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surfaces. The outstanding feature o f the atomic force microscope is that it obtains the 

images at atomic level, enabling new discoveries in many fields such as nanotechnology, 

life sciences, material science and biotechnology.

Figure 1.1: Photograph of the nanonics AFM setup at ODU biomicrofludics lab.

1.2 AFM Components

AFM typically consists o f cantilever, probe, feedback controller, detection mechanism, 

image processing unit, upper and lower scanner. Figure 1.1 shows a photograph o f the
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Nanonics AFM setup at ODU Biomicrofluidics Lab. Figure 1.2 shows different 

components o f AFM.
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Figure 1.2: Different components o f AFM.

1.2.1 AFM Cantilevers

The cantilever is usually a few millimeters in length, a few microns thick, and is flexible 

and strong. Cantilevers are fabricated with micro fabrication techniques such as 

lithography and etching methods [8-10]. Most o f the AFM cantilevers are made of silicon 

and silicon nitride and are rectangular and V-shaped [11-15], Researchers use micro and 

nano fabricated cantilevers that are specific to certain types o f work for optimal 

measurements such as resonance frequency, quality factor and spring constant.
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1.2.2 Tips

AFM image resolutions depend on the size and aspect ratio o f the tip [16-19]. Tips are 

made from different materials such as silicon, silicon nitride, quartz, single wall carbon 

nano tube, etc [12-13]. They are pyramidal, parabolic and round shaped; and the tip apex 

is slightly round shaped. The tip’s radius varies from 2 nm to 10 microns. Through a 

variety o f micro and nano-fabrication techniques, AFM probes are made in a clean room. 

Special care is needed since deformations in the desired tip geometry can produce image 

artifacts. The tip size influences resolution as well; a larger probe radius gives less 

resolution and a small probe gives higher resolution. For example, one cannot image 60 

nm collagen fibers using a 1 micron radius probe. In such a case, using smaller probes is 

preferred as they can provide the desired resolution. Figure 1.3 shows the AFM tip and 

cantilever.

Figure 1.3: SEM images of AFM tip and cantilever (Left SEM Images taken from Nano 
and More GMBH Website,www.nanoandmore.com/AFM-Probe-ISC-125C40-R.html and

right SEM images are from Nanonics).

http://www.nanoandmore.com/AFM-Probe-ISC-125C40-R.html
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1.2.3 Scanner

AFM has two scanners- one is the upper scanner and the other is the lower scanner. They 

are made o f piezoelectric elements. They are very small and work very precisely during 

scanning. Piezoelectric materials expand and contract under applied voltages. The 

scanner has three independent electrodes in X, Y and Z directions, so they can move 

precisely in three directions when the tip scans the sample’s surface.

1.3 AFM’s Working Principal

AFM is a new technique compared to other microscopy methods. Forces act between the 

tip and sample when the tip approaches the sample surfaces. During the process, the 

cantilever is deflected, as expected through Hooke’s law. Cantilever deflection can be 

measured in various ways. The common one is the beam bounce method. Laser light is 

reflected from the top surface o f the cantilever and detected into a photodiode [20]. 

Another AFM working technique is piezoelectric cantilevers. Using the micro fabrication 

process, these cantilevers are made of piezoelectric materials. The main features o f these 

materials are to expand or contract with applied voltage, like a strain gauge. The 

cantilever is deflected when AFM piezoresistive cantilevers are brought too near or touch 

the sample surface. The amount o f cantilever deflection can be measured using 

Wheatstone Bridge Principal.

1.4 AFM Scan Mode

There are two basic ways in which AFM imaging can be performed: one is the static (or 

contact) mode and the other is the dynamic mode. Dynamic mode can also be divided
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into non-contact mode and tapping mode. Figure 1.4 shows repulsive force experienced 

in contact mode operation, attractive force experienced in non-contact mode operation, 

and attractive as well as repulsive forces experienced in the tapping mode operation.
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\ 7
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Figure 1.4: Attractive and repulsive forces experienced in different scanning modes 
(http://pafezov.gloxx.com/?c ^ & p ^ Q P ).

1.4.1 Contact Mode

Static mode is also known as the contact mode. In contact mode, the tip is dragged above 

the sample surface and generates height images. In contact mode scanning, the overall 

force is repulsive. It is the easiest mode o f scanning operation. It takes less scanning time,

http://pafezov.gloxx.com/?c%5e&p%5eQP
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and tip loading forces are controlled more accurately. In contact mode, the AFM tip 

touches the sample, and as a result, the tip loading force is high. However, it can 

manipulate a biological sample as the tip touches the surface [21]. AFM probes degrade 

over time, resulting in a build-up o f artificial images, leading to a need for replacements. 

After detecting the cantilever deflection, the AFM can generate image data in two ways: 

one is the constant-height mode and the other is the constant-force mode.

The Constant Height Mode

In constant height mode, change o f the cantilever deflection is used to generate height 

images, and the height o f the scanner is fixed during the scanning. The advantage of 

constant height mode is that it generates topographic images at an atomic scale. For this 

mode, the tip and surface interaction force varies from 10'10 to 10‘8 N for scanning. Flat 

surfaces are preferable for this mode. The main disadvantage o f this mode is that the 

probes can collide with the surface if  one scans with a constant height, increasing the 

chance o f both generating artifacts and damaging the probe. This problem can be solved 

by applying a feedback mechanism in constant force mode.

The Constant Force Mode

The constant force mode is useful for most applications. In this mode, deflection o f the 

cantilever is constant but the scanner moves up and down. The interaction force between 

the tip and the sample is constant, and the tip and sample distance is always adjusted with 

the help o f the feedback mechanism. In this mode, scanning speed is slow due to the
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feedback circuit response. As a result, there are possibilities for thermal drift for slow 

scanning speed, and noise occurs during the scanning.

1.4.2 Non-Contact M ode

In non-contact mode, the tip does not touch the sample surface. There is no tip or sample 

degradation, which is a typical problem occurring in the contact mode operation. At 

resonance frequency the cantilever tip is oscillating above the sample surface. The 

amplitude o f the oscillation is less than 10 nm where the Van der Waals force is strong. 

Long range forces such as electrostatic forces are present between the tip and the sample 

in this case. The resonance frequency o f the cantilever decreases due to long range forces, 

and it can increase by adjusting the average distance between tip and sample. Tip loading 

forces are low, and there is no sample manipulation and no contamination o f AFM tip 

because the tip does not touch the sample surface. Topographic images are generated by 

scanning software and every (x, y) data is collected from tip and sample distance [22].

Contact and non-contact mode topography images are not the same for hard surfaces. In 

ambient conditions, sometimes there is a thin liquid monolayer above the sample 

surfaces. In this case, the images o f contact and non-contact mode are different. In the 

contact mode, the tip penetrates the liquid surfaces to generate the underlying surface 

image. In non-contact mode, images are generated above the liquid surface. If  we scan 

the sample surface several times by the contact mode method, there is the possibility of 

damage to the tip. On the other hand, the tips do not suffer from this problem in non- 

contact mode operations. From the above discussion we can say that non-contact mode is 

preferable for scanning biological cells and tissues.
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Frequency and amplitude modulation are included in the dynamic mode operation. By 

changing the oscillation frequency we obtain the sample topography from the frequency 

modulation mode. Advantages o f the frequency modulation mode are that it provides 

atomic level resolution and can be used with a very stiff cantilever, which gives high 

stability above the sample surface. Amplitude modulation can be used in both non- 

contact and tapping modes. By changing the phase oscillation we can distinguish 

different types o f materials using the amplitude modulation mode.

1.4.3 Tapping Mode

Tapping mode is also known as the intermittent contact mode. From the name, the AFM 

tip periodically touches the sample surface. In tapping mode, the cantilever is oscillating 

at resonance frequency by piezoelectric materials. These materials are attached on the 

AFM tip holder. In non-contact mode, the cantilever can oscillate with amplitude of 10 

nm; whereas in tapping mode the cantilever oscillation amplitude can be as high as 100 

nm. The interaction forces between the tip and sample increase when the tip comes very 

close to the surface. In tapping mode, the tip loading force is very low and the tip touches 

the surface periodically. In this mode, the tip can manipulate the sample and there is the 

possibility o f contamination o f the tip as the tip touches the surface. In this mode, three 

types o f data are collected: height, phase and amplitude.

Height Data

The cantilever is excited by resonance frequency through the piezo-electric drive, and the 

oscillation amplitudes are used for generating height images. When the tip scans the
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surfaces, its vertical position changes and these changes are controlled and monitored by 

the xyz scanning piezo-tube.

Topography images can be generated by changing the z-axis. These data are good enough 

for height imaging but they do not show the clear edge o f the samples. Figure 1.5 shows 

Jurkat cell AFM height image in air. These Jurkat cells are fixed above poly lysine cover 

slips. The bio samples were collected from ODU Frank Reidy Bioelectrics Center.



Figure 1.5: 17.4 x 17.4 pm AFM Jurkat cells height image.

Phase Data

Phase images can be generated from the change o f the phase offset or phase angle. Phase 

change between the two signals is set to zero when the tip is oscillated high above the 

sample surface. Phase change occurs when the tip touches the sample. Phase angles o f the 

two signals also change when it scans at different elasticity o f the materials. These phase 

changes are plotted and called phase imaging. Figure 1.6 shows Jurkat cell AFM phase 

image in air. The AFM height images are not as clear as the phase image.



Figure 1.6:17.4 x 17.4 (im AFM Jurkat cells phase image.

1.5 Advantages

AFM has several advantages compared to the optical, transmission electron and scanning 

electron microscopes. AFM generates 2D and 3D images where SEM can only generate 

2D images. SEM requires special surface treatment that may change the original 

topography of the samples, but AFM does not require these treatments. AFM works in air 

and liquid as well as in a vacuum. On the other hand, SEM works better in a vacuum.
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Only AFM can execute all types o f engineering applications like force, electrical, thermal 

measurements. AFM gives us true atomic level topography images with very high 

resolution. TEM is also a powerful microscopy tool, which has nanometer scale 

resolution. However, TEM cannot work in liquid, and sample surfaces must be ultra-thin 

so that electrons can pass through the sample surfaces. AFM does not have such 

restrictions like TEM. Optical microscopy resolution is 1000 times lower than AFM. It is 

only used for imaging purposes. AFM can be used for electrical, thermal and mechanical 

measurements, while TEM, SEM and optical microscopy cannot perform these special 

measurements.

1.6 Disadvantages

To scan sample sizes on the order o f 20 x 20 micrometers, AFM takes about 30 minutes; 

whereas SEM would image that size sample in a few minutes. Another disadvantage is 

that AFM can only scan about 35 x 35 micrometers at a time, but SEM can scan square 

millimeters. Furthermore, there are possibilities o f creating thermal drifts for this slow 

scanning speed, resulting in artificial images. Some o f the AFM images have image 

artifacts and these are introduced by broken tip, rough sample surface, coarse tip and 

unfavorable operating conditions. Nowadays, these problems can be eliminated by using 

image processing software. One more disadvantage is the difficulty o f AFM to scan on 

steep walls o f a sample’s surface. Rough sample surfaces require special types o f tips that 

can increase AFM’s overall cost.
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1.7 AFM Use in Biological Applications

AFM can be used for imaging biological cells. One of the valuable features o f AFM for 

biological applications is the ability o f investigating living biological tissues/cells. For 

this purpose biological cells are attached above a cover slip. For hard surfaces, AFM 

resolution is about atomic scale. For soft surfaces, like biological cells, AFM resolution is 

about 1 nm [23]. AFM is widely used to obtain cell morphology. A number of 

researchers have investigated biomechanical properties o f biological cells using AFM 

[24], such as hardness, modulus o f elasticity and adhesion. AFM can also detect DNA. 

Nowadays, researchers use AFM for the study of cancer cells, which exhibit different 

properties from normal cells in their stiffness, growth, mechanics and morphology. 

Optical and confocal microscopies are also used for imaging cells, but they cannot detect 

cells’ stiffness, morphology, mechanics, ultra-structure and interaction between cells. 

Hence, AFM becomes the foremost tool for biological cell study. The following 

paragraph only lists some examples o f the use o f AFM to determine the mechanical 

properties o f cartilage samples.

Stolz et al. [25] measured the modulus o f elasticity o f articular cartilage at micro and 

nano size AFM probe. They showed that micron sized probes cannot image nano sized 

collagen straws. Heim et al. [26-27] investigated native collagen fibrils’ modulus o f 

elasticity as 1-2 GPa. Yang et al. [28] determined cross link collagen-fibrils’ young 

modulus as 3.8 GPa and native collagen fibrils’ modulus o f elasticity as 1.4 GPa. Yang et 

al. [29] measured type-1 collagen fibrils bending modulus ranging from 1 to 3.9 GPa. 

They also measured shear modulus 74 MPa in air, and 3.4 MPa in PBS buffer. Stacey et
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al. [30] measured human costal cartilage modulus o f elasticity at ambient condition and 

in PBS buffer as 2.06 GPa and 23 MPa, respectively. Wenge et al. [31] obtained Young 

modulus o f elasticity o f rat tail type-1 collagen fiber ranging from 5 GPa to 11.5 GPa at 

ambient conditions. The biomechanical properties o f Cancer cells were investigated [32- 

35].

1.8 Use of AFM to Measure Interaction Force

Surface forces between liquid and solid interfaces play a vital role in colloidal sciences. 

AFM has been used to measure surface forces between the approaching AFM tip and 

sample surface [36]. Islam et al. [37] introduced the surface charge regulation model. 

Sample surface was ionized when AFM probes were immersed in liquid due to ionization 

process. In their model, they showed surface charge variation due to the change in pH 

and ionic concentration. Ducker et al. [38] also made interfacial force measurements 

between 3.5 micron AFM probe and flat surface. They showed how the force curves vary 

with changing ionic concentration and pH values. Li et al. [39] performed surface force 

measurements between pairs o f micron size polystyrene spheres at different ionic 

concentrations. They showed long range repulsive forces below 0.01M KC1 solution. 

They also measured adhesion forces, and their results vary from experiment to 

experiment. At ImM KC1 solution, they fitted their experimental data with theory and got 

surface potential 87 mV and Debye length 7.7 nm. Prica et al. [40] measured interaction 

forces between AFM colloidal probe and zirconia flat plate at different ionic 

concentrations and pH values. They demonstrated that their results best fit with the 

DLVO theory at a constant charge and a constant potential. Veeramasuneni et al. [41-42]
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made AFM force measurements between sphere silica and a  alumina at different pH 

values, and showed good agreements between theory and experiments. They also showed 

that the interfacial forces are repulsive at high pH values and attractive at low pH values. 

Hu et al. [43] measured surface force between modified colloid probes and modified gold 

substrates. The gold substrate was coated with sodium dodecyl sulfate. The AFM probe 

made of silica was also modified to have negative surface charge. They fitted their 

experimental results with electrostatic theory at constant charge. Kanda et al. [44] worked 

on AFM force measurements in a water-alcohol solution, and measured interaction and 

adhesion forces between silica and mica surfaces. They did not observe any significant 

difference in the force curves between low alcohol concentrations and aqueous solution. 

But at high alcohol concentrations, interaction forces decreased and the adhesion forces 

were increased. Chin et al. [45] measured surface forces between AFM probe and a glass 

plate in solutions. They showed long range repulsive forces and the magnitude o f the 

force decreased with an increase in ionic concentration. Their experimental results 

showed very good agreement with DLVO theory up to 3 nm separation distances. 

Nguyena et al. [46] measured hydrodynamic forces between AFM colloid particle and a 

bubble in DI water and aqueous solutions with different ionic concentrations. Their 

results showed very good agreements between experimental data and the theoretical 

hydrodynamic forces.
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1.9 Objectives of the Studies in this Dissertation

The objectives o f the studies in this thesis include:

1) Measurements o f topography o f hard and soft surface materials in air and 

buffer solutions

2) Measurements o f mechanical properties o f polymeric materials, biological 

cells and tissues

3) Measurements o f chemical properties o f biological cells in ionic 

concentrations

4) Measurements of interfacial forces.

Objective 1 is achieved by measuring the topography of silicon surface in air and buffer 

solutions, followed by topography o f collagen nano straws in human cartilage under six 

different preparation conditions, as well as pulsed and nonpulsed Jurkat cells.

Objective 2  is achieved by measuring the Young modulus o f elasticity o f PDMS, collagen 

nano-straws, and pulsed and nonpulsed Jurkat cells.

Objective 3  is achieved by mapping the surface charge density o f pulsed and nonpulsed 

Jurkat cells.

Objective 4  is achieved by measuring the interfacial forces between quartz AFM tips and 

silica surface in various concentrations o f KC1 solutions. AFM results are compared with 

predictions from the existing DLVO theory.
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1.9.1 Outline of the Dissertation

Chapter 1 describes the introduction o f Atomic Force Microscopy, working principal o f 

AFM, operation mode of AFM, AFM advantages and disadvantages, biological 

applications o f AFM and the use o f AFM for interaction force measurement. Chapter 2 

describe the fundamentals o f the interfacial forces and the experimental results o f the 

interaction force between AFM tips and silica surfaces in 0.1 M, 0.01 M, 0.001 M and 

0.0005 M KC1 solutions. Van der Waals forces are measured between AFM probe and 

silica surface in DI water. Chapter 3 discusses the nano-indentation and results on 

mechanical properties o f collagen nanostraws in both air and PBS buffer solution. In 

addition, the diameters o f collagen nanostraws are estimated from the obtained AFM 

images. Chapter 4 investigated the effects o f nanosecond pulses on cancer cells’ 

morphology, mechanical and charge properties. Chapter 5 concludes the thesis with a list 

o f future work.
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CHAPTER 2

AFM MEASUREMENTS OF INTERACTION FORCE IN AQUEOUS

SOLUTIONS

2.1 Introduction

Colloid means adhesive, and this word was first used by Thomas Graham in 1861 [47]. 

Colloidal systems have been used since the start o f human civilizations [48]. For 

example, colloidal pigments were used for painting purpose during the Stone Age. Daily 

necessities like soap and cosmetics were made by the manipulation o f colloidal systems. 

Interfacial forces are the forces experienced between two bodies. Surface Force 

Apparatuses (SFA) have been used for force measurements for the last 40 years [49-51]. 

Tabor et al. [52] conducted Van der Waals force measurements between two surfaces 

using SFA. SFA have 1 micron resolution and the force sensitivity is 10'8N. Researchers 

worked extensively to measure the surfaces forces between two microscopic samples by 

SFA before the invention o f Atomic Force Microscopy [52-59]. With the advancement o f 

cutting edge technology within AFM, researchers are better able to measure Pico-Newton 

level forces with AFM [60]. AFM resolution is at the angstrom level, and the force 

sensitivity is about 1-10 pN. Both AFM and SFA work similarly. The main difference 

between AFM and SFA is that AFM measures force between a small probe and the 

surface while SFA measures force between two macroscopic bodies. In addition to the 

development o f the experimental techniques for measuring the interfacial forces, in 1941 

Deijaguin-Landau and Verwey-Overbeek (DLVO) developed a theory for attractive Van 

der Waals forces and electrostatic forces between two samples [61-71].
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Four basic interaction forces exist and they can be divided into two categories: the short 

and long range forces. Strong and weak forces act over short ranges, while 

electromagnetic and gravitational forces act over long range. The interfacial forces 

include Van der Waals, electrostatic, hydration and steric forces. These forces are again 

divided into short and long range forces. These forces are dominated when the AFM 

probe and sample separation distance is about a nanometer. Interfacial forces between the 

AFM probe and the surface depend on the Hamaker constant, surface charge, and surface 

potential o f materials. Electrostatic long range forces were measured at different ionic 

concentrations. Short range Van der Waals forces were measured in DI water.

Many researchers have been using the unique AFM tool for interfacial force 

measurements between two surfaces. Larson et al. [72] measured interfacial force 

between titanium dioxide colloid and single crystal in ionic solution. They measured 

interaction forces by changing pH values and ionic concentrations. Their experimental 

results show good agreement with theoretical Debye length. Vinogradova et al. [73] 

measured forces between pairs o f polystyrene particles in electrolyte solution. They 

observed long range repulsive forces below 0.01 M KC1 concentration. Their 0.001 M 

KC1 concentration results show a good fit with the DLVO theory. Fielden et al. [74] 

measured interaction force between air bubbles and silica particles in electrolyte. They 

observed repulsive forces at long ranges and attractive forces when bubbles and AFM tip 

distance decreases.
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Meagher et al. [75] investigated hydrophobic interaction force between modified AFM 

tip and polypropylene surface in NaCl solution. They measured attractive interaction 

force when the separation distance is about 30 nm. Christenson et at. [76] measured 

attractive hydrophobic force between two mica surfaces in divalent solutions. In their 

experiments, they used magnesium sulfate at different ionic concentrations and they also 

showed interaction magnitude decreased with increasing ionic concentration. Parker et al. 

[77] investigated force measurements between AFM tips and functionalized glass surface 

in NaCl solution. They showed the magnitude o f the force reduced with increasing of 

high salt concentration, but the attractive force magnitude increased. Kokkoli et al. [78] 

found that the strength o f attractive force decreased when adding ethanol to water. They 

also showed hydrophobic attractive force magnitude close to the Van der Waal when 

ethanol mole fraction increased about 75%. Dorobantu et at. [60] performed a force 

measurements investigation between AFM tip and gold surface. Both surfaces are 

functionalized with bacteria. Their results showed very good agreement with extended 

DLVO theory.

Colloidal science, biomolecular transport and drug delivery mostly used silica particles 

[79-88]. One o f the objectives o f this study is to get the fundamental understanding of 

nano particles in salt concentration at a very small scale. In this study, we quantify the 

force magnitude between micro and nano sized probes and a smooth flat surface under 

salt solutions. We also figured out the force trend in varying salt concentrations. In this 

study, we investigated how ions changes in solution with increasing salt concentrations. 

Our study shows that charge density increased with increase o f ionic concentrations.
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2.2 Method and Materials

2.2.1 Sample Preparation

The sample surfaces were taken from a big silica wafer (Montco Silicon Technologies, 

San Jose, CA, USA) and it was cut into 1 cm x 1 cm. These silica surfaces were sonicated 

with 1 M KOH (Acros Organics, New Jersey, USA) solution for about 15 minutes. Then 

these samples were rinsed with DI water for about 2 to 3 minutes. The sample surfaces 

were sonicated with acetone for about 15 minutes. After this step, the samples were 

rinsed with acetone (Fisher Scientific, Pittsburgh, PA, USA) followed by DI water for 

about 2 to 3 minutes. These sample surfaces were then sonicated with isopropanol (Fisher 

Science Education, Pittsburgh, PA, USA) for another 15 minutes; after this process, they 

were rinsed with isopropanol and DI water for about 2 to 3 minutes. Finally, sample 

surfaces were sonicated with DI water following a 15 minute rinse with acetone, ethanol 

and DI water. These samples were dried with an air gun and then put above a hot plate at 

120 °C for 3 minutes. These sample surfaces were kept in the clean boxes so that dust 

could not deposit above sample surfaces. Before the experiments, I kept these samples 

above the microscopic sample holder. AFM probes, made o f fused silica, were bought 

from Nanonics, Israel.


