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Abstract 

 

 

 Nano-mechanical properties of prostate cancer cells with different metastatic 

potentials were investigated, in vitro, to shed light on the issue whether those 

properties could be utilized as indicators of their aggressiveness. Experimentations 

involved atomic force microscopy-based indenting and force mapping experiments 

acquired at LNCaP (lowly metastatic) and CL-1 (highly metastatic) prostate cancer 

cells that were cultured on plain glass and nano-scaffolds. Various models were 

applied to extract the mechanical information pertaining to the elasticity, adhesion and 

topography of the cells. Deviating from the general perspective for metastasis, the 

elasticity measurements reveal that the elastic modulus of highly metastatic cancer 

cells, CL-1, is about twice as high (i.e., stiffer) as the elastic modulus of lowly 

metastatic cancer cells, LNCaP, both at the center of cells’ body and lamellipodia. 

The two-dimensional maps of adhesion property, in conjunction with the results from 

the experiments conducted on the nano-scaffolds, reveal that the stiffer cells, CL-1, 

are more adherent than softer cells, LNCaP.  These findings are consistent to the 

reports observed at in vitro nano-mechanical studies that cultured adherent cells are 

less deformable than the non-adherent ones. We postulate that the enhanced adhesion 

generates larger cortical tension that leads to higher elastic modulus observed in CL-

1. 
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Chapter One:  Motivation 

 

Prostate cancer is the second of most commonly diagnosed cancer in men and 

the sixth leading cause of cancer death in males in 2008 [1]. Men over the age of fifty 

or with family members having the disease are at high risk [2].  Although patients 

suffering from the prostate cancer have high chance of survival [3], the danger occurs 

when the cancer spreads to other organs, in particular, to the bones and lymph nodes 

[4] [5].   

The prostate specific antigen (PSA) as a diagnostic tool has been criticized due 

to its lack of sensitivity and specificity as well as its incapability to predict prostate 

cancer aggressiveness [6] [7]. The most commonly used technique to test the tumor 

aggressiveness is the Gleanson scoring but the accuracy of this method depends much 

on the expertise of the pathologist and biopsy sampling implemented [8]. Hence, it is 

important to develop an alternative method that systematically determines the 

invasive potential of prostate cancer cells. 

 Previous studies have reported that cancer cells are softer than normal cells [9] 

[10] [11] [12] [13] [14] [15]. It is suggested that the elastic properties of cells could be 

used as bio-markers for cancer detection [9] [14] [16]. Furthermore, some studies 

show that highly aggressive cancer cells are more able to traverse the filter membrane 

[17] [18], and are more optically deformable [13] [19] than less aggressive cancer 

cells. It is proposed that the deformability of cancer cells is crucial in metastasis [10] 

and that its elasticity could be used as indicator of its invasive potential [13] [20].  

 Several methods are available to probe the elastic properties of the cell but due 

to its adaptability in liquid environment with high spatial resolution, atomic force 

microscope (AFM) is widely used. It is a novel method for high-resolution imaging 

and a powerful technique that can characterize the mechanical, electrical and 

magnetic properties of the sample [21]. Another interesting feature in using the AFM 

is the combination of imaging with force spectroscopy which allows one to scan the 

cellular surface and subsequently target particular location for force measurement 

[22]. 
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Objective and significance of the study 

 

 Although several studies confirmed that benign cells are a lot stiffer than 

cancer cells, only few attempted to find the correlation between the prostate cancer 

cells’ elasticity and their metastatic potential. This study aims to verify if the nano-

mechanical properties of prostate cancer cells can be used to discern their clinical 

aggressiveness. The result in this study would provide critical information that could 

help in designing new schemes in prostate cancer diagnosis and therapy which can 

serve as a prototype for other solid cancer detection. 

Scope and limitation of the study 

 

 This study had only considered two cell lines of prostate cancer cells with 

different metastatic capabilities, namely, CL-1 (highly metastatic) and LNCaP (lowly 

metastatic) using the atomic force microscope as the probing tool.  In particular, in 

vitro experiments were performed to investigate the difference of the elasticity and 

adhesion property of the mentioned cancer cells. The cells were plated on plain glass 

and on nano-scaffolds with varying adhesion sizes. To extract the nano-mechanical 

characteristics, the Hertz, Tu, and Chen models were utilized.  

 This study did not involve experiments using cancer-infected prostate, whether 

in vivo or ex vivo, rather was carried out using cultured prostate cancer cells. Also, 

this study did not attempt to investigate the molecular mechanisms that would verify 

the results obtained from AFM measurements.  
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Chapter Two:  Background 

Cytoskeleton: its role in cellular elasticity and adhesion 

 

 For eukaryotic cells, cytoskeleton is an integrated system of bio-polymeric 

molecules composed of actin filaments, intermediate filaments, and microtubules that 

are distributed all throughout the cell. The components form a structural network that 

acts as a scaffold which determines the shape, integrity and internal spatial 

organization of the cell [23]. With the help of motor proteins, the reorganization of 

actin filaments and microtubules through polymerization and depolymerization 

generate active contractile forces that changes the cell shape and guide the 

organization of cellular components [24]. The actin filaments, together with the 

proteins that transform chemical energy of the form of Adenosine triphosphate (ATP) 

to mechanical energy, are responsible for the motility of the cell [25]. The cellular 

scaffolding also facilitates the communication between the cell and nearby cells and 

extracellular matrix (ECM) via adhesion [26]. In general, the stiffness and mechanics 

of eukaryotic cell rely heavily on the cytoskeleton. 

 The most prominent difference among the three components is their 

mechanical stiffness. Microtubules are the stiffest among the three but exist in smaller 

numbers compared to actin filaments and they have the most complicated 

assembly/disassembly dynamics [24]. Actin filaments are much less stiff than 

microtubules. However the abundant concentration of crosslinkers that associates to 

actin filaments creates assembly of highly organized, rigid structures of actin 

networks that contribute much to the stiffness of the cell [27]. Intermediate filaments 

are the softest of the three types of cytoskeletal polymer, and they oppose tensile 

forces better than compressive forces. They can crosslink to each other, as well as to 

actin filaments and microtubules [24]. 

 The over-all deformability and mechanical functions of the cell is elucidated 

by the dynamically changing molecular compositions of the cytoskeleton that are in 

constant flux as it respond to the external disruptions from its physical environment 

[28]. The magnitude of resistance provided by the cytoskeletal components to 

deformation varies [29]. The highest resistance to deformation is exhibited by actin 

filaments being the main component to resist external deformational stress. The 
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intermediate filaments are generally compliant to moderate external stress but offer 

resistance to shear deformation at large local stress or at stress that ruptures the actin 

networks in order to maintain the intact structure of the cell. The contribution of 

microtubules in the integrity of cytoskeleton is minimal as it exhibits the largest 

deformation but it aids in the stabilization of cytoskeleton along with the other 

filamental biopolymers.  

 Cells adhering to the substrates exert both normal and lateral forces to its 

environment where the former originated from the action of either specific adhesion 

molecules or non-specific interactions while the latter springs from the elastic 

deformations of the adhesion region due to cytoskeletal forces [30]. The lateral forces 

control the shape and size of discrete adhesion regions known as focal adhesion (FA) 

and allow the cell to explore and regulate the strength of binding to the extracellular 

matrix (ECM) through the number of bonds formed between the FA receptors and 

ECM [30] [31].  

Tesegrity as model of cell elasticity 

 

 Tensegrity or tension integrity is an architectural system in which structures 

equilibrate themselves by stabilizing the tensile and compressive forces to give shape 

and strengthen the structures with maximum strength for a given amount of building 

material [32] [33]. From biomechanical point of view, the tensegrity model explains 

the cellular mechanical behavior by using three distinct biopolymers – 

microfilaments, microtubules, and intermediate filaments – in explaining the 

architecture of the cell cytoskeleton. These three biopolymers work coordinately to 

give structure and support for the cell and its internal organelles. It tries to explain 

many complex cell behaviors like how cells modify their shape when they attach to 

rigid or flexible extracellular matrices [32] [33]. It also hypothesize that cells and 

nuclei are programmed to react quickly to mechanical stresses transmitted over cell 

surface receptors that physically couple the cytoskeleton to the extracellular matrix 

and to other cells [34]. 

 The tensegrity model emphasizes the pre-existing mechanical stress (prestress) 

in understanding cell elasticity [35] . Although the details of the model vary in many 

ways, the main idea is that some components in the cell are under tensions which are 
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counteracted by other components under compression [36]. For an instance, in 

adherent cells, the cytoskeleton and the extracellular matrix are modeled as a self-

equilibrated system where the microtubles and thick, cross-linked actin bundles are 

treated as compression components that counteract the pre-stress from the actin 

filaments and intermediate filaments which serve as the tensile components. 

Dynamics of Cancer Cell 

Malfunctioning of biological cells engender cancer disease which scattered 

irrepressibly and disrupt the organization of the infected site [28]. The cells form the 

tissue by binding to each other with the aide of proteins called extracellular matrix 

(ECM). Cancer cells display alteration in the structures of the ECM and cytoskeleton 

and thus exhibit modified mechanical signatures [37]. Compare to benign cells, the 

motility of the cancer cells is enhanced that allow them to easily move to different 

sites in the process called metastasis [38]. 

There are various steps involved in cancer invasion-metastasis [28]. It starts 

with the growth of carcinoma on the epithelial side of basement membrane and 

creation of new blood vessels, a process called angiogenesis. Once the neoplasm (the 

resulting abnormal mass of tissue) becomes invasive, it can spread readily through 

intravasation into blood and lymphatic vessels where it interacts with blood 

components to compete in the available nutrients. The lymphatics and/or vascular 

channels transport the cancer cells into the circulatory system until they lodged in 

small blood vessels of various organs or tissues. Extravasation then follows where 

cancer cells exits in the lumina of vessels and penetrate to the tissue just outside the 

vessel walls and capillary basements. The invasion-metastasis process, hence, requires 

cancer cells to be flexible, i.e., with low elastic moduli for successful 

intra/extravasation and well adhering to stick in the blood vessel wall. 

Cancer cells produce their own signals for continuous growth and duplication 

and channel them between proteins through transduction [28]. They reprogram their 

growth and division through a control circuit assembled out of proteins. Unlike 

normal cells that undergo only certain amount of cell divisions before they die, a 

process called replicative senescence, cancer cells continue to reproduce as they don't 

understand the programmed death. Consequently, cancer cells will multiply quickly, 

which will eventually lead in the development of tumor. 
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AFM as a biomechanical tool for cancer cells 

 There are several biophysical techniques that can investigate the mechanical 

properties of cells. One of them is atomic force microscopy (AFM). Due to its high 

resolution and adaptability in liquid environment, AFM is widely used cell imaging, 

probing cellular mechanical properties like elasticity and adhesion, investigation of 

cell membranes, cell surface force measurements, and drug delivery as reviewed in 

[39] [21]. 

The operation of AFM is based on the perception of attractive or/and repulsive 

Van der Waals forces between the sample and the tip [21]. The interaction between the 

sample and the tip causes deflection of the cantilever. The LASER beam is reflected 

off the cantilever on a position-sensitive photodiode detector. The interaction between 

the tip and the sample is determined from the variation in the reflected beam's point of 

incidence on the photodiode. 

 

 

Figure 1: Schematics of atomic force microscope. 

 

 Quantification of the mechanical properties of the cell involves force 

spectroscopy, i.e., “force-curves” analysis. The force-curve is acquired as the tip 

approaches the cell. Mechanical analysis usually involves the determination of the 

Young’s modulus which heavily depends on the model employed, attachment of the 

cell to the substrate and location where the indentation is carried out [21]. 

 AFM indentation experiments were conducted to characterize the elasticity of 

prostate cancer cells. Faria et al. discriminated three prostate cancer cells of different 

metastatic potential based on their Young's moduli using Hertz model [7]. They found 
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that BPH (2797±491 Pa) is stiffer compare to the malignant cells but observed that the 

non-invasive cell, LNCaP (287± 52 Pa), is more deformable compare to the invasive 

cell, PC-3 (1401 ± 162 Pa). Docheva et al. investigated the effect of collagen-I and 

fibronectin on cell adhesion, cell elasticity and cytoskeletal organization of the same 

cell lines, PC-3 and LNCaP [40]. They confirmed the findings of Faria et al. that PC-3 

is significantly stiffer than LNCaP but as they maintained the cells in protein matrix, 

their measured value of Young's moduli are a lot higher in the range of 1-4.5 kPa. 

They also found that PC-3 has strong adhesion, more spread and flatter in collagen-I 

compare to LNCaP.  
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Chapter Three: Experimental methods and analysis 

Cell lines and cell culturing 

 

Two cell lines of prostate cancer cell with different metastatic potential were 

used in this study - the androgen-dependent parental cell line with low metastatic 

potential, LNCaP, and the androgen-deprived, highly metastatic cell line, CL-1 (see 

Figure 2). They were prepared in Texas Tech University-Health Science Center using 

the standard protocol in cell cytology. The cells were cultured with RPMI media in T-

75 culture flasks, incubated at 37 
o
C in an atmosphere humidified with 5% CO2.  

Cells for AFM experiments were seeded either on thoroughly cleaned and 

sterilized plain round microcover glasses (radius = 35.0 mm; thickness = 1.0 mm) or 

on the chemically treated rectangular microslides (area = 25.0 mm x 75.0 mm; 

thickness = 1.0 mm) with nano-patterns.  The latter were functionalized with 

fibronectin (FB) (see [41]) while the former were not chemically coated.  The cell-

seeded glass slides were placed in the tissue culture dish filled with growth medium 

and were stored at the condition mentioned above until use for the experiment. 

 

 

Figure 2: Isolated prostate cancer cell with AFM cantilever: (a) CL-1 and (b) LNCaP. 

Atomic Force Microscope experiments 

All AFM measurements were performed with a MFP 3D® (Asylum Research, 

Santa Barbara, CA) mounted on an inverted optical microscope (IX81®, Olympus 

microscope, Japan) housed inside an acoustic vibration isolated cage. Polystyrene 
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beads (2–3 μm in radius) - attached to commercial cantilevers (NovaScan bead) - 

were used in order to have a well-defined contact area and to minimize the stress from 

the sharp AFM tips.  The cleanliness and the radius of the probe were examined 

through its topographic AFM image obtained by reversed-imaging [41] as shown in 

Figure 3b. The force constant of cantilevers (0.01-0.02 N/m) was calibrated by doing 

the thermal noise method. 

Prior to any AFM experiments for cells plated on the plain glass surface, well-

adhesion of the cells to the plain substrate were taken into account first, typically 

requiring at least 24 hours from seeding the cell. For the cells plated on the nano-

patterned scaffolds, elasticity measurements were performed after 72 hours from 

seeding the cells. Right before the AFM experiment, the culture medium was changed 

to wash off any dead or floating cells. For the cells that were seeded on the round 

glasses, a temperature-controlled sample chamber (bio-heater®) was used during the 

course of experiment to maintain the cells’ physiological temperature at 37 
o
C. 

Typically, a single run of experiment lasted for a maximum of four hours. In the case 

of the nano-sphere deposited rectangular microslides which were not mountable to the 

sample chamber, the data collection was limited up to three hours to ensure the cells’ 

viability under the room temperature. During the measurements, the cells were 

maintained in cell suspension buffer (CSB). 

For every cell line grown on the glass, at least five times of independent AFM 

experiments where performed. For the cells plated on the nano-scaffold, three batches 

of experimentation were conducted for each cell lines. The so-called “deflection 

versus distance” curves were obtained as the AFM tip probed the center of the cell 

body with varied trigger force. The condition of the cell before and after indenting 

was monitored by a CCD camera. In addition to the indentation experiment, two 

dimensional array of “deflection versus distance” known as force volume were also 

acquired over the entire cell region in order to delineate the two-dimensional map of 

elastic moduli, topography and adhesion.  

The “deflection versus distance” curves were obtained with an indentation 

speed of 1.98 µm/s. The time interval between every acquisition of curve was at least 

2 s to allow the cell to gain back its relax state. For the indenting experiment, the 

trigger force was applied in an increasing magnitude from 0.2 nN up to 4 nN.  For the 



Texas Tech University, Lyndon D. Bastatas, May 2012 

10 

 

two-dimensional mapping of the force curves, a constant stress was applied all 

throughout the cell with a rate of 400 μm/s with at least 32x32 curves all over the cell. 

 

 

Figure 3: (a) Experimental set-up. (b) AFM topographic image of spherical probe using 

reverse imaging method. 

Force curves analysis 

The obtained “deflection versus distance” curves were converted into “force 

versus indentation” curves. For every single curve, the force, F, was calculated by 

using the Hooke's law where the obtained spring constant of the cantilever, k, was 

multiplied with its deflection, x,  

                                          kxF                                            (Eqn. 1) 

As depicted in Figure 4, the indentation, δ, of the cell can be determined by 

subtracting the cantilever deflection, zc, from the scanner displacement, zs,. As 

illustrated in Figure 5, the contact point between the AFM tip and a cell is defined as 

the location where the deflection starts to deviate from zero.   

Determining the elastic modulus: Hertz and other advanced models 

To acquire the elastic modulus of the cell, the obtained “force versus 

indentation” curve is then fitted with the Hertz model. The Hertz model assumes that 

the cell is a linear and infinite half-space where the contact radius is very small 
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compared to the radius of the bead [21]. The elastic constant, KHerts, is given by Eqn. 

2, 

                                         
3

Hertz

Rδ

F
=

v

E
=K

4

3

1 2
                            (Eqn. 2) 

where E is the elastic modulus, v is Poisson’s ratio, F is the applied force, R is the 

radius of curvature of the tip, and 𝛿 is the indentation. Typical value of the Poisson's 

ratio for a cell ranges from 0.1 - 0.5 [42]. In this study, when using the Hertz' model, 

the Poisson’s ratio, v, is assumed to be 0.33. 

 

 

Figure 4: A spherical probe of radius, R, is indenting the sample of thickness, h, by an 

indentation, δ,  

and contact radius, a. 

 

 

Figure 5: Two methods of finding the thickness of the region probed by the AFM tip relative 

to the glass; (a) by adding the distance, hA, and the indentation, δ or (b) by finding the 

difference, hB, between the contact points of the two force curves. 
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Other models derived from the Hertz model - Tu model and Chen model – 

were adopted for thin regions of the cells [41] [43]. The Tu model assumes non-

adherent regions of the cell where lateral displacements are free. On the other hand, 

the Chen model assumes the regions that attached well to the substrate without any 

lateral motion within the contact areas of the cell and the substrate. The relationship 

between the Hertz and the Tu models is given as 

   
N

=i

T

i

Hertz

Tu

Tu

Hertz

+

p

a

a
=

K

K

1 2i14

3π
                               (Eqn. 3) 

and that of Hertz model and Chen Model is 

                   
 


N

=i

C

i

Hertz

Chen

Chen

Hertz

+

vp

a

a
v=

K

K

1 2i1
1

4

3π
                     (Eqn. 4) 

where aaa ChenTu  is the contact radius, RaHertz  with numerically 

calculated constants T

ip  and )(C

ip .  The dependence on the Poisson ratio, v, of the 

Chen model allows one to determine the right value of the Poisson ratio whereas in 

Tu model, just like the Hertz model, the Poisson’s ratio is assumed to be v=0.33.  

 

Verifying cellular adhesion  

The two advance models were used to gain the cell-to-substrate adhesion 

properties. Based on the assumption of the boundary conditions of the models, the 

adhesion properties are determined by mapping the model that best described the local 

elasticity of measurement point. A dimensionless quantity, δ/R, of each force curve 

were converted to the new dimensionless quantity, δR/h2. The elastic constant, K, of 

the Hertz model were converted to the new constant for each model according to the 

look-up tables of the Chen and Tu models. The elastic constant from the model 

providing the least variation of elastic constants as δR/h2 varies was selected because 

cells were assumed as a linear material. The adhesion property of the cell, then, was 

determined from the model best describing the linear elastic behavior of a cell. (See 

Figure 13 in Chapter 3). 
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Delineating cellular topography  

  The topography of the cell was constructed from the two-dimensional 

mapping of “deflection versus distance curve”. The relative thickness between the 

measurement points and the glass substrate can be known by measuring the contact 

points between the measurement point and the substrate. From the acquired 

topography, the thickness of the cell's body and lamellapodium was determined by 

averaging the thickness of those regions.  

 

Figure 6:  Method to determine the thickness of the cell from the “deflection versus distance” 

curve by taking the relative distance between the contact points of the glass substrate and 

measuring point. 

 

Igor Pro-Software and other analytical tool 

 

 The approaching part of the obtained force curves was analyzed by the 

custom-written script of Igor-Pro 6® to determine the elastic moduli, topography and 

adhesion properties of the cells. In Igor-Pro 6®, the “deflection versus distance” curve 

is consists of two-wave columns, one column for the deflection and the other column 

for the distance. Basically, the analysis of the data involves comparison between two 

“deflection versus distance” curves taken from the substrate and the cell. The 

“deflection versus distance” curve from the hard substrate is important as it serves as 

the reference to determine the indentation. 
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 It was common that the deflection offset of the two “deflection versus 

distance” curves were not in the same level (Figure 7a), depending on the initial 

position of the laser beam in the photodiode. By subtracting the average of the non-

contact region of the deflection, the deflections were adjusted to the zero offset. The 

contact point was determined as the point where the adjusted deflection deviates two-

standard deviations from the deflections of non-contact region, as shown in Figure 7c. 

Due to the noise of the deflection curve, several values of distance-wave were 

returned to be contact points. The correct value was finally chosen as the greatest of 

the returned value of the distance-wave. Once matching the contact points of the 

adjusted deflections from the substrate and the cell was implemented, the indentation 

of the sample was then found to be the difference in the distances at the maximum 

deflection. 

 Analysis of the data taken from the cell body was done only by Hertz model. 

As mentioned above, the “deflection versus distance” curve was converted into “force 

versus indentation” curve. By fitting the Hertz curve, the elastic constant, K, is 

immediately returned by monitoring the chi-square.   

 For force volume analysis, other two models were included – the Tu and the 

Chen model. The model returning the least variations in elastic moduli as the 

indentation varies was considered as the best model describing the linear elastic 

behavior of the local region of the cell. By considering the boundary condition applied 

to each model, the cell-to-adhesion properties were determined at each measuring 

point. 
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Figure 7: (a) Two "deflection versus distance curves" taken from the glass (red) and the cell 

(blue).  (b) The uneven deflections are adjusted so that their minimum values, i.e,. the 

horizontal lines level. (c) The contact point is determined by finding the level of  2 standard 

deviations from the mean of the force-free region (horizontal portion of the curves). (d) The 

contact points of each curve were matched to find the indentation, δ. 

  Statistical analyses were carried out using IBM SPSS. Independent T-test 

was used to determine the significance difference of two groups of sample while the 

ANOVA for more than two groups of samples. The normality of the samples was first 

investigated before the tests were applied. 
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Chapter Four: Results
1
 

Indenting experiment on the cell body 

 To minimize the substrate effects, indenting measurements were performed at 

the cell center.  The “force versus indentation” curves were obtained from 17 CL-1 

and 25 LNCaP cells plated on the plain glass. The “force versus indentation” curves 

were collected at various trigger force (in the order of 10
-10

 -10
-9

 N) to probe different 

depth of the cells’ body. As depicted in Figure 8, the Hertz model fits well to the 

“force versus indentation” curves taken at the cell center.  

 

Figure 8: "Force versus indentation" curves taken at the cells body fitted with Hertz model. 

Smaller indentation in CL-1 indicates that its body is stiffer than LNCaP. 

As shown in Figure 8, with the same magnitude of stress, the larger 

indentation of LNCaP indicates that its body is softer and more deformable than CL-

1. As the elasticity of the cell is highly dependent on the structure of its cytoskeleton, 

one can deduce that the structure of CL-1 is more rigid than the LNCaP. 

Figure 9 shows that the elastic moduli increase as the trigger force is 

increased. This behavior exhibits the heterogeneity of cell structure when probe at 

different points. This can also be explained by the tensegrity model [32]. This model 

assumes that there is an existing pre-stress in the cell structure, mainly involving the 

cytoskeleton maintaining cell stability and elasticity as a whole. Once the stability of 
                                                           
1
 Some of the results presented in this section are published in [56]. 
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the cell is disrupted by an external force, the cytoskeleton is affected by a resultant 

new balancing force. Under the new balancing force, the pre-stress will also change. 

Increasing the external force results in increase in the pre-stress and thus in the cells’ 

stiffness. Independent t-test shows that elastic moduli of LNCaP are significantly 

different from those of CL-1 at the same trigger force within the observed trigger 

force (p<0.05).  

 

 

Figure 9: Elastic constant of CL-1 and LNCaP probed at varied trigger force. 

   

The elastic constant obtained from the cell centers of CL-1 and LNCaP is 

shown in Figure 10. An equal variances t-test reveals a significant difference in the 

elastic constants between CL-1 (456.74±165.46 Pa) and LNCaP (233.19±124.92 Pa) 

t(39) = 4.921, p = .000, α = .05. The result shows that highly metastatic cell line (CL-

1) is approximately twice as stiff as the lowly metastatic cell line (LNCaP). 

Local mechanical properties obtained from force volume 

 

 Force volume which is a collection of “deflection versus distance curve” taken 

on a  two-dimensional grid  were also acquired from 16 CL-1 and 26 LNCaP cells to 

delineate maps of elastic constants, adhesion and topography.  
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Figure 10: Elastic constant of CL-1 and LNCaP measured at the cell center. 

 

Topographic mapping 

 

 Representative topography from each cell line is shown in Figure 11. The 

topography shows that LNCaP is thicker than CL-1 both at the body and 

lamellipodium. The average thickness of the cells' body and lamellapodium is 

determined by averaging the height of those regions from topographic map. The 

independent t-test confirms that average thickness of CL-1’s body (7535.71 ± 1238.34 

nm) is significantly different from that of LNCaP’s body (9643.17 ± 1207.28 nm), 

t(39) = 5.40, p = .000, α = .05.  Again, the lamellipodium of CL-1 (2099.04 ± 780.25 

nm) is thinner than that of LNCaP (2427.55 ± 382.56 nm); t(33)= 2.433, p=.021, α = 

0.05.  
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Figure 12: Thickness of CL-1 and LNCaP derived from topographic mapping.  

 

 

 

(a)                                                  (b) 

Figure 11: Topography of (a) CL-1 and (b) LNCaP from force volume. 
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Mapping of Elasticity 

 

 While the “force versus indentation” curves taken at the cell center were 

exclusively analyzed by the Hertz model, force volume data were analyzed by various 

models- the Hertz, the Tu and the Chen models. The model was chosen if it provides 

the smallest variations in the elastic constant as the indentation varies, as shown in 

Figure 13. 

 

 

Figure 13: Application of various models to determine the elasticity of the cell. The elastic 

constant was determined by the model that varies least as the indentation varies. 

 Representative two-dimensional mapping of elastic constant is shown in 

Figure 14. The figure shows that the distribution of the cells’ elasticity is more 

heterogeneous in CL-1. The result supports the previous findings in [45] [46] [47] 

[47] that the elastic modulus varies locally at different cell regions.   

 From the elasticity map, the average elastic constant of the cells' body and 

lamellipodium were obtained which are presented in Figure 15. From the cells body, 

the elastic constant of the CL-1 (449.51 ± 285.11 Pa) is approximately twice higher 

than that of LNCaP (202.81 ± 79.37 Pa); t(18.22)=2.74, p=0.013, α=.05. At the 

lamellipodium, the elastic constant of each cell lines decreases by almost half where 

the elastic constant of CL-1 (229.04±132.97 Pa) is significantly higher than LNCaP 

(122.43±67.83 Pa); t(14.00)=3.00, p=0.010, α=.05. The data affirm the mechanical 

signature obtained by the AFM indentation experiments taken at the cell center. 
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(a)                                                   (b)             

Figure 14: Two-dimensional mapping of elastic constant of (a) CL-1 and (b) LNCaP. 

 

Figure 15: Elastic constant of CL-1 and LNCaP measured at the body and lamellipodium 

from the force volume data. 

Adhesion property mapping 

 

 The two-dimensional map of the models that best describes the linear elastic 

behavior of the measurement point were also obtained as in Figure 16, and are used to 

interpret cellular adhesion. We found that the Chen model dominates in CL-1 and thus 
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can be interpreted that the CL-1 adheres well to the substrates. However, we observed 

that the Chen model was found only near the cell edges of LNCaP. This indicates that 

the LNCaP cells were hardly attached to the substrate compared with the CL-1. 

 

Figure 16: Map of models that best fits to the force curve taken at the measurement points. 

 

Cell elasticity and adhesion at nano-scaffolds 

 

 To test whether elasticity is correlated with the cell-to-substrate adhesion, cells 

grown on nano-scaffolds were investigated. 800 nm, 500 nm and 300 nm of nano-

spheres were used to create the gold nano-arrays. The orthogonal chemistry was 

performed to obtain the selective attachment of fibronectin (FB) on the nano-islands 

which allowed us to control the cellular attachment to the substrate. Since the area of 

the nano-islands is proportional to the square of the radius of the beads [41], it is 

expected that the cells were better attached at bigger nano-islands by forming more 

mature focal adhesions. 

The “force-indentation” curves from CL-1 and LNCaP cells grown on nano-

scaffolds were analyzed by the Hertz model to extract their elastic constant, K. The 

elastic constants, K, measured with different trigger forces (0.17 nN - 4.8 nN) is 

presented in Figure 17 and Figure 18 for LNCap and CL-1, respectively. There is no 

significant difference among the forces applied for different adhesion sizes for both 

cell lines. The general trend depicted in the figures reveals that at lower trigger force 

(< 0.5 nN), the elastic constants of the cells decrease for all adhesion sizes (except 
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for CL-1 at 300 nm beads) but increase at higher trigger force, with bigger adhesion 

sizes giving higher elastic constant.  

 

Figure 17: Elastic constant obtained from LNCaP cells grown in nano-islands 

when applied with different stress. 

 

Figure 18: Elastic constant obtained from CL-1 cells grown in nano-islands 

when applied with different stress. 

The average elastic constants of the cells on the various nano-scaffolds were 

shown in Figure 19. Both cells displayed the decrease in the elastic constants as the 

size of nano-islands decreases. Table 1 summarizes the result of the elastic 

measurement using ANOVA test. Overall, regardless of the size of the nano-islands, 
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the elastic constants of CL-1 are higher than those of LNCaP. The result is consistent 

with the result obtained from the cells grown on plain glass.  

Table 1: The elastic constant, K, of every cell line on nano-scaffolds. The elastic constant, K, 

is paralleled with the size of the nano-arrays. 

Nano-pattern size Mean of Elastic 

Constant, K (Pa) 

Standard 

Deviation (Pa) 

F Sig 

CL1-800nm 861.54 117.66 

62.658 .000 CL1-500nm 668.67 76.60 

CL1-300nm 412.57 46.32 

LNCaP-800nm 448.75 55.00 

45.450 .000 LNCaP-500nm 373.16 53.44 

LNCaP-300nm 206.34 57.09 

 

Test of the post hoc using Sheffe method tells that all of the mean values are 

significantly different at 0.05 level as presented in Table 2. Hence this result confirms 

that elasticity is highly related to adhesion, i.e., greater elastic constants at larger 

adhesion sizes. 

 

Table 2: Pos hoc test using Sheffe method. The elastic constant, K, of every cell line at 

different sizes of nano-scaffolds are significantly different. 

(I) Cell Line – Size 

of nano-arrays 

(J)  Cell Line – Size 

of nano-arrays 

Mean Difference 

(I-J) 

Std. 

Error 

Sig. 

CL1-800nm 

CL1-500nm 192.86461
* 

40.23848 .000 

CL1-300nm 448.96577
* 

40.23848 .000 

CL1-500nm CL1-800nm -192.86461
* 

40.23848 .000 
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CL1-300nm 256.10116
* 

40.23848 .000 

CL1-300nm CL1-800nm -448.96577
* 

40.23848 .000 

CL1-500nm -256.10116
* 

40.23848 .000 

LNCaP-800nm 

LNCaP-500nm 75.59395
* 

26.01890 .027 

LNCaP-300nm 242.41199
* 

26.01890 .000 

LNCaP-500nm 

LNCaP-800nm -75.59395
* 

26.01890 .027 

LNCaP-300nm 166.81804
* 

26.01890 .000 

LNCaP-300nm 

LNCaP-800nm -242.41199
* 

26.01890 .000 

LNCaP-500nm -166.81804
* 

26.01890 .000 

*. The mean difference is significant at the 0.05 level. 

 

 

 

Figure 19: Elastic constant of CL-1 and LNCaP at different nano-sized arrays coated with 

fibronectin matrix.  
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Discussions 

 

 Figure 8 shows that LNCaP (lowly metastatic) is more deformable than CL-1 

(highly metastatic). This result is further illustrated by the elastic constant obtained 

from the cell center. As shown in Figure 9, CL-1 displayed higher elastic constant, K, 

within the observed trigger force than LNCaP. In addition, the 2D map of elastic 

constants revealed the lamellipodium as well as the cell body of CL-1 are stiffer than 

those of LNCaP. 

 The elastic modulus of LNCaP at the cell center has been previously reported 

in [7] [40]. Faria, et al. measured the apparent Young's modulus (287±52 Pa) of 

LNCaP plated on the glass slides. However, in the study conducted by Docheva et al. 

where they maintained the cell on extracellular matrix proteins, the elastic modulus 

were measured to be several times higher (<2 kPa). Our result agrees with Faria et al. 

On the other hand, the elastic moduli of CL-1, in the best of our knowledge, have 

never been reported in literature. 

 The findings that the lowly metastatic cell, LNCaP, has lower elastic moduli 

compared to the highly metastatic cell, CL-1, is similar to the observation in [7] 

although they investigated different pairs of cell line of prostate cancers.  It has been 

postulated that metastatic cells should be more flexible and deformable in order to 

intra/extravasate the blood vessel and survive the blood stream, hence should have 

lower elastic moduli. Our result, in conjunction with [7], implies that elasticity alone 

could not be the sole mechanical indicator of the metastatic potential of cancer cells. 

This displayed deviation from the general perspective might be only true for prostate 

cancer cells which are a lot softer compared to other cancer cells like breast cancer 

cells. Our separate measurements reveal that breast cancer cells (MB-231: K = 

862±47 Pa; MCF-7: K = 1032±44 Pa) are stiffer than the prostate cancer cells (CL-1: 

K = 410±98 Pa; LNCaP: K = 243±63 Pa) which support the notion that highly 

metastatic breast cancer cells (MB-231) are more deformable than lowly metastatic 

breast cancer cells (MCF-7). 

 Interestingly, our results show that there is correlation between the cell-to-

substrate adhesion and the cell stiffness. From the two-dimensional mapping of the 

models shown in Figure 16, CL-1 (with higher elastic modulus) attaches much better 



Texas Tech University, Lyndon D. Bastatas, May 2012 

27 

 

to the substrate than LNCaP (with lower elastic modulus). The connection between 

cellular adhesion and elasticity is further strengthened by the result of elasticity 

measurement from different nano-sized substrate presented in Figure 19. At bigger 

nano-patterned size (hence better adhesion), the elastic modulus of both cell lines are 

much higher. Similar finding was reported by Takai, et al. [49]. They studied 

osteoblast at surfaces with different treatments and found the enhanced moduli are 

due to the remodeling of the actin cytoskeleton. They suggested that the variation of 

the cell stiffness depending on the cell-to-substrate adhesion may influence 

mechanosignal transduction. In addition, more studies were conducted to find the 

connection between elasticity and adhesion [50] [51] [52]. A wider contact surface 

between a cell and a substrate allows greater interaction and directly affects the 

number and the area of focal adhesion [53]. Focal adhesion, the primary sites that 

connects cell and substrate, links the extracellular matrix to the cell cytoskeleton 

components and greatly affects cell’s elastic property. 

 Our result shows that there is a correlation between cell adhesion and its 

topography. As the AFM tip indents the cell, the loosely adhered cell can retract more 

towards the substrate.  We observed that the LNCaP cells were less adherent, more 

deformable, and thicker than the CL-1 cells. On similar note, the finding of Docheva, 

et al. [40] also shows that there is a relation between adhesion and thickness. They 

studied another cell line of prostate cancer cell, PC3, which has higher attachment 

affinity to collagen-1 compare to fibronectin [54]. They found out that thickness of 

PC3 is greater when grown at fibronectin compare to collagen-1. 

In our group, we observed that the proliferation of the cells on the finer nano-

scaffolds was reduced, especially for LNCaP which is lowly metastatic and less 

adherent (see [41]). We also found that the elastic moduli of cell lines displayed a 

significant decrease as the adhesion size decreases. This result implies that finer 

adhesion sizes could elicit apoptosis (programmed cell death) considering that at 

small adhesion size, the cells have limited and selective attachments with small 

contact area of focal adhesion. Naturally, continuous applications of external stress 

eventually lead to cells’ death. Similar pattern of mechanical dynamics was observed 

by Pelling, et al. [55] where they used staurosporine (SPS) to induced early apoptosis 

of human neonatal foreskin fibroblasts. They observed a distinct decrease of the cells 
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elastic modulus during the first 10 minutes of exposure and a subsequent increase of 

the elastic moduli after 25 minutes then followed by a long decay afterwards. 

 To conclude, our results show strong connection between topography, 

adhesion and elasticity. Although the results of the experiments seem contradictory to 

the general postulation about the elasticity-metastasis, yet consistency among the 

results is observed. That is, the lowly metastatic cells, LNCaP, is thicker, less 

adhesive to the substrate and more mechanically compliant than the highly metastatic 

cells, CL-1. 

 

 

  



Texas Tech University, Lyndon D. Bastatas, May 2012 

29 

 

Chapter Five: Summary and Conclusion 

 

 Many studies in literature have reported that atomic force microscope (AFM) 

can probe cellular nano-mechanical properties. In this study, we investigated whether 

the AFM-based local nano-mechanical properties of prostate cancer cells can 

represent their metastatic potential with lowly (LNCaP) and highly (CL-1) metastatic 

prostate cancer cells as the model system. We performed indenting experiments by 

applying varying trigger force (of order 10
-10

 -10
-9

 N) at the cell center to determine 

their elastic moduli using the Hertz model. We also acquired the two-dimensional 

array of the “force-distance” curves over the entire region of cells to obtain their 

topography and investigate the heterogeneity of their local elastic moduli and local 

adhesion. By analyzing the force-distance curves using the Hertz and the advanced 

models, we delineated the two-dimensional maps of elastic moduli and adhesion 

properties of the local domain of the model cancer cells. The relationship of cellular 

adhesion and elasticity was also examined by plating the cell into nano-patterned 

substrates with different sizes of nano-islands that permits selective cell-substrate 

attachment.  

 Our result from the indenting experiments performed at the body of the cells 

indicates that the elastic moduli of the highly metastatic cell, CL-1, is approximately 

twice of that of the lowly metastatic cell, LNCaP. This result is also confirmed by the 

force volume experiments. It is also further revealed that the elastic moduli at the 

lamellipodium, for both cell lines, drops approximately by half and still showing that 

the elastic moduli of CL-1 is greater than LNCaP. These results are not consistent 

with the general postulation - greater cell deformability - hence low elastic moduli - is 

needed for highly metastatic cells to intra/extra-vasate in order to successfully 

infiltrate the secondary sites. But the mapping of models also shows that the highly 

metastatic cell, CL-1, is more adherent to the substrate than lowly metastatic cell, 

LNCaP. Moreover, the results obtained by nano-scaffolds further strengthen the 

previous findings that CL-1 is indeed stiffer at all the observed adhesion sizes than 

LNCaP. Furthermore, we observed the decrease in elastic moduli as the pattern size 

decreases noting that the area of nano-islands is correlated to the size of focal 

adhesion. These observations suggest that mechanical compliance alone could not be 

used as the sole indicator of cancer cells’ invasive potential. With these observations, 
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we postulate the tensional force originated from the enhanced adhesion generates 

higher stress in the cytoskeleton that lead to higher elastic moduli observed in CL-1. 

 It is recommended that more cell lines should be further explored in order to 

have conclusive results that would address the relationship of nano-mechanical 

properties of cancer cell and their metastatic potential. Such issue if resolve would aid 

in designing new schemes of diagnosis, prognosis, and therapy of prostate cancer 

which can also serve as a prototype for the diagnosis and treatment of other solid 

cancers. 
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AFM nano-mechanics and calcium dynamics of prostate cancer cells with distinct metastatic 
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