160 this preferential edge 

binding can also be explained as the better flexibility and relaxation of the 

molecules in the edge of the pattern than that in the interior of the pattern.  

 
Figure 6-2 The topography (a) and phase (b) images of the tightly packed 

lysozyme pattern after incubation with the anti-lysozyme aptamer. c The 

topography (black) and phase (red) cross sectional profiles corresponding to the 

black line in a and the red line in b. The images were acquired with the Veeco 

Multimode AFM with the Ag2Ga tip in tapping mode.     
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             As a control test, a lysozyme pattern was incubated in a 100-nmol/ml 

solution of a random sequence DNA solution at the same condition as the anti-

lysozyme aptamer. This single-stranded DNA is a randomly generated 42-mer, 

which is the same length as the anti-lysozyme aptamer. The aptamer is also 

obtained from Operon and its sequence is 5’-TATGC TAAAC CTTAC AAGTT 

GGAAG TCGAG CGTTG AAGCA GG-3’. After the sample was rinsed with de-

ionized water for three times, it was characterized with AFM at 25°C with a 

relative humidity of 70%. The AFM image in Figure 6.3a shows that the lysozyme 

pattern remains the same after the DNA incubation. No height change is 

observed in the topographic image. The pattern in Figure 6.3 is still a lysozyme 

pattern.  

 
 
Figure 6-3 The topography (a) and phase (b) images of a representative 

lysozyme disc after incubation with a solution of randomly generated 42-mer 

single- stranded DNA. No DNA is observed on the disc. c The topography (black) 

and phase (red) cross-sectional profiles corresponding to the black line in a and 

the red line in b. d The height histogram of the topography image. From the 

height distribution statistics, the lysozyme is 1.8±0.4 nm higher than the OTS 

background. Images were acquired with Agilent PicoPlus AFM in AC Mode.         
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            The control experiment shows that the randomly generated DNA aptamer 

did not bind to the lysozyme pattern. This fact confirms that the observed anti-

lysozyme aptamer lysozyme binding is a bio-specific recognition event rather 

than the non-specific adsorption on the surface.   Compared with the polyclonal 

antibodies binding in the last chapter, the anti-lysozyme aptamer also showed 

the similar preferential edge binding on the protein pattern.  

              Some fibers could be found growing from the edge of protein pattern in 

Figure 6.2. In contrast, our control experiment shows that no fiber formed after 

incubating the same lysozyme pattern with de-ionized water or blank buffers. 

Therefore, from this control experiment, we can conclude that the fibers in Figure 

6.2 are composed of DNA.  Some fibers could also be found after the lysozyme 

pattern was incubated with the random 42-mer DNA. The difference is that the 

fibers from the randomly sequence aptamer did not bind to the lysozyme pattern 

but sit on the OTS background. The non-specific adsorbed DNA aptamer could 

be rinsed off the surface. Since both the anti-lysozyme aptamer and randomly 

sequenced aptamer can form fibers, the fiber formation is not a protein-specific 

event. In addition, the fact that the fibers bound on the edge of protein pattern 

could not be washed off the surface further demonstrates that this “anchoring 

effect” is protein-specific. From the topography cross section profile, we can 

know that these fibers are typically 4-6nm in height and several hundred 

nanometers in length. A fully stretched 42-mers signal-stranded DNA normally is 

31.5nm long assuming the base-to-base distance in a fully stretched signal-

stranded DNA is 7.5Å.210 Therefore, the height and length indicate that these 

fibers are not individual aptamer. After incubating the aptamer-bound pattern in a 

55°C water bath for 10h, most of the fibers were removed, whereas the aptamers 

bound on the lysozyme pattern edge still remained. We suspect that these fibers 

are consisted of many aptamers self-assembled through inter-molecules 

hydrogen bond, which has been reported by other research group.211 Based on 

the experiments finished, we can explain the protein-specific “anchoring effect of 

the aptamer fibers binding on the edge of protein patterns.  



 - 81 - 

              In chapter 5, we explained the antibody’s preferential edge binding to 

lysozyme pattern by the better accessibility, better relaxation, and higher 

flexibility of the edge lysozyme molecules than the interior ones. To further 

demonstrate this “edge effect”, some tightly packed and loosely packed lysozyme 

patterns were intentionally fabricated with a stationary tip and fast moving tip, 

respectively. In the AFM local oxidation lithography process, a stationary AFM tip 

always produces a disc shaped pattern which has experienced a completed 

oxidation process.  In contrast, a partially degraded OTSpd line pattern was 

fabricated with a fast moving AFM tip. Its oxidation process is incomplete and will 

lead to a lower “COOH” surface density of the chemical pattern. After incubating 

the chemical pattern with a lysozyme solution, a tightly packed lyszoyme pattern 

will be formed in the disc area and a loosely packed lysozyme pattern will be 

formed in the linear area, respectively.    

              To understand the edge binding of anti-lysozyme aptamers, we also did 

the same experiment as to the antibody by fabricating both the tightly packed and 

the loosely packed lysozyme pattern region in a small area. The AFM image in 

Figure 6.4 shows the results after these patterns were incubated in the anti-

lysozyme aptamer solution. It was demonstrated that aptamers only selectively 

bound on the edge of the tightly packed, disc-shaped lysozyme pattern. No 

significant aptamer binding is observed at the interior of the disc pattern. In 

contrast, aptamers bound both to the edge and the interior of the line pattern. It 

could be explained that the lysozyme molecules in the loosely packed pattern are 

not blocked and embraced by their neighboring lysozyme molecules. Therefore, 

they have better flexibility and relaxation than the lysozyme molecules inside a 

tightly packed pattern.  
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Figure 6-4. The topography image of the loosely packed and tightly packed 

lysozyme patterns after incubation with anti-lysozyme aptamers. Aptamers bound 

to both the interior and edge lysozyme molecules in the loosely packed patterns 

(line patterns in the image).In contrast, aptamers only bound on the edge of the 

tightly packed lysozyme disc pattern. Image was acquired with Agilent PicoPlus 

AFM in AC Mode. 

                 

             From Figure 6.2 and Figure 6.4, we can conclude that the anti-lysozyme 

aptamer also demonstrates the preferential edge-binding effect when it reacts 

with a tightly packed lysozyme pattern.  

 

6.2.3 The working principle of Kelvin Probe force microscopy (KPFM) 
The name “Kelvin probe” is originated from Lord Kelvin who firstly 

proposed the concept of measuring the difference in work function between two 

materials.189 Lord Kelvin’s method was developed by Zisman in 1932 and 

appeared in its modern form in 1991.212,213 The physical principle of KPFM is 

similar as Kelvin’s method except the force is measured here instead of the 

current. The Kelvin method has a high sensitivity for potential measurement but 

Topography  
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does not provide a lateral image of the variation of the contact potential 

difference (CPD) on the surface.194,214,215 It is because that it integrates over the 

whole plate area. However, KPFM method not only detects the CPD between a 

conducting AFM probe and the surface but also provides a simple way to achieve 

the high lateral resolution measurement.  

In KPFM method, the probe and substrate are imagined as two opposing 

plates of a capacitor. The energy (Ucap

( )22/1 VCU cap ∆=

) of such a capacitor can be expressed as:  

    (1) 

 where C is the capacitance and ΔV is the potential difference between the probe 

and substrate. By taking the derivative with respect to separation, we get the 

force between the two capacitor plates.  

( )22/1 V
dZ
dCF

dZ
dU

cap
cap ∆−==             (2) 

Here, V∆ has a DC and an AC component. 

( ) ( )tVVV KPACDC ωsin∆+∆=∆        (3)          φ∆−∆=∆ appDCDC VVwhere ,:  

By expanding the (ΔV)2 term, we can see that it can be broken down into three 

distinct parts each with a different dependence on the AC frequence. 

( ) ( )[ ] ( )[ ]tVVtVVVV KPACDCKPAC
AC

DC ωω sin22cos2/1
2

2
2

22 ∆∆+∆−






 ∆

+∆=∆   (4) 

If the frequency (ωKP

)sin()( _ tVVV
dZ
dCf SurfaceBiasTipDCAC ω−−=

) is chosen to be the resonant frequency of the probe, the 

last term in formula (4) will dominate the force response of the capacitor. 

Therefore, the force between the probe plate and sample plate has the form of: 

  (5) 

where C is capacitance, Z is separation, VAC is AC voltage difference between 

the tip and surface. It is shown that the force felt by the vibrating capacitor is 

proportional to the difference in voltage between the probe and substrate.  
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The feedback system of the AFM varies the VTipDC_Bias to minimize the 

force (f) to zero.  At this moment, the value of the VTipDC_Bias equals the value of 

surface potential Vsurface

In addition, the shape of the probe also affects the probe-substrate 

capacitance.  It is concluded that the CPD value over a specific spot also 

contains information from other places, which lowers the spatial resolution of 

KPFM. A generic pyramid shaped tip usually yields a poor resolution because it 

has a large surface region surrounding the tip. Here, we characterized the 

surface with the Ag

. The principle of KPFM determines that the measured 

CPD value is a function of the capacitance between the AFM probe and the 

surface.  There is a capacitance between the AFM probe and the surface directly 

under the AFM probe. There are also capacitance between the AFM probe and 

the surfaces near the AFM probe. Therefore, the value of CPD is the convolution 

result from the surface potential directly under the probe and surface potentials 

from area surrounding the probe.   

2Ga needle tip from NaugaNeedles Inc. The tip has a long 

and sharp Ag2

 

Ga needle attached at the end of the pyramid shaped probe 

shown in Figure 6.5.  

Figure 6-5. The scanning electron microscope (SEM) image of AG2

 

Ga needle tip 

from NaugaNeedles Inc. 
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Because of the minimal width and surface area, the effect from the tip’s 

side planes and surface surrounding the tip was largely minimized. Thus, the 

KPFM spatial resolution is improved.214,216,217 When we scan the same sample 

with the generic pyramid shaped tip and Ag2Ga needle tip, respectively, it was 

found the AFM images obtained by the Ag2Ga needle tip have much higher 

spatial resolution than those from the generic pyramid shaped tip. All the images 

are shown in Figure 6.6. The left side including (a), (c), and (e) are scanned by 

the generic pyramid shaped tip, and the right side including (b), (d), and (f) are 

obtained by the Ag2Ga needle tip. As a result of its shape, the Ag2

 

Ga needle tip 

helps to get the local information directly under the tip, which is ideal for KPFM 

characterizations.   
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Figure 6-6. The comparison of AFM image obtained through generic pyramid 

shaped tip and Ag2Ga needle tip. (a), (c), (e) are from generic pyramid shaped 

tip; (b), (d), (f) are from Ag2

 
Ga needle tip. 
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6.2.4 The KPFM characterization of aptamer binding  
           The characterization was conducted with the Veeco Multimode AFM (J 

scanner, working in the surface potential mode). The sample was grounded.  We 

used the high-aspect-ratio Ag2

             After a tightly packed lysozyme pattern was incubated in the aptamer 

solution and rinsed with de-ionized water, it was found that the aptamer 

preferentially binds on the edge of the protein pattern. The AFM image in Figure 

6.7 shows a representative tightly packed lysozyme pattern with anti-lysozyme 

aptamers bound on the pattern edge. In the topographic image (Figure 6.7a), the 

edge-bound aptamers appear as a white rim with an apparent height of 3nm. The 

width of the rim is about 30nm, which is much wider than the actual width of a 

signal-stranded DNA. This widening effect is due to the convolution effect of the 

tip, which has a typical size of 25nm. In the corresponding surface potential 

image (Figure 6.7b), the lysozyme patterns appear as bright regions. A side-by-

side comparison of the topography and surface potential cross-sectional profiles 

crossing the pattern edge (Figure 6.7c) illustrates details about the surface 

potential variation over the pattern edge. From the height cross-sectional profile, 

the lysozyme region has a height of 1.4±0.2 nm, whereas the lysozyme-aptamer 

complex (the “bump”) is 1.3 nm higher than the lysozyme. The additional height 

increase on the edge of protein pattern indicates the aptamer-lysozyme binding. 

In Figure 6.7c, we plot the cross-sectional profiles of the topography (black line) 

and the surface potential (red line) together. Since the two profiles correspond to 

the same position in the image, we can compare the topography change and 

surface potential change of the same place on the surface side by side. It was 

shown that the topography profile shows a peak at the place where aptamers 

bind to lysozyme, whereas the surface potential profile shows a small step on the 

falling edge. The plots in Figure 6.7c are representative cross sectional plots for 

the edge of protein pattern with aptamer binding in the image. In the surface 

Ga tip for the characterization.  The tip was held at 

4 nm above the surface, with a10V AC amplitude applied on the tip.  During 

characterization, the topography, phase and surface potential images were 

acquired simultaneously.  All images were process with the WSxM software.   
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potential image, the edge bound aptamers appear as the characteristic 

“shoulder” on the lysozyme pattern edge.  It was also proven that side-by-side 

cross-sectional plots of other parts of the pattern’s edge show similar results that 

the CPD value of the aptamer-lysozyme complex is slightly lower than that of the 

lysozyme and higher than that of the OTS background.  

 Table 6-I. The CPD values of lysozyme pattern and the aptamer-lysozyme     
  complex. 

 CPD(mV, CPD of 

OTS =0 mV)) 

Uncertainty (mV) N 

Aptamer-Lysozyme 58.9 7.9 212 

Lysozyme 70.5 4.4 200 

                  

            To quantify our results, we statistically analyzed the CPD values of the 

aptamer-lysozyme binding complex and lysozyme pattern, respectively. We first 

created a cross-sectional profile along the edge of protein pattern in the 

topography (green line in Figure 6.7a) because the positions of aptamers are 

clearly shown in the topography image. As a result, the topography cross-

sectional profile along the pattern edge precisely covered the aptamer positions. 

Then, we extracted the X and Y coordinates of every point in this profile. Then, 

we looked up every surface potential values according to these X and Y 

coordinates in the surface potential cross section profile. In the exactly same 

method, we also created another two cross-sectional profiles that are on the 

lysozyme pattern (blue line in Figure 6.7b) and on the OTS background (pink line 

in Figure 6.7b), respectively. In order to make a side-by-side comparison, the 

three cross-sectional profiles created are parallel on the surface potential image. 

After the quantitative analysis, the CPD values of the OTS background and the 

lysozyme pattern are obtained. We present the CPD values of the aptamer-

lysozyme complex and lysozyme in reference to the CPD of OTS. The results are 

summarized in Table 6.1. 
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Topography Surface Potential

 
Figure 6-7. The KPFM characterization of lysozyme patterns. a Topography 

image. b Surface potential image. The CPD value of every point on the pink, 

green, and blue line was measured. The data were processed and used as the 

representative CPD values of OTS, aptamer–lysozyme complex and the 

lysozyme. The results are listed in Table 6.1. c The side-by-side plot of the 

topography cross-sectional profile (black line) and the surface potential cross-

sectional profile (red line). The images were acquired with the Veeco Multimode 

AFM with the Ag2

             

Ga tip in tapping mode.    

              From the Table, we can see that the aptamer-lysozyme binding complex 

has a lower CPD value than that of the lysozyme pattern. In AFM image of Figure 

6.8, we also compare edges of the aptamer-free lysozyme pattern with the 

aptamer-bound pattern. It was found that the shoulder step shown in Figure 6.6 

was not present for the aptamer-free lysozyme pattern edge. Figure 6.8 shows 

the two surface potential images side by side, which were acquired by using 

identical imaging parameters and the same AFM tip.   The aptamer-bound 

pattern in Figure 6.8a and the aptamer-free lysozyme pattern in Figure 6.8b are 
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in the same size and rendered in the same color scale. The CPD levels of OTS in 

both images are also adjusted to be the same. The green color designates the 

place where the CPD values are 0-66 mV higher than that of OTS background, 

whereas the light yellow color means the places where CPD values are 66 mV 

higher than that of OTS surface.  By comparing these two surface potential 

images, we find that the edge of the aptamer-bound pattern shows a wider green 

band than that of aptamer-free lysozyme pattern. Therefore, the width of the 

green band (regions with CPD 0-66 mV higher than that of OTS substrate) could 

be used to identify the aptamer binding in the surface potential image. The KPFM 

method provides a straight forward method to detect the aptamer binding without 

the need of cross-sectional profile and more statistical analysis.   

Surface Potential Surface Potential
 

Figure 6-8. A side-by-side comparison of the surface potential images of an 

aptamer-bound lysozyme pattern (a) and a lysozyme pattern (b). The images are 

rendered in the same surface potential scale (200 mV). The CPD values of the 

background OTS in a and in b are also adjusted to be the same. In the figure, the 

dark brown color designates the OTS background. The images were acquired 

with the Veeco Multimode AFM with the Ag2

 
Ga tip in tapping mode 

6.3 Conclusion of Chapter 6   
          It was found that the anti-lysozyme aptamers preferentially bound on the 

edge of the tightly packed lysozyme pattern after the protein coated sample was 
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incubated in the aptamer solution. In this chapter, we introduce Kelvin Probe 

Force Microscopy (KPFM), which can measure the contact potential difference 

(CPD) between the AFM probe and sample surface. It was demonstrated that 

KPFM was capable of detecting the aptamer-lysozyme binding. From the 

experiment, we concluded that the CPD value of aptamer-lysozyme binding 

complex is 12 mV lower than the lysozyme. In addition, by comparing the surface 

potential images of aptamer-bound and aptamer-free lysozyme pattern, we found 

the edge of the aptamer-bound pattern showed a wider green band that was the 

region with CPD value 0-66 mV higher than that of OTS. We demonstrate that 

KPFM is a straightforward approach to identify the aptamer binding without the 

need of cross-sectional profile and statistical analysis. 
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CHAPTER 7 
 
APTAMER FIBER ANCHORED ON THE EDGE OF A 
PROTEIN PATTERN: A TEMPLATE FOR NANOWIRE 
FABRICATION  
 
7.1. Introduction 

Nanowires have unique properties not seen in bulk materials.218 Many 

proto-type applications like high performance solar cells, waveguides, nano-

lasers, transistors, and bio-sensors are based on the novel functions of 

nanowires,219-222  How to interface freestanding nanowires to existing devices on 

a solid substrate and how to control the positions of freestanding nanowires on a 

substrate are the two technical challenges that undermine the development of 

nanowire-based devices. One approach to address these problems is to use the 

lithographic pattern to control nanowire positions.  Nanowires can be directed to 

the lithographic patterns either standing up like a forest,219,223 or lying flat on the 

pattern.224,225  However, in many applications such as wires connecting different 

electrodes, nanowire transistors, and nanowire memory switches,226 lying down 

nanowires on the surface are required. Furthermore, these lying down wires must 

not cross over and collapse over each other.  Without manipulating nanowire 

one-by-one, how to let the nanowires to lie down at designated positions while 

avoiding the nanowire overlapping remains as a challenging task.     

In this chapter, we report a deoxyribonucleic acid (DNA)-based 

nanotechnology to tackle the problem of interfacing and positioning nanowires.  

The DNA technology enables us to create complicated structures on the 

surface.227-230 Our approach employs the bio-specific recognition of a DNA 

aptamer, which was discussed in chapter six. The aptamer protein binding has 

been used to build supramolecular structures at nanoscale.231,232 In our previous 

study, it has been proven that when an anti-lysozyme aptamer reacted with a 

lysozyme lithographic pattern on the surface, the aptamer preferentially bound on 
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the edge of the lysozyme pattern at first.233  If the exposure level of aptamer was 

increased ( i.e. in a buffer solution for a long time), additional aptamers in the 

solution self-assembled onto the edge-bound aptamer, forming surface-bound 

aptamer fibers with one end anchored on the edge of lysozyme pattern.  Thus a 

DNA scaffold was formed, which grew from the edge of the protein pattern.  

Nanowires originated from the protein pattern could be fabricated on this 

DNA scaffold. We used these aptamer fibers as a template to fabricate palladium 

and streptavidin nanowires. These nanowires adsorbed on the surface and never 

crossed over each other.  The bio-specific recognition of the anti-lysozyme 

aptamer and lysozyme pattern determined that the metal nanowires fabricated 

from the aptamer fiber scaffold always initiated from the edge of the protein 

pattern. Thereby, our metal nanowire fabrication approach offers a possible 

solution to control and interface the nanowire to existing protein-coated patterns. 

 
7.2. Experimental 
7.2.1. Fabrication of aptamer fibers on the edge of protein pattern 
             Our experimental procedure was illustrated in Scheme 7.1. We prepare 

the cross-linked silane film (OTS film) on the hydroxyl-terminated silicon (100) 

surface from octadecyltrichlorosilane precursor molecules. On the OTS film, 

some carboxylic acid terminated OTSpd patterns were fabricated through the 

atomic force microscope (AFM) oxidation lithography (Scheme 7.1a).122,135,160 

These OTSpd patterns direct the shape and dimension of the protein patterns. 

Next, the patterned sample was incubated in the lysoyzme solution, lysozyme 

molecules could selectively bind on the carboxylic acid-terminated OTSpd 

surface from solution through the coulombic force. After the sample was rinsed 

with deionized water and gently wiped with “KimWipe” paper, a clean and tightly 

packed lysozyme pattern was fabricated on the OTSpd template (Scheme 7.1b). 

Then, we incubated the lysozyme pattern in a solution of antilysozyme aptamers 

to form the edge-bound aptamer structure (Scheme 7.1c).  After the subsequent 

AFM characterization revealed that the edge-bound aptamer structure had 

formed on the lysozyme pattern, we incubated the sample in the same buffer 
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solution again to form the aptamer fibers (Scheme 7.1d). Finally, the aptamer 

fibers were used as a template to synthesize nanowires. In the first example, we 

incubated the aptamer fibers with a solution of palladium acetate and then 

reduced the Pd2+ bound on the fibers to form the Pd nanowires (Scheme 7.1e). 

In the second example, we first fabricated aptamer fibers made of biotin-tagged 

antilysozyme aptamer. This special aptamer fiber template was then incubated in 

the streptavidin solution. The streptavidin selectively assembled on the aptamer 

fiber template, forming streptavidin nanowires (Scheme 7.1f). 
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Scheme 7-1. The fabrication of nanowires on DNA template: (a) Fabrication of 

the carboxylic acid-terminated OTSpd pattern (light blue disks) on an OTS 

surface using the scanning probe deep oxidation lithography; (b) The OTSpd 

chemical pattern was incubated with a solution of lysozyme. A monolayer of 

tightly packed lysozyme formed on the OTSpd pattern. (pink disks). (c) 

Incubation of the lysozyme pattern with a solution of antilysozyme aptamer in 

water. The aptamers preferentially bound on the edge of the lysozyme disks and 

formed rings (dark blue rings). Additional aptamers nonspecifically adsorbed on 

the OTS surface. (dark blue dots). (d) Incubation of the lysozyme pattern with the 

antilysozyme aptamer in a 10 mM Tris buffer. The nonspecifically adsorbed 

aptamers self-assembled into fibers (dark blue wires in figure), which anchored 

on the edges of lysozyme patterns. (e) The aptamer fibers were converted into 

Pd nanowires (silver wires in figure) through DNA metallization. In the mean time, 

the lysozyme patterns were also coated with a layer of Pd (silver disks in figure). 

(f) Streptavidin (green) assembled on the fibers made of biotin-tagged aptamers. 

               

                Based on the earlier discovery, we found that these edge-bound 

aptamer molecules served as anchors for additional aptamer molecules self-

assembling into fibers. It was also demonstrated that if the sample was 
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sufficiently rinsed with deionized water, the nonspecifically adsorbed aptamer on 

OTS would be washed off the surface, leaving a clean background.233  Based on 

this finding, we developed a two-step procedure to fabricate long aptamer fibers 

anchored on the lysozyme pattern’s edge, which is different from our previously 

reported procedure for the aptamer binding. In the first step, aptamer molecules 

selectively bound on the lysozyme edges through incubating the sample in 2 μM 

aqueous solution of antilysozyme aptamer. Incubating in water instead of buffer 

solution precluded the assembly and precipitation of aptamers. The aptamer 

molecule is negatively charged in aqueous solution, which makes it difficult to 

form the optimized structure for target binding. However, the aptamer molecules 

bound to target lysozyme almost immediately in a 50 mM pH 7 buffer solution. In 

contrast, we found that it took 10 h for aptamer binding on the lysozyme pattern 

in water. We speculate that, in water, although a majority of aptamer molecules 

are not in the optimized structure for target binding, a variety of aptamer 

conformations coexist and interchange. Therefore, there is still a small fraction of 

aptamer molecules in the binding conformation. Given enough incubation time, 

the lysozyme molecules on the edge of the protein pattern will be bound by the 

aptamer molecules with the right structure.  

           The AFM image in Figure 7.1a shows that the edge of the protein pattern 

is higher than the interior of the lysozyme disk, indicating that the anti-lysozyme 

aptamer molecules bound on top of the lysozyme molecules on the pattern edge. 

However, to facilitate the subsequent aptamer self-assembly, we deliberately 

rinsed the sample with deionized water only briefly, leaving many aptamers also 

nonspecifically adsorbed on the OTS background. Most of these mobile aptamer 

molecules on OTS are invisible under AFM, because they were dragged by the 

AFM tip during the scanning. As a result, some horizontal lines are visible in the 

figure, which were caused by the interactions between weakly adsorbed 

aptamers on OTS and an AFM tip. When the scanning AFM tip dragged them, a 

line was generated in the image. This explains the noisy background in Figure 

7.1a.  Some of the aptamers also formed aggregates, which nonspecifically 

adsorbed on the OTS background. These aggregates are shown within the white 
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circles in Figure 7.1a. Aptamer fibers 200-400 nm long also grew from the edge 

of the protein pattern. They are illustrated in the white box in Figure 7.1a. When 

the sample was incubated with 2μM aptamers aqueous solution, these aptamer 

fibers can only grow to 200-400nm long. Longer incubation time did not lead to 

the further growth of these aptamer fibers. In Figure 7.1c and 7.1d, we show the 

zoom-in view of the green box in Figure 7.1a. Figure 7.1c and 7.1d are the 

topography image and the corresponding phase image, respectively. Both 

images clearly show that the short aptamer fibers grew from the edge of the 

lysozyme pattern. Figure 1b shows the height profile corresponding to the blue 

line in Figure 7.1c. The plot in Figure 7.1b indicates that the height of the 

aptamer fiber is 8 Å. It was also shown that the fibers in the phase image in 

Figure 7.1d is composed of multiple structural units with size of 20±2nm. If the 

base-to-base distance in a fully stretched single-stranded DNA is assumed to be 

7.5 Å,210 a 42-mer signal-stranded antilysozyme aptamer is 31.5 nm long when it 

is fully stretched. However, if aptamer molecules are linked together through the 

hydrogen bonding between the complementary based on different aptamer 

molecules, the base-to-base distance will decrease in the hydrogen bonded 

section because of some different level of fibers coiling. It made the possible full 

length of the aptamer molecules smaller than the fully stretched length. On the 

other hand, the measured height of the fiber in Figure 7.1c is only 8 Å, indicating 

that the DNA strand is not as coiled as a double-stranded DNA. Hence, the base-

to-base distance should be longer than that in double-stranded DNA. Based on 

these factors, we suggest that the observed periodic 20 nm sized structural unit 

on the aptamer fiber is the individual anti-lysozyme aptamer. Therefore, it could 

be concluded that the fiber grown from the edge of the lysozyme pattern is from 

the assembly of anti-lysozyme aptamers.  
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Figure 7-1. (a) Lysozyme patterns (disks) after incubation with antilysozyme 

aptamers in water: topography, 4.5×4.5 μm 2, the image was acquired using 

Agilent PicoPlus 3000 in AC mode. Aptamers biospecifically bound on the edge 

of the lysozyme disks, forming rings over the edges. Aptamers also began to 

self-assemble from the edge of the disks, forming short fibers. A few aggregates 

are also observed, as shown inside the white circles. They did not anchor on any 

of the edges of lysozyme disks. Aptamers also adsorb on the OTS. But due to 

their small size and mobile nature, they are invisible under AFM. The horizontal 

lines in the image were caused by interactions between these nonspecifically 

adsorbed aptamers on the OTS and the AFM tip. When the tip dragged them, a 

line was generated in the image. (b) The height cross-sectional plot 

corresponding to the blue line in c, showing the diameter of the fiber is 8 Å. (c,d) 

Topography and phase images of the region inside the green box in (a): 500×500 

nm2, AC mode; ~20 nm sized aptamer can be identified in the high-resolution 

phase image. 
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            In the second step, the sample was incubated in a 10 mM tris (hydroxyly) 

aminomethane (Tris), pH=7.0, buffer for 10-72h at 25 °C.  Then the sample was 

incubated and rinsed in deionized water at 25 °C. After that, we observed the 

formation of branched, long fibers up to tens of micrometers, which were formed 

from the non-specifically adsorbed aptamer molecules on OTS background. 

Longer incubation time led to the formation of longer fibers, which were anchored 

on the edge of the lysozyme pattern, as shown in Figure 7.3. Occasionally, there 

are some trace amounts of isolated orphan fibers that are not anchored on the 

fibers grown from the edge of protein pattern on the surface. They will disappear 

after additional cycles of rinsing using the buffer solution: they were either 

captured by other edge-anchored fibers or rinsed off the sample surface. The 

fiber’s length is only limited by the space between the lysozyme discs, as shown 

in Figure 7.2. When most of the branches are as close as ~20 nm, the fibers 

stops growing. In contrast, the fiber grown in an unconfined area in Figure 7.3 

could reach to tens of micrometers in length. The diameter of the fiber is not even. 

Fibers in the terminal branches are thinner, with a typical diameter of 1-2 nm, 

whereas fibers in the “mainstream” have a typical diameter of 5-6 nm. These 

fibers adopt the fractal shape. Under our preparation conditions, different 

branches can be as close as 20 nm, but the fibers in one branch do not connect 

to fibers from other branches, nor do they cross over or collapse over each other. 

The position of the fibers on the surface would be slightly changed if these fibers 

are incubated in buffers with higher ionic concentrations (>50 mM).  
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Figure 7-2. The topography image of aptamer fibers anchored on the edge of 

lysozyme protein patterns with the spatial limitation from the protein patterns 

around 

Lysozyme pattern

Lysozyme pattern

Phase  
Figure 7-3. The phase image of long aptamer fibers anchored on the edge of 

lysozyme protein patterns without the spatial limitation 

Topography 
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7.2.2. Characterization of aptamer fibers on the edge of protein pattern 
             After the lysozyme protein pattern was incubated in the anti-lysozyme 

aptamer solution and rinsed in the buffer solution, some fractal-shaped aptamer 

fibers could be found to grow on the edge of protein pattern. We suggested that 

these fibers were made of DNA.233 In our control experiment, the lysozyme 

pattern was incubated in a blank Tris buffer. It was shown that no fiber was 

generated unless the aptamer was added into the Tris buffer. The observed 

fibers that were several micrometers long had a 1-5 nm diameter. Because an 

anti-lysozyme aptamer molecule (42-mer) is ~20 nm long and 1-2 nm in diameter, 

the fibers must consist of many aptamers self-assembled together, as we had 

observed in Figure 7.1d.  

               We speculate that the driving force of the self-assembly is the 

intermolecular hydrogen bond between single-stranded aptamers. To test our 

hypothesis, we performed control experiments with two oligonucleotides: a 

randomly generated single-stranded 42-mer DNA (random sample, sequence 5’-

TAT GCT AAA CCT TAC AAG TTG GAA GTC GAG CGT TGA AGC AGG-3’) 

and a single-stranded 50-mer DNA that is composed of only the guanine (polyG). 

They are both obtained from Operon. Results showed that the random sample 

also formed fibers on the surface, although these fibers could not anchor on the 

edge of the pattern. As a comparison, we did not observe any fibers formation for 

the polyG case. For both single-stranded DNAs that form fibers (the anti-

lysozyme aptamer and the random sample), we found that there were 

complementary regions in their sequences for the interstrand base pairing. 

Figure 7.4 and Figure 7.5 are the analysis of complimentary sequences in the 

anti-lysozyme aptamer and the random aptamer, respectively. On the images, 

the complimentary sequences are marked with yellow “x” sign. The image is 

generated via the on-line sequence analysis tool from Operon Inc. In contrast, 

the polyG was unable to find any complementary nucleotide (the cytosine) on 

another polyG. Therefore, the polyG can not self-assemble into fibers without 

hydrogen bond existing between two polyG strands. Furthermore, to test our 

hypothesis, we incubated the fibers of the anti-lysozyme aptamer in water at 
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55°C for 10h. The fibers disappeared from the surface after the incubation, while 

the protein pattern remained intact. The disappearance of the fibers can be 

explained by the destruction of hydrogen bonds at an elevated temperature. 

Thus, the aptamers in the fiber were disassembled.   

 

 
    Figure 7-4 The analysis of complimentary sequences in Anti-lysozyme aptamer. 
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      Figure 7-5 The analysis of complimentary sequences in the random aptamer 
               

                Finally, to confirm the observed fibers originated from the DNA 

assembly, we conducted two more experiments. We incubated the fibers in 

deionized water for 72h. The fibers remained intact. This fact rules out the 

possibility that the fiber originated from salt drying patterns, because the salt 

would be soluble in water and the salt pattern would disappear after incubation in 

water. We also stained the fiber with a 10 mM solution of ethidium bromide (EtBr), 

which is known to selectively bind to DNA and yields fluorescence upon 

excitation.234,235 After rinsing, we imaged the same region on the sample using 

AFM and a fluorescence microscope. The AFM topography image (Figure 7.6a) 

and the fluorescence microscope image (Figure 7.6b) of the fibers matched 

exactly, as shown in Figure 7.6c. The exact matching indicates that the 

fluorescence signal is from the fiber. Therefore, the fiber is made of DNA.  Here, 

the fluorescent image of aptamer fibers was acquired using the Nikon 

fluorescence microscope N55i.  
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Figure 7-6. Fluorescent image of ethidium bromide-stained aptamer fibers (bright) 

matches exactly with the AFM image of aptamer fibers (black) of the same region. 

(a) AFM topography image of aptamer fibers grown from a zigzag-shaped 

lysozyme pattern. The image is rendered in the reverse height scale. Black 

represents high surface features, while a low surface feature corresponds to the 

bright color. (b) Optical fluorescent image of the same region. The fluorescent 

image was acquired using Nikon Eclipse N55i microscope, with the G-2A filter, 

which selectively collected fluorescence signal from ethidium bromide from 550-

600 nm. (c) AFM and fluorescent images are overlaid together. The perfect 

matching indicates that the observed fibers are made of DNA, which can bind 

ethidium bromide. (Note: Some aptamer fibers in the AFM topography images 2a 

and 2c appear as broken. In fact, at higher height resolution, these fibers are 

continuous.)   

 

              Similar fiber-shaped and network-shaped structures formed by the DNA 

self-assembly have been reported previously. 211,236,237Compared with these 

previous reports, the aptamer fibers fabricated in our approach can recognize 

and grow from the edges of the pattern. Such spatial control originates from the 

bio-specific recognition between the anti-lysozyme aptamer and the lysozyme 



 - 105 - 

molecules on the edge of pattern. In contrast, when the lysozyme pattern was 

incubated with the random DNA sample, short fibers and clusters also formed. 

But they only non-specifically adsorbed on the OTS background. They did not 

anchor on the edge of the lysozyme pattern. Therefore, the fibers formed by the 

random sequence have no recognition ability. After the sample was incubated in 

deionized water at 25 °C for 8h and then rinsed with water for three times, these 

non-specifically adsorbed fibers were rinsed off the sample, leaving only the 

protein pattern on the surface. For the fibers formed from the anti-lysozyme 

aptamer, after such procedure, they remained because these fibers have 

anchored on the edge of the lysozyme pattern, where aptamer bound to the 

lysozyme molecules on the edge through the bio-specific recognition.  

 

7.2.3. The diffusion-limited aggregation (DLA) theory  
The diffusion-limited aggregation (DLA) theory can be used to explain the 

mechanism of the fiber formation. 238 Experiments and simulations have shown 

that DLA generates the fractal shape which is very similar to the observed 

aptamer fibers.239-241 We observed that when aptamers reacted with the 

lysozyme pattern, some aptamer molecules specifically bound on the edge of the 

lysozyme pattern, while other aptamers non-specifically adsorbed on the OTS 

background that could randomly walk around the surface. The edge-bound 

aptamers served as seeds for the subsequent DLA process. During the Tris 

buffer incubation, when a mobile non-specifically adsorbed aptamer encountered 

the seed, the seed can capture it. Thus, a dimer was formed on the edge of the 

protein pattern. Similarly, when the third aptamer randomly walked into the dimer, 

it was captured by the dimer to form a trimer. As such process repeated, the 

assembly grew longer, leading to a fractal shape.  

There are two types of DLA. One is the classical Witten-Sander type,238 

in which only one seed exists during the growth of a branch and all particles 

assemble to a branch one by one. The other type is the cluster-cluster model 

(CL-CL), where particles (aptamers in our case) also self-assemble into small 

freestanding clusters.242 Besides the mobile particle that can randomly walk on 
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the surface, these clusters also can randomly walk on the surface and be 

captured by the edge-bound seed aptamers. The final shape formed by the CL-

CL DLA is also the fractal shape. The difference between these two types of DLA 

is that the fractal formed by Witten-Sander type DLA is more flowerlike with a 

fractal dimension of 1.7 in the two dimensional case,241 while the fractal formed 

by the CL-CL DLA is more wire-like, with a fractal dimension between 1.4-1.5.242 

Because the fractal dimension reveals the mechanism of the formation of fractals, 

we use the perimeter-area method to calculate the dimension of the fractal 

formed by aptamer fibers to study how the aptamers assemble to a fiber.243 In 

the perimeter area method, the perimeter (P) and the area (A) of a fractal pattern 

are measured first. The P and A are related by the formula 
2/'' DADp α=              (1) 

Where α is a constant and D’ is the fractal dimension. Therefore, 

tconsADp tanlog
2

'log 1010 +=            (2) 

                Figure 7.2 is a representative fractal pattern formed by aptamer fibers. 

These fibers grew from edges of the four lysozyme discs, which locate at the four 

corners of the image. We analyzed the aptamer fractal inside the white box in 

Figure 7.2 and plotted log10p against log10A of the fractal patterns in Figure 7.7.  

Equation 2 indicates that the slope of the least-squares fitting line (the red line in 

Figure 4) is D’/2. Thus, from this plot, the dimension of the aptamer fiber fractal is 

calculated to be 1.44±0.04. This value suggests that the fiber formation is in line 

with the CL-CL DLA mechanism. Not only can a single aptamer randomly walk 

on the surface and then join to the fiber already anchored on the edge of a 

lysozyme pattern, but also aptamers can self-assemble into short freestanding 

fibers (clusters) on the OTS background, and these fibers then can randomly 

walk and be captured by the fibers that had already anchored from the pattern 

edge. In fact, AFM image also support this conclusion from the fractal analysis. 

When lysozyme patterns were incubated with the solution of aptamers, after 

rinsing, the AFM image revealed that a small amount of isolated short fibers 

(aggregates) still existed. The white circles in Figure 7.1a show the positions of 

these aggregates. They are weakly adsorbed on the surface. Rigorous rinsing 
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can minimize the presence of these freestanding aggregates from the surface. 

These short isolated fibers are the “clusters” under the CL-CL DLA mechanism, 

which might be captured by a pattern edge anchored fiber and thus be 

incorporated to form a longer fiber if the sample was incubated in the Tris buffer 

for a longer time. 

 

 
Figure 7-7. Aptamer fibers within the white box in Figure 7.2 were analyzed by 

the perimeter-area method to calculate the fractal dimension. The logarithm of 

perimeter was plotted versus the logarithm of area. The red line shows the least-

squares linear fitting of the data points. 

            

               Under the two-dimensional DLA mechanism, an aptamer molecule can 

not be captured by two branches at the same time. Therefore, different aptamer 

fibers from two branches will never connect to each other, nor do they cross over 

or collapse over each other. Therefore, the mechanism provides an explanation 

of the AFM data, in which the aptamer fibers from different branches never 

connect or cross over each other.  
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7.2.4. The aptamer fibers were converted into Pd nanowires through DNA 
metallization 

              The aptamer fibers anchored on the edge of a pattern can be converted 

to metal nanowires through DNA metallization.244-247 Pd nanowires can be 

fabricated through the reduction of DNA-bound Pd2+,248-250 which can be 

conducted in three chemical reduction cycles. Firstly, 10 mg palladium acetate 

was dissolved in 4 mL deionized water. After 3 minutes of ultrasonication, the 

solution was centrifuged at 9000 g for 5 minutes to remove any insoluble 

particles. The solution was then diluted to 30% of the original concentration. Next, 

aptamer fibers were incubated with the diluted palladium acetate solution for 5 

minutes. After rinsing, the sample was then soaked in the reducing solution for 

another 5 minutes, which includes 250 mg/L sodium citrate, 250 mg/L 85% lactic 

acid and 25 mg/L borane dimethylamine. This is the first reduction cycle. In the 

second cycle, the same sample was incubated in the palladium acetate solution 

for an addition 15 minutes and then it was soaked in the reducing solution for 15 

minutes. In the third cycle, we added another 15 minutes for palladium acetate 

incubation and reduction, respectively.  

          The AFM image in Figure 7.8a-d shows the same region of aptamer 

fiber before and after the first, second, and third cycle of the metallization 

process. After the reduction, most fibers maintained the basic structure and 

morphology. In Figure 7.8e, we plotted the height cross-sectional profile of the 

same part of an apatmer fiber before and during the metallization process. After 

the first, second, and third cycle of reduction, the height of the aptamer fiber 

increased from 60 to 90, 100, and 120 Å, respectively. Comparing the images 

from Figure 7.8a-d, there were additional fine fibrils attached to the thick 

palladium wires. They formed from the trace remnant non-specifically adsorbed 

aptamer molecules on the OTS background. During the Pd2+ reduction process, 

the continuous incubation process also facilitated the further assembly of these 

remnant non-specifically adsorbed aptamer molecules. The fiber’s full width at 

half-maximum (fwhm) increased from 280 Å before the metallization to 670 Å 

after three cycles of reduction.   
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Figure 7-8. Aptamer fibers were converted into Pd nanowires. (a-d) The same 

region before the metallization and after the first, the second, and the third cycle 

of metallization. The height cross-sectional profiles of the same position on an 

aptamer fiber in (a), (b), (c), and (d) were plotted in (e). (f) Height cross-sectional 

profiles of the lysozyme pattern before the Pd deposition (black solid line) and 

the same place after three cycles of Pd depositions (red dash line). The black 

(solid) line and the red (dash) line correspond to the green bar in (a) and (d), 

respectively. (g) EDX spectrum of the sample. The peak at 2.8 keV confirmed the 

existence of Pd on the surface. 

         

         In the AFM image of Figure 7.8a, there are also faint white spots 

scattering around on the lysozyme disks. These spots are the aptamer molecules 

bound to the lysozyme molecule inside the patterns. Although the aptamer 

molecules preferentially bind to the lysozyme molecules on the edge, aptamer 

molecule still can bind to the lysozyme molecule interior of the patterns after a 

enough long time incubation.  The preferential edge-binding effect could be 

understood that a few aptamer molecules could bind interior lysozyme when the 

Topography Topography Topography Topography 
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edge positions around the patterns were fully occupied. Therefore, the palladium 

could also selectively deposit on the lysozyme disk during the metallization 

process because of the existence of those aptamer molecules inside the 

lysozyme disk. From Figure 7.8a-d, it can be seen that the Pd particles 

accumulated on the lysozyme disk to form a Pd film on the top. The AFM image 

In Figure 7.8f shows the height cross-sectional profile of a lysozyme disk before 

the Pd deposition and after the three cycles of Pd reduction. The lysozyme is 20 

Å above the OTS background before the metallization which is similar to our 

previous result.208 From the height cross-sectional profile, we can see the height 

of disk is increased to 40 Å above the OTS background after the Pd reduction 

process, indicating that a layer of 20 Å Pd was deposited on the lysozyme 

surface. The AFM image also shows that the amount of palladium deposited on 

the lysozyme disk is much less than that on the fibers. It is because that the 

density of the aptamer molecules on the pattern disk is relatively low before the 

palladium deposition. As a result, a few negatively charged aptamers were 

covered on the disk area and thus the amount of the Pd2+ bound on the fibers is 

insignificant.  

 
 
            Figure 7-9. SEM image of Pd nanowires on the aptamer fiber template. 
    

         Figure 7.9 shows the scanning electron microscope (SEM) image of the 

Pd nanowire after three cycles of reduction. The diameter of the Pd nanowire is 

20-50nm, which is consistent with the AFM results. It was shown that the Pd 

nanowire is made of Pd nanoparticles fused together and the whole wire is 

continuous. These characteristics are similar to the published results.246,248,251  
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               In the control test, the aptamer fibers was incubated with the reducing 

solution, but skipped the previous PdAc2 

 

incubation step. The fibers and 

lysozyme patterns in the control test remained the same. There is no change of 

the fiber’s width and height before and after the incubation. The Pd nanowires 

were also characterized using a Hitachi SE-3200 scanning electron microscope 

for energy-dispersive X-ray spectroscopy (EDX) analysis. The EDX analyzes the 

composition of elements within a volume of a few cubic micrometers under the 

electron beam impacted area. In the EDX spectrum shown in Figure 7.8g, the 

peak at 2.8 keV confirmed the presence of Pd on the surface besides an 

overwhelming peak of silicon. Therefore, it could be concluded that the palladium 

nanowires that originated from the protein pattern edges have been fabricated. 

These wires are highly branched and never connect or cross over each other. 

Conveniently, the lysozyme patterns were also coated by layer of metal during 

the DNA metallization. Thus, the pattern can be directly used as electrodes 

attached with metal nanowires which could be used as nanosensors and 

nanoelectrodes.  

7.2.5 Streptavidin assembled on the fibers made of biotin-tagged aptamers 
             In this experiment, the biotin-tagged anti-lysozyme aptamer instead of 

bare anti-lysozyme aptamer was used to fabricate the branched long aptamer 

fibers. The sequence of the biotin-tagged anti-lysozyme aptamer is 5’-ATC TAC 

GAA TTC ATC AGG GCT AAA GAG TGC AGA GTT ACT TAG-biotin-3’, which 

was from Operon. The biotin-tagged aptamer fibers were fabricated according 

the same procedure mentioned above. Then, the sample was incubated in 4 

μg/mL streptavidin in 25 mM pH 7.0 HEPES buffer for 1h. After that, the sample 

was rinsed in the 25 mM pH 7.0 HEPES buffer and deionized water.  Through 

the AFM image characterization, we can compare the same aptamer fiber before 

and after the incubation. It was found that the biotin-tagged aptamer fibers grew 

higher, indicating the streptavidin binding. To further test the strepavidin binding, 

we incubated the biotin-tagged aptamer fiber with the fluorescein isothiocyanate 

(FITC) tagged streptavidin. The same region on the surface was imaged by both 
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AFM and a fluorescence microscope, respectively. In the imaging of fluorescence 

microscope, we chose the FITC-optimized filter which can block the fluorescent 

signal from DNA and only selectively collected the fluorescence signal from FITC. 

Figure 7.10a shows the AFM topography image of the fibers (black in the image) 

overlaid on the fluorescent image taken by the same Nikon fluorescence 

microscope N55i (fluorescence signal is bright). It was proven that the fibers in 

the AFM topography image are always overlapped with bright bands in the 

fluorescent image, albeit the width of the bright band is about 500 nm, which 

approaches the diffraction limit of the optical microscopy. Figure 7.10a shows 

that the two images match exactly, indicating that the fluorescence is from the 

fibers. Therefore, the streptavidin indeed bound on the aptamer fibers that 

assembled from the biotin-tagged anti-lysozyme aptamer. 

           Figure 7.10c and 7.10d are the topography and phase zoom-in views of 

the yellow box in Figure 7.10a, respectively. This high-resolution AFM phase 

image resolves the aptamer fiber (black in the phase image) and the streptavidin 

molecules (bright dots on the fiber). The discrete streptavidin molecules can be 

resolved, as pointed by the white arrows in Figure 7.10c. The size of a single 

streptavidin tetramer in the Figure 7.10c is around 10nm, which is slightly larger 

than the actual dimension of a streptavidin tetramer (7.3 × 8 × 4.4 nm, 

determined from the crystal structure).252 We explain this difference as the tip 

convolution effect. Figure 7.10b plots the height cross-sectional profile along the 

blue line in Figure 7.10c. The plot shows that the streptavidin molecule is 4 nm 

above the aptamer fiber, which is consistent with the reported 3.5-4.5 nm height 

values measured by AFM.252-254 Data in Figure 7.10 confirm that branched, long 

nanowires of streptavidin were fabricated on the aptamer template, which has 

one end anchored on the edge of the protein pattern. 
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Figure 7-10. FITC-labeled streptavidin assembled on the biotin-tagged aptamer 

fibers. (a) AFM topography image of the FITC-labeled streptavidin assembled on 

the biotin-tagged aptamer fibers (black) overlaid on the fluorescent image (bright) 

of the same region. The fluorescent image was acquired using Nikon Eclipse 

N55i microscope, with the FITC optimized filter, which selectively blocked the 

fluorescence signal from DNA. The matching of the AFM and fluorescent images 

indicates that FITC-labeled streptavidin molecules bind on the fibers made of 

biotintagged antilysozyme aptamer. (b) Height cross-sectional profile along the 

blue line in (c), showing the streptavidin molecule is 40 Å higher than the 

aptamer fiber template. (c,d) High-resolution AFM topography and phase images 

of the aptamer fibers in the yellow box in (a). The white arrows in (c) show the 

positions of individual streptavidin molecules bound on the aptamer fiber. (AC 

mode, 750 ×750 nm2; Note: Some aptamer fibers in (a) appear as broken. In fact, 

at higher height resolution, these fibers are continuous.) 
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7.3. Conclusion of chapter 7 
          It was found that aptamer molecules could form fibers up to tens of 

micrometers long. Unlike the ad hoc DNA assembly in solution, which forms DNA 

networks upon drying on surface, the aptamer self-assembled into long fibers via 

surface DLA process. This one-dimensional assembly approach generates long 

DNA wires without the need of purifying long λ-DNA or synthesizing several 

thousand base pair-long DNA strands.  

             We successfully fabricated nanowires than anchored on the edge of 

protein patterns through the bio-specific recognition between the anti-lysozyme 

aptamer and lysozyme. The bio-specific recognition of the aptamer fiber controls 

the position of nanowires. These aptamer fibers could help to interface with other 

existing surface structures like DNA origamis, nanowires, electrodes, and 

transistors. Due to its DNA nature, additional tags, such as –SH or other aptamer, 

can be incorporated into the current sequence of the aptamer. Thus, the 

engineered fiber scaffold can be used to direct the subsequent assembly on the 

aptamer fiber template. 

              In summary, we developed a new approach that improved the spatial 

control and interfacing capability of DNA assemblies by exploiting the bio-specific 

recognition of aptamer. 
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CHAPTER 8 
 

CONCLUSIONS AND FUTURE PROJECTS 
 
8.1. Conclusions  

We fabricated a tightly packed lysozyme pattern on the carboxylic acid-

terminated chemical patterns (OTSpd), which were created on OTS surface by 

using AFM local oxidation lithography method. Protein molecules were 

immobilized onto the carboxylic acid-terminated patterns through the Coulomb 

charge attraction. The “paper swabbing” approach removed all non-specifically 

adsorbed protein molecules on the OTS background.  Through the binding 

reaction with polyclonal antibodies on the surface, it has been concluded that our 

protein pattern fabrication approach can generate a bio-active protein pattern 

with a clean background without the need of the anti-fouling surface or repetitive 

rinsing.  

Additionally, we found that the antibodies preferentially bind to the edge 

lysozyme molecules at the beginning of the reaction, since they have better 

spatial accessibility and flexibility. Moreover, the topography of the immobilized 

protein pattern affects the antibody binding direction.  It has been demonstrated 

that the antibody binding to the edge lysozyme molecules on the half-buried 

pattern started from the top but the binding on the extruded pattern started from 

the side because of their different spatial accessibility. The “edge effect” 

potentially can lead to an effective means to improve the activity of the 

immobilized enzymes. If the coverage of an immobilized protein remains the 

same, a protein nanoarray has more protein molecules on the edge than a 

protein microarray. Therefore, reducing the protein pattern feature to the 

nanoscale will improve the overall binding of immobilized proteins toward 

antibodies.  

               Anti-lysozyme aptamers are also found preferentially bound on the 

edge when they reacted with a tightly packed lysozyme pattern. In addition, we 

demonstrated that KPFM was capable of detecting the aptamer-lysozyme 

binding. The aptamer-lysozyme binding complex has a CPD value approximately 
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12mV lower than the lysozyme. The aptamer molecules can also form fibers with 

tens of micrometers long via surface DLA process. The aptamer fibers anchor 

specifically on the edge of protein patterns, which originates from the biospecific 

recognition between the aptamer and its target protein. Once these edge-bound 

fibers have formed, they can serve as scaffolds for further assembly processes. 

We used these aptamer fibers as templates to fabricate palladium and 

streptavidin nanowires. The biospecific recognition of the aptamer fiber controls 

the position of nanowires. Due to its DNA nature, more subsequent assembly on 

the aptamer fiber template could be designed and exploited in the future.  

 
8.2. Large-scale fabrication of protein nanoarrays based on 
nanosphere lithography  
           Although there are lots of surface patterning techniques such as 

microcontact printing (μCP), Dip-pen lithography, nanografting, and AFM local 

oxidation lithography, they either lack the nanoscale resolution or surface 

coverage in the patterning of protein arrays on surfaces. To satisfy both the 

nanometer precision and high throughput, Cai demonstrated a simple 

nanosphere based lithography method to direct the assembly of proteins into 

arrays of around 100nm islands over macroscopic surface area.182 In this method, 

the self-assembly of a nanosphere monolayer on a solid surface provides a 

simple and effective mask to prevent the deposition and modification directly 

beneath the nanospheres. Therefore, in the subsequent surface processing, only 

the interstitial area between nanospheres is exposed, and thus a hexagonally 

patterned surface will be formed as nanospheres are later removed. Scheme 8.1 

shows the way nano-patterns are fabricated and subsequent protein 

immobilization. In this study, he utilized both nanosphere lithography and silane 

chemistry to chemically pattern surfaces with a regular array of sub-100nm 

islands over cm sample regions. These chemically patterned regions are used as 

a template to selectively adsorb lysozyme on carboxylic acid-terminated islands 

and not on the interstitial regions between the islands. In this manner, positive-

toned protein nanoarrays are fabricated on the surface.182 Their bioactivity was 
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evidenced by their high bio-specific affinity toward the antibody. Based on this 

method, we also developed a kind of negative-toned nanoarrays by selectively 

adsorbing protein molecules on the interstitial area instead of underneath the 

nanospheres on carboxylic acid terminated (UTSox) silane monolayer of silicon 

surface.   

 The similar negative-toned nanoarrays have been reported by Liu and 

Kingshott groups,255,256 respectively. In Dr. Liu’s experiment, the ordered 

assemblies were formed by the drying of protein and latex mixture on mica and 

gold surfaces, and then the latex is rinsed away to leave a periodic arrays of 

protein nanostructures on the substrate. For this protocol to succeed, the protein 

needs to exhibit specifically strong adhesion to the substrate but weak adhesion 

to latex. Furthermore, latex needs to adhere weakly to the substrate as well in 

order to be selectively removed easily in the following process.256 Therefore, all 

these requirements limit it to be a generic patterning method for different proteins. 

Recently, binary colloidal crystal lithography combined with plasma 

polymerization has been reported by Dr. Kingshott’s group. Here, he used binary 

colloidal crystals consisting of small and large particles as masks for the 

deposition of an amino-functionalized ultrathin film by plasma polymerization. 

Then, the amino groups were covalently grafted poly (ethylene glycol) 

propionaldehyde (PEG-PALD) to generate a patterned surface for the direct 

adsorption of protein. However, extra steps of plasma polymerization and 

covalent grafting were needed to form the negative-tone nanoarrays,255 which is 

not very convenient. Compared with their methods, the patterning technique 

used in our lab has less steps and easier procedure. It also has the potential to 

provide us an effective means to immobilize more than one protein on the same 

surface. Our experiment process is shown in Scheme 8.2. 
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Scheme 8-1.  Procedure for preparation of large-scale positive–toned protein 

patterns through Nanosphere Lithography a) Preparation of the nanosphere 

monolayer mask on the Si(100) surface. b) Vapor deposition the 

octadecyltrichlorosilane (OTS) silane, and it will grow in the area between the 

spheres. c) Removal of the nanosphere mask to expose the hexagonally 

arranged Si surface. d) Double bond-terminated undecenyltrichlorosilane (UTS) 

will grow another layer on the exposed Si surface. e) Surface oxidation converts 

the double bond-terminus to carboxylic (UTSox) with negative charged. f) 

Incubation of the template in lysozyme solution leads to the immobilized 

lysozyme pattern. 
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As shown in Scheme 2, firstly, a flat and homogenous monolayer film of 

undecenyltrichlorosilane (UTS) was grown on a 1×1cm2 Si(100) surface by the 

dipping method I discussed in chapter 2. Next, the UTS-coated silicon wafer was 

incubated in the oxidizing solution (0.01M NaIO4, 5×10-4 M KMnO4, in 0.05M 

Na2CO3 buffer) for 10h at 40ºC. The sample was then rinsed with deionized 

water and followed by 1% Hydrazine for 1 min. Finally, the sample was dried in a 

stream of nitrogen. After this oxidation process, the double bonds on UTS 

molecules were converted into carboxylic acid groups. Around 1.5μL 240nm 

nanosphere solution was then evenly spread on UTSox surface and dried slowly 

in the air. After that, the dried nanosphere-coated wafer was incubated in 5μM 

fluorescein isothiocyanate (FITC) tagged lysozyme solution for 12 hours.  After 

being rinsed with deionied water, the fluorescence image was taken by the the 

Nikon fluorescence microscope N55i in our lab. The images for the same area 

taken under the white light (left) and the fluorescence (right) are shown in Figure 

8.1. From the left image, we can see nanospheres are orderly arranged on the 

surface with bright color indicating nanospheres and dark color indicating the 

interstitial area between nanospheres. However, in the right fluorescence image, 

the color situation is totally opposite. The places nanospheres occupied are 

pretty dark and the interstitial areas are very bright. This can be clearly identified 

from insets which show the zoomed area in the red square on each image side 

by side.  Since the control experiment showed that the fluorescence signal from 

the un-labeled protein was insignificant under for the exposure time we used, it 

can be concluded that the fluorescence signal generated in the fluorescence 

image is from the FITC-tagged protein molecules accumulated in the interstitial 

areas between the nanospheres. Finally, the nanospheres coated on the UTSox 

suface were removed by ultrasonication. The negative and carboxylic acid group- 

terminated patterns with tightly packed lysozyme protein molecules as 

background can be obtained on silicon surface. Figure 8.2a shows the AFM 

topography image of the negative-toned UTSox patterns fabricated by the 

Scheme 8.2. Figure 8.2b is the topography zoom-in view of the red box in Figure 
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8.2a.

 
Scheme 8-2.  Procedure for preparation of large-scale negative-toned protein 

patterns through Nanosphere Lithography a) Grew UTS layer on Si(100) surface. 

b) Surface oxidation converted the double bond-termini on UTS to carboxylic 

(UTSox) with negative charged. c) Preparation of the nanosphere monolayer 

mask on UTSox layer of silicon surface. d) In 5μM FITC-tagged lysozyme 

solution, lysozyme molecules grew in the area between the spheres. e) Removal 

of the nanosphere mask to expose negative UTSox patterns with lysozyme 

molecules packed around as the background. 
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Figure 8-1. The Scheme 8.2d sample images taken separately under the white 

light (left) and fluorescence (right) by the Nikon fluorescence microscope 

N55i.The inset images are the same area in the red square from the two images, 

respectively 

 
Figure 8-2. The negative-toned protein patterns through Scheme 8.2: (a) AFM 

topography image of negative UTSox patterns with lysozyme molecules packed 

tightly on the background. (b) High-resolution AFM topography image of the 

negative-toned patterns in the red box in (a).  

        

 

 

 

Topography Topography 

a b 



 - 122 - 

      It has been demonstrated that nanosphere lithography has some 

incomparable advantages, which include simplicity, mild environments, and high 

throughput. Based on the two fabrication Scheme, work is in progress to 

investigate if this method can be developed into a more generic patterning 

method for other proteins such as catalase, calmodulin (CaM) in our lab.  It was 

reported that the size of the pattern was determined by the size of nanospheres 

and the molecular length of silane in scheme one. Therefore, by using smaller 

sized nanoshpheres as the mask, the size of protein patterns obtained on 

surfaces could be further reduced. Compared with Scheme 8.1, we find that 

Scheme 8.2 has fewer steps in the preparation of nanopatterns on surface, and it 

has potential to be an effective way to fabricate two kinds of protein molecules on 

one sample surface. The growth mechanism of protein molecules in scheme two 

will be further investigated through varying the size of nanospheres. Meanwhile, 

the reproducibility for the two methods needs to be improved in our lab.  

 

8.3. The investigation of surface properties of OTSpd patterns                   
              OTSpd pattern can be fabricated by AFM local oxidation lithography. 

AFM images show the OTSpd pattern is 10.2Å lower than the OTS film, from 

which we could infer that OTS molecules are partially degraded and stay on the 

surface after the oxidation process. Also, the conversion of terminal methyl 

groups on OTS molecules to carboxylic acid groups was demonstrated by FTIR 

and fluorescence microscope. The detail information can be found in chapter 3. 

As we have already known, there are two opposite processes happened 

simultaneously in this oxidation, the partial degradation of OTS film, which 

decreases the pattern height, and the growth of silicon oxide, which increases 

the pattern height. We speculate that these two opposite processes reached 

equilibrium when the height of OTSpd was 10 Å lower than the OTS film. 

Therefore, the 10 Å depth measured from AFM is actually the summation of the 

two processes rather than exact eight CH2 units were truncated from the 

degradation. In addition, the depth of OTSpd was measured by AFM with the tip 

contact area around 10×10 nm2 or larger. During the AFM measurement, surface 
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features that are smaller than the tip size are subject to the tip convolution. OTS 

molecules that were truncated more than eight CH2

             It has been demonstrated that UTSox pattern can be fabricated on OTS 

layer of silicon surface. AFM image in Figure 8.3 shows that UTSox pattern is 

around 1.6nm higher than the OTS background. To compare with the carboxylic 

acid-terminated patterns created by wet chemical reactions, OTSpd patterns are 

fabricated together with UTSox patterns in 50×50μm2 of OTS surface area. The 

detailed fabrication procedure can be found in chapter three. As I have discussed 

in chapter six, KPFM detects the contact potential difference (CPD) between a 

conducting AFM probe and the surface. The surface potential image in Figure 

8.4a shows the OTSpd patterns are much brighter than UTSox pattern. 

According to the potential cross sectional profile in Figure 8.4b, we can conclude 

that the CPD value of OTSpd is roughly 76.76mv higher than that of UTSox. It 

means that OTSpd surface has a higher charge density than that on UTSox 

pattern surface.  

 units might also coexist with 

the OTS molecules are exactly 10Å lower than OTS background. When tall and 

short molecules mixed, AFM can only detect the tall molecules because of the tip 

size. As the primary substrate we worked on, OTSpd patterns play an important 

role on protein immobilization and alkane spreading which is another ongoing 

project in our lab. Therefore, the understanding of OTSpd patterns can lead to a 

better interpretation of the behavior of protein and alkane molecules. Since the 

AFM data only provide limited knowledge to OTSpd surface, other techniques 

and experiments such as Kelvin prove force microscopy (KPFM), fluorescence 

microscopy, and friction measurement on OTSpd surface have been used to 

investigate this AFM based oxidation process.  The following sections are some 

results we got recently. 
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Figure 8-3.  (a) The topography image of UTSoxOTSpd patterns on OTS self-  

assembled monolayer of silicon surface; (b) The height cross-sectional   

profiles corresponding to the blue line in (a).  

 

                In another experiment, we also compared the carboxylic acid group 

coverage on OTSpd and UTSox patterns through the fluorescence signal 

quantitatively generated from the bound PDAM. When the fluorescence image 

and surface potential image were put together, we got inconsistent experiment 

result. In the fluorescence microscope image of Figure 8.5a, we can clearly 

identify that the fluorescence signal on UTSox pattern has higher intensity than 

that on OTSpd pattern, and the cross sectional profile in Figure 8.5b shows the 

difference is about 30.60. Fluorescent image suggests that the carboxylic acid 

group density on UTSox pattern surface is higher than that on OTSpd pattern 

surface. However, the CPD values measured by KPFM are supposed to get the 

opposite results. Based on the inconsistent results, we speculate that there 

probably exist some PDAM non-bound carboxylic acid groups on the OTSpd 

pattern during the incubation in 3mM PDAM methanol solution. Therefore, the 

OTSpd pattern surface shows the weaker fluorescence signal than UTSox 

pattern surface, while shows the higher charge density than UTSox pattern in 

surface potential image.  
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Figure 8-4. (a) The surface potential image of OTSpd and UTSox patterns on OTS 

surface. (b)The surface potential cross-sectional profile along the green line in (a) 

shows the surface potential of OTSpd patterns is roughly 76.76±3.59mv higher than 

that of UTSox patterns. 

 
Figure 8-5. (a) The fluorescence microscope image of OTSpd (big patterns) and 

UTSox (small pattern) patterns on OTS surface. (b)The height cross-sectional 

profile along the blue line in (a) shows the fluorescence intensity on UTSox 

pattern is 30.60±5.01 higher than that on OTSpd pattern. 
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                This could be understood by a possible heterogeneous degradation 

reaction happened during the AFM local oxidation lithography and thus 

generated different length of degraded OTS molecules covered on the OTSpd 

pattern. So, the relatively big PDAM molecules can not reach the carboxylic acid 

groups on the shorter length of degraded OTS molecules in the incubation 

because of the spatial hindrance around them as the cartoon shown in Figure 8.6.  

As the result, the fluorescence signal on the OTSpd pattern surface is not 

consistent with its surface potential result. In comparison, the chemical oxidation 

process generates a homogeneous surface on UTSox pattern surface with a 

unique height of molecules on the top. PDAM molecules can react with the 

carboxylic acid group on the surface without any spatial resistance and thus 

generate higher fluorescence signal intensity than OTSpd pattern. This 

hypothesis needs to be further identified by other methods in the future.  

 
Figure 8-6. The spatial hindrance of the higher molecules around blocks the 

PDAM binding on the short length OTSpd molecules on silicon surface. The red 

label on each top of molecules indicates carboxylic acid group.  
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           Besides that, we also measured and compared the frictions on the OTSpd, 

UTSox and OTS surface to get more surface-associated information. In the 

friction measurement, the three different surface domains OTS, OTSpd and 

UTSox were created side-by-side on the same area of surface. The contact 

mode scanning under various loading forces using the same MikroMasch CSC-

17 tip was employed. As shown in Figure 8.7a, different zones between two 

green lines were scanned under different loading forces. In each scanned zone, 

OTS, OTSpd and UTSox chemical islands are aligned along the scanning 

direction, thus the friction associated with the three different surfaces can be 

obtained simultaneously under the same loading force and the same 

instrumental set-up. The image in Figure 8.7b is the friction image corresponding 

to the topography image in Figure 8.7a. The friction cross-sectional profile in 

each force zone corresponding to the green lines in Figure 8.7a was created. 

Based on the each friction cross-sectional profile, the frictions of OTS, OTSpd 

and UTSox under different loading forces were plotted in Figure 8.8. In these 

measurements, the friction forces increased linearly with the applied load. In 

addition, the plot indicates that the frictions of the UTSox surface are higher than 

the OTSpd under the same loading force, even though both surfaces are 

carboxylic acid-terminated. The linear fitting of the friction versus loading force 

plot shows that the coefficient of friction (COF) of the OTSpd is equal to UTSox.                

                   Generally, the chemical properties on surfaces dominate the 

observed friction difference in structurally well defined system. However, it has 

been demonstrated that other mechanical properties of the SAMs such as 

elasticity, crystallinity and chain-length can also affect the frictional behavior of 

the organic layer.71,257,258 The result of friction measurements further proves the 

previous conclusion that OTSpd and UTSox surfaces are structurally different. 

The large magnitude of the friction force on UTSox patterns probably originates 

mainly from the larger contact area between AFM tip with carboxylic groups on 

UTSox surface than OTSpd surface under the same loading force. This is also 

because of the roughness of OTSpd surface. 
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Figure 8-7. The topography (a) and friction images (b) obtained during the 

contact mode scanning with different loading forces             

              

                In this experiment, the plot we are able to directly obtain from the 

friction image is the AFM force set point versus friction, and both the X and Y 

axis have the unit of voltage. In order to convert the voltage information obtained 

from the friction cross sectional-profile to force unit (newton), the normal spring 

constant of a cantilever (Kz) and its torsional spring constant (KΨ) need to be 

calculated. Firstly, the tip’s frequency response curve was measured to get the 

tip’s resonant frequency. Then, the quality factor Qf of the fundamental flexural 

resonance peak for the cantilever beam in air can be calculated according to 

equation (1), where ωf

2/1

 is the AFM tip’s resonant frequency and Δf is the width of 

half the maximum of the energy frequency curve. Since what we measured is 

amplitude frequency response curve, and the energy is directly proportional to 

the square of the oscillation amplitude, Δf here is actually the width of of the 

maximum of the amplitude frequency curve. Besides that, the physical 

dimensions of the cantilever and the tip pyramid were measured using a Nikon 

Eclipse 55i microscope. With the measured data, the spring constant of the 

cantilever (Kz
259) was calculated according to Sader’s method. ,260 The torsion 
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spring constant of the cantilever (KΨ

260

) was calculated according to the formula 

(2).  

f
Q f

f ∆
=
ω

                (1) 

( ) zK
v

LK
+

=
13
2 2

ψ               (2) 

Here, L is the length of the cantilever, and v is the Poisson ration of the cantilever. 

For the MikroMasch CSC 17 tip used here, the cantilever is made of silicon (100), 

and v equals 0.28. 261 However, Kz obtained from Sader’s method has the unit of 

N/m, which still can not convert the voltage to Newton directly. So, a force-

distance curve of AFM tip was measured to calculate the ratio of piezo 

displacement (nm) to cantilever deflection (V). By timing the ratio with Kz, its unit 

is changed into nN/V which can convert the voltage to Newton. Upon the same 

method, the unit of KΨ was converted to nN/V as well. Finally, by multiplying the 

each datum on X axis with Kz (nN/V), the loading force on sample surface with 

unit of Newton can be obtained. Similarly, by multiplying the each datum on Y 

axis with KΨ (nN/V), the friction with unit of Newton according to the different 

loading force is obtainable as well.   
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Figure 8-8.  The friction force as a function of AFM tip loading force on surfaces. 

The green line is the friction response of the OTS film. The red line is the friction 

response of OTSpd pattern surface. The black line is the friction response of 

UTSox pattern surface.  

               

              As I mentioned before, we also measured the AFM force-distance curve. 

Based on the curve, another important parameter of adhesion force has been 

measured and studied. From the force-distance curve in Figure 8.9, we can see 

that the probe is far away from the surface at the beginning, so there is no 

interaction between the tip and the sample. As the probe-sample separation is 

reduced beyond a certain point, the attractive forces between atoms on the probe 

and sample begin to act, causing the flexible cantilever to bend toward the 

sample. If the force acting on the tip is greater than the spring constant of the 

cantilever at a sufficiently small probe-sample spacing, the instability causes a 

jump of the probe to contact. Once in contact with the surface, the probe will 

experience an ever-increasing repulsive force, which causes the cantilever to 

bend away from the surface.  It is referred as the contact region as shown in the 

force curve. Upon withdrawing the probe, the bending of the cantilever is again 
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towards the sample surface. To further separate the probe and surface, we need 

to overcome the adhesion force between them which are created during their 

contact. Similarly, as the bending of the cantilever reaches a certain point, the 

tip-surface contact is broken. From this moment, the probe will not experience 

any adhesion from the sample. 

             The adhesion force can be estimated from the deflection of cantilever 

right before the jump-off contact point. By using Hooke’s law, one can obtain the 

adhesion force between the tip and the sample 

zkF tip ∆×=             (3) 

Where ktip

            Besides that, in order to carry out a quantitative analysis for the adhesion 

force, fifty experimental measurements on OTS, OTSpd and UTSox chemical 

islands were conducted in the same environment, respectively. Histograms of the 

adhesive force versus the number of times this force is observed typically to 

exhibit Gaussian distributions. Therefore, the mean adhesion forces 

(±experimental uncertainty) associated with the three different chemical surfaces 

were yielded and the results were summarized in Table 8.1. This result is 

generally consistent with the friction measurement before, and more detailed 

study is ongoing in our lab. 

 represents the spring constant of the cantilever and Δz represents the 

jump-off displacement during retraction of the tip from the surface. In addition, 

there is always a thin water film covers both the probe and the sample as the 

AFM is operated in air. This thin film creates capillary forces that may have a 

dramatic effect on the force curves. To eliminate this interference, our experiment 

was performed in 2-butanol instead of air.  
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Figure 8-9. Schematic representation of a force-distance curve. The labels are 

corresponding to the tip-sample interaction points. A: Approach; B: Jump to 

contact; C: Contact; D: Adhesion; E: Pull-off.  

 

Table 8-1. The statistical analysis result of adhesion forces obtained from the fifty 

points measured on OTS, OTSpd and UTSox surface. 

OTS OTSpd UTSox

Adhesion 
Force (nN) 2.206±0.004 9.0±0.1 9.7±0.2

 
                  

               In view of this, more experiment data will be collected to prove the 

reproducibility and consistency of all the measurements associated with the three 

difference chemical domains in the future. We also expect to get more interesting 

information regarding to the OTSpd surface properties from other methods to 

understand the AFM local oxidation lithography technique.  
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