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Glossary 

Glossary 

Actin: abundent protein that forms actin filaments in all eucaryotic cells. The monomerk form is 
sometimes called globular of G-actin; the polymerie form is filamentous of F-actin 
Actin filament (microfilament): helical protein filament formed by the polymerization of globular actin 
molecules. A major constituent of the cytoskeleton of all eucaryotic cells 
AFM: Atomie Force Microscope 
Buffer: a liquid which resists changes in pH 
Cardiac muscle: specialized form of striated muscle found in the heart, consisting of individual heart 
muscle cells linked together by cell junctions 
Cell cortex: specialized layer of cytoplasm on the inner face of the plasma membrane. In animal cells it is 
an actin-rich layer responsible for cell-surface movements 
Cell culture: to grow cells in vitro 
Collagen: fibrous protein rich in glycine and proline that is a major component of the extracellular matrix 
and connective tissue. Exists in many forms: type I, the most common, is found in skin, tendon, and bone; 
type 11 is found in cartilage; type IV is present in basallaminae 
CLSM: Confocal Laser Scanning Microscopy 
Confluence: the measure of density of a cell culture 
Confluent: where all cells are in contact all around their periphery withother cells, and no available 
substrate is left uncovered 
Cytoplasm: contents of a cell that contained within its plasma membrane but, in the case of eucaryotic 
cells, outside the nucleus 
Cytoskeleton: system of protein filaments in the cytoplsam of a eucaryotic cell that gives the cell shape 
and the capacity for directed movement 
Cytosol: contents of the main campartment of the cytoplasm, excluding membrane-bounded organelles 
DNA: polynucleotide formed from covalently linked deoxyribo-nucleotide units: serves as the carrier of 
genetic information 
Fibroblast: common cell type found in connective tissue. Secretes an extracellular matrix rich in collagen 
and other extracellular matrix macromolecules. Migrates and proliferates readily in wounded tissue and in 
tissue culture 
Fixative: chemica! reagent such as formaldehyde used topreserve cells for microscopy. Samples treated 
with these reagents are said to be "fixed", and the process is called fixation 
Medium: a buffered selection of components to support the growth of cells outside their normal 
environment 
Myoblast: mononucleated, undifferentiated muscle precursor cell. 
Monolayer: growth of adherent cells on substratum 
Nucleolus: structure in the nucleus where ribasomal RNA is transcribed and ribasomal subunits are 
assembied 
Nucleus: prominent membrane-bounded organelle in a eucaryotic cell, containing DNA organized into 
chromosarnes 
Sterilize: remove microbial contaminants 
subconfluent: less than confluent. All of the available substrate is not covered 
Subculturing: the perpetuate a cellline by reseeding a small number of cells into fresh medium 
Trypsinization: to use the enzyme trypsin to remove adherence proteins from cell surfaces 
z position: 



abstract 

Abstract 

It is known that cell shape, resistance to deformation and elasticity are very important for the 
functions of many kinds of cells. The latter two properties are mainly governed by the internal 
skeleton of the cell, also called the cytoskeleton. Mechanical cellular properties such as 
elasticity can be used to monitor cellular functions. Cell mechanical properties can be studied 
using different techniques, such as cell poking and pipette suction. These methods, however, 
have a limited lateral resolution, in contrast to the atomie force microscope (AFM). This 
device allows the determination of laterally resolved mechanical properties of living cells. 

Visualization measurements with the AFM were performed on fixed and living cardiac 
myoblasts. High resolution images were obtained of fixed as well as living cells. When 
scanning whole cells, no difference in achievable resolution was observed. Submembranous 
structures could be visualized easily. Although no attention was paid to environmental 
control, it was possible to scan the same living cells for over 2 hours. Combination of CLSM 
and AFM imaging resulted in identification of cytoskeletal structures, i.e., actin fibers were 
visualized. Elasticity measurements, performed as force volume measurements, were carried 
out on living and fixed cells. Young's moduli varied as a function of the indentation depth 
resulting from non-linear elastic behavior of the H9c2 cells. Young's moduli measured on 
fixed and living cells did not differ significantly except for a few measurements presumably 
on stress fibers of fixed cells, which resulted in significantly higher values of E. The Young' s 
moduli extracted from force-displacement measurements using the Hertz model are 
comparable to those reported in literature. Calculations based on the Hertz model could be 
used to compare the Young's moduli of fixed and living cells. 
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Chapter 1 Introduetion 

Chapter 1 

Introduetion 

The structure of eukaryotic cells is controlled by a dynamic balance of internal and external 
mechanica} forces. It is known that cell shape, resistance to deformation and elasticity are 
very important for the functions of many kinds of cells. The latter two properties are mainly 
governed by the internal skeleton of the cell, also called the cytoskeleton. Mechanica} cellular 
properties such as elasticity can be used to monitor cellular functions (Elson 1988). For 
example in cancer cells differences in cell growth, morphology, cell-to-cell interaction and 
also in cell membrane properties and organization of the cytoskeleton have been reported, 
leading to changes in the mechanica! properties of the cell. As such camparing the elasticity 
of normal and cancerous cells can be helpful in determining the range of cytoskeletal changes 
of cancer cells (Lekka 1999). 

Currently, at the Eindhoven University of Technology, a research project concerning heart 
muscle adaptation after ischemia is being conducted. Ischemie and hypoxic injury to cells and 
tissues of the heart are fundamental features of myocardial infarction. Therefore, the 
mechanisms underlying reversible and irreversible in jury of the heart cells are of considerable 
importance to clinical applications. Understanding of cardiac tissue adaptation and also of 
cardiac vascular diseases may be improved by investigations on the cellular level. 

Cell mechanica! properties can be studied using different techniques, such as cell poking and 
pipette suction. These methods, however, have a limited lateral resolution, in contrast to the 
atomie force microscope (AFM). This device allows the determination of laterally resolved 
mechanica! properties of living cells. 

The purpose of this study is to visualize the topography of living cardiomyoblasts (chapter 4) 
with the AFM and to perform elasticity measurements on these cells (chapter 5). A confocal 
laser scanning microscope (CLSM) will be used to gather more information about the internal 
structures of the cells under investigation, such as the cytoskeleton. Besides, currently applied 
methods to extract elasticity moduli from AFM measurements are analyzed. An introduetion 
about eukaryotic cells and the working principle of AFM is given in chapters 2 and 3, 
respectively. 
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Chapter 2 Cells 

Chapter 2 

Ce lis 

The frrst sectien of this chapter describes the general properties of eukaryotic cells while the 
second sectien concentrates on the muscle cell in the heart, i.e. the cardiomyocyte. 

2.1 Introduetion eukaryotic cells 

The human body is a multicellular complex organism, the function of which depends on highly 
specialized eukaryotic cells. The two major parts of a eukaryotic cell are the nucleus and the 
cytoplasm, as illustrated in figure 2.1a. The nucleus is separated from the cytoplasm by a nuclear 
membrane, the cytoplasm is separated from the extracellular fluids by a plasma membrane. The 
fluid portion of the cytoplasm is called cytosol. The cell nucleus is a campartment that determines 
the cell's role. Within the nucleus, DNA provides the blueprints for all the bicmolecules needed 
for proper cellular function. The nuclei of most cells contain one or more lightly staining 
structures called nucleoli. The nucleolus contains large amounts of RNA. Some important 
organelles dispersed in the cytoplasm are the endoplasmie reticulum, the Golgi apparatus and 
mitochondria. The endoplasmie reticulum (ER) is a netwerk of tubular and flat vesicular 
structures. Substances formed in some parts of the cell enter the space of the ER and are then 
conducted to other parts of the cell. Attached to the outer surface of many parts of the ER are 
large numbers of small granular particles called ribosomes. The ribosemes are composed of a 
mixture of RNA and proteins, and they function in the synthesis of protein in the cells. 

25nm 

b 

Golgi 
apparatus 

< > 
25nm 

c 
free 

< ) 
25nm 

a d 

Fig. 2.1: Schematic pictures of an eukaryotic cell (a) and the cytoskeleton: three types of protein 
filaments: b. actin filaments, c. microtubules, d intermediale filaments 
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Chapter 2 Cells 

The Golgi apparatus is closely related to the ER. Substances entrapped in the ER vesicles are 
transported from the ER to the Golgi apparatus. The transported substances are then processed in 
the Golgi apparatus to other cytoplasrnic components. Mitochondria are the power plants of all 
eukaryotic cells, extracting significant amounts of energy from the nutrients and oxygen. 

The larger a cell is, and the more elaborate and specialized its internal structures, the greater is its 
need to keep these structures in their proper places and to control their movements. To this end, 
all eukaryotic cells have an internal skeleton, the cytoskeleton, that gives the cell its shape, its 
capacity to move, and its ability to arrange its organelles and transport them from one part of the 
cell to another. The cytoskeleton is composed of three types of protein filaments (figure 2.1 b to 
d), namely thin actin filaments, thick rnicrotubules and intermediate filaments. 
Actin filaments are two-stranded helical polymers of the protein actin (fig. 2.1 b ). They appear as 
flexible structures, with a diameter of 5-9 nm An actin filament is a polar structure, with two 
structurally different ends, a relative inert and slow-growing negative end and a faster-growing 
positive end. Although actin ftlaments are dispersed throughout the cell, they are most highly 
concentrated in the cortex, just beneath the plasma membrane. The cortical actin filaments are 
organized into three general types of arrays (see fig. 2.2). In parallel bundles, as found in 
microspikes and filopodia, ftlaments are oriented with the same polarity and are aften closely 
spaeed (10-20nm apart). In contractile bundles, as found in stress fibers, filaments are arranged 
with opposite polarities; they are more loosely spaeed (30-60nm apart). In the gel-like networks 
of the cell cortex the ftlaments are arranged in a relatively loose, open array with many 
orthogonal interconnections. 
Microtubuli are long, hollow cylinders made of the protein tubulin (figure 2.1c). With an outer 
diameter of 25 nm, they are much more rigid than actin fûaments. Microtubuli are long and 
straight and typically have one end attached to a single rnicrotubules erganizing center called a 
centros ome. 

nucleus .---... - . .........,___ ~ 

c~~~~fc".""' 
-- ----------~- . r .-/ ._./ __ 

-:(?t J~ J'v 
stress ~ lilapodium 

/ cellcott~-~ ~ I 

geHikc ne!work 

IOOnm 

tlg!n par~lh!r 
bundie 

Figure 2.2: Three types of cortical arrays of actin filaments ( arrowheads point toward the plus 
end of the filament) 

3 



Chapter 2 Cells 

lntermediate filaments are ropelike fibers with a diameter of around 10 nm (figure 2.ld); they 
are made of intermediate proteins, which constitute a large and heterogeneaus family. One type of 
intermediate filament forrns a meshwork called the nuclear lamina just beneath the inner nuclear 
membrane. Other types extend across the cytoplasm, giving cells mechanica} strength and 
carrying the mechanica} stresses by spanning the cytoplasm from one cell-cell junction to another. 

2.2 Cardiac myocytes 

The function of the heart is to pump the blood through the body. The cellular organization of the 
heart is well adapted to this function. About 75% of the heart mass is made up of muscle cells. 
These cells or cardiomyocytes contain highly structure contractile proteins, providing the driving 
force for pumping the blood. The remaining part of the heart consists of blood vessels and 
interstitial space. Figure 2.3 shows a typical picture of cardiac muscle, demonstrating the cardiac 
muscle fibers arranged in a lattice. The dark areas crossing the fibers are called intercalated discs; 
they are actually cell membranes that separate individual cardiac muscle cells from each another. 
That is, cardiac muscle fibers are made up of many individual cells connected in series with one 
another. 

Figure 2.3: Interconnecting nature of cardiac muscle 

Cultured cardiac myocytes have been the subject of many research projects. This great interest 
sterns from two major reasons: (1) the understanding of cardiac diseases may be improved by 
investigations on the cellular level and (2) owing to their ability of spontaneous generation of 
action potentials in vitro, they are an ideal model system to study the detailed mechanism of 
electrical depolarization and muscle contraction. 
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Chapter 3 

Atomie Force Microscopy 

In the frrst sectien of this chapter a short history review of the development of the atomie force 
microscope (AFM) is presented. The second sectien describes relevant tip-sample interactions. 
The principle of an AFM measurement is discussed in the third section. 

3. 1 Short History Review 

Scanning probe microscopes (SPMs) are a family of instruments capable of measuring properties 
of surfaces. In their frrst applications, SPMs were used solely for measuring surface topography 
but nowadays they are also used to measure many other surface properties. In general, SPM 
images are created by scanning a surface with a mechanica} probe very close to the surface, by 
means of piezo electric transducers. At these close distances the probe senses the surface by 
surface-probe interaction. The feedback signa} needed to rnaintaio a constant surface-probe 
interaction level, is monitored and provides the topological data. The set-up of a SPM system is 
depicted in figure 3.1. 

sample 

Figure 3.1: Schematic diagram of a Scanning Probe Microscopy (SPM) system 

With most SPM technologies, scanning over the surface while maintaining a very close spacing 
to the surface, produces an atomically short depth of focus such that only the top layer of rigidly 
bound (chemisorbed) atorns is seen. Excellent spatial resolution can be obtained by using a very 
sharp probe and keeping its spacing from the surface very small. 
In 1981, the scanning tunneling microscope (STM) was the frrst SPM that was recognized as 
ha ving atomie resolution capability. Although the ability of STM to measure surface morphology 
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Chapter 3 Introduetion AFM 

is outstanding, there are some limitations, the most significant of which is that the surface of the 
tip and sample must be very good conductors. This severely limits the materials that can be 
studied. This problem led to the introduetion in 1989 of the first commercially-available atomie 
force microscope (AFM), the NanoScope® AFM. The AFM was developed in 1986 by Binnig, 
Quate and Gerber (Binnig 1986). Like the STM, the AFM uses a very sharp tiptoprobe and map 
the morphology of a surface. A tip mounted on a small flexible cantilever is raster scanned across 
the sample at (sub )nanometer distauces from the surface. According to the interaction forces 
between the tip and the surface atoms, the flexible cantilever will deflect. This deflection is 
subsequently monitored as a function of the lateral (x,y) displacements of the probe, which 
therefore reveals a three dimensional profile of the surface corrugation. The force on the 
cantilever is in the range of interatomie forces (about 10·9 N), justifying the name "atomie force" 
Illlcroscopy. 

3.2 Tip Sample lnteractions 

The interaction forces between tip and sample surface in a typical AFM experiment are as small 
as 10·6 to 10-12 N, approachlog the magnitude of the interatomie forces. Depending on the nature 
of the atoms of the tip and surface of the sample, a variety of interactions may occur when the tip 
and the sample come into close proximity. In this environment two forces are constantly present 
(see figure 3.2). The frrst one is the repulsive force caused by the repulsion of electroos of the tip 
and the sample. This force is only active on distauces smaller than "" 0.1nm Therefore, this force 
is very local and affects only a few atoms near the tip. The second force is the attractive 'van der 
Waals' force, which is active on distauces up to a 100 nm and is caused by dipole-like 
interactions. The action of the 'van der Waals' force is not local, but is caused by thousands of 
nearby atoms. This makes this force quite large, even if the force caused by one atom is 
negligible. When the tip approaches the surface, it will frrst be attracted by the 'van der Waals' 
forces. When the distance between the tip and surface becomes very small, the repulsive forces 
frrst will neutralize the attractive forces and finally will dominate. 

force 

~i~ 
repulsive ' attractive 

Figure 3.2: lnteractionforces between tip and sample surface 
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Chapter 3 Introduetion AFM 

Other interactions may also occur, depending on the atomie composition of the tip and sample 
surface. These forces of various origin can reveal specific physical properties of the sample 
surface when the appropriate tip is used. A few examples of forces that can occur between two 
atoms or spheres of atoms are: 
-magnetic forces 
-electrostatic forces 
-frictional and adhesion forces 

Depending on the tip to sample separation the various forces have a different magnitude which 
implies that at a specific distance some interactions are more important than others. 

3.3 Principle of AFM measurements 

A picture of the standard AFM measurement set-up is given in figure 3.3. 

Photodetector 

Photodiode 'B' 

Photodiode 'A' 

feedback system 

Scanner 
Tube 

Figure 3.3: Concept of AFM measurement, the inset shows the V-shaped cantilever with tip 
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The most important part of the AFM is a sharp tip mounted on a small, flexible cantilever. A laser 
beam is reflected from the end of the cantilever to a photodetector. The sample is placed on top of 
the Z piezo element. The AFM system maintains the tip, at the end of the cantilever, in contact 
with the sample surface. The sample is scanned with the tip in X and Y direction as shown in 
figure 3.4. Features on the sample surface will deflect the cantilever, which in turn changes the 
position of the laser spot on the photodiode of the photodetector. This position change is read by a 
feedback loop which moves the sample in Z-direction to restore the laser spot to its original 
position. The feedback system is used to keep the tip-sample interaction constant such that the tip 
forces are maintained at a constant value. To construct a 3D-image, the feedback system is 
monitored while the sample is scanned in X-Y direction, as shown in figure 3.4. By correlating 
the feedback systems' status to the scanner motion at each point, an image of the sample emerges. 

slow scan 1 
direction 

y 

fast scan direction X 

Figure 3.4: X-Y scan pattern, three scan lines (trace/retrace pairs) are shown 

The photodetector or PSD (Position Sensitive Detector) consists of a four quadrant photo
sensitive array (see figure 3.5) The four elements are combined to provide different information 
depending on the operation mode. Essentially the four elements combine to form the sum signal 
which is the total voltage generated by the photodetector. The circuit generates a depending on 
the position of the spot on the four photodiodes. 
The amplified differential signal between the two top and the two bottorn elements (A-B) 
provides quantitative information about the cantilever deflection while the sum of the two left and 
the two right photodiodes (C-D) provides a measure of the torsion of the cantilever. The latter 
signal is only used in lateral force microscopy (LFM). 
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vertical deOeetion 

lateral deOeetion lateral deOeetion 

vertical deOeetion 

Figure 3.5: Four quadrant photodetector 

Loading force 

One of the most important factors affecting the quality of topographic imaging is the loading 
force, i.e., the force exerted on the sample by the cantilever. This force can be quantified in 
Force-Calibration or Force Plot Mode. In this mode the X and Y voltages applied to the piezo are 
held zero while a triangular waveform is applied to the Z piezo tube. As a result of the applied 
voltage, the sample moves up and down relative to the cantilever. Figures 3.6 A to E show what 
happens to the deflection of the cantilever while the sample is moving up and down. 

The cantilever starts (point A) without touchlog the surface. When the probe tip is very close to 
the surface, it may jump into contact (B) if it feels sufficient attractive force from the sample. 
Once the tip is in contact with the surface, the cantilever deflection will increase (C) as the 
sample is moving up so that the fixed end of the cantilever is brought closer to the sample. If the 
cantilever is sufficiently stiff, the probe tip may indent into the surface at this point. After the 
cantilever has reached a desired deflection value, the process is reversed. As the sample is 
moving down, adhesion or bonds formed during contact with the surface may cause the cantilever 
to adhere to the sample (D). When the measurement is performed in air, a large adhesion exists 
due to a thin layer of liquid which is present on every surface in air. At point E the adhesion is 
broken and the cantilever is released from the surface. 
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A. approach B. jump to contact C. contact 

D. acthesion E. pull-off 

Figure 3.6. Five steps offorce-calibration 

The above qualitative description can be illustrated quantitatively in a force-calibration plot or 
force plot (figure 3.7). In Force Plot Mode the deflection of the cantilever is measured as a 
function of the z-position of the piezo. To obtain a force plot, Hooke's law is used. This law 
connects the deflection d and the applied force F via the spring constant k of the cantilever: 

F = k *d. (3.1) 

force 

setpoint 

A 
cantilever spring force 

adhesion force 

E 

I 
tip touches surface I tip approaches surface z-position scanner 

+- !+-

Figure 3.7. Force plot.: Thick arrows indicate the approach ofthe tip to the sample, thin arrows 
indicate the retraction of the tip from the sample. The labeled points on the curve are 
illustrated in figure 3. 6. 

A force curve, as shown in the above force plot, can be divided into three major regions. The first 
is the non-contact region (from A toB in figure 3.7), the tip and sample are well separated and 
there are no interaction forces which deflect the cantilev er. The secend part of the curve is at or 
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near contact (B ,D,E). In this region a variety of complex attractive and repulsive interactions 
occur that contain the rnajority of information about the interaction between tip and sample. Point 
B on the force curve is referred to as the contact point. After contact the tip and sample 
movements are linearly coupled in what is called the contact line (B-C-D). The setpoint 
parameter defines the desired deflection of the cantilever, and, therefore the desired contact force 
of the tip on the sample. The total amount of force on a sample is deterrnined by both the 
cantilever spring force and adhesion forces between tip and sample 

A force plot does not only give inforrnation about the loading force, it can also give inforrnation 
a bout the elasticity of the sample. This is discussed in greater detail in chapter 5. 

3.4 lnstrumentation 

The measurements described in this report were performed on two different types of AFMs, 
namely a MultiMode™ (figure 3.8a, available at the Bakken Research Center (BRC), Maastricht) 
and a Dimension™ 3100 AFM (figure 3.8b, available at the Eindhoven University of 
Technology). 

a 

Figure3.8: a.: MultiMode ™AFM, b.: Dimension™3100AFM 

The rnain difference between both types of AFM is that in a MultiMode the surface is scanned by 
moving the sample under the tip, while in a Diroension the surface is scanned by moving the tip 
over the surface. 
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Because the interactions between the tip and the sample are dependent on the relative distance 
between tip and sample, the principle of the measurements is the same for both systems. In the 
description of the measurements in this report, it is assumed that the samples moves under the tip 
(as shown in tigure 3.3). 

Another difference between both systems is the maximum X-Y imaging area and the maximum 
sample size. In a Dimension 3100 the maximum X-Y imaging area is approximately 100J.!m 
square, the Z range is approximately 6J.!m The sample size can be up to 150mm diameter and 
12mm thick. In case of the MultiMode four scanners are commercially available with scan ranges 
up to 200J.!m square X-Y imaging area and up to lOJ.!m vertical range. The largest scanner 
available at BRC was the so-called J-scanner, with a X-Y imaging area of 100J.!m2 and aZ-range 
of approximately 6J.!m The sample size is thus much smaller compared to that of the Dimension 
3100, which can samples up to 15mm diameter and up to 5mm thickness. 

12 
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Chapter 4 

Visualization of Cells with AFM and CLSM 

After an introduetion about AFM and CLSM measurements on cells, section 4.2 discusses the 
visualization measurements with AFM of cardiac myoblasts. The principle of the CLSM is 
described insection 4.3. This section contains also a description of the CLSM measurements. In 
section 4.4 detailed information is given about the cells, the cell culture and the sample 
preparation. The results of the measurements with AFM and CLSM and a discussion of these 
results are given insection 4.5. 

4. 1 Introduetion 

As explained in chapter 3, the AFM can provide a topological picture of the surface of a cell. 
Because of the force between tip and sample, the cantilever tip of the AFM records also the 
distribution of some cellular structures lying beneath the surface of the cell. That is the AFM 
probes the mechanica! response of the cellular structures, not their relative material densities or 
optica! properties, as in light rnicrocopy. Thus some features such as mitochondria or other 
membranous structures in cells may remain invisible to the AFM probe, even if they are quite 
close to the plasma membrane, simply because their mechanica! response is not much different 
from that of the cytoplasm. In contrast, the cytoskeleton is fundamentally a biomechanica! system 
and its components provide a counter force when probed by the AFM tip. Cytoskeletal elements 
are therefore particularly evident and well defined when exarnined by AFM. 
To confirm that certain structures visualized by AFM are indeed cytoskeleton structures and to 
visualize structures that are invisible for the AFM, a Confocal Laser Scanning Microscope 
(CLSM) can be used to gather more information about the cells under investigation. Using 
CLSM, biologica! specimens stained with a fluorescent probe can be studied in a three
dimensional way by reconstructing a series of focal sections through the object. The resolution is 
lirnited by diffraction to about 100 nm in the xy-plane and 500 nm in the z-direction. CLSM is 
very useful to resolve the structure of numerous of cytoskeletal fibers in the cytoplasm and the 
arrangements of chromosarnes and genes in the nucleus. 
The application of AFM on biologica} materials is a rapidly growing new field. A major 
advantage of AFM in biologica} research, compared to for example Scanning Electron 
Microscopy (SEM), is that it can be used for imaging living cells in physiological solutions. The 
lirnited range of the feedback system in the vertical direction, a price to pay for the extraordinary 
vertical resolution of the AFM, fa vors the use of cultured cells that frrmly adhere to their support 
rather than pieces of organs which may present too irregular surfaces. However, within the 
lirnited range, the z-resolution of AFM images is much higher than can be achieved by CLSM. 
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4.2 AFM Measurements 

As described in the introduction, the AFM can be useful for cell research. The AFM can visualize 
living cells in a physiological solutions. For example, Kuznetsov and colleagues (1997) where 
able to visualize processes in cells like locomotion, tissue formation, cell division, transformation 
by viruses, and cell death. However, although AFM can be applied for cell imaging with relative 
ease, the interpretation of the AFM images of soft samples, like cells, needs great care (section 
4.2.1). A description ofthe AFM measurements is given insection 4.2.2. 

4.2.1 Aspects of Cell lmaging 

There are several aspectsof AFM imaging which need extra care when measuring (living) cells. 
One aspect is that, because the AFM 'senses' the surface with a 'molecular' fmger, the 3D-image 
created by the computer is based on the physical interaction between the AFM tip and the cell 
surface. Although the force necessary for this interaction, is usuallyin the range of only a few nN, 
it can cause indentation and distort the 'true' surface topography. The obtained 3D-image is 
therefore a comprornise: it reflects the 'true' surface structure on which an 'elasticity component' 
is superimposed. Especially for soft samples like living cells the elastic component can be quite 
large. In principle, there are two ways to reduce this component. The first way is decreasing the 
elasticity of the sample, this can be done by fixating the cells. The second way is rninirnizing the 
force between the AFM tip and the sample. Both methods are discussed below. Another aspect 
which lirnits the possibility of cell imaging is the time resolution of the AFM. Before discussing 
these three aspects of cell imaging, it should be pointed out that the indentation which distorts the 
'true' surface topography, can be useful for measuring local elasticity properties, a remarkable 
capability of the AFM. These elasticity measurements are discussed in greater detail in chapter 5. 

Fixation of cells 

Proper measurements of cell height and general topography are not only hampered by the 
elasticity of the soft cell surface, but also by the fact that living cells are moving. Therefore, when 
instead of dynarnic changes, only static surface features are of interest, cells are often ftxed with 
for example formaline or glutaraldehyde. Fixation results in a rapid stiffening of the cell 
membrane. Surface details are then preserved and a better visualization can be realized. Naturally, 
the real elasticity cannot be deterrnined under these circumstances as its value decreased as a 
result of the fixation process . 

Loading force 

Another factor which affects the quality of imaging is the force applied by the AFM tip during 
scanning. A distinction should be made between lateral and normal forces. The lateral or shear 
forces exerted by the tip cause surface features to be swept aside and smeared out. This lateral 
force also lirnits the possible scan speed, as described below. The normal or loading force applied 
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to the cell membrane necessary for stabie imaging, results in a deformation of the cell, making it 
hard to get any high resolution images on living cells. A quantitative description of the influence 
of the loading force on the obtainable resolution is given in section 5.2. Due to the loading force, 
the contrast of the images is markedly affected by the rigidity of submembrane structures such as 
the cytoskeleton. 

Time resolution 

In every AFM measurement of living or fixed cells it should betaken into account that the speed 
at which high-resalution scans can be made is lirnited. Measuring a complete and detailed image 
of a cell takes between 10-100 min., depending on the scan size (for cells, usually between 50-
200Jlm), the scan rate, depending on the delicacy of the sample, and on the desired resolution 
(number of measurement points). The time available for imaging living cells is lirnited especially 
when not enough attention is paid to the cellular environment, which should be kept as constant 
as possible. This means that parameters such as temperature, p02, pC02 and pH of the 
surrounding medium should be controlled continuously. In AFM systems which do nothave the 
ability to create such a cell-friendly environment, scanning of living cells is only possible for a 
few hours. 

4.2.2 Protocol for AFM Visualization of Cells 

The cells used in this thesis were cultured rat myoblasts (H9c2, European Collection of Cell 
Cultures, Salisburg, UK). To locate and refind individual cells during AFM imaging, rnicrogrid 
coverslips were used. These sterile rnicrogrid coverslips were placed in tissue culture dishes. 
Because H9c2 cells do not adhere very well on g1ass, the coverslips were first coated with 0.01% 
collagen. Confluent H9c2 cells growing in plastic petridishes were harvested and plated on the 
coated coverslips The concentration of seeded cells was kept small to prevent the cells from 
forrning a confluent 1ayer. Cells were allowed to attach for about 2 h in the incubator before 
adding medium to the culture dish. Three days after plating, the H9c2 cells were either used for 
imaging or fixed with 4% formaldehyde and kept at 4°C for later imaging. 
Measurements were performed on the MultiMode (BRC) as well as the Dimeosion (TUE) AFM 
systems. Pictures of the experimental set-ups are given in figure 4.1. Measurements on the two 
systems required different sample preparation, as discussed below. Measurements on living cells 
were only performed on the Dimeosion 3100 because no cell culture facilities were available at 
BRC. Cells needed for measurements on the MultiMode were cultured and fixed at the University 
of Maastricht. 

Sample preparation MultiMode 

In figure 4.la a picture of the MultiMode AFM is depicted. The AFM head with the fluid cell CD 
and a tube @ through which a liquid can be added is shown in detail. For cell imaging with the 
MultiMode, the coverslips with the cells on their upper surface were removed from the culture 
dishes and attached by an adhesive to a metal disc. 
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b. 

Figure 4.1: Experimental set-ups. a. MultiMode AFM, b. Dimension 3100 AFM 

In a MultiMode system the sample can only be watched from above (figure 4.1a), therefore a 
piece of white paper is attached to the metal disc to enhance the contrast. The double adhesive 
tape is put on the white paper as shown in figure 4.2. The rnicrogrid was then visible, the cells 
were not. Therefore the cells grown on the rnicrogrid coverslips were observed by light 
rnicroscopy prior to attaching them to the roetal discs. Cells of interest were then located using 
the rnicrogrid. Mter this preparation, the sample was put on top of the scanner tube of the AFM. 

QZ:> +IIIII-

c?- E~ 
glass microgrid coverslip 

double adhesive 
white paper 
metal disc 

Figure 4.2: Sample for AFM measurements on a MultiMode system 

Sample preparation Dimeosion 3100 

In figure 4.1 b a picture of the Diroension 3100 AFM is depicted. The piezo tube @, the camera @ 

and a beamsplitter @ are shown in detail. This bearnsplitter is used to view the sample from 
below. For cell imaging with the Dimension, the coverslips with the cells were attached by an 
adhesive to the bearnsplitter (figure 4.3) . By illurninating the sample from below, the rnicrogrid 
was clearly visible and cells of interest could be selected. 
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glass microgrid coverslip 

double adhesive tape 

beam splitter 

Figure 4.3: Samplefor AFM measurements on a Dimension 3100 system 

Imaging 

All AFM imaging has been done in constant force mode, i.e., the feedback loop controls the 
piezo's Z-height in such a way that the deflection of the cantilever is constant. Due to the finite 
response time of the microscope and the feedback loop there will be a remaining variation in the 
cantilever deflection especially at steeply ascending or deseending surfaces. The resulting 
deflection image is obtained simultaneously with the true height image and can be considered as a 
directional derivative of the topography of the investigated sample. Small surface corrugations 
will be clearly visible in the deflection images. Therefore, the image data is represented by both a 
height and a deflection image, unless mentioned otherwise. 

The average loading force during imaging was between 1-5 nN. The cantilever used had a spring 
constant of0.06 N/m (manufacturer's value). 

4.3 Contocal Laser Scanning Microscopy 

4.3.1 Introduetion 

If a relatively thick specimen such as a total cell is viewed with a conventionallight microscope, 
the image obtained by focusing at any one level is affected by blurred, out-of-focus information 
from the parts of the specimen that lie above and below the plane of focus. For conventional 
transmission light microscopy this poses no major problem, but, when observing fluorescently 
labelect cell structures it is difficult to identify the in-focus structures. Confocal laser scanning 
microscopy (CLSM) makes it possible to focus on a chosen plane in a thick specimen while 
rejecting the light that comes from out-of-focus regions above and below that plane. 

The optica! details of the CLSM are complex, but the basic idea is simpleas illustrated in figure 
4.4. The microscope is generally used with fluorescence opties. The optica! system focusesalaser 
onto a single point at a specific depth in the specimen instead of illuminating the whole specimen 
at once (A). A very bright souree of pinpoint illumination is required; this is supplied by the laser 
whose light has been passed through a pinhole. The fluorescence emitted from the illuminated 
material is collected and brought to an image at the entry port of a light detector. A pinhole 
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aperture is placed at the detector, at the site that is confocal with the illurninating pinhole- that is, 
precisely where the rays ernitted from the illurninated point in the specimen come toa focus (B). 
Thus the light from this point in the specimen converges on this aperture and enters the detector. 
By contrast, the light from regions out of the plane of focus of the spotlight is also out of focus at 
the pinhole aperture and is therefore largely excluded from the detector (C). To build up a two
dimensional image, data from each point in the plane of focus are collected sequentially by 
scanning across the field in a rnicrogrid pattem. 

Figure 4.4: Confocal scanning fluorescence microscope: Laser light is focused at a single point 
in the specimen. (A) The emitted fluorescence from this focal point is focussed at a 
second confocal pinhole (B). Emitted light from elsewhere in the specimen is not 
focused at the detector and therefore does not contribute to the final image ( C). 

4.3.2 Protocol for CLSM Visualization of Cells 

The identical cells imaged by the AFM were imaged by CLSM (Zeiss LSM 510). Both a 
transmission and a fluorescence image was obtained using a 63x oil immersion objective . . 
Fluorescence staining for the cytoskeletal filament actin was carried out using FITC- labeled 
Phalloidine. 

Because the 63x lens is a short distance objective, the cells on the gridded coverslips could not be 
imaged with the coverslip placed in a petridish. The coverslip with cells was put up side down on 
a, with 70% alcohol cleaned, object glass slide, so that the cells were located between the 
coverslip and the object glass slide (figure 4.5a). The glass slide was then tumed up side down 
and placed on the rnicroscopy (the lens was then in contact with the bottorn si de of the coverslip ). 

18 



Chapter 4 Visualization of cells by AFM and CLSM 

Figure 4.5: Sample for CLSM imaging 

4.4 Materials 

Cell Culture 

H9c2 cells were cultured in petri dishes contammg Dulbecco' s modified essential medium 
(DMEM, Biochrom) supplemented with 10% feta) calf serum (FCS, Biochrom), 2% HEPES 
buffer (Biochrom), and 1% penicillin/streptomycin (Biochrom). Cells were detached with trypsin
EDT A solution (Biochrom), before detaching they were first rinsed in phospate-buffered saline 
(PBS). 

Fixa ti on 

Cells were wasbed twice with PBS and covered with 4% formaldehyde (Merck) and put in the 
incubator. Mter 10 rninutes the formaldehyde was extracted and the cells were wasbed twice with 
PBS for 5 rninutes. The cells were covered with fresh PBS and kept at 4°C. 

Collagen Coating 

Sterile glass rnicrogrid coverslips (Eppendorf,) were coated with 0.01 collagen (type I, Sigma). A 
droplet of the collagen suspension (:::::: 75jll) was put on the coverslips. Mter two hours the 
collagen was extracted and the coverslips were allowed to dry for at least two hours before use. 

Fluorescence staining 

Mter washing the fixed cells carefully with 0.05% PBSffween-20 (Merck) the cells were 
permeabilised in a permeability buffer (0.5% TritonX-100 in PBS,Merck). The cells were then 
wasbed carefully with 1% BSA/PBS (Bovine serum Alburnin), covered with 1% BSA/PBS and 
put in a dry incubator (37°C) for 2 rninutes. Mter this the cells were covered with a phalloidine 
solution, i.e., 1jlg FITC-labelled phalloidine (Sigma) per rnl BSAIPBS and incubated for 1 hour 
at 37°C in a dry incubator. Finally the cells were wasbed three times for 5 rninutes in 0.05% 
PBSffween-20. 
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4.4 Results and Discussion 

4.4.1 AFM Measurements 

Two typical contact mode images of fixed H9c2 cells are shown in figure 4.6a-d. Image a 
(height) and b (deflection) are measured with the MultiMode AFM, image c (height) and d 
(deflection) with the Dimension 3100. In both height images, but most apparent in figure a, the 
position of the nucleus is visible appearing as the lightest and thus the highest area in the image. 
Cytoskeletal structures underlying the cell membrane appear as a linear pattem and are visible all 
over the cell, especially in the deflection images. These structures are presumable stress fibers, 
i.e., bundies of actin filaments (see section 4.4.2). 

Figure 4.6: Contact mode images of H9c2 cells. a (height)-b (deflection) image, measured with MultiMode AFM, scan 

size: 65J1m, c(height)-d (dejlection) image, measured with Dimension 3100 AFM, scan size: JOOJ.Lm 
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As the AFM gathers 3 dimensional information, a 3D plot of a cell can be obtained. Figure 4.7 
shows such a plot of a fixed cardiac myoblast. 

Figure 4.7: 3D plot offixed H9c2 eelt 

Imaging of living cells is more difficult because they appear softer and are moving. Therefore 
only cells could be imaged which were well spread and thus well attached to the substrate. WeU
spread H9c2 cells can be larger than 100~-tm2, so, with the available XY scan size, it is not always 
possible to get an image of a whole cell. Figure 4.8 shows two typical images (height and 
deflection) of a living H9c2 cell. Stress fibers are, even in the height images, clearly visible. 

Figure 4.8: Contact mode images of living H9c2 cells: a,c: height images, b,d: deflection images. 
Scan size a-b: 75pm, Scan size c-d: JOOpm. 
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When imaged with the same loading force, cytoskeletal structures are often better visible in 
images of living cells than of fixed cells. The reason for this is that the membrane of living cells 
is softer than the membrane of fixed cells and therefore the indentation is larger and 
submembraneous structures are better visualized. 

Effects of repetitive AFM measurements on living cells 

A sequence of eleven AFM deflection images was acquired over a period of 170 min, six of 
which are shown in figure 4.9. Each complete scan took 17 min. The cytoskeleton network is 
again clearly visible (figure 4.9a). The cells appear to be stabie under the imaging conditions used 
over a scanning period of approximately 60 min (figure 4.9 a and b). It must be emphasized that 
the cells were out of the incubator for at least 60 minutes before the starting point of the 
measurements, this is the time required for setting up the experiment, stahilizing of the AFM and 
finding an appropriate spot to image. After 1 hour of scanning substantial changes in morphology 
were observed at the edges of the cells. It appeared that the cells began to shrink in size as if the 
edge of the cell was being scraped away by the scanning cantilever. After 150 min only the cell 
in the top left corner (figure 4.9t) is left. In the image after 170 min (not shown) this cell had also 
disappeared 

t=O min t=34 min t=68 min 

Dah t 111pe Ddl.ctlon 
l r.".. 25.00 noo 

hh tvpe hrl.ctlon 
2 ran,e 25.00 noo 

bh t!,lpe hrl~~etion 
'Z rant• 2$.00 noo 

bh tw- hflectlon 
2 r&nt"• 25. 00 noo 

Dah tw-e hrlection 
2 rant~• 25.00,.,.. 

D&t.l type Ddl..etlon 
2 r..-..• 25.00""' 

t=102 min t=136 min t=153 min 

Figure 4.9: Disruptive effect ofthe cantilever: 6 out of 11 subsequent scans of H9c2 cells, 
datapresentedas dejlection images, scan size=60x60J1m 

22 



Chapter 4 Visualization of cells by AFM and CLSM 

Figure 4.10 shows another example of a time series of sequentia! AFM images of one H9c2 cell. 
The images were acquired over a period of 160 min. The cell reacts essentially in the same way 
as the cells presented in Figure 4.8. After one hour changes in cell morphology start to occur. 

Hang Xing Y ou and co-workers (2000) investigated in more detail the disruptive effect of the 
cantilever tip on cell morphology. The airns of their study was to identify what kinds of cell 
morphological changes generally occurred under normal AFM imaging conditions and to find out 
how long cells remaio viabie during imaging. Two cell types were studied. They concluded that 
cell adhesion is one of the major physiological factors that control cell susceptibility to the 
cantilever disruptive effect. This can either be cell-to-cell interactions or cell adhesion to the 
substrate, provided by the stress fibers developed within the cell. It should be mentioned that their 
experiments, as ours, were not conducted in an environment that is equivalent to that of cell 
culture, i.e., with control of temperature and C02 (and thus the pH of the medium). Tagether with 
the cantilever disruptive force, this factor may significantly accelerate the process of cell death 
andreduce the time window of cell viability. 

t = 0 min t = 23 min t = 46 min t = 69 min 

t = 92 min t = 115 min t = 138 min t = 161 min 

Figure 4.10: 8 Subsequent scans of a living H9c2 cell ( deflection images), scan size: 75x75 J.lm 
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4.4.2 Combining AFM and CLSM 

Figure 4.11 shows a combined AFM-CLSM image. The AFM height and deflection image are 
depicted in figure a and b. These are images are measured on fixed cells. Figure 4.11c shows a 
CLSM transmission image of the same cell, structures as the nucleus and nucleoli (white arrow) 
are clearly visible. The line underlying the cell is the raster, which is also visible in the AFM 
deflection image. Figure d shows a fluorescent CLSM picture showing the actin filaments . It 
shows the lower section of the cell close to the glass substrate, therefore this image should be 
compared to the lameBipodia shown in the deflection AFM image as these are the structures close 
to the substrate. The magnifications show an area in which structures measured by the AFM and 
the CLSM can be directly related. The result of this comparison proves that the observed 
structures in the AFM images are indeed actin filaments. 

Figure 4.11: Combined AFM and CLSM image of a H9c2 cel!. a: AFM height image, b: AFM 
deflection image, c: CLSM transmission image, d: CLSMfluorescent image (actin) 
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Chapter 5 

Elasticity measurements with the AFM 

The structure of eukaryotic cells is controlled by a dynamic balance of mechanica! farces. It is 
known that cell shape, resistance to deformation and elasticity are very important for the 
functions of many kinds of cells. The latter two properties are mainly governed by the 
cytoskeleton. Mechanica! properties can be used to monitor cellular functions (Elson 1988). 
Many research groups study the cell mechanica! properties using different techniques. One 
drawback of these methods is a missing or limited lateral resolution, which can been 
overcome by using the AFM to determine laterally resolved mechanica! properties of living 
cells. 

The elasticity of a sample can be defined by the Young' s modulus or modulus of elasticity. 
The Y oung' s modulus E is defined as the ratio of uniaxial tension to extension in a cylinder 
which is under axial tension and which is unrestricted laterally. E can range between 100 GPa 
for very stiff material like glass or steel and 1-100 kPa for soft structures like living cells. 
Equations based on classica! infinitesimal strain theory offer the possibility to calculate the 
Y oung's modulus E. One of the roodels used to calculate E is the Hertz model, that describes 
the elastic deformation of two surfaces touching under load. 

Although elasticity measurements with AFM are useful, it should be kept in mind that cells 
are very softand do have complex intracellular structures. Combination of these factors leads 
to both difficult experimental handling and uncertainties in the interpretation of the obtained 
data. These aspects are discussed in the next sections. The principle of the AFM elasticity 
measurements is explained in section 5.1. In the second section, the Hertz model is discussed. 
Insection 5.2.1 an experimental approachbasedon the Hertz model, called FIEL mapping, is 
described which produces quantitative maps of relative elasticity. Section 5.2.2 discusses 
another approach to calculate elasticities. A measurement protocol is given insection 5.3. The 
last section, 5.4, contains the results and a discussion. 

5. 1 Principle of Elasticity Measurements 

To measure elastic properties of a surface force curves are measured, i.e., the sample is 
compressed by the indenting AFM tip and the elastic response of the sample under this 
loading force is analyzed. 

As described in section 3.3, force curves are collected by measuring the cantilever deflection 
(d) as the sample is moved towards the tip. A force curve on an infinitely stiff sample has 
basically two linear regions (figure 5.1 a). In the frrst, non-contact region, the cantilever 
deflection is constant (zero-deflection). In the second, contact region where the tip is touching 
the surface, the force curve is sloped. In this region the deflection d is proportional to the 
movement of the sample by the piezo z: d = z. 
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In case of a soft sample, the cantilever tip will indent the sample ( tigure 5.1 b ). This 
indentation o leads to a smaller deflection d = z - o, resulting in a flatter force curve with a 
smaller slope. For example, a stiff sample causes the same deflection at point A (tigure 5.1b) 
as a soft sample at the further point B. Or, for the samemotion of the sample, the deflection 
for the stiff sample (point C) is larger that the one for the soft sample (B). The slope of the 
force curve provides information about the elasticity of the sample. 

In tigure 5.1 deflection-versus-z position curves are given, referred to as force curves. As 
described in par. 3.3, a 'true' force curve is obtained using Hooke's law, which connects the 
deflection of the cantilever and the applied force via the spring constant k of the cantilever. 
The loading force can therefore be written as: 

F = kd = k(z -8), ( 5.1) 

in which d is the cantilever deflection, z the vertical displacement of the sample, and o the 
indentation. 

deflection 
(d) 

deflection 
(d) 

force curve on 
sti(! substrate 

········· c 

········•·· ... 

.~ 

~ctOOe 
a 

z position 

........................... ::::4 öndentation 8 

b 

z position 

Figure 5.1: a. force curve on a stiJf sulface b. force curve on a soft surface (for comparison, a 
force curve on a stiJf sulface is presenred as a dotted line). The insets show the 
cantilever with tip and the sulface 
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In literature, both deflection-versus-z position and force-versus-z position curves are referred 
to as force curves (or force plots). This will also be done in this report, depending on what 
information is needed. For instance, the determination of the indentation requires a deflection
versus-z position curve while determination of the applied force requires a force-versus-z 
position curve. In principle both curves are similar except for the factor k. 

The slope and shape of the contact part of a force curve are not only determined by the 
elasticity of the sample but also by the stiffness of the cantilever (spring constant) and the 
shape of the tip. The influence of the softness of the sample as well as of the spring constant 
of the cantilever is shown in figure 5.2a through c. Figure 5.2a shows a force curve measured 
on a surface that is soft relative to the cantilever (for comparison, a force curve on a infinitely 
stiff surface is shown). On soft surfaces, the deflection of the cantilever is small because the 
tip indents the surface, shown as a large indention in the force plot. In figure 5.2b, a force 
curve is shown measured on a surface which elasticity is of the same order of magnitude as 
the spring constant of the cantilever. This results in a deflection signal that is of the same 
order of magnitude as the indentation. Figure 5.2c shows the force curve measured on an 
infinitely stiff surface. In that case the indentation equals zero. 

increasing surface hardness 

increasing cantilever stitTness 
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Figure 5.2: Influence ofthe softness ofthe sample and the spring constant ofthe cantilever on 
the slope and shape ofthe contact part of a force curve. -:force curve 
( deflection), - - - : indentation, --: theoretica[ curve on infinitely stiff 
surface 

As illustrated in figure 5.2, it can be concluded that the slope of the force curve depends on 
the relation between the spring constant of the cantilever and the softness of the sample 
surface. The choice of cantilever to be used in AFM elasticity measurements is therefore 
dependent on the elasticity of the sample. 
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5.2 Hertz model 

Combination of force and indentation provides information regarding the elasticity of the 
sample. In 1881, H.Hertz calculated on a theoretica! basis the elastic deformation of two 
spherical surfaces touching under load (Hertz 1881). Sneddon (1965) extended this 
calculation to such geometries as a cone or pyramid pushing onto a flat sample, a 
configuration that is more applicable for an AFM tip pushing into a (relatively) flat sample. 
The model of Sneddon is also referred to as the Hertz model, to distinguish it from other 
models that include other effects such as adhesion or plastic deformation. In the Hertz model 
it is assumed that the sample is a homogeneous, isotropic, linear elastic half-space subjected 
to infinitesimally small strains. 

Depending on the geometry of the tip, the Hertz model prediets the following relation 
between indentation ö and the toading force F (Sneddon 1965, Costa 1999): * 

Geometry of the tip 

Sphere 

Conical 

Flat-end Cylinder 

Pyramid 
(four-sided regular pyramid with each face 
ha ving inclination angle 7rl2-a) 

E: Y oung' s modulus 
v: Poisson ratio 
R: radius of sphere or flat-end cylinder 
a: semi-angle of cone or pyramid 

Loading force 

(5.2a) 

(5.2b) 

(5.2c) 

(5.2d) 

• These equations have been reported erroneously in several publications on AFM (A-Hassan 1998, Domke 
1998, Haga 2000, Hoffman 1997, Radrnacher 1997) 
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In infinitesimal theory, the Poisson ratio v describes how much the material extends normally 
to the direction in which the force is applied. If a material is incompressible, then 
compression in one direction will automatically lead to an extension in the perpendicular 
direction. Most biologica} materials are nearly incompressible. If the material is 
incompressible, the Poisson ratio will he 0.5, otherwise it will he smaller. For living or fixed 
cells, it is assumed that v=0.5. 

Elasticity measurements caooot only he used to calculate the elasticity of a sample, they cao 
also provide information about the obtainable spatial resolution of AFM images. In case of 
soft materials, such as cells, the achievable resolution depends on the softness of the sample, 
the geometrical shape of the tip, and the loading force applied by the AFM tip. A theoretica} 
limit for the achievable resolution cao he obtained by using the Hertz model. Equations 5.2 
show the relation between the elastic indentation and the loading force F. This elastic 
indentation will create some contact area between tip and sample, which will limit the 
resolution achievable under optimum conditions (Radmacher 1995). The relation between the 
indentation and the diameter of the contact area r, for the case of a pyramid of opening angle 
a, is given by (Sneddon 1965): 

(5.3) 

Braet and co-workers (1998) performed AFM measurements on liver cells to investigate these 
elasticity effects on the spatial resolution. To this end, the elasticity of living and fixed liver 
endothelial cells was correlated with the spatial resolution of the obtained images of these 
cells. Liver endothelium is characterized by small holes or fenestrae, localized between the 
individual cells. The size of these fenestrae is a bout 200nm. In contrast to living cells, in fixed 
endothelial cells these fenestrae could easily he imaged. By using the Hertz model as 
described above, these investigators estimated the radius of the contact area between the tip 
and the cell. They concluded that since the actual size of the fenestrae is very close to this 
theoretically estimated resolution, there is hope that only minor improvements in 
instrumentation could make it possible to image structures like fenestrae in living 
endothelium. 

Determination of the contact point 

To calculate the Young's modulus using the Hertz model, the relationship between force and 
indentation bas to he known. In Force Plot Mode the force is directly measured by 
multiplying the measured deflection with the spring constant of the cantilever. The 
indentation bas to he calculated from the measured deflection and the known response of the 
cantilever on an infinitely stiff surface (see figure 5.1b). However, to do so, the precise 
position of the contact point bas to he known, the determination of which cao he a problem, 
especially in case of force curves measured on very soft samples like cells. This is caused by 
the effect that if a sample is soft relative to the detection sensitivity of the AFM, the sample 
will deform in response to the tip before the cantilever measurably deflects. Consequently the 
true contact point caooot easily he detected, as illustrated in figure 5.3. The slope of the curve 
obtained on a soft surface is small relative to the slope of the force curve on an infinitely stiff 
surface. Three possible positions of the contact points are depicted. 

29 



Chapter 5 Elasticity measurements with the AFM 

The Young's modulus E resulting from the smallest and largest contact point coordinate 
differs by almost a factor 2. This illustrates the large influence of the deterrnination of the 
position of the contact point. Moreover, in practice also noise and optical effects like 
oscillations in the deflection signal can further hamper the precise deterrnination of the 
position of the contact point. To deal with this problem A-Hassan and co-workers (1998) 
developed a new approach for the calculation of the relative elastic properties from force 
curves, called Force Integration to Equal Lirnits (FIEL). 

1 .5,.-----~---~------, 

, .. 

0.5 • • I 1 5 

possible contact points 

Figure 5.3: Influence ofthe position ofthe contact point. force curve on soft surface and three 
theoretica[ curves on an infinitely stijf surface resulting from three possible positions 
of the contact point 

5.2. 1 FIEL mapping 

FIEL (Force Integration to Equal Lirnits) mapping is an analytica! approach developed by A
Hassan and co-workers (1998) for determining relative elastic properties from force curves. 
This technique is independent of the tip-sample contact point and reduces differences in tip 
geometry to a simple geometrie sealing factor. It must be emphasized that FIEL mapping only 
allows for comparison of theelastic properties at different positions or at different times. But 
because most investigations of the elasticity of living cells are concerned with relative 
changes rather than absolute val u es of the Y oung' s modulus, FIEL mapping seems to be a 
useful tooi for analyzing elasticity measurements. 

To perform FIEL mapping, the following calculations are performed. The Hertz model 
provides a relationship between the indentation 8 and the loading force F: 

(5.4) 

with ca shape factor of the AFM tip and ~a shape-dependent exponent (see formula 5.2a tod 
for the specific val u es of c and ~ for different tip geometries ). 
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One difficulty in applying the Hertz model is that of the 5 variables only two, i.e., force and 
indentation, are measured in a typical AFM experiment. By convention, the Poisson ratio is 
given a value of 0.5, although this has not been measured for living cells. Moreover, the ratio 
likely varies across the surface of a cell. In addition, it is not clear how useful a quantity of an 
elastic modulus of a living cell is. These concerns have led A-Hassan and colleagues to 
introduce the concept of the elastic constant k5, where 

1-v 
k =-

s E (5.5) 

As such, ks represents local elasticity of the sample. The use of ks has the advantage that it 
allows for an indeterrninant and varying (in x,y) Poisson ratio. It is also suitable for 
deterrnining relative elasticities. 

To allow the comparison of the elastic properties at different positions and times, a sirnple 
relationship was derived relating the elastic constant ks to the work done by the AFM 
cantilever during an indentation. In FIEL mapping force plots are taken using the relative 
trigger mode, in this mode the cantilever is deflected until a eertaio pre-set. Suppose a pair of 
force curves is taken at position P1 and P2 (figure 5.4). By using the relative trigger mode the 
condition is imposed that at these positions F 1=F2, which results in: 

which can be reduced to: 

force 

distance 

Figure 5.4: Area under force distance curves at different positions 

(5.6) 

(5.7) 

Rather than using the sample position z (figure 5.2), an absolute distance D is used that is 
relative to the separation between the tip and the sample surface (for a soft sample this is the 
undeformed surface). The correction to produce a force-distance curve uses the relationship: 
distance = z position -deflection (D=z-d). 
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The area under a force-distance (FD) curve (figure 5.4) is the work done by the cantilever at 
each position and is given by 

(5 .8a) 

and 

(5.8b) 

Thus, the relative work (wtfw2), or the relative areas under the two force curves, can be 
calculated as: 

(5.9) 

Tagether with equation (5 .7), this results in: 

(5.10) 

which directly relates the area under the two force curves to the ratio of the elastic constants 
at P1 and P2• The cantilever tips used in the measurements described in this report, are best 
approximated by a pyramid (with tip angle 2a), so that the exponent in formula 5.10 equals 
Y2. Commercially available sharpened tips are best approximated by a cone, resulting in an 
exponent that equals Y2 as well. 

5.2.2 Partial Fit of Force Curve 

One of the main advantages of the FIEL method, as discussed in section 5.2.1, is the 
insensitivity to the contact point between tip and sample. Another metbod that avoids the 
problem of the determination of the exact position of the contact point, is partially fitting of 
the force curve. In contrast to FIEL, this metbod does result in an absolute value of the 
Y oung' s modulus. 
To calculate the Young's modulus, a fit of the Hertz model is applied to a part of the 
extending force curve, i.e., the fit range (figure 5.5). 
To apply this method, the following calculations need to be performed. The starting point is 
again the Hertz model that provides a relationship between the indentation ö and the loading 
force: 

(5 .11) 

with c a factor which is proportional to E and dependent on the shape of the AFM tip and f3 a 
shape dependent exponent (equations 5.2). 
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d~g*lOO% 
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zcontact Z position z 

Figure 5.5: Force curve of which only a part is fitted according to the Hertz model. The 
relative deflection signal on the vertical axis is defined as the ratio of the 
deflection d and the trigger deflection drng· The lower and upper fit limit define the 
fit range, i.e. the part of the force curve which is fitted. 

The indentation ö can be written in terms of the contact point position zcontact, the z position 
zand the deflection d (figure 5.5): 

ö = (zcontact- z)- d (5.12) 

Combination of 5.11, 5.12 and Hooke's law (equation 3.1) gives: 

J kil 1 

z+d= lcJ~(d)~+ zcontact 

(5.13) 

In Force Plot mode the z position z and the deflection d are measured so that the above 
function can be linearly fittedusinga least squares method. This fit results in a factor -(k/c) 11~ 
and in the parameter zcontact, i.e., the calculated contact point. If the spring constantkof the 
cantilever is known, c is known. For a pyramid shaped tip, E in terms of c, a and v is given 
by: 

(5.14) 

With the cantilever data, provided by the manufacturer, the Young's modulus is calculated. 
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5.3 Protocol for Elasticity Measurements with AFM 

The cell samples were prepared in the same way as described insection 4.2.2. In short, H9c2 
cells were plated on collagen coated glass raster coverslips and allowed to grow for three 
days. After that, elasticity was measured on living or flxed cells. Measurements on living cells 
were only performed on the Dimension 3100 system (TUE). 

Elasticity measurements were performed in Force Volume Mode. In this mode a topographic 
image of an area of a sample is obtained as well as an array of force curves over the same 
area. Each force curve is measured at a unique X-Y position in the area, and force curves 
from an array of XY points are combined into a three dimensional array of force data (hence 
the term volume). The value at a point (X,Y,Z) in the volume is the deflection (force) of the 
cantilever at that position in space. Analysis and display of force volume measurements were 
done with a set of tools developed using Matlab ( version 5.3). Combination of a force volume 
data set and the PIEL metbod can result in an elasticity image (see flgure 5.6). This image 
contains the integrated areas of the force curves that are related to the elasticity of the sample 
(equation 5.10). 

AFM height image force plots F1EL (elasticity) image 

Figure 5.6: FIEL elasticity image: Force curves acquired with force volume imaging are 
integrated to the same deflection value (equalforce). The integrated area can be 
correlated to the elasticity of the sample ( see section 5. 2.1). Light are as in the 
elasticity image refer to soft areas, dark areas refer to hard areas and thus high 
values of the Young 's modulus 
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Cantilevers 

The choice of a cantilever with a certain spring constant is dependent on the elasticity of the 
sample, as described in section 5.1. For elasticity measurements, the deflection and the 
indentation should be in the same range of magnitude. By combining equation 3.1 and 5.2d 
(as the tip of the cantilevers used is best approximated by a pyramid), an estimation can be 
given for the spring constant of the cantilever that should be used, 

3 E 2 
F=k·d=.- 8. 

4 tan(a) (1-v 2 ) 
(5.15) 

Assuming d:::::Ö::::: 100nm, E:::::50kPa, and v=0.5 the order of magnitude for kis 

k=O(i E 
2 

8)=0(10-2
) N/m. 

4 tan(a) (1-v ) 
(5.16) 

The cantilevers used for the elasticity measurement had a spring constant of 0.06 N/m 
(manufacturer's value), which is in agreement with the above estimation. 

Sensitivity photodetector I piezo 

When measuring a force plot, the actual parameter measured is the voltage output of the 
photodetector as a function of the Z travel of the piezo. The voltage output of the 
photodetector should be converted to a deflection signal (nm). The conversion parameter, the 
sensitivity, has to be calibrated before accurate deflection data can be obtained. The 
sensitivity is calibrated on a material much stiffer than the cantilever (e.g. glass), it measures 
the voltage output of the photodetector by a given deflection of the cantilever. The sensitivity 
will change for different cantilever lengths and styles. Sensitivity will also change with the 
position of the cantilever and the quality of the laser beam reflection from the cantilever. To 
investigate the influence of the position of the laser spot on the photodetector, the sensitivity 
parameter is measured for varying position on the photodetector. The sensitivity is also 
measured for varying piezo voltages. 

Influence of the scan rate on force curves 

The shape of a force plot, and especially the hysteresis between extending and retracting 
curves, depends not only on the elasticity of the sample surface and the spring constant of the 
cantilever as discussed in par. 5.1, but also on the medium in which is scanned and the scan 
rate, i.e. the velocity at which the sample is approached to the tip. Because the elasticity 
measurements on cells are done in a liquid environment, it is important to know the influence 
of a liquid on the force plot measurements. 
The measurement time to complete a force volume measurement can be quite large. Because 
the available time is limited in case of living cells, it is also important to investigate 
parameters which have an influence on the time needed to complete a measurement. A factor 
that has a large influence is, besides the number of measurement points, the scan rate. A high 
scan rate reduces the measurement time but can, however, lead to effects which distort the 
elasticity measurement. 
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To investigate these effects, force curves are measured on glass in air and water at three 
different scan rates. Force plots at different scan rates are also measured on cells to investigate 
the influence on soft surfaces. 

Force volume measurements 

Because the available Z-scan range of both the Multimode and Diroension 3100 AFM was 
generally not large enough to take force volumes of whole cells, elasticity measurements were 
performed on a limited area on top of the nucleus of the cell. To locate this area on top of the 
nucleus, ftxed cells were frrst scanned and then a force volume plot was taken at the highest 
region. In case of living cells, the raster coverslip with cells was observed by light (phase 
contrast) microscopy prior to the AFM measurements. The nucleus of cells of interest was 
exactly located using the microgrid. By doing so, the cantilever could beengagedon top of 
the cell, and a force volume measurement was performed. Prior to all force volume 
measurements, a force plot on glass was recorded. This force plot was used as a reference in 
the processing of the force volume data afterwards. 

The number of measurement points was 8*8 in case of the MultiMode and 16*16 in case of 
the Dimension AFM (lower limit of the software, version 4.43b ). In both cases, each force 
curve (extended + retracted) had 512 points. The scan rate was 0.5Hz and the trigger 
deflection approximately 70nm. 
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5.4 Results and Discussion 

5.4.1 Sensitivity of photodetector and Piezo 

In contrast to the horizontal position of the laser spot on the photodetector, the vertical 
position of the laser spot changes during force volume measurements. Figure 5.7b 
(MultiMode) and c (Dimension 3100) show the sensitivity as a function of the vertical 
position of the laser spot on the photodetector. The sensitivity appears to vary as a function of 
the (vertical) position on the photodetector, showing a higher sensitivity at the center of the 
photodetector. However, when the spot on the photodetector is kept between -2 and +2V the 
error is minimaL Figure 5.7 d (MultiMode) and e (Dimension) show the sensitivity as a 
function of the piezo voltage. The sensitivity increases at higher voltage. This is normal 
behavior for piezo electric materiaL A calibration procedure can be executed so that this 
variation is compensated for. 

photodetector 

.___--~. __ __.a 

e 

Figure 5.7: Linearity ofphotodetector and piezo. a: measurement points on the photodetector. 
b-c: injluence of vertical position of laser spot on photodetector. d-e: injluence of 
piezo voltage. b,d: MultiMode, c,e: Dimension 3100 

It is known that the AFM bas to stabilize for some period before stabie measurements can be 
performed. During this stabilization period, it was observed that the vertical position of the 
laser spot was changing. The cause of this effect is not known but it provided a way to 
determine the necessary stabilization period as the sensitivity varies as a function of the 
position of laser spot on the photodetector. Figure 5.8 shows a plot of the sensitivity as a 
function of the time after switching on the AFM. After a period of about 90 minutes the 
sensitivity is stable. 
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Figure 5.8: Stabilization period of the AFM. Sensitivity as a fitnetion of the time after 
switching on the AFM 

5.4.2 lnfluence of Scan Rate 

Figure 5.9 a to c show force plots taken in air on a hard substrate (glass). The scan rates are 
respectively 0.5, 5 and 15 Hz, corresponding to tip veloeities of 2.5, 25 and 75~m/s, 
respectively. There appears to be no hysteresis in the noncontact lines, i.e., the extending and 
retracting curves show no differences. 
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Figure 5.9: Effect of scanrateon force curves taken on glassin air (a-c) and water (d-J). 
The insets show a higher magnification image of the contact point area 
- :extending curve, --:retracting curve 
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The approaching and retracting portions of the contact line, however, exhibit substantial 
hysteresis at high scan rates, as evidenced by the lateral separation of the two traces (see inset 
tigure c). This effect is also seen in force plots taken in water on glass (tigure 5.9 d tot). At 
low scan the approaching and retracting curves lie close to each other. At high scan rates, 
however, hysteresis occurs between the traces that appears as a separation of both the 
noncontact line and contact line. The trace separation of the non-contact line is prirnarily due 
tofluid dynamic effects (Hoh 1993). The hysteresis in the contact line has a more complicated 
origin. As in our experiments, Hoh and Engel found that this hysteresis is clearly scan-rate 
dependent Hoh and Engel examined this in further detail. A closer examination of the scan
rate dependency revealed that at high scan rates the separation is large. As the scan rate was 
decreased, the hysteresis reached a minimum after which it increased again. This rate
dependent increase below a certain minimum is typical of stick slip friction. Friction above 
the minimum is typically dominated by shear forces, as can be seen in the measurements of 
Hoh and Engel in the linear dependency of the hysteresis on the scan rate, at high rates. These 
investigators therefore proposed that friction between the tip and sample causes the cantilever 
to bow forward (tigure 5.10) after the tip makes contact, resulting in an offset in the contact 
line. Since the contact line is taken as zero separation, this results in a misplacement of the 
sample position. As the tip is retracted, the cantilever then bends upward, causing an opposite 
offset in the line. This interpretation is further supported by the behavior of the curves at the 
turn-around points, where the deflection signal jumps or drops nearly vertically as would be 
expected when the cantilever turns up from a forward bow (or vice versa). 

Figure 5.10: Schematic model of friction-induced forward bowing of the cantilever as the 
sample is approached. With the optica[ lever detection system the forward bow 
causes the beam to be offset downward, making both the tip and sample appear 
lower down than they are. The converse happens as the sample is withdrawn 
(Hoh 1993) 

Effect of scan ra te on measurements on cells 

Figure 5.11 a-c show force plots taken on a cell at the three different scan rates (0.5, 5 and 
15Hz). There are two separate effects that contribute to the shape of these curves. The large 
separation of the curves in their non contact regions is due to the hydrodynamic drag on the 
cantilever, as seen in the measurements on glass. The hysteresis in the contact region is the 
result of substantial viscous contributions from the cell (A-Hassan 1998). When scanning 
very slowly, the extending curve of a force plot contains the inforrnation about the elastic 
behavior of the sample under investigation. However, in practice, force plots are scanned with 
a certain scan rate resulting in effects as shown in tigure 5.10. 
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Figure 5.11: Force plots taken on a cell at different scan rat es - : extending curve, 
--: retracting curve. 

c 

Some investigators (e.g. Domke 1998) therefore used the average of the extending and 
retracting curve, to cancel out the influence of this hydrodynarnic drag on the cantilever. To 
investigate which curve should be used, force curves taken at relatively low scan rate (0.5Hz) 
are compared to force curves taken at a relatively high scan rate (22Hz). The result is shown 
in figure 5.12. 
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Figure 5.12: Selection offorce curve for elasticity measurements 

2.5 

extending, retracting ( --) and averaged force curve ( -----) taken at 22Hz 
compared to extending and retractingforce curve (-)taken at 0.5Hz 

The contact part of the force curve measured at 0.5Hz is lying close to the extending curve of 
the force curve taken at 22 Hz. The non-contact part of the force curve measured at 0.5Hz is 
lying close to the retracting curve of 22Hz. The scan rate used in the measurements is 0.5Hz. 
As can be seen in figure 5.11 a, the non-contact parts of the ex tending and retracting curves 
are very close together at this scan rate, while there is some hysteresis between the contact 
parts of the two curves. Therefore the extending, instead of the averaged, curve is used in the 
measurements described in this report. 
A-Hassan and co-workers (1998) did a more extensive study on effects on force curves. They 
examined the reproducibility of the curves, therefore repeated force curves were taken at the 
same position. Non-reproducibility indicates plastic deformation or other effects that are not 
reversible on the time scale of the measurement. The results showed that the curves are highly 
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reproducible at low scan rates (5-251J.rnls), while at higher scan rates some variation between 
curves begins to appear. The scan rate in our experiments was approximately 2.5 J . .un/s. A
Hassan and colleagues also deterrnined the effect of an increase in the maximal force applied 

by collecting a series of force curves over a single position on an epithelial cell with 
increasing trigger threshold. These force curves were aligned by their maximum deflection 
values. The curves were in good agreement at the two smaller deflections of 25 and 50nm. 
while a small deviation at the 100-nm deflection threshold, and a significant one at the 200-
nm deflection, are observed. This suggests that there is a deformation for the larger 
indentation, which is irreversible on the time scale of the experiment. Because the values of 
the trigger deflection in our experiments varied between 60-90 nm. no irreversible effects due 
to too high forces are assumed to occur. 

5.4.3 Elasticity Measurements 

Figure 5.13a shows a height and deflection image of a fixed H9c2 cell, tigure 5.13b shows a 
force volume image of the same cell. The number of measurement points of the height and 
deflection image is 512x512. The resolution of the force volume image is 64x64, i.e., the 
force volume height image consistsof 64x64 points and an array of 64x64=4096 force curves 
is measured over the same area. The high-resalution height and deflection image and the force 
volume image are not measured simultaneously. Figure c shows 64 (out of the 4096) 
extending force curves, ranging from straight curves on the glass substrate to sloped curves on 
the cell. Figure 5.14 shows the resulting FIEL elasticity image. 

a 

FV height image FV Jmoge 

c 

b 

Figure 5.13: Topographic and force volume image of H9c2 cell 
a: height (left) and dejlection (right) image. b: force volume image, consisting of a 
force volume height image and a force volume image. c: 64 (out of 4096) force 
curves of the force volume image 
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FIEL elulicily im.ge 

Figure 5.14: FIEL elasticity image 

FIEL or elasticity images can be used to visualize relative changes of the elasticity of cells for 
example as a result of treatment with certain drugs. Force volumes are measured on a certain 
cell, a drug is added to the liquid environment of the cell and again a force volume is 
measured. Changes in elasticity can be monitored. An application of this metbod is the u sage 
of drugs like cytochalasin B or latrunculin A to estirnate to what extent theelastic properties 
of cells are affected by degradation of the actin network (Hofrnann 1997, Rotsch 2000). 

The force volume measurements on whole cells could however, with the available AFM 
systems, not be carried out for all H9c2 cells. This is caused by the limited Z travel range of 
the piezo. The piezo needs a certain distance to travel from the lowest point (on the glass 
substrate) to the highest point of the sample (on top of the cell), this distance varies from 
approxirnately 3J.!m in case of relatively low cells to more than 5J.!m in case of relatively high 
cells. Additionally, the piezo needs a distance to approach the sample until the deflection of 
the cantilever has reached the pre-set trigger deflection value. In case of soft living cells this 
distance is approxirnately 1.5-2J.!m. Because most cells are higher than the cell shown in 
figure 5.13 and living cells need a larger Z scan size than ftxed cells, it was impossible to get 
whole force volumes of all cells. Therefore force volume measurements were performed on 
lirnited areas (1-10 J.!m2

) on top of the cells. 
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Force volume measurements on fixed H9c2 

11 Force volume measurements with a scan size of 1x1J.!m were performed on 11 fixed cells 
(jix 1-11, MultiMode). On 6 of these cells (jix 6-11 ), also a force volume measurement was 
done with a scan size of lOxlOJ.!m. The full data are shown in appendix 1 as 11+6 force plots 
each containing 64 (=8x8) extending force curves. As can been seen in the force plots, 
oscillations occur in the deflection signal, most apparent in the non-contact lines. These 
oscillations are probably caused by light that reflects or scatters from the sample and then 
interferes with the light reflected from the cantilever (SPM mailing list 2000). The 
calculations of the Y oung' s modulus are harnpered by these oscillations, therefore they are 
filtered out using Fourier spectrum filtering. Figure 5.15 shows an exarnple of a Fourier 
spectrum of a deflection signal (theoretica}) without oscillations. The Fourier spectrum is a 
monotonously decreasing function. Figure 5.16 shows the filter process for a measured 
deflection signals with oscillations. The unfiltered spectrum (figure 5.16b) shows a few spikes 
with are related to the oscillations in the deflection signals. These spikes are filtered out by 
averaging and the filtered deflection signals (figure 5.16d) are the result of an inverse Fourier 
transforrnation. 
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Figure 5.15 a. Theoreticalforce curve (without oscillations) and b. Fourier spectrum 
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Figure 5.16: Fourier spectrum filtering of deflection signal 
a: the non-filtered deflection signal (force plot with 64 force curves, fix1) , b 
Fourier spectrum of the non-filtered deflection signals, c: filtered Fourier 
spectrum, d: filtered deflection signal 

43 



Chapter 5 Elasticity measurements with the AFM 

Force volume measurements on living H9c2 

5 Force volume measurements with a scan area of 5x5J..tm are performed on 5 living H9c2 
cells (liv 1-5, Dimension). The data is shown in appendix 1 as 5 force plots each containing 
256 (=16x16) extending force curves. The non-contact parts of the force curves of 
measurements liv 1-3 show a slight slope, the slopes of the non-contact parts of the force 
curves of measurement liv 4 and 5 are even larger. This sloped non-contact line is not only 
observed in measurements on living cells but sametimes also on fixed cells and on glass (not 
shown), however to a lesser extent. The exact origin of this sloped non-contact is not yet 
known but it is suggested that it is an optical effect (Hoh 1993). Because this slope influences 
the elasticity measurements it is fittered out. The non-contact line is fitted linearly and this 
fitted line is subtracted from the whole force curve ( example shown in tigure 5 .17). This fit 
procedure is done for each force curve separately. 

70 - - .- - - ,. - - .1 - - - ' - - ., - -

t t t I I 

- - - ---- -- ------

"' 

. ,.,L --:':,_s:---~--:':,5:------:---:':,5-~ 
zpolikln(rnJ) 

a • 

Figure 5.17: Filtering of sloped non-contact line. 
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a. force curves (256, liv 5) with sloped non-contact line, b. filtered force curves. 

Non-linear elastic behavior 

To investigate whether the frxed and living H9c2 cells exhibit linear elastic behavior, i.e., the 
Y oung' s modulus is independent of the indentation, E is calculated for different parts of the 
force curve, corresponding to different values of the indentation. The contact part of the force 
curves is divided into 9 pieces, i.e., from 10% (lower fit limit, tigure 5.5) to 20% (upper fit 
limit) of the trigger deflection, from 20 to 30% etc. until 90-100%. The frrst 10% is not used 
because this part of the force curve is aften subjected to noise. The Y oung' s modulus is 
calculated for each part of the force curve, the results of this fitting procedure are shown in 
appendix 1. Some fixed cells show linear elastic behavior, i.e., the Young's modulus does not 
(within a certain range) depend on the fitted part of the force curve (figure 5.18 a). However, 
other fixed cells do exhibit typical non-linear elastic behavior, i.e., the Young's modulus is 
strongly dependent on the fitted range. In these cases E increases with higher indentation 
values ( tigure 5.18 b). Figure 5.19a-c shows an example of the fitting process of a non-linear 
elastic cell. Depicted is a force curve, the fit range and the fitted function for a fit range of 
10-20, 40-50 and 90-100% of the trigger deflection. Also shown is the force-versus
indentation curve, measured and fitted. 
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Figure 5.18: Linear (a) and non-linear (b) elastic behavior of fixed H9c2 cells. The upper 
plots show Young's modulus as ajunetion ofthefit range (10-20%, 20-30% etc 
of the trigger deflection). The lower plots show the correlation coefficient of the 
measured data and the filtered function. 
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Figure 5.19: Non-linear elastic behavior of H9c2 cells. Force curves (upper plots) and force
versus-indentation plots (lower plots).-- : measured data, - : fittedfunction. 
a: fit range of 10-20% of trigger deflection, b: 40-50%, c: 90-100% 

Measurements liv 1-3, the force curves of which showed a slight slope inthenon-contact lines, 
show also non-linear elastic behavior, comparable to that indicated in tigure 5.18b. The 
Young's modulus resulting from measurement liv4 doesnotchange (within a eertaio range) 
as a function of the indentation. Measurement liv5 results in a Young' s modulus that 
decreases with increasing indentation. 

As shown in the above results, most cells exhibit non-linear elastic behavior, i.e. , the elasticity 
depends on the indentation. Therefore, when camparing results for the fixed and living cells, a 
distinction is made between the Young's modulus resulting from a fit range of 10-50% and of 
50-100% of the trigger deflection. A fit range from 10-50% corresponds with indentation 
values between approximately 100 and 500nm (depending on E), a fit range of 50-100% 
corresponds to indentation values of approximately 500-800nm 
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Spatial variation of the Young's modulus 

Force volume measurements on ftxed cells were performed on a scan area of lxlf.!m To 
investigate the spatial variation of the Young' s modulus, force volume measurements were 
performed on the same cells (fix 6-11) on a scan area of lOxlOf.!m The results are shown in 
tigure 5.20. 
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Figure 5.20: Young's modulus of fixed H9c2 cells, measurements on lxlJ..tm (left bars) and 
10x10J..tm (right bars). a: fit range 10-50% oftrigger deflection, b: 50-100% 

The variations in the measurements on a scan area of lOxlOf.!m are somewhat larger than 
those on 1x1f.!m. caused by the heterogeneaus structure of the cells. However, measurements 
on a scan area of 1xlf.!m seem representative for measurements on top of the cells as the 
differences in the resulting Y oung' s moduli are small. There are no significant differences 
between the Young's moduli resulting from the 10-50% and the 50-100% fit range. 

Comparing the elasticity of living and fixed H9c2 cells 

Because no measurements were done with the Dimeosion system on fixed cells, Y oung' s 
moduli of ftxed cells resulting from measurements with the MultiMode AFM are compared to 
Young's modulus of living cells resulting from measurements with the Dimeosion 3100 
system The measurements on fixed cells consists of 64 force curves taken on a scan area of 
1x1f.!m. while measurements of living cells consistsof 256 force curves taken on a scan area 
of 5x5f.!m. In order to compare the results, 16 out of 256 force curves on living H9c2 cells 
were selectedon a scan area of approximately 1x1f.!m and 16 (out of 64) force curves of ftxed 
cells were selected at a scan area of also approximately lxl. The results of the elasticity 
measurement are shown in tigure 5.21. 
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Figure 21: Young's moduli of fixed (a) and living (b) H9c2 cells. The left bars show the 
results of a fit range of 10-50% of the trigger dejlection, the right bars show the 
results of a fit range of 50-100%. 

From the results of the force volume measurements on ftxed H9c2 cells it can be concluded 
that there is a considerable varia ti on in the values of the Y oung' s moduli, ranging from 25 to 
120 kPa. There are several possible explanations for this variation. Stress fibers , for instance, 
have a large influence on the elasticity (Hofmann 1997, Rotsch 2000). Measurements juston 
top of a stress fiber can therefore substantially deviate from measurements just between stress 
fibers. This can lead to differences in the elasticity of a factor 3-10 (Hoffman (1997)). There 
is also an intracellular varia ti on among cells, which leads to differences in the Y oung' s 
moduli. The effect of ftxation on the elasticity may vary for different cells as well. 

Looking at the effects of the fit range, i.e., camparing the Young's moduli resulting from 
fitting at relatively low (left bars figure 5.21a) and relatively high (right bars) indentation 
values, it can be concluded that most measured ftxed cells (9 out of 11) show a higher E value 
at larger indentation values. This effect is also seen in the measurements on living cells, at 
least in measurements liv1-3. Measurements liv 4-5 show deviant behavior, the Young's 
moduli resulting from the high fit range are smaller than those resulting from the low fit 
range. However, these results have to be handled with care. As can been seen in the unfiltered 
data (appendix 1), these measurements show a substantial slope inthenon-contact region, the 
origin of which is not exactly known. lt is suggested that it is an optical effect but no further 
explanation can presently be given. A possible explanation of the effect that E increases with 
the indentation is that at low values of the indentation the influence of the soft membrane is 
largest. At larger indentation the influence of stiffer submembranous structures like the 
cytoskeleton and the nucleus becomes more apparent. Additionally, at higher indentation 
values the membrane tension is larger. 

Comparison of the results of living and ftxed cells results in some unexpected aspects. When 
teaving out the presumable measurements on stress fibers (fix 1, 5, 8 and 11), the Young' s 
moduli of the ftxed and the living H9c2 cells do not differ significantly. This may be caused 
by the fact that all measurements are performed on top of the nucleus of the cells. The fixation 
procedure results in stiffening of the membrane. When measuring on top of the nucleus with a 
relatively high indentation, the influence of the membrane elasticity is lirnited. These 
measurements are probably more influenced by the underlying actin cortex and the nucleus. If 
the effect of ftxation on the actin structures and the nucleus is thus lirnited or negligible, the 
missing variatien between ftxed and living cells can be explained. 
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The variation of the Young's moduli among the living cells is much less than that among the 
flxed cells. Presumably no measurements were performed on top of stress flbers. This could 
however not be controlled as no images were scanned prior to force volume measurements. 
Besides, the number of measurements on living cells was less than that on flxed cells, which 
can also explain the limited variation. 

When camparing the results described in this report with results reported in literature there are 
several aspects which need special attention. One important aspect is the magnitude of the 
indentation. Because cells exhibit non-linear elastic behavior, Young's moduli can only be 
compared when the farces at which the data are analyzed are of the same order of magnitude. 
The range of maximum indentations varies from 50nm (Haga 2000) to 2Jlm (Lekka 1999). 
The choice of indentation range depends on the information wanted. 

Drawbacks on applying the Hertz model on cells 

As most investigators, we used the Hertz model to extract a Young' s modulus for the cells 
under investigation. This widely used approach is appealing due to the simple form of the 
theoretica! equations (equation 5.2a-d). However, a fundamental assumption of the theory is 
that the sample is a homogeneous, isotropic, linear elastic half-space subjected to 
inflnitesimally small strains (see par. 5.1). This assumption however is questionable for AFM 
indentation studies in cells. First, at the macroscopie level most biologica! materials are 
heterogeneous, anisotropic, and exhibita nonlinear constitutive behavior, which mayalso be 
true at the microscopie level. Secondly, to obtain an adequate indentation response with AFM, 
soft cells typically need to be indented 50-500nm which is not inflnitesimal compared to the 
thickness ofthe cells (aften< 5Jlm). Costa and Yin (1999) used fmite element models (FEMs) 
to examine the effects of indentation depth, tip geometry, and material nonlinearity and 
heterogeneity on the fmite indentation response. Because the classica! theory for infinitesimal 
strains is widely applied in the AFM literature, they compared their numerical results with 
those predictions to determine whether or not there may be special cases in which the finite 
indentation response may be approximated by infinitesirnal strain theory. Costa and Yin 
concluded that the infinitesimal strain rnadeis are in agreement with FEM results for linear 
elastic materials, but yielded substantial errors in the estimated properties for nonlinear elastic 
materials. It was demonstrated that for accurate estimation of mechanica} properties from 
AFM indentation experiments, it is critica} to determine whether a soft sample exhibits linear 
or nonlinear material characteristics. Their results show that rather than simply fitting the 
entire force-depth curve, examining how the indentation response changes with depth can 
provide information about material nonlinearity. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Conclusions 

Visualization measurements 

Visualization measurements with the AFM were performed on fixed and living H9c2 cells. High 
resolution images were obtained of flxed as well as living cells. When scanning whole cells, no 
difference in achievable resolution was observed. Submembranous structures could be visualized 
easily. Although no attention was paid to environmental control, it was possible to scan the same 
living cells for over 2 hours. Combination of CLSM and AFM imaging resulted in identification 
of cytoskeletal structures, i.e., actin fibers were visualized. 

Elasticity measurements 

Elasticity measurements, performed as force volume measurements, were carried out on living 
and fixed cells. Y oung' s moduli varied as a function of the indentation depth resulting from non
linear elastic behavior of the H9c2 cells . Young' s moduli measured on fixed and living cells did 
not differ signiflcantly except for a few measurements presurnably on stress flbers of fixed cells, 
which resulted in significantly higher values of E. 

Modeling with the Hertz model 

The Y oung' s moduli extracted from force-displacement measurements using the Hertz model are 
camparabie to those reported in literature. Calculations based on the Hertz model could be used to 
compare the Y oung' s moduli of fixed and living cells. 

6.2 Recommendations 

Visualization as wellas elasticity measurements are hampered by the limited available XY and Z 
scan size. WeB-spread H9c2 cells can be larger than lOOxlOOj..lm while the available XY scan 
size of the AFM systems used (the MultiMode and Dimension 3100) is lOOxlOOj..lm. The 
available Z scan range is approximately 5-6 j..lm while H9c2 cells can be up to 7~-tm high. 
Elasticity measurements need an additional z displacement of the piezo to enable measuring 
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accurate force plots. Therefore, to obtain topological and elasticity inforrnation of whole H9c2 
cells, a larger XYZ scan area is necessary. 
An important aspect of measurements on living cells appeared to be the attachment of the cells to 
the substrate. During measurements it was often seen that the cells detached under influence of 
the scanning AFM tip. A possible cause of this effect is the lack of environmental control during 
the measurements. The temperature and pH of the medium were not controlled. Missing 
environmental control also results in a lirnited measurement time. A controlled, cell-friendly 
environment, i.e., a temperature of 37°C and a C02 percentage of 5% resulting in a constant pH 
of the medium, will result in better measurement conditions and therefore in more possibilities of 
using the AFM for cell research. Another aspect which will enlarge the measurement possibilities 
is combinations of the AFM with optica} rnicroscopy or, more desirable, a CLSM. Better 
(re)location of cells and identification of e.g. cytoskeleton structures will be possible during 
AFM measurements. 
Applying the Hertz model to elasticity measurements on cells can be useful for deterrnination of 
differences in elasticity between e.g. flxed and living cells. However, consirlering the complex, 
non-linear heterogeneous structures inside cells, it is necessary to develop a more advanced 
model. 
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Appendix 1 

All extending force curves of fixed H9c2 cells measured on the MultiMode AFM: 
(64 (8x8)force curves, scan area: lxlJ.Lm) 
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Appendix 1 

All extending force curves of fixed H9c2 cells measured on the MultiMode AFM: filtered 
( 64 (8x8) force curves, scan area lxlJ.Lm2 
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Appendix 1 

10 xlO J.Lm2 force volumes fix6 t/m fixll (MultiMode) fixed H9c2, not filtered 
16*16= 256 force curves, scan area 5x5J.Lm · 
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10 xlO 1J.m2 force volumes fix6 t/m fixll (MultiMode) fixed H9c2, filtered 
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Appendix 1 

All extending force curves on living H9c2 measured on thë Dimension 3100 AFM 
16*16= 256 force curves, scan area SxSJ.Lm, not fdtered 
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Appendix 1 

liv 1-5, Dimension, sloped non-contact line fitted 
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fixed H9c2, MultiMode, filtered, non-linear elastic behavior 
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