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ABSTRACT 

According to the American Cancer Society, Cancer is the second most common cause of 

death in the United States, only exceeded by heart disease. Over the past decade, deciphering the 

complex structure of individual cells and understanding the symptoms of cancer disease has been 

a highly emphasized research area. The exact cause of Cancer and the genetic heterogeneity that 

determines the severity of the disease and its response to treatment has been a great challenge. 

Researchers from the engineering discipline have increasingly made use of recent technological 

innovations, namely the Atomic Force Microscope (AFM), to better understand cell physics and 

provide a means for cell biomechanical profiling.  

The presented work’s research objective is to establish a fundamental framework for the 

development of novel biosensors for cell separation and disease diagnosis. By using AFM 

nanoindentation, several studies were conducted to identify key distinctions in the trends of cell 

viscoelasticity between healthy, nontumorigenic cells and their malignant, highly tumorigenic 

counterparts. The possibility of identifying useful “biomarkers” was also investigated. Due to the 

lack of an available human ovarian cell line, experiments were done on a recently developed 

mouse ovarian surface epithelial (MOSE) cell line, which resembles to human cell characteristics 

and represents early, intermediate, and late stages of the ovarian cancer. Material properties were 

extracted via Hertz model contact theory. 

The experimental results illustrate that the elasticity of late stage MOSE cells were 50% 

less than that of the early stage. Cell viscosity also decreased by 65% from early to late stage, 

indicating that the increase in cell deformability directly correlates with increasing levels of 

malignancy. Various cancer treatment and component-specific drugs were used to identify the 

causes for the changes in cell biomechanical behavior, depicting that the decrease in the 

concentration levels of cell structural components, predominantly the actin filament framework, 

is directly associated with the changes in cell biomechanical property. The investigation of 

MOSE cells being subject to multiple mechanical loads illustrated that healthy cells react to 

shear forces by stiffening up to 25% of their original state. On the other hand, cancerous cells are 

void of such response and at times show signs of decreasing rigidity. Finally, deformation studies 

on MOSE cancer stem cells have shown that these cells carry a unique elasticity profile among 

other cell stage phenotypes that could allow for their detection. The results herein carry great 

potential into contributing to cell separation methods and analysis, furthering the understanding 

of cell mechanism dynamics. 

While prior literature emphasizes on the elastic modulus of cells, the study of cell 

viscosity and other key material properties holds a critical place in the realistic modeling of these 

complex microstructures. A comprehensive study of individual cells holds a great amount of 

promise in the development of effective clinical research in the fight against cancer. 
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Aim 

Cancer cell research involves a hierarchy of processes, namely characterization, 

diagnosis, treatment, and efficiency analysis (Figure A). However, the critical component 

that makes possible the studies in each of these processes is characterization. Scientists 

and research enthusiasts alike have constantly raised questions as a result of new findings 

and development. The goal of this study was to investigate the mechanical properties of 

cells. By doing so, we aimed to resolve the following questions: 

 Do ovarian cancer cells behave differently than non-transformed ones in 

response to mechanical loading? 

 Can a distinct and significant trend be identified in cell populations in the 

gradual progression of cancer? 

 What is the rate of change in mechanical behavior as a result of increasing 

malignancy? 

 What cytoskeletal components in an individual cell’s body play a major role 

in defining mechanical parameters? 

 How well does the structure of the cell cytoskeleton correlate to its measured 

viscoelastic characteristics? 

The answers to these questions could give essential information on cell structure-

mechanical property-disease state relationships, providing a framework for tackling the 

issue of cancer by providing a means for effective characterization, diagnosis and 

treatment [1]. 
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Figure A: Schematic diagram of the hierarchy of cancer research. The most important 

aspect of cell biology is argued to be cell characterization, which consequently leads to 

effective diagnosis and prognosis by the discovery of unique behavioral trends in a 

certain cell line. 
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1. Introduction 

1.1. Biological Cell Mechanics and Cancer 

As biological materials, living organisms are much more intricate and complex than usual 

engineering components, namely metals, plastics, polymers, or glass [2]. They are 

dynamic, constantly altering their shape and structure whether it is through a natural 

causes or it is in the event of physical and chemical stimuli. Also referred to as the most 

basic unit of life, the cell is a responsive microsystem that will adapt to its exposed 

environments in an attempt to maintain its overall health and equilibrium [3]. 

There are many elements that make up the cell body, but some are known to play more 

dominant roles in a cell’s shape and morphology. The cell body is constantly stabilized 

by its internal scaffolding, the cytoskeleton network, which is made up of the three main 

components: actin filament, microtubulin, and to a lesser degree, the intermediate 

filament biopolymers [1] (Figure 1). 

 

Figure 1: Schematic of a typical Eukaryotic cell with subcellular component. 

Reprinted from [1] with permission from Elsevier. 



4 

 

The architecture of the cytoskeleton is dependent on the specific concentration and 

molecular state of each biopolymer component, which is said to also determine the 

mechanical deformation characteristics of the cell [3]. Any changes to the delicate 

architecture will alter the mechanical properties. That being said, living cells will sense 

mechanical forces and convert them into biological responses including cytoskeleton 

reorganization [4].  

 

Figure 2: Scale of objects diagram. The scaling area of interest for biological samples in 

the micrometer range. 

 

Due to recent advances in the field of engineering, micro and nanotechnological 

innovations have encouraged the strong desire to delve further into understanding 

individual cells and tissues (Figure 2). Applications of traditional continuum solids and 

fluid mechanics concepts are commonly seen in numerous works in an attempt to 

accurately model the cell structure and its behavior. The Tensegrity theory [5], for 

example, has acquired significant considerations among cancer biologists and engineers 

alike to mechanically define cells [6-10] (Figure 3).  
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Figure 3: Left) Actin filaments are stained with red fluorescent antibody while 

microtubules are stained with green fluorescent antibody. The nucleus was also stained 

with DAPI which target the DNA in the nucleus to show its location relative to the cells 

structure. Right) Tensegrity modeling of a single cell by which the actin filaments are 

tensional rods and microtubules are compressive struts.  

 

By categorizing the actin filaments and microtubules as tensional and compressive 

components, respectively, it is possible to imagine a structure that stabilizes itself as a 

result of a “prestress” within the body and model the cell in terms of engineering 

components [9]. The rigidity of the structure is proportional to its level of prestress, 

which is dependent on the number of tensional and compressive components [11]. This 

theory has thus far worked well with the mechanical deformation characteristics of 

experimented live cells as it has been consistent with the notion that cytoskeletal 

components both generate and resist mechanical loads, and they are responsible for the 

cell’s ability to resist shape distortion [7].  

The study of cell mechanics has gained great significance in the past couple of decades 

because mechanical loading of cells induces deformation and remodeling, which 

influence many aspects of human health and disease [2]. The human body is comprised 

of trillions of individual cells that aggregate with each other, depending on genotype, to 
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form tissues and eventually, organs. Cancer, according to the National Center for 

Biotechnology Information (NCBI) and National Institute of Health (NIH), is defined as 

“the uncontrolled growth of abnormal cells in the human body”. To date, the exact cause 

of this disease is still unknown, however, there is evidence that several factors, including 

our diets, the lifestyle to which we subject ourselves, and the environment we live in, 

may in time result in alterations of one or several cells in the body that cause them to 

behave abnormally. Cell abnormality, which is also referred to malignancy, is defined as 

any disregulation in the multiplying and dying of cells when needed.  Upon this behavior, 

cells will divide in an uncontrolled manner, forming extra cells, and not die, which would 

lead to the accumulation of cells to form clusters or tumors in the body. 

Abnormal cells have undergone some genetic and epigenetic changes in the transition to 

increasing malignancy. These changes are reflected in the numerous functions of the cell, 

including growth, motility, metabolism, communication, signaling, and remodeling [12, 

13]. Increasingly, however, researchers have found evidence that the cancer inducing 

alterations are very much observed in the cell mechanical phenotype, including the 

changes in the cell structure, morphology, and responses to mechanical stimuli [14, 15]. 

In accordance to these reports, the numerous research works on live cell and cancer cell 

mechanics, in accordance to the proposed theoretical modeling of cells, has great 

potential in the identification of the effects of cancer, which may lead to its prognosis, 

and eventual therapy. 
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1.2. Prior Reports on Cell Mechanics 

To date, several experimental techniques have been developed to probe and quantify cell 

deformation characteristics, namely micropipette aspiration[16], optical tweezers [17], 

optical stretching rheometry [18] ,cytoindentation [19], microplate stretching [20], 

substrate stretching [21], magnetic twisting and pulling cytometry [22, 23], and atomic 

force microscopy (AFM) [24].  

Micropipette aspiration (Figure 4.Top) relies on the cell being suctioned through one 

end of micropipette by an applied pressure on the other end. The geometric shape 

changes of the cell, as a function of the pressure can provide a means to measure the 

elastic and viscoelastic properties of the cell.  

The optical tweezers technique (Figure 4.Middle) 

is based on a laser beam aimed at a bead which is 

attached to a cell. The high refractive index property 

causes the pulling of the bead by the laser towards its 

focal point. Some groups have used one, but more 

commonly two beads for their experimental studies 

to stretch cells [25]. A similar method, optical 

stretching rheometry, is based on stretching and 

deformation of cells in accordance to their own 

refractive indexes. A cell is passed through a pathway 

in the middle of which an optical fiber laser is located. 

Depending on the amount of power intensity, the cells 

Figure 4: Top) micropipette 

aspiration, Middle) optical 

tweezer, and Bottom) 

cytoindenter method 

schematics. Reprinted from [1] 

with permission from Elsevier. 
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become trapped or stretched within the laser beam, after which deformation data can be 

obtained [18]. 

The cytoindentation (Figure 4.Bottom) technique involves the use of a thin indenter 

in the shape of a cantilever to deform cells by applying a concentrated normal force and 

sense total depths. Deflection data is recorded by optical images and a position sensitive 

photodiode. This method has proved useful in measuring the adhesion behavior of cells to 

numerous substrates [19]. 

Magnetic twisting cytometry (Figure 5.Left) relies on the application of a magnetic 

field to generate a torque, which “twists” a cell with the use of an attached magnetic 

bead. The beads are usually “functionalized” with protein and/or ligand coating, making 

them biocompatible to the cell to prevent any harming. Magnetic pulling cytometry is 

similar in setup, except that an electromagnetic needle is aimed at the cell bound bead 

and exerts a pulling force that leads to the stretching of the cell. Cell stretching behavior 

is quantified by relating it to the bead’s displacement which is measured by acquired 

optical microscope images. 

 

 

Figure 5: Left) Magnetic bead twisting and pulling cytometry Middle) Microplate 

stretching and Right) Substrate stretching method schematics. Reprinted from [1] with 

permission from Elsevier. 
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Microplate stretching (Figure 5.Middle) is a simple idea by which a single cell is 

bound to two fabricated microplate substrates from both sides. The microplates are drawn 

away from each other by controlling the displacement and this in turn creates a deforming 

force on the cell, thereby stretching it. Lateral movements of the microplates can also 

enable a shearing effect on the cell, which could help quantify the viscoelastic properties. 

Substrate stretching (Figure 5.Right) is based on having cells adhere via an array of 

focal adhesion points to a polymeric or flexible substrate. As the substrate is subject to 

uniaxial loading, the cells will stretch and deform along with it. It has been shown that 

whole cell populations can be analyzed simultaneously, because there are no limitations 

to the total area of the stretching mechanism [2]. Deformation analysis models have been 

proposed for the use of this technique [26]. 

The AFM method (Figure 6), invented by Binnig, Quate, and Gerber in 1986 [27], 

enables the manipulation and indentation of samples by a precisely controlled micro- 

cantilever probe. A cell is subject to an applied force and is subsequently deformed. The 

indentation results are then used to extract its mechanical properties by an appropriate 

contact theory model. The AFM has especially gained popularity in the task of cell 

structure characterization because of its unique 

nanoscale precision and ability to analyze live samples 

under more suitable conditions (in vitro cell culture) 

[10, 28-31]. Moreover, because contrast in AFM 

originates entirely from the interaction force between 

the cantilever tip and sample, there is no requirement for 

sample staining, modifying, or fixation [15].  

Figure 6: The AFM method 

schematic 
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Initially used to image live biological samples [32-34], the AFM has been a preferred 

method to probe their deformation characteristics. The investigations of the mechanical 

properties of live cells via AFM are first reported in the works from the early 90s [30, 35, 

36]. Since that time, a wide variety of cell lines have been studied including prostate [37], 

breast [38-40], bladder [24], lung [41], mesothelial [38], blood [42], osteoblast [43, 44], 

cartilage [45], endothelial [46] and mesenchymal stem cells [43, 47] (Appendix Table 1). 

The first study comparing cancerous and normal cells is reported by Lekka et al., where 

they analyzed cells extracted from the human bladder [24]. The group reported that 

normal bladder cells had an elastic modulus of 7.5±3.6 kPa (n=20) while cancer bladder 

cells had an elastic modulus of 0.3±0.2 kPa (n=20), indicating a much larger rate of 

deformability as a result of malignant transformation. It is quite interesting to see that 

there have been significant differences in the range of cell elasticity, depending on the 

cell tissue type. Healthy human breast cells, for example, have ranged between 0.75-1.15 

kPa. On the other hand, human bladder cells have been recorded to have elastic moduli of 

about 7.5 kPa, demonstrating an order of magnitude difference. Likewise, red blood cells 

have responded to mechanical loads with elasticity ranging from 16-90 kPa, while white 

blood cells and neutrophils have given yield to measurements around 0.150-0.25kPa. Of 

course, the values mentioned here are dependent on many factors, including the 

approaching speed of the tip onto the cell, the sampling rate, amount of force applied, etc. 

Many groups have justified their work based on some prior literature, which suggests a 

wide range of acceptable parameters in determining cell deformation characteristics [10, 

43, 46, 48-50]. It is also important to note that cancer cells,  irrespective of the cell tissue 

type, have shown very low elasticity values within the 0.05-3.00 kPa range, which 
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suggests a universal trend of the effects of cancer on all investigated cell tissue types. 

Reported elasticities depict an almost 1.5-10 fold decrease in mechanical response of 

these transformed cells (Appendix Table 1).  In terms of mechanical properties, there is 

an almost unanimous notion that cancerous cells are “softer” and more deformable than 

their healthier counterparts by means of measuring their Elastic Modulus [1]. 

Nevertheless, cell viscoelasticity has been assessed qualitatively [51, 52], but not 

sufficiently enough, quantitatively [43]. 

To date, the number of investigations with use of ovary organ-derived cells is scarce. The 

specific cell lines that have previously been mentioned are chinese hamster ovary (type 

CHO, CHO-K1) [29, 53, 54], and human ovary (type HO) [55]. The concentrated studies 

on these cell lines were morphological observation, adhesion property measurement [55], 

and some works on elasticity measurement [29, 53, 54]. In terms of comparison studies, 

however, only one group has investigated the differences between healthy and cancerous 

ovary cells, but focusing on their morphological and adhesion characterization [55]. 

Overall, there is no sufficient piece of work that deals with the mechanical property 

measurement of ovarian cells. In the primary study, we have attempted to address this 

issue by investigating the mechanical responses of mouse ovarian surface epithelial 

(MOSE) cells, a recently developed mouse cell line that can represent the early, 

intermediate, and late stages of human ovarian cancer. With the use of AFM, we show 

and discuss the results pertaining to the rate of change in cell viscoelasticity during the 

gradual progression of cancer disease. The secondary study in this work is devoted to 

cytoskeleton component analysis in the determination of their exact roles in the cell’s 

mechanical behavior. In addition, we provide supplementary studies that first discuss cell 
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responses to various mechanical loading scenarios and finally the assessment on MOSE 

cancer stem cell viscoelastic behavior in reference to the established MOSE cell line 

biomechanical profile. 
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2. Atomic Force Microscopy 

2.1. Basics 

The AFM belongs to a series of scanning probe microscopes that have been around since 

the 1980s [56]. It was designed to overcome the drawback of the common scanning 

tunneling microscope (STM)-which was limited to imaging only conducting and semi-

conducting surfaces. Initially built as a highly sensitive surface topography imaging 

mechanism, the AFM is now notable for its precise force load application on small scaled 

objects and samples via force curve acquisition (Figure 8). As a result of its invention, the 

AFM is at the forefront of nanomanipulation methods and one of the major techniques 

responsible for the emergence of today’s modern nanotechnology [31]. 

In simple terms, the AFM  technique can be analogous to a microscopic “finger”, being 

able to feel the surface, sense the interaction forces (interatomic Van der Waals, 

repulsive, adhesive, etc.), and precisely manipulate the sample, all while visible in real 

time. The main and necessary components of an AFM are the a) probe, b) cantilever, c) 

piezo base scanner, d) laser source, e) photodetector diode, f) the sample of interest, and 

finally, g) a PC computer that processes the output reading and provides feedback control 

to the piezo scanner (Figure 7). 
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Figure 1: Schematic illustration of AFM system components. Depending on the certain 

type, some AFMs will allow either the cantilever to move relatively to the sample 

(Dimension series AFM), or vice versa (Multimode series AFM). 

 

The AFM system relies on the interacting forces between the sample of interest and the 

probe on the free end of a flexible microscale cantilever. Upon “contact” or “near-

contact” with the surface, any motion of the probe, any change in the deflection of the 

cantilever, is detected using an optical laser method [57]. This technique consists of a 

constant laser source emitting a high intensity laser light onto the highly reflective side of 

the cantilever; the laser light is then reflected and detected by a precise photodiode 

detector (Figure 1). The change in position of the laser point is converted by this 

transducer into a voltage reading. The PC then processes this voltage and inputs it into a 
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constant feedback control, which if the user had specified in the parameters, will 

maneuver the piezo scanner to the desired position. Due to the precise movement of its 

piezo scanner, the motion of the probe and deflection of the cantilever can be recorded 

with sub-nanoscale sensitivity. 

2.2. Force curve acquisition and processing 

A sample force curve (Figure 2) via AFM occurs when the probe tip is approached to the 

sample at a designated approach velocity. During this period, the tip and sample are away 

from each other, so the cantilever deflection is constant, thereby showing a zero slope 

baseline in the force curve graph. As soon as contact between the two surfaces occurs, the 

probe begins to indent the sample and the deflection of the cantilever will increase as a 

function of both the piezo scanner displacement and the sample resistance. The use of 

applicable contact theories such as the Hertz, Johnson-Kendall- Roberts (JKR), and 

Derjaguin-Muller-Toporov (DMT) models will enable the calculation mechanical 

parameters by fitting the model to the indentation portion of the force curve data [56]. 
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Figure 2: Typical Force vs. Distance curve on a sample 

Each cell sample yields a distinct force curve in the form of cantilever deflection (d) as a 

function of piezo scanner movement (z); due to a multimode AFM’s orientation, the 

piezo scanner is the source for moving the sample towards the AFM tip for contact. Prior 

to cell indentation, cantilever deflection sensitivity is measured by deflecting the 

cantilever on a hard surface (i.e., area where cells are not present); sensitivity calibration 

is imperative and required at the beginning of each experiment because of the non-

uniformity of each cantilever’s physical dimensions (i.e., size, length). This sensitivity 

value is then fed into the AFM software to show the cantilever deflection data in metric 

units. Otherwise, the AFM will output the deflection in Volt units and this requires an 

extra step to be done in the overall data processing. In order to obtain Force values, 

classical beam theory is employed: 

     F [N] = k [N/m] x d [m]                     (1) 

No contact Contact 
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Where k is the cantilever spring constant and d is the cantilever deflection data. These 

two values are combined along with the sensitivity calibration factor to result in force 

data. 

Besides the force data, tip-sample separation data is also needed because elasticity 

extraction can only be performed on Force vs. Separation data curves [56]. Therefore, 

separation data is calculated by subtracting the piezo position (z) values from the 

cantilever deflection values (d): 

Separation [m] = z [m] – d [m]           (2) 

This expression is in accordance to the orientation of a Multimode AFM force curve 

acquisition procedure; some other systems may have the sign reversed. Again, all data 

should end up in metric units after calibrating the software with the calibration sensitivity 

value. 
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3. Methodology 

3.1. Applied Theory 

The Hertz contact model provides a convenient approximation in relating an applied 

force and the induced deformation on a sample [58]. Material properties are extracted by 

fitting the model to the force - indentation data by taking into account the following 

variables: 

 Force, F 

 Indentation, δ 

 Material property-Elasticity , E 

 Contact surface area (Radius + numerical coefficient), R 

 Poisson’s ratio, ν 

These parameters are combined to constitute the Hertz contact equation: 

  
 

 
  √   

 
  

which is a derived form of Hooke’s law of elasticity. In the application, the Hertz contact 

model assumes: 

1- An isotropic, homogeneous sample with negligible adhesion forces. 

 

Figure 1: Schematic of assumed homogeneity for both tip and sample during contact 
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2- An indentation of a very rigid surface on an elastic infinite half-space, implying that 

the induced deformation is very small compared to total sample depth/height. This 

way the substrate effect on the deformation characteristics is considered “negligible”. 

This convention has not been valid for all situations, especially for definitely thin 

layered regions of samples including some cell types [59]. However, there is an 

extended version of the Hertz model for this issue if need be, taking into account the 

sample height, which can be found in the works of Dimitriadis and Darling et al [43, 

59]. 

 

Figure 2: Schematic illustrating the spherical body indentation on a sample. 

To help keep the validity of the model for soft samples, we: 

i) Modify the tip to increase the total surface contact area between the tip and sample. 

Attaching a glass microsphere bead to the tip of the cantilever provides a better defined 

and increased contact surface area which decreases the pressure/stress that could 

potentially harm or puncture the sample.  

 

Figure 3: Schematic of tip modifications to improve the Hertz model’s validity 
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ii) Maintain an indentation (δ) limit so as to make sure that deformations do not exceed a 

certain range. 

In addition, we make sure that the radius of the indenting body (R) is greater than the 

induced deformation (δ). 

3.1.1. Hertz Contact model for biological sample elasticity 

Cell elastic modulus (Eelastic), is calculated by applying the Hertz model contact theory 

[58, 60] to the AFM force curves. However, it is now appropriate to introduce 

indentation, δ, into the analysis. Indentation is simply the force-separation data portion 

that corresponds to all force values above zero, implying constant tip-sample contact. 

Sneddon’s modification to the model is used to describe the behavior of elastic half-space 

bodies being subject to increasing loads by an infinitely hard surface [61]. The model 

assumes that the surface is continuous, frictionless, and incompressible at small 

deformations [29], which does not hold entirely true for biological cells. However, the 

Hertz contact model is sufficient enough to yield a general idea of cell elasticity trends 

and has been used by different research groups for characterizing cell stiffness [62].  

Since the tip that comes in contact with the cell sample is spherical in shape, the 

relationship between the force and cell indentation is described in the form as described 

earlier: 

 

     
 

 
  √   

 

        (3) 

 

Where F is the force, R is the radius of the sphere, δ is the indentation and E* is the 

relative elasticity term: 
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where ν is the Poisson’s ratio and E is the Young’s modulus. If the infinitely hard tip 

assumption is applied, then Etip >> Ecell. Hence, equation (4) above can be simplified to 

the following:  

 

    
 

    
(       

 )

     
              (5) 

 

Where ν is equal to 0.5, due to the assumption that cells are linearly elastic and isotropic 

[63]. Finally, the Hertz model equation takes the following form: 
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                (6) 

 

A major issue with equation (6) is that it is extremely difficult to determine the exact 

point at which the tip and cell sample come to contact. This causes an ambiguity in 

identifying the most appropriate portion of the force curve to which the Hertz model is 

fitted. In consequence, the following equation can be used: 
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             (7) 
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which is simply the linear version in δ of equation (6) as proposed by Guo et al [64]; the 

dependence of the deformation on the force now has become linear. The indentation, δ, 

however, is usually described as the difference in relative changes of the piezo scanner 

movement (z) and the cantilever deflection (d). Therefore; we replace δ with the 

following: 

              –                (8) 

 

where z0 and d0 are both the x and y coordinates of initial contact between the tip and cell 

sample. Figure 4 illustrates this argument: 

 

 

Figure. 4.  Initial contact point shown on an arbitrary approach force curve. It is good 

practice to be able to identify this contact point as it potentially can give out information 

about the total indentation on the sample of interest. 

 

Identifying initial contact point is vital to the overall accuracy of the E calculation. 

Groups like Carl et al. [29] have suggested the use of visual means to approximate the 

contact point for the fit region range, but due to an increasing demand for accuracy in this 
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field, a semi-automated mathematical approximation for the contact point will better suit 

the frame of the work. Consequently, by placing equation (8) into equation (7), we 

obtain: 
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           (9) 

 

Since the Hertz model assumes linearity, this equation is analyzed in the following form: 

 

                 (10) 

 

E can now be calculated from the slope information of the plotted force
 (2/3)

 – indentation 

curve, m: 
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                 (11) 

 

Solving for Ecell, we get the following equation: 

 

          
 

 *
 (       

 )

 √ 
+          (12) 

 

Plotting the indentation data according to equation (9) should give a good linear fit line. 

This basically means that the cell’s Young’s modulus is constant for as much as the force 

applied to it. The contact point can then be approximated by making use of the b term in 
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equation (9): 
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             (13) 

 

where again z0 and d0 are both the x and y coordinates of initial point of contact. d0 refers 

to the deflection offset that is experienced during force curve acquisition and can be 

determined conveniently by simply observing the raw deflection vs. piezo position data. 

Conclusively, the only unknown left to be solved for is z0:  

 

     
 

 
                          (14) 

The determination of (z0, d0) will provide a more accurate fitting region for the Hertz 

model. All the force curve analysis, which includes the linear curve fitting process as well 

as the Young’s modulus(E) calculations were made via Matlab 2009b software. 

 

3.1.2. Hertz contact model for biological sample viscoelasticity 

A viscoelastic behavior of a material can be determined by measuring its stress relaxation 

response to a designated step displacement. Specifically, a cell’s apparent viscosity (μcell) 

can be extracted by applying the Hertz contact model for viscoelastic testing of materials. 

Under these conditions, the indentation response of the modified Hertz equation (eq. 6) 

can be approximated by appending the Heaviside step function, H (t): 
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If we now follow the work proposed by Darling et al [45], the use of Laplace 

transformation and viscoelastic derivations will give yield to the following equation: 
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Where Er is the relaxed modulus, δ0 is the total deformation of the sample before stress 

relaxation, and both ηζ and ηε are the relaxation time constants for load and deformation, 

respectively.  If we now rearrange the terms: 
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This expression is an analytical equation of the force as a function of time. By fitting eq. 

17 to the force vs. time data, one can directly extract values for Er , ηζ , and ηε . These 

parameters describe a cell’s viscoelastic response as a standard linear solid in the form of 

a spring-dashpot system in parallel with a spring. The Kelvin spring elements, K1 and K2, 

can be determined by the following expressions: 

                  (18) 

      
       

  
       (19) 

And finally, the apparent viscosity (μ) of the cell sample can be approximated by the 

following expression: 

                                                     (20) 
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It is also worth mentioning that both the instantaneous and Young’s moduli of the sample 

can be calculated from the fitted data: 

           (  
       

  
)          (21) 

                                                           

       
 

 
             (22) 

During stress relaxation, we assumed an approximately constant strain on the cells while 

the force was recorded over time. This is because the change in cantilever deflection 

during relaxation was small enough to be considered negligible when compared to the 

overall indentation up to the maximum force trigger value. The stress relaxation curves 

analysis, which includes the viscoelastic curve fitting process, as well as the parameter 

calculations were done via MATLAB 2009b software. 

 

3.2. Biological procedures 

3.2.1. Cell cultivation and AFM sample preparation 

 

Note: All conducted AFM experiments as explained in the following chapters used the 

same procedure for cell cultivation and sample preparation. No modifications were made 

to this pre-AFM task.  

The MOSE cell lines representing early (passage no.15-25), intermediate (passage no.75-

80), and late stages (passage no.155-171) of ovarian cancer were generated as described 

in previous studies [65]. Prior to the experiments, cells were cultivated in plastic T-75 

(75cm
2
 area) culture flasks. The environment used to nurture the cells consisted of High 

Glucose Dulbecco’s Modified Eagle’s Medium (DMEM-HG) which included 40 mL/L 

(4%) Fetal Bovine Serum (FBS), 3.7g/L of Sodium Bicarbonate (HCO3), 10 mL/L of 

Insulin-Transferin-Selenium (ITS), and 10 mL/L (1%) of Penicillin-Streptomycin 
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solution. For AFM experimentation, cells were grown and harvested in incubators at 

37°C in humidified 5% CO2 and later plated with the density of 1x10
5
 cells/slip on 0.15 

mm thick, 12mm
2
 glass cover slips coated with 0.1mg/mL collagen type IV (Sigma) for 

24-30 hr. The density of the cells was maintained consistently during all the 

experimentation to obtain an adequate number of individual cells for the movement range 

of the AFM cantilever. 40μl/3mL of HEPES at 1M concentration was added to the 

samples to help maintain a physiological pH of 7.2 during the experimentation. The final 

pH concentration of HEPES in the culture medium was 13.5 mM and was stable for more 

than two hours, which was sufficient enough for all AFM tests.  

3.2.2. Immunofluorescence assay preparation 

Note: The presented AFM studies in Chapters 4 and 5 are supported by cytoskeleton 

imaging studies of the MOSE cell line. 

The MOSE Cells were seeded on sonicated and sterile glass coverslips as described in the 

previous section (3.2.1). Upon seeding, cells were left in incubators for 24 hours to 

adhere and grow on the coverslip substrates and then taken out for paraformaldehyde 

fixation. Cells were washed twice with PBS +/+ and aspirated, after which were fixed for 

10 minutes in  3% paraformaldehyde in 250 mM HEPES followed by a 10 minute 

permeabilization step in 6% paraformaldehyde with 0.25% Triton X-100 in 250 mM 

HEPES at room temperature (~24°C). After fixation, cells were washed once with PBS 

followed by an addition of 50mM of glycine (in PBS) to quench the fixation through the 

cells for 10 minutes. Lastly, PBS was used to wash and store the cells, finalizing the 

procedure. 
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Cells were blocked with 2% chicken serum in PBS, incubated with primary antibodies to 

enable tubulin and phalloidin staining for 20–60 minutes at room temperature, followed 

by three washes with PBS. Samples were incubated with appropriate secondary 

antibodies conjugated to Alexa Fluor488 (Molecular Probes) for 20 minutes at RT, 

followed by three washes with PBS. To stain actin filaments, coverslips were incubated 

with Alexa Flouor488 conjugated phalloidin antibody (Molecular Probes) for 20 minutes. 

To stain the microtubules, coverslips were incubated with the antitubulin antibody for 60 

minutes. Processed coverslips were mounted onto glass slides using Prolong Gold 

Antifade mounting medium with DAPI to stain the cell nuclei (Invitrogen) and finalize 

the staining procedure. 

 

3.3. Statistical analysis 

Note: All obtained results from the AFM experimental data were assessed for 

significance via statistical tests in GraphPad Prism 5.0 software. 

Cells to be indented were selected arbitrarily. As long as it had a spread/healthy 

morphology, irrespective of cancer phenotype, a cell was subject to a single indentation 

for either force curves or stress relaxation tests. No single cell was indented a second 

time, as it has been shown that cell morphology will change upon contact [3]. Shapiro-

Wilks tests were conducted to analyze the data for normality distributions. Two sample 

independent t-tests were used to see if there were significant differences between the 

parameter results of each cell line. A 95% confidence interval (p < 0.05) was applied to 

assess the degrees of difference between the results of all the cell lines. 
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4. Progression of Cancer leads to changes in mechanical properties of ovarian cells 

From: Ketene A.N., Schmelz E.M, Roberts P.C, and Agah M. “The effects of cancer 

progression on the viscoelasticity of ovarian cell cytoskeleton structures”- in Revision by 

Nanomedicine:NBM Journal as of 5/18/2010. 

4.1. Introduction 

Among the various cancer types prevalent in women, ovarian cancer is said to be the fifth 

most lethal cancer type [66]. It is a disease of older women and often diagnosed late 

when the disease has already progressed and metastasized at which point neither surgical 

nor chemotherapeutic treatment is very effective. Due to this nature, medical sources 

comment on this cancer type as “the silent killer”.  

Ovarian cancer progression is accompanied by changes in gene expression levels which 

also affect cellular shape and architecture. While research in this field is advancing, to 

date, there are no accounts of early detection for the human ovarian cancer. Moreover, 

due to the lack of an available and workable cell line, there is no information on the 

mechanical properties of both malignant and benign human ovarian cells and the time 

course of changes. Cell viscoelasticity has not sufficiently been determined quantitatively 

in any ovarian cancer progression model. 

Recently, Roberts et al. had developed a primary mouse cell model for progressive 

ovarian cancer derived from C57BL/6 mice, relying on the spontaneous transformation in 

Mouse Ovarian Surface Epithelial (MOSE) cells in cell culture. During passaging, the 

cells undergo progressive changes in their growth rate and cell size, lose contact 

inhibition and acquire the capacity for anchorage-independent growth and tumor 

formation in vivo. According to their phenotype, they were categorized into early-benign, 
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intermediate, and late-aggressive stages of the disease [65]. Thus, the syngeneic MOSE 

model represents a valid and novel alternative to human cell lines providing the early, 

intermediate, and late, aggressive stages of ovarian cancer. Changes in the expression 

cytoskeleton genes and their regulators and an increasingly disorganized cytoskeleton 

were observed during MOSE cell progression that may be associated with the aggressive 

phenotype [67]. The focus of this fundamental study is to determine whether the 

differences in the mechanical properties of MOSE cells can be used as a potential marker 

for cancer detection. We have made use of the AFM method in connection with 

mathematical models to calculate both the cell elastic and viscoelastic parameters. While 

performing controlled examinations on MOSE cell lines representing early, intermediate, 

and late stage of ovarian cancer, we have attempted to correlate the changes in elasticity 

and viscosity to disease state and the subsequent changes in the cell cytoskeleton 

structure. 

4.2. Methodology 

Note: For Cell Culturing and Sample Preparation, Theory, and Statistical analysis 

sections please refer to the content in Chapter 3. 

4.2.1. Cytoskeletal Imaging 

Immunofluorescence staining was performed on both the MOSE late and early stages to 

investigate their cytoskeletal organization. Our group wanted to specifically look into 

actin filaments in the MOSE cell line at different stages as it has been shown that actin 

filaments affect cell elasticity and not microtubules primarily [10, 68].  For the same 

reason, the staining of vinculin and tubulin, which are intermediate fibers that also form 

part of the overall cell structure, was not emphasized in this study.  Cells were grown on 
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glass coverslips, fixed with 3% paraformaldehyde followed by permeabilization with 

0.5% triton X-100 and quenching with 50mM glycine. After incubation with the primary 

antibodies, the cells were incubated with AlexaFluor 488 (Molecular Probes) or TRITC 

(Sigma) conjugated secondary antibodies, and mounted with DAPI-containing 

ProlongGold (Molecular Probes). Images were taken on a Nikon TE2000 Confocal 

microscope using the NIS Elements software. 

4.2.2. Atomic Force Microscopy 

4.2.2.1. Algorithm for cell elasticity 

AFM indentation was limited to about 500nm for the force curves to calculate the 

elastic moduli. This amount generally corresponded to about 15-30% of the total cell 

heights as observed in our Scanning Electron Microscopy results on the MOSE cell line 

in our previous studies [69]. Putting limitations on the indentation depth is an issue that is 

widely discussed among researchers in this field, stemming from the argument for the 

validity range of the Hertz model. In general, the findings of researchers have led to one 

opinion that the Hertz model is valid only for indentation ranges which are equivalent to 

about <10% of the cell thickness. On the other hand, there have also been reports 

indicating that the same model is reasonably valid for all ranges of indentation from 4% 

up to roughly 30% [43, 46, 48-50]. In light of these claims, we found it feasible to extend 

the indentations beyond 10-15% of the cell thickness to calculate the biomechanical 

properties of the MOSE cells. 
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Figure 1: Optical microscope view screenshot taken during actual AFM experimentation. 

All indentations were performed on randomly selected cells that had visually “spread” 

morphologies. 

 

Measurements were performed using the force-curve technique on a Multimode V SPM 

(Veeco Instruments, Santa Barbara, CA USA) with integrated optical microscope 

[Appendix Figure 6]. Olympus TR400PSA V-shaped SiNi cantilevers with approximate 

spring constant values of ~ 0.02 N/m were employed in all AFM experimentations; exact 

spring constant values were measured via thermal tuning method. The probes were 

modified by attaching glass spheres (Duke Scientific) of ~10μm diameter onto the 

cantilever free end with two-part epoxy (Miller Stephenson, Sylmar CA), which helped 

the cells remain minimally damaged during contact. In addition, cell deformation 

nonlinearity was reduced due to a more homogenous contact between the cells and the 

probe. The exact diameter of the glass sphere and its attachment location were identified 

using a HIROX KH-7700 3D Digital Video Microscope [Appendix Figure 3]. All cell 

elasticity measurements were performed in DMEM-HG culture medium using a MTFML 

standard contact mode fluid cell [Appendix Figure 1] at room temperature (~24°C).  
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Probes were positioned at the cells’ nuclei proximities under optical control and force 

curves were acquired at a sample rate of 5 kHz and constant approach velocity of 

~0.5μm/s (Figure 1). At significantly higher speeds (i.e. 10μm/s), the speed dependent 

hydrodynamic forces acting on the cantilever will ultimately affect the tip-sample 

interaction [70]. Under the <1μm/s approach velocity setting condition, the movement is 

slow enough that viscous contributions are small, and force measurements are dominated 

by elastic behavior [46, 71]. A maximum force trigger of 1.5±0.3nN was implemented 

for all force curves so as to maintain a basis for comparison among the cell lines (Figure 

2B). 

 

Figure 2B: Force curves obtained via force curve technique on MOSE cells. Cancer 

inflicted cells are possible to observe by their lower slope reading compared to stiffer, 

healthier MOSE cells. 
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4.2.2.2. Algorithm for cell viscosity 

Cell measurements for this parameter were performed by acquiring stress relaxation 

responses using the force scripting technique on a Dimension 3100 AFM (Digital 

Instruments, USA) with PicoForce functionality [Appendix Figure 7]. A closed loop z-

position feedback control on the AFM helped to maintain a constant cantilever 

displacement during experimentation (Figure 2A).  

Figure 2A: Explanatory graph showing the full AFM stress relaxation procedure. The 

AFM is programmed to make a step displacement and approach the sample at a 

designated velocity. When contact with the cell sample occurs, cantilever deflection 

changes, leading to sample indentation and inducing sample deformation. Stress 

relaxation is seen once the piezo scanner has stopped upon reaching a maximum 

deflection value and told to maintain its position for a set amount of time. The resultant 

data in this phase is a reflection of the interaction between the cantilever free end tip and 

the deformed cell sample. As can be noticed in the above graph’s y-axis, we see a change 

in deflection as the function of time. Therefore, cantilever deflection (hence, Force) is not 

held constant, but the piezo scanner, to which the cantilever’s base is located, is. To 

finalize the sequence, the AFM’s cantilever is retracted from the sample. 
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All cell viscosity measurements were performed within a DMEM-HG culture medium 

fluid meniscus between the AFM fluid probe holder and cell sample at room temperature 

(24°C). 

Cell indentations were done at the cell nucleus proximity with a constant approach 

velocity of 5μm/s to approximate a step displacement that was appropriate for the stress 

relaxation model [43]. The data for each stress relaxation curve were sampled at 5 kHz 

for a total of 60 seconds upon the cantilever’s indentation. A maximum force trigger of 

3.0 ± 0.5nN was implemented to designate the point at which the cantilever indentation 

halted and the corresponding z-scanner’s position was held constant to record the change 

in deflection of the cantilever as a function of time on the sample (Figure 2C).  

 

Figure 2C: Stress relaxation response curves on MOSE cells. It is possible to notice the 

difference in rate of change as well as steady state value of each of the responses.The 

higher rate of deformation in the first few seconds of stress relaxation corresponds to 

higher fluidity which correlates to viscosity. 
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4.3. Results 

Several AFM experiments were conducted in order to best approximate the results with 

the least amount of variability possible. Cell elasticity measurements on the early, 

intermediate, and late stage MOSE cells were performed on samples sizes of 126-137 

cells (n=126-137). Cell viscoelasticity measurements were performed on sample sizes 

n=30-33 cells (n=30-33). Both versions of the Hertz contact model theory that were fitted 

to the acquired respective data gave yield to high correlation coefficients ( 0.85 ≤ R
2 

≤ 

0.99) to suggest that theory matched satisfactorily well with experimental data.  

The cell elastic property is best described by the elastic modulus, Eelastic. The parameter 

results were assessed in terms of cell population distributions (Figure 3). 

 

Figure 3: MOSE cell line histograms depicting the change in distribution of recorded 

elastic modulus from one stage of cancer to another. 

 

The AFM indentations on the early stage MOSE cells resulted in a broad distribution of 

values for Eelastic and were best described by a log-normal distribution scheme. It was 

interesting to observe that some cells gave yield to values that were about an order of 

magnitude larger than some cells in the same experiment, suggesting that this stage of the 

cell line is consisted of  heterogeneously behaving cells regarding elasticity. Intermediate 

stage MOSE cells produced a similar but slightly closer distribution, convincing that 
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more cells in this stage correlated to lower elastic moduli. Finally, the late stage MOSE 

cells showed a more concentrated distribution, giving notice to the large number of cells 

that corresponded to relatively low (<1 kPa) Eelastic values. Overall, there is a noticeable 

shifting pattern in the distribution of cells from one stage of the cell line to the next. This 

indicates that an increasing number of low Eelastic cells are present in a cell population 

when transforming from a benign to an aggressive stage of the same cell line. The peak 

values that come about from the fitted Gaussian distribution can also be used to notice 

this change. 

Cell viscosity (μcell) was used to represent a cell’s viscoelastic response to force 

stimulation. Indentations and stress relaxation tests were also analyzed via frequency 

distributions (Figure 4). 

 

Figure 4: MOSE cell line histograms depicting the change in distribution of recorded 

viscosity rates from one stage of cancer to another. 

 

 

The cell viscosity rate distribution was similar to that of the elastic modulus results. It is 

noticeable that higher viscosity rates are present in the early stage of the MOSE cell line 

as opposed to increasingly homogeneous responses of cells at the lower viscosity range in 

the later stages. Again, the peak values that arise from each stage’s Gaussian distribution 

show this trend. The statistical analysis suggested a log-normal distribution scheme that 

best represented the viscosity trends above. 
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The elastic modulus and the viscosity rate parameters were also investigated in terms of 

their average and logarithmic value over each population of cell line (Figure 5). The 

schematic illustrates the trends from one disease state to another. 

 

Figure 5: Depiction of change in both elastic modulus and apparent viscosity parameters 

for the MOSE cell line during Cancer progression. Mechanical parameters responses are 

depicted in the log scale, due in part to the log-normal distributions. 

 

A noticeable downward shift was detected for both the apparent viscosity and elastic 

modulus parameter values when cells transitioned from a benign state to a more 

aggressive, tumorigenic one. The average elastic modulus value showed about 50% 

decrease during the progression of MOSE cells from ~1.1 kPa in the early MOSE cells to 

0.55 kPa in the late MOSE cells. Likewise, the average apparent viscosity value showed a 

65% decrease from 147 Pa-s to about 51 Pa-s. For both biomechanical properties, we also 

noticed a decrease in the standard deviation values, which correlate to the increasing 
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degree of homogeneity of the cells’ response in the aggressive stages. The intermediate 

stage MOSE cell line best served to validate the trends for both cell properties as it was 

between the values for the other stages (0.800 kPa for Eelastic and 103 Pa-s for μcell).  

The statistical significances were assessed after transforming the data into the logarithmic 

scale and concluded that significant differences were present in terms of average apparent 

viscosity between the early versus late stage (p<0.0001), and the intermediate versus late 

stage (p<0.0001). Similarly, in terms of average elasticity, significant differences were 

observed between the early versus intermediate stage (p<0.0001), the early versus late 

stage (p<0.0001), and finally the intermediate versus late stage (p<0.0001). 

A series of additional tests were devoted to the validation of the output of parameter 

results. A total of 30 indentations (n=30 cells) were performed for each session. The 

results showed that 15-20% error margins were associated with each cell line’s average 

output, encouraging the hypothesis that there was a gap or difference between cell 

responses dependent on their stage. For example, there was a clear range between the 

lowest recorded early stage cells output (0.886 kPa) and the highest recorded late stage 

cells output (0.618 kPa). The intermediate stage cell line output also situated comfortably 

between these values. 

Noticeable differences were seen for all viscoelastic property parameters for the MOSE 

cell line (Table 1). The means as well as standard deviations showed a decrease in values 

which reflects the observations through the obtained histograms. 

Table 1: Elastic and Viscoelastic biomechanical properties of the MOSE cell line (mean 

± SD) in the progression of malignancy. 

 Cell Property MOSE Early MOSE-Interm. MOSE-Late 

Elasticity 

 

Eelastic (kPa) 1.097 ± 0.682 0.796 ± 0.441 0.549 ± 0.281 

Indentation (nm) ~500 ~500 ~500 
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Viscoelasticity 

 

Erelaxed (kPa) 0.371 ± 0.229 0.310 ± 0.220 0.261 ± 0.090 

Einstantaneous(kPa) 0.459 ± 0.278 0.429 ± 0.234 0.302 ± 0.096 

Eyoung (kPa) 0.554 ± 0.349 0.472 ± 0.306 0.395 ± 0.136 

μ (Pa-s) 144.7 ± 102.4 103.1 ± 53.76 50.74 ± 29.72 

ηζ (s) 1.861 ± 0.554 1.620 ± 0.449 1.299 ± 0.391 

ηε (s) 1.437 ± 0.369 1.311 ± 0.311 1.098 ± 0.280 

     

Kelvin Spring elements 

K1 (Pa) 371 ± 229 310 ± 220 261 ± 90 

K2 (Pa) 117.5 ± 85 73.36 ± 65 49.14 ± 31 

K1+K2 (Pa) 488.5 ± 313 383.4 ± 285 310.8 ± 121 

 

A set of experiments were devoted to the cytoskeleton imaging of the early and late stage 

MOSE cells (Figure 6). 

 

Figure 6: Confocal images of MOSE early and late stage cells. A 20x objective was used 

in air to obtain these results. The images show the early stage cells as having a much 

denser concentration of actin stress fibers when compared to their diseased counterparts. 

 

The confocal images confirm there is a progressive dysregulation of the actin 

cytoskeleton, changing both the thickness and the organization of the actin fibers which 
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leads to its lesser concentration.  These results correlate well with the changes in the 

general morphology of the early and late stage MOSE cells and changes in their 

cytoskeletal organization in the works of Creekmore et al, where it was found that a 78% 

reduction in F-actin concentration resulted from the transformation from early stage to 

late stage [67]. 

4.4. Discussion 

The acquired AFM experimental data shown above serve best to yield the following 

claims: Transformed and invasive MOSE cells are more deformable and less viscous 

compared to their benign counterparts. When generalized to large populations, the MOSE 

cell lines become increasingly more homogeneous in their response to the AFM 

indentations in the progression of disease. In effect, an increase in cell deformability 

directly correlates with the progression of a transformed phenotype from a 

nontumorigenic, benign cell to a tumorigenic, malignant one. Elastic and viscoelastic 

deformation characteristics are well defined and expressed through the use of the Hertz 

contact theory model at indentations up to 30% of cell height. This suggests that sample 

substrate had little to no effect in the biomechanical property calculations because cell 

mechanical responses were relatively linear without any sudden change in behavior. 

Changes in the cytoskeletal organization have been associated with tumorigenesis [72, 

73]. Creekmore et al. has recently shown that gene expression levels are changed during 

the progression of the MOSE cells with an enrichment of genes in the cytoskeleton 

functional category [67]. Specifically, genes in the actin and actin binding regulating 

category exhibited the most drastic changes. This was also reflected in altered protein 

levels but, most importantly, was accompanied by a progressive disorganization of the 
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cytoskeleton. Actin filaments gel the cell periphery, provide the highest resistance to 

deformation, and are the most rigid of the three main components of the cytoskeleton 

components [1]. Since it has been shown that the nucleus region is significantly softer 

and deformable than the periphery [74], this could directly connect our imaging results 

and the AFM mechanical measurements obtained as a result of indenting the cell nucleus 

regions.  

Research on the nature of a cell’s viscous response generated novel ideas; recent studies 

on the effect of cytoskeleton disrupting drugs (i.e. colchicine, paclitaxel, nocodazole) 

have demonstrated that cells respond with a compensatory mechanism within their 

structure in the face of exposure and/or stimulation [75-77]. Furthermore, it was revealed 

that cells that were subject to microtubule dissociating drugs had maintained their 

structural integrity and showed enhanced rigidity because of increased F-actin 

polymerization and subsequent increase in F-actin concentration within the cell structure 

in response to disrupted microtubulin. This phenomenon also resulted in a 30% increase 

in cell viscosity while cortical tension was increased by about 18% [76]. It can be 

concluded from these findings that increased F-actin concentration is associated with 

increased cell viscosity. Therefore, the higher concentration of F-actin in the early stage 

MOSE cell structure is most likely to be the cause for higher rates of apparent viscosity 

when compared to later stages. 

Janmey et al. conducted a study on the major cytoskeletal fibers stress resistance and 

found that actin filaments are capable of sustaining much higher stresses and withstand 

deformations at a much higher rate than other fibers in the cell structure. Furthermore, 

actin filaments tended to result in larger storage (elastic) moduli with increasing 
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concentration [78]. Actin filaments were also shown to have elastic moduli of about ~2.3 

GPa, as found with the method by Wagner et al., suggesting that these fibers were less 

elastic than rubber (E=0.001 GPa), but more flexible than bone (E=20 GPa) [79]. Since 

F-actin is thought to provide the highest resistance to deformation until a certain critical 

strain value [1] and has a very rigid composition, these fibers are thought to cause 

differences in rigidity between the individual cell lines. In effect, a low elastic modulus 

and apparent viscosity is attributed to a lower concentration of the F-actin in a cancer 

cell’s cytoskeletal structure. Our findings confirm these associations and suggest that the 

cytoskeleton affects the biomechanical properties of cells.  Therefore, changes in these 

properties can be related to the motility of cancer cells and potentially their invasive 

potential since it allows cancer cells to deform, squeeze, and migrate through size-

limiting pores of tissue or vasculature onto other parts of the body [80, 81].  

It is noteworthy that our findings herein are a result of the applied model and approach 

and loading rate settings during the AFM experimentations. For example, our studies 

showed that the biomechanical response changed noticeably as an increased approach 

velocity as well as applied force led to a general increase in all elastic moduli in a 

proportional manner, which were also seen in the other groups’ works [40, 53]. 

Furthermore, the Hertz contact model is only one of the proposed engineering 

approaches, and currently there is no proven model to precisely represent cell mechanics 

without assumptions. 

Despite this source of variability, it is beneficial to identify changes in viscoelastic 

parameters due to cancer progression to aid the understanding of events that cause or 

support tumor growth and metastasis. To date, there have been several cell lines analyzed 
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in terms of their elastic modulus properties. However, their viscoelastic behavior is yet to 

be fully examined and/or understood. Darling et al. tested the viscoelastic behavior in 

three well characterized human chondrosarcoma cell lines that each reflected a different 

degree of invasiveness and malignancy (JJ012, FS090, and 105KC) [82]. Their finding 

that viscoelastic behavior changes with increasing malignancy is in general agreement 

with our own. However, these cell lines do not represent a progressive model like the 

MOSE model, and established cell lines may greatly adapt their geno- and phenotype to 

cell culture conditions. 

 There is a great need of more work in the field of viscoelasticity of cells. To be able to 

develop effective medical devices for the detection and diagnosis of cancer is highly 

dependent on the degree of realistic modeling of the cell samples. While the work of 

previous groups emphasized solely on the elastic modulus of cells, the field of individual 

cell characterization holds a great amount of promise in the fight of cancer. 

The obtained results indicate that the progressive disorganization and pathophysiological 

alterations of the cytoskeleton architecture greatly affect their biomechanical properties.  

This confirms earlier reports, and suggests that our results are not specific for our model 

but could be a general trend in the changes of the morphology and mechanics of cells due 

to cancer progression. The factors that are responsible for the differences in 

biomechanical properties and invasiveness among the ovarian cell lines are yet to be 

determined. However, the findings in this study, along with those of other groups, 

supports the idea that highly invasive cancer cells are characterized by unlimited mitotic 

rates, higher migration rates [10], and lower elastic and viscous properties that may be 

associated with significant differences in cytoskeleton structure. While further work is 
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needed to enhance our understanding of the complex architecture of living cells and the 

interaction of molecular and biomechanical events, we believe that our studies will 

contribute to the development of novel techniques and devices for clinical utility for the 

purpose of cancer risk assessment, cancer diagnosis, and treatment efficacy. 
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5. Actin filaments play major role for structural integrity and mechanical response 

in cells 

From: Ketene A.N, Schmelz E.M, Roberts P.C, and Agah M. “Evaluation of the Influence 

of Actin and Tubulin on MOSE Cell Mechanics” 

5.1. Introduction 

In the previous study (Chapter 4), we investigated the mechanical responses of MOSE 

cells as they transformed from healthy to cancerous stages. We established a link between 

cytoskeleton morphology and the changes in both elasticity and viscosity. We saw 

significant decrease in concentration levels of both actin filaments and microtubuli 

organization as a result of cancer progression. Several other groups have reported similar 

findings in their own respective work on other cell lines. However, the exact structural 

component which determines the mechanical behavior of cells is still unknown or is 

subject to mixed findings.  

In the case of engineering modeling, it is necessary to pinpoint the role playing 

components for cell structural integrity. The presented study in this chapter is based on a 

top-down approach strategy to analyze a MOSE cell’s cytoskeleton structure. By 

decomposing the cell’s microarchitecture into the presence of actin filaments and 

microtubulin, we have attempted to develop a comprehensive study in order to discover 

the level of influence of both of these biopolymer components on cell viscoelasticity in 

vitro. We have designated the Early Stage MOSE as an actin and microtubulin abundant 

cell line, while the late stage MOSE was considered as an actin and microtubulin lacking 

cell line. 
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5.2. Methodology 

Note: For Cell Culturing and Sample Preparation, Theory, Atomic Force 

Microscopy, Cytoskeletal imaging, and Statistical analysis sections please refer to the 

content in Chapter 4. 

5.2.1. Drug treatments 

The MOSE cells are quite sensitive to drug treatment; concentration levels that were seen 

as appropriate to other cell tissue types (i.e. breast, fibroblast) have easily been “harmful” 

to the MOSE type. For each drug treatment, unless specified in previous reports, 

individual assays were performed on the MOSE cell line from lowest to highest 

concentrations to determine the most compatible dose at which drug effect was observed 

(Table 1). To avoid cytotoxicity, agent treatments in dimethyl sulfoxide (DMSO) were 

performed by first diluting the drugs in DMEM-HG culture medium. 

Table 1: Summary of used drugs and their doses for AFM tests. 

Cell type Drug treatment doses 

MOSE Latrunculin Nocodazole Jasplakinolide SAHA 

Early 0.5µM 0.5µM -- -- 

Late -- -- 50 pM 2.75 uM 

Effect on ACTIN TUBULIN ACTIN TUBULIN 

 

5.2.1.1. Latrunculin A 

Latrunculin A, which is an alternative to 

the commonly used Cytochalasin D drug, 

is an actin-affecting substance, inhibiting 

its polymerization. Previous studies on 

the effects of Latrunculin A on several 

cell lines are reported [68, 83]. The 

Figure 1: Immunofluorescence images of 

early stage MOSE as a function of Latr.A 

dose treatment. The control and latr.A 

treated images were taken at 40x and 60x 

magnification, respectively. 
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appropriate dose level for AFM testing on the MOSE cell line was set at 0.5µM (or 500 

nM). This dose of Latrunculin A was empirically determined and represents the dose that 

resulted in actin depolymerization without causing overt cytotoxicity within 24 hours 

(Figure 1). Due to its relatively quick reaction velocity profile [83], the drug was added 

into the experimental culture 

medium approximately two (2) 

hours prior to AFM testing. 

 

5.2.1.2. Jasplakinolide 

Jasplakinolide is a relatively recent 

actin-affecting drug, and is known 

to induce its polymerization and to 

enhance resistance by stabilizing the 

cell’s structure. Despite some 

conflicting results with respect to 

concentrations and cell-type 

dependency [68, 84, 85], previous 

studies have shown that, compared 

to other agents, lower doses of this 

treatment are effective on cell 

samples, but among them there is no 

case for MOSE. For this reason, an assay was performed to determine the most 

appropriate level for drug treatment. Starting with a concentration of 10 pM, factor of 2 

Figure 2: Immunofluorescence images of Late 

stage MOSE cells as a function of Jasplakinolide 

drug dose treatment. 
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increments were used until a top concentration of 150 nM. As seen in Figure 2, evidence 

of actin polymeration was seen at the lowest concentration levels. However, for 

concentrations above 100 pM, an interesting phenomenon was observed in the cells by 

which the cytoskeleton showed traces of induced negative alterations and higher levels 

showed hints of toxicity. According to these observations, it was deemed appropriate to 

use 50 pM level as an acceptable dose concentration in our studies. We also see that there 

is a definite effect on the actin 

cytoskeleton but also on the tubulin, 

indicating that the regulation of both 

systems is tightly regulated, or 

interdependent. As in the case for 

Latrunculin A, Jasplakinolide has 

also been shown to have quick 

reaction velocities, and therefore, this 

drug was added to the experimental 

culture medium about two (2) hours 

prior to AFM testing. 

5.2.1.3. Nocodazole 

Nocodazole has been put to use by 

several groups in the past [75, 86]. 

This substance disrupts microtubule 

polymerization and causes a net 

decrease in the number of cytoskeletal 

Figure 3: Immunofluorescence images of 

Early stage MOSE cells as a function of 

Nocodazole drug dose treatment. 
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microtubules [76]. As in the case of Jasplakinolide, there is no prior literature of its effect 

on MOSE, and therefore a separate assay was performed to determine its most 

appropriate dose on the cell line. 

As seen in Figure 3, evidence of its effect is seen at dose levels of 0.5 µM (500 nM) and 

above, where immunofluorescence imaging shows clear disorganization and disruption of 

microtubules in the cells’ cytoskeleton structures while the actin filaments have remained 

intact. According to these observations, it was deemed appropriate to use the 500 nM 

level as an ideal dose concentration in our experiments. Due to its treatment time, the 

Nocodazole drug in DMSO was added into the experimental culture medium about four 

(4) hours prior to AFM testing. 

5.2.1.4. Suberoylanilide hydroxamic acid (SAHA) 

SAHA is an agent that is currently in clinical trial as an anti-cancer drug [87]. Also 

known as Vorinostat, SAHA is marketed under the name, Zolinza, for the treatment of 

cutaneous T cell lymphoma [88]. This substance is part of a larger group of compounds 

that are known to inhibit or decrease the activity of histone deacetylases (HDAC) and 

induce apoptosis of malignantly transformed cells [89, 90]. HDACs are a class of 

enzymes whose predominant function is to actively de-acetylate proteins and cell 

transcription, which is the controlled regulation of gene expression in the cell 

microorganism. Moreover, according to the Kyoto Encyclopedia of Genes and Genomes 

(KEGG), HDAC is involved with the biological processes associated with cancer 

[KEGG: path ko05220], suggesting that increased levels of malignancy is correlated to 

increased activity of HDAC enzymes. Hence, the therapeutic importance of SAHA is 

growing but the exact mechanism of SAHA action is unknown. The drug has been 
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proposed to inhibit the symptoms of cancer by targeting these enzymes and promoting 

the regulation of gene expression and normal activity of cells [91]. 

Strobl et al recently investigated the effects of SAHA in terms of cell cytoarchitecture 

and adherence to silicon substrates, after witnessing changes in the cell cytoskeleton’s 

microtubule network [92]. They reported that MDA-MB-231 breast cancer cells were 

influenced by the exposure to this drug by showing increased levels of cell area, decrease 

in nuclear-to-cytoplasmic area, and reorganization of the microtubulin found in MDA-

231 cells, but little to no effect on normal MCF-10A cells. From these findings, SAHA 

can be considered as not only an anti-cancer drug, but also from a structural perspective, 

a microtubule inducer and expander in the case of cancer cells.  

About 16 hours prior to AFM testing, 1.5 ul of SAHA stock solution was added into a 

1:10 dilution with DMEM-HG culture medium. 12.6 ul of dilution was then added into 

each 1.5ml experimental culture medium for the cells to be treated with the SAHA drug. 

The final concentration of SAHA was set at 2.75 uM, a level similar to what has been 

used in recent literature [92, 93]. Visual inspection via optical microscopy revealed that 

MOSE cells were generally larger in area and adhering well onto the coverslip substrate, 

suggesting that the dose level concentration was reasonable and cells were healthy prior 

to experimentation.  

5.3. Results 

Experiments were conducted so as to acquire sample sizes of 30-35 cells (n=30-35) for 

cell elasticity, and 15-20 cells (n=15-20) for cell viscoelasticity, respectively. For each 

cell line and drug treatment assessment, this usually amounted to at least two (2) separate 
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AFM tests. This way, most external and random variances were minimized as long as no 

two experimental results within the same cell line/drug treatment contradicted each other. 

As in the previous study, the cell elastic property was best described by its Elastic 

Modulus, Eelastic. Figure 4 below illustrates the effects of cytoskeleton component drugs 

with reference to control cases for both the early and late stage MOSE cells. 

 

Figure 4: Elastic property measurements of component disrupting drugs on Early MOSE 

and component inducing drugs on Late MOSE cells. Mechanical parameters responses 

are depicted in the log scale, due in part to the log-normal distributions. 

 

As summarized in Table 2, the results show that in terms of cell elasticity, both actin-

affecting drugs were seen to cause significant changes in the Eelastic parameter, whereas 

neither of the microtubule-affecting drugs caused any change. Latrunculin A, the actin 
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inhibitor, caused a significant decrease in average Early-MOSE cell elasticity by 85% 

from 0.726 kPa to 0.122 kPa (p<0.0001). Meanwhile, Jasplakinolide, the actin stabilizer, 

caused a significant increase in average Late-MOSE cell elasticity by 37% from 0.470 

kPa to 0.655 kPa (p=0.0001). In contrast, Nocodazole A, the microtubulin inhibitor, 

caused a minor increase in average Early-MOSE cell elasticity by approximately 6% 

from 0.726 kPa to 0.756 kPa (p=0.9101) and SAHA caused a minor decrease in average 

Late-MOSE cell elasticity by 15% from 0.470 kPa to 0.405 kPa (p=0.1539). These 

findings best serve the purpose to show that the presence of actin filaments in a cell’s 

body is the primary cause to its elastic mechanical response to force stimulation. On the 

other hand, microtubules have shown little or no effect on this phenomenon. 

Table 2: Summary of mechanical responses of MOSE cells with the influence of targeting 

drugs. 

 MOSE – Early MOSE - Late 

Property Control Latrunculin Nocodazole Control Jasplakinolide SAHA 

Elasticity 

(kPa ± SD) 

0.726±0.325 0.122±.019 0.745±0.459 0.470±0.181 0.655±0.240 0.405±0.108 

Viscosity 

(Pa-s ± SD) 

182.5±87.59 37.47±25.38 220.4±97.47 51.11±23.94 - 44.85±22.51 

 

The cell viscosity property was described by its apparent viscosity parameter, µcell. Figure 

5 shows the impact of the designated cytoskeleton component drugs with reference to 

control cases on both the early and late stage MOSE cells. 
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Figure 5: Viscosity property measurements of component disrupting drugs on Early 

MOSE and component inducing drugs on Late MOSE cells. Mechanical parameters 

responses are depicted in the log scale, due in part to the log-normal distributions. 

 

The experimental data illustrates that the actin-affecting drug, Latrunculin A, caused a 

significant change in the cells’ viscosity values, while neither of the microtubule-

affecting drugs, Nocodazole and SAHA, did (Table 1). The disruption of actin filaments 

in the Early-MOSE cells resulted in a significant decrease in average viscosity by 77% 

from 182.5 Pa-s to 37.5 Pa-s (p<0.0001). In contrast, the disruption of microtubules 

resulted in a minor increase in average Early-MOSE viscosity by 15% from 182.5 Pa-s to 

220.4 Pa-s (p=0.3904) , while the inducement of microtubules and influence of SAHA 

resulted in a minor decrease in average Late-MOSE viscosity by 7% from 51.11 Pa-s to 
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44.85 Pa-s (p=0.3861). By these findings, it is concluded that the presence of actin 

filaments in a cell’s body is the primary cause to its viscous response to force stimulation. 

Furthermore, the anti-cancer drug, SAHA, does not have much of an effect on the 

viscoelastic mechanical response of cancer cells, as it does at a higher degree for their 

morphology and adhesion properties. 

5.4. Discussion 

The results presented here are complementary with those in our previous study, where it 

was found that the decrease in the levels of the cytoskeleton components, once 

transformed from Early to Late stage cancer, gave yield to the decrease of both cell 

elasticity and viscosity. The importance of this work, however, is that the actin filaments 

are identified as the primary determinants in these mechanical properties. A related work 

by Janmey et al. had shown that microtubules exhibited the largest deformability, 

whereas the actin were able to sustain much higher strains and resist deformation in the 

presence of mechanical loading [94]. A previous report has shown that actin filaments 

have viscosity properties that are at least five (5) times larger than those of microtubulin, 

which further delineates the effect of actin on cell viscosity [95]; higher concentrations of 

actin will result in higher viscosity responses of the whole cell body. The same report has 

emphasized, however, that the presence of specific microtubule-associated proteins 

(MAPs) in the cell cytoskeleton has led to very high viscosity behavior of actin filaments, 

which shows an interconnectedness of all cytoskeletal components [3, 96]. The 

Jasplakinolide drug dose assays also confirm this aspect because the microtubule 

organization was affected to some degree by the changes induced on the actin framework 

as result of treatment. 
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The findings presented here are in concurrence with previous works [68] including that of 

Tsai et al [76], and their treatment of colchichine, a microtubule disruptor drug, on 

human neutrophils and the mechanical impact of that component. It is important to note 

that the group reported increased actin polymerization, cell rigidity, and viscosity as a 

result of microtubular disruption. Despite the failure of its significance in the outcome of 

statistical testing (p>0.9101), our AFM tests on MOSE cells confirm the slight increase 

of both cell elasticity and viscosity in the event of microtubular disruption, hinting at the 

dynamic change in the cells.  

This experimental outcome has led to the growing importance of the idea of a cell having 

a structural compensatory mechanism leading to stabilization in the event of alterations in 

its body. A few groups have proposed that the source to this stabilization is likely to be 

due to the balance work between certain sets of microtubules (i.e. Glu-MTs) and the 

intact intermediate filaments of the cytoskeletal network [75, 97]. Additionally, their 

studies have suggested the presence of a transitional mechanical phase of a cell that 

activates upon sensing physical and/or chemical alterations. This phenomenon best 

illustrates the complexity of cell structures, their ability to sense changes and responding 

accordingly to maintain structural equilibrium. If future investigations by other groups 

can confirm the above claims, there will be great need to update the theory of cell 

structures and include other cytoskeletal components, like the intermediate filaments, as 

notable role players for structural integrity. 

Despite the reports on the significant impact on cell morphology and claims to reduce 

malignancy in breast cancer cells, the effects of the anti-cancer drug, SAHA, have not 

been seen in the case for cell elasticity or viscosity. Our findings are in agreement with 
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previous work, where AFM tests showed no change in cell elasticity in response to 

treatment [92]. Additionally, we herein propose that the anti-cancer drug shows no 

change in cell viscosity despite the expansion of the microtubular network.  

According to the aforementioned Tensegrity model, an expansion in the microtubule 

network increases the cell area, which consequently increases the tension within the actin 

cytoskeletal structure. Keeping in mind that the same model predicts the prestress in the 

cell being proportional to its rigidity, the work of Strobl et al. claimed that new cell 

tension was generated in the basal regions and outer peripheries of the cell, leading to 

some changes in the local rigidity, which was interpreted as a novel response to SAHA 

treatment [92]. Furthermore, the group has reported that cell indentations at the nucleus 

area resulted in no change in elasticity because no tension was generated at those cell 

locations. There is, therefore, a high possibility that the lack of significant change in 

viscoelasticity for the MOSE cancer cells in our presented work is because of 

indentations being performed at the nuclear areas as opposed to the outward peripheries, 

where the predicted cytoskeletal changes have occurred. Future studies on this 

phenomenon may prove useful in the accurate assessment of this highly promising anti-

cancer drug.  
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6. Preliminary results for further research 

 

The following studies were done during the course of the AFM project. The presented 

preliminary results are deemed to progress into promising research findings.  

 

6.1. Cells react to their exposed environment and adapt to force loads 

 

From: Ketene et al “Use of shearing forces via AFM to distinguish ovarian cancer cells 

from healthy cells.” 

6.1.1. Introduction 

The development of micromachined devices has recently been on the rise due to 

advances in the microtechnology [98, 99]. Among its potential uses, prototypes for the 

biomedical applications have gained tremendous importance [100], including 

microfluidic and micropatterned structures. Accurate cell characterization involves their 

investigation in the most realistic environments, and researchers have made attempts to 

mimic the vascular system [101, 102] and study the mechanics of cells in this important 

area where metastasis is also thought to take place [103].  

Live cells are dynamic systems that respond to external loads and environments [2]. 

Moreover, there is evidence in literature that these sensing organisms will react in the 

event of shear flow, as can be imagined in physiological conditions in the human body 

[97, 104]. Due to their viscous behavior, it has also been shown that normal cells 

“harden” during tapping motions by probing cantilevers and are less susceptible to 

deformation [105]. However, there are no reports on the quantification of this important 

phenomenon. In this study, we present the investigation on the effects of applying shear 

force on both healthy and cancerous MOSE ovarian cells by means of repetitive ramping 

tests. Furthermore, we report the approximate rate of change in mechanical behavior for 
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each cell line and attempt to correlate the cell mechanical phenotype to its biochemical 

aspects. 

6.1.2. Methodology 

Note: For Cell Culturing and Sample Preparation, Theory, Atomic Force 

Microscopy, and Statistical analysis sections please refer to the content in Chapter 4. 

 

Force scripting for programmed repetitive indentation 

A dimension 3100 SPM with PicoForce functionality was used to perform the repetitive 

ramping experiments on the cells. A single ramping consisted of the procedure to perform 

a stress relaxation on a cell, which is illustrated in Chapter 4-Figure 2A. Upon 

engagement with the cell surface, the AFM was instructed to deflect the cantilever on the 

cell surface for about 125-150nm, which resulted in applied forces of 3.0 ± 0.4 nN. The 

cantilever then entered the stress relaxation stage during which the cantilever’s position 

was held constant for about ten seconds. Depending on the cell morphology, this 

deflection correlated to between 350nm-1100nm indentations. Subsequently, the 

cantilever was raised and retracted from the surface and left stationary for 60 seconds 

before allowing a second and then third indentation on the cell. Essentially, each cell was 

indented and remained in contact with the AFM cantilever for ten seconds for three times 

by one minute intervals. The algorithm used to perform these tests was done within the 

force scripting mode in the AFM v6.13 software (Appendix Figure 8). 

6.1.3. Results 

A total of 15 cells (n=15) in the early MOSE and 18 cells (n=18) in the late MOSE 

populations were randomly selected for repetitive ramping tests. Cell elastic moduli for 
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all ramping tests were calculated by fitting the Hertz model to the indentation portions of 

each stress relaxation sequence. Overall, the early stage MOSE cells developed a 

stiffening effect after being subject to multiple indentations with stress relaxation periods. 

On average, these cells responded by causing an increase in cantilever deflection by 

about 25-50nm, which correlated to about 15-25% increases in the cell elastic modulus 

(Table 1). Meanwhile, the late stage MOSE cells showed no such response to the 

stimulation. More importantly, some of the late MOSE cells showed an overall decrease 

in elasticity (Figure 2). 

Table 1: Repetitive ramping results on MOSE cell lines in the event of indentation + 

stress relaxation phase. 

MOSE n Avg. elastic 

modulus (kPa) 

Slope change 

(nm) 

Elasticity change 

(%) 

Percent 

compliance 

Early 15 0.975 ± 0.321 25 - 50 (+15) – (+25) % 70% 

Late 18 0.524 ± 0.257 (-25) – 0 (-30) - 0 % 90% 

 

It is interesting to note that the cells that responded with higher elastic moduli (early 

MOSE) in the initial ramping eventually resulted in increased elastic moduli in the 

following repetitions (Figure 1). The opposite occurrence was seen for those with lower 

elastic moduli (Late MOSE). Hence, a correlation can be drawn between the 

cytoskeleton/morphology state of a cell and the tendency to “stiffen” in the event of shear 

stress; healthier cells are shown have higher rates of stiffening. Due to the higher 

variance in mechanical phenotype in the early MOSE, we noticed that some cells showed 

behaviors typical of those in the late stage MOSE, which was expected. Also, a couple of 

cells in the late stage cell populations did show stiffening responses as a result of the 
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repeated indentations, but their initial elastic moduli were higher than regular late stage 

MOSE, which classified them as early stage MOSE.  

 

 

Figure 1: Reindentation response of A) early stage MOSE and B) late stage MOSE cell. 

As can be noticed, “Healthier” cells respond to the induced shearing by increased 

resistance. On the other hand, cancer cells show less resistance and possibly allow for 

larger deformations. 
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Implementing a stress relaxation phase in sequence to indentation is shown to be the 

underlying cause to the observed trends (Figure 2). Another set of experiments were 

performed by only having simple force indentations on the cells. The results from those 

tests are shown in Table 2. 

Table 2: Responses of MOSE cells in the event of indentation only.  

Property Eelastic 

 Early MOSE cell (n=11) Late MOSE cell (n=10) 

1
st
 indentation 1.305 0.642 

2
nd

 indentation 1.254 0.620 

3
rd

 indentation 1.076 0.549 

4
th

 indentation 1.021 0.512 

5
th

 indentation 0.796 0.426 

 

For almost all indented cells with re-indentations at designated time intervals, we saw a 

general decrease in the elastic modulus parameter. On average, cells showed a 15-25% 

decrease in elastic modulus values, regardless of cell type, suggesting that the cells 

showed signs of plasticity in the event of repeated indentation, despite the fact that no 

signs of puncturing were seen in the force curve data. 

 

Figure 2: Schematic of the generation of shearing forces at contact areas excluding the 

normal force location as a result of the stationary AFM probing tip and cell interaction 

during stress relaxation. 
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6.1.4. Discussion 

The obtained data reveal that “healthier” cells respond by stiffening after being subject to 

mechanical stimulation (indentation), whereas diseased cells, that are known to have 

altered and weaker morphologies, are void of any kind of reaction. It is now possible to 

visually see the distinction between healthy and cancerous cells by observing their “rate 

of stiffening” during indentation sessions and induced shearing. 

Due to the physiology of multicellular bodies, individual cells are constantly exposed to 

interstitial fluid flow between cells, resulting in shear stresses on the cell microstructure 

[97]. Interstitial flow model experiments have revealed that cells show increased stiffness 

in response to this type of environment [106]. The increased actin reorganization and 

Rho-associated protein kinase activation are seen to be the causes of this phenomenon. 

This suggests that the biochemical state in a cell is a significant factor in mechanical 

phenotype behavior. Our studies on the MOSE cell line suggest that when compared to 

the early stage, the late stage MOSE cells are lacking of sufficient Rho-kinase enzymes, 

which are known to induce stress fibers as well as being the key regulator of actin 

organization in the cell structural body [107-109].  Biomicrorheology studies conducted 

by Kole et al. have also shown that cell exhibits increased viscosity along with the 

rigidity characteristics upon rho-kinase activation [110]. Sander et al exposed mouse 

fibroblasts with LPA, a Rho-kinase activator, and found that cell elasticity doubled as a 

result of this treatment [111]. By following these results, it can be concluded that the 

absence of sufficient Rho-kinase activation and low f-actin reorganization causes the late 

stage (malignant) cells to not respond to shear stress and retain their low viscosity and 

rigidity characteristics. Early stage (benign) MOSE cells, on the other hand, exhibit 
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significantly increased elasticity as a result of shear stress and AFM force stimulation, 

which can ultimately lead to new techniques for cell type distinction. Our presented set of 

results carries encouraging potential in the development of appropriate biomedical 

devices that exploit this scientific finding to further characterizing cell physics in cancer 

progression and promote cell detection and/or separation. 

 

6.2. Cancer stem cells exhibit a distinct biomechanical profile 

From: Ketene et al. “Biomechanical profiling of Ovarian Cancer Stem Cells and the 

effects of Sphingosine Drug treatment” 

6.2.1. Introduction 

The research on stem cells has achieved great momentum in the decent decades. 

According to the traditional cancer model, which also referred to as the clonal evolution 

model [112], regular cells will, in time, acquire an aggressive, dysregulated phenotype 

through the acquisition of several, often characteristic genetic or epigenetic alterations to 

result in cancer. A key point in this assertion is that all of the cells forming a cancer have 

the same potential for reinitiating a tumor. In other words, any cell on a malignant tumor 

has the capability to form an identical tumor later on if not treated properly. Recently, 

however, there has been growing interest in an alternative model for cancer which 

stresses on the presence of unique and rare cells within a tumor that are solely responsible 

for the growth, maintenance, and re-initialization of tumors, rather than the majority of 

the respective tumor cells [97]. 

Studies in cancer biology have suggested that malignant tumors have a high rate of 

propagation because of inability of today’s therapeutics to target those self-renewing 
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“cancer stem cells” that are the cause for reforming tumors and metastases of cancer 

[113, 114]. 

In order to assess the validity of either model, lengthy and challenging research is 

required, even to the degree which has been suggested by some involving the extraction 

of a large number of cells from a tumor and analyzing each cell one by one for their 

ability to self-renew and propagate new tumors [97].  

In this study, we investigate the mechanical properties of cancer stem cell-like cells 

which were extracted from the MOSE cell line. By determining their mechanical 

phenotype and classification, we have attempted to correlate our work to the proposed 

cancer models. As an important cell biological process, we have looked in Cell 

differentiation, which involves the development of a less specialized cell into a more 

distinct type by the modifications in the gene expression. Differentiation is said to 

dramatically change a cell's size, shape, membrane potential, metabolic activity, and 

responsiveness to signals. There is evidence showing that dedifferentiation, which is 

simply the reverse of differentiation, is an aberration that is associated with cancer [115]. 

Therefore, it is thought that differentiation may possibly revert a cancerous phenotype 

back to an earlier stage phenotype. By having MOSE cancer stem cells undergo this 

process, we have assessed its effects on the cells’ mechanical behaviors in terms of their 

elastic moduli. Finally, we have used a sphingosine anticancer drug (SO) to investigate 

its effect on early, late stage MOSE and stem-cell like cells by analyzing their responses 

to the biochemical treatment. 
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6.2.2. Methodology 

Note: For Cell Culturing and Sample Preparation, Theory, Atomic Force 

Microscopy, and Statistical analysis sections please refer to the content in Chapter 4. 

 

6.2.2.1. Development of “stem cell”-like cells 

By performing certain procedures, it is possible to isolate cancer stem cells in a general 

cell population. The development of stem cell-like cells can take place at any growth 

phase of the MOSE cell; usually with the most efficient and successful growth coming 

from the cells that have entered the late phase of the progression. The reason for this is 

that cells in the late phase are indentified as the most cancer-like, given that they exhibit 

growth properties that are highly invasive including the ability to form spheroid or tumor-

like structures when placed in an environment that is serum-free (a condition in which 

most cells do not survive due to lack of some nutrients) and the ability to invade collagen 

and matrigel surfaces (on which most cells simply adhere to the surface and grow as a 

monolayer). Late stage MOSE cells have also lost the property of contact-inhibition; 

where most cells stop growing and begin to die off if allowed to grow beyond 

confluency; the late cells will begin to grow on top of one another and continue to survive 

as long as available nutrients are around. 

In our research, stem cell-like cells have been isolated by simply placing late stage 

MOSE cells in serum free medium environments in dishes that have not been treated for 

cell culture. The media into which they are placed contains no serum; it is composed of 

the same DMEM-HG base with several growth factors and Bovine Serum Albumine, 

BSA. With time, a portion of the cells die off without the serum, but a certain portion 
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survives, which shows the presence of “stem cell”- like cells. That designated group of 

cells is then enriched by passaging them. They are allowed to grow to a certain density 

and then they are passaged by digesting the spheroids using a digest buffer which breaks 

them down into a single cell population which is then counted and passaged into the same 

stem-cell conditions at a certain density. Hence, a stem-cell like cell line is developed. 

Cell differentiation is done by taking those spheroids, breaking them down into single 

cells populations and passaging them back into an adhered scenario in the presence of 

media containing fetal bovine serum and pen/strep. All tests that have been conducted to 

this point show that there are definite differences between the properties of the three 

scenarios described: normal adhered growth conditions, stem-cell like growth conditions, 

and differentiated growth conditions. 

6.2.2.2. Sphingosine drug treatment 

The Sphingosine drug (SO) has been shown to induce actin polymerization and modify 

the cytoskeleton in cells [116]. It is also regarded as a potent anticancer agent that inhibits 

or delays cancer cell proliferation [117]. SO was added at a 1.5 uM final concentration 

into cell culturing DMEM-HG medium after determining that dose level to be appropriate 

for the MOSE cell line. Early, late stage, and cancer stem MOSE cells designated for 

AFM testing were cultivated in SO treated medium for sample preparation.  

6.2.3. Results 

The mechanical behavior and response of the MOSE cancer stem cells is shown in Figure 

1. The elastic modulus parameter was measured on cell populations of the early, SO 

treated early, intermediate, late, SO treated late, stem cell, differentiated stem cell, and 
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SO treated stem cell MOSE cells. Sample sizes ranged from 85-137 cells per tested cell 

line. 

 

Figure 1: Elastic modulus responses of late stage, cancer stem-cell like, and 

differentiated stem cell MOSE cell lines. 

 

As summarized in Table 1, the AFM indentation tests illustrate that MOSE cancer stem 

cells were 68% softer than regular late stage MOSE cells (p<0.0001), resulting from an 

average elastic modulus decrease from 0.549 kPa to 0.320 kPa. Notably, stem cell 

differentiation did not create any significant change in the cell elastic response compared 

to the stem cell-like MOSE (p=0.5756) and remained significantly softer than the late 

stage MOSE (p<0.0001). This suggests that differentiation does not cause cell elasticity 

reversion. 

Table 1: Summary of elastic modulus values for the late stage, regular stem, and 

differentiated stem MOSE cells. 
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In terms of average elastic modulus responses, we have investigated SO drug’s effects by 

comparing the treated responses to the control cases seen in the early, late, and stem cell 

MOSE (Figure 2). The values were converted to the log scale due to the distribution 

scheme of the entire cell populations and results from normality tests.  

 

Figure 2: Elastic modulus responses of late stage, cancer stem-cell like, and 

differentiated stem cell MOSE cell lines. 

 

The SO drug treatment caused a significant increase in the values for Eelastic of late stage 

MOSE by 40% (p<0.0001) and the cancer stem cells by 47% (p<0.0001). On the other 

hand, SO treated early MOSE cells showed a slight decrease in Eelastic from regular early 

stage MOSE (p=0.0163). This claims that both invasive and cancer stem MOSE cells are 

heavily influenced by the treatment of the anti-cancer agent but the level of impact is 
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subject to selectivity in the cancer stage, since there are no effects on the early stage 

MOSE cells. 

Table 2: Summary of elastic modulus values for the early, intermediate, late, stem cell 

MOSE and their SO treated responses.  

Cell 

line 

Early SO treated 

Early 

Intermediate Late SO treated 

Late 

stem SO treated 

stem 

E
elastic

 1.097±0.631 0.897±.629 0.800±.449 0.549±0.281 0.770±0.315 0.320±0.101 0.471±0.138 

n 126 86 135 137 120 105 97 

 

Cell population distributions were generated by combining all recorded elasticity 

responses from each testing cell line. The data were best represented by log-normal 

distributions and log-Gaussian fittings. 
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Figure 3: Population distributions of the Early, Intermediate, Late, stem cell, 

differentiated stem cell, and their SO treated MOSE responses. 

 

As can be inferred from the histograms, we see noticeable differences in the distributions 

of the majority of responses for each cell line. Stem cells have shown a very sharp 

concentration in the very low Eelastic values resulting from minimal variability. This 

shows that cancer stem cells behave in a homogeneous manner and have very identical 

phenotypes among each other. The process of cell differentiation, which was predicted to 

“revert” the stem cells back to their normal MOSE state, did not cause any shift or 

change in the population distribution when compared to the regular stem cell line. 

Interestingly, SO treatment has notably shifted the response curve towards the “stiffer” 
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values for both cancer stem cell MOSE and late stage MOSE; in a way causing these 

cancer cells to behave more like the relatively earlier stage MOSE cell lines. The SO 

treated late stage MOSE, for example, showed elasticity responses that mimicked 

intermediate stage ovarian cancer. In the case of SO treated early MOSE, however, we 

observe a similar population response as in the regular early MOSE case, further 

delineating the lack of impact of SO drug treatment on this specific ovarian stage cell 

line. 

6.2.4. Discussion 

The presented results could have some interesting implications. Most importantly, they 

may help explain some key questions about the nature of stem cells. If the notion is 

followed that cancer stem cells do not develop with time, but that they are always present 

since the beginning of cancer formation (early stage), then surely they will be present 

throughout the entire stages of cancer metastases, enabling the growth of tumors and 

causing the continuous dysregulation of nearby cells as time progresses. We find support 

for this claim in accordance to the alternative cancer model in our work on the 

mechanical property measurements in the early stage MOSE, intermediate MOSE, and 

late stage MOSE cell lines presented in the previous chapters. It has been shown that 

even in the early stage MOSE cell line responses; we see a significant number of cells 

that could be characterized as stem cell-like behaving ones. Throughout the progression 

of ovarian cancer, the MOSE cells seem to have a good number of cells that lie in this 

designated region, which could be the signs of the presence of cancer inducing stem cells 

that lead to gradual transformation from early to late stage metastases. A forward step in 
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further characterizing cancer stem cells will be to investigate their viscoelastic behavior 

and help identify any means for effective biomechanical profiling.  

Despite the changes in cell length and area by cellular differentiation, we have not seen 

any effect of this biological process on the mechanical deformation aspect of cells. 

SO treatment has shown that later stages of ovarian cancer are more responsive to the 

anticancer agent than the earlier stage MOSE cells. The reason for such result can be due 

in part to the SO drug’s targeting of the Sphngosine kinase (SK1) enzyme found 

commonly in oncogenically altered cells [117]. The lack of such catalyzers in the cell 

may cause the SO drug to remain ineffective. Based on our previous studies, the 

significant change on cell elasticity is most probably due to the mentioned effects on cell 

cytoskeleton, especially the SO drug’s inducing of actin filaments. Immunofluorescence 

and/or confocal microscopy on the SO treated cell actin filaments will provide the 

necessary support for explaining the changes in cell mechanical property due to this 

anticancer agent.  

6.3. Future work 

In accordance to the results from the presented studies, the following aspects in the field 

of cell characterization should be considered: 

 Mapping an entire cell’s viscoelasticity characteristics may prove useful as a 

forward step from traditional localized characteristics acquisition. This way, it can 

be possible to get a more general idea of the cell’s mechanical phenotype instead 

of approximating it via single value readings from one indentation location. 

 Since this entire project has emphasized on the engineering perspective of cell 

biology, detailed studies on damage mechanics and plasticity property of cells 
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may prove useful in the mechanical modeling of these fragile organisms. The 

resulting reports in this topic may shed light to the ambiguity of what force loads 

cells can undertake and what tolerances are allowable in their exposure to precise 

stimulating environments. 

 The detailed study of generating shear stress on cells to induce stiffening for cell 

detection may contribute to the accurate microdevice development when based on 

the realistic physiological conditions most appropriate to cells. This way, 

metastasis in the human body can be simulated in well modeled artificial vascular 

systems and drug treatment efficiency can potentially be tested. 

 Studying the proposed “transitional” mechanical state of cells as discussed in the 

Chapter 5 study will help in advancing cell characterization and furthering the 

understanding between biochemical processes and induced mechanical changes in 

the cell structure as well as interdependency and connectedness of cell 

components. 

 Finally, it will be beneficial to make a transition into cell tissue mechanical 

property measurements as a forward step from single cell analysis. The effects of 

the extracellular matrix (ECM), which binds and holds adjacent cells together, can 

now be accounted for in viscoelasticity measurements. The ECM is said to play a 

significant role in cancer cell mechanics in that many processes in metastasis 

involve the state of the ECM and cell proliferation [1]. By performing the tissue 

sample analysis, it is possible to imagine a technique developed for cancer sensors 

in nanosurgical robots (i.e. Nanosurgeons), which has been in the forefront of 

medical robotic research especially in the recent decade [118].  
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Appendix material 

A. Glossary of selected terms 

Acetylation- a process that plays an important role in gene regulation and expression 

Apoptosis- programmed cell death 

Benign- Noninvasive, localized 

BSA- is a nutrient protein used in many biochemical applications including cell culture. 

Confluency- Is used as a measure of the number of growing cells in a flask. It is usually 

depicted by percentage. 

Cytoskeleton- the three dimensional filamentous protein network in a cell 

Differentiation- Phenomenon through which a specialized phenotype, such as that 

representative of cells in a particular tissue or organ, is acquired by a cell 

Elasticity- a measure of a material’s deformability 

Growth factor- refers to a group of proteins that enable cell proliferation and growth by 

adhering to specific growth factors receptors on the cell’s outer surface. Many types of 

cancers indicate a hyperactive signaling of GF receptors, which shows high rates of 

growth or proliferation which is among key aspects of malignant cancer cells. 

Enzyme- class of proteins that promote chemical reactions 

Malignant- Invasive, metastatic 

Metastasis- Involves the spreading of a tumor to different locations in the body, and is a 

consequence of invasive and motile cells that show easy adaption behaviors in foreign 

environments. 

Morphology- refers to the form and structure of an organism such as a cell 

Oncogene- a certain gene that causes cell transformation 
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Photodiode- type of photodetector capable of converting light into either current or 

voltage 

Piezoelectricity- produce voltage/current by compressing or stretching a material and vice 

versa. 

Plasticity- a measure of a material’s ability to revert to its original form upon mechanical 

loading 

Resonance-Tendency of a system to oscillate at its maximum amplitude associated with 

specific frequencies. 

Tensegrity- derived from Tensional integrity, is a model to describe an object’s shape and 

structure being dependent on a level of internal “prestress” as a cause of the presence of 

tensional and compressive components. 

Topography- study of a surface’s shape and features. A detailed graphic delineation on a 

map or chart 

Transcription- is a process of creating a complimentary RNA copy of a sequence of 

DNA, which is a normal function of a healthy cell and performs gene regulation.  

Transducer- a device that converts energy from one form to another 

Transformation- refers to the conversion of a normal cell and/or the changes to a cell 

caused by genetic agents. 

Tumor- Cluster of abnormally growing cells 

Vascular system- is the series of interconnected vessels that carry blood and other fluids 

around the human body; also referred to as the circulatory system.  

Viscoelasticity- a measure of both viscous and elastic characteristics of a material when 

undergoing deformation 
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Viscosity- a measure of a materials’ fluidity 

 

B. Bead attachment to a cantilever and increase in contact surface area 

Items needed: 

 Epoxy glue(two-way) or any adhesive material 

 Glass beads 

 Two glass sample disks 

 Afm scope 

Procedure: 

1. Turn on optical scope for the AFM 

2. Mount cantilever onto afm head 

3. Place the mixed glue at 4-5 points onto one of the glass sample disks with 

sharp/pointy tip (wire end) 

 

4. Keeping in mind of the time constraint for the glue(to dry up) put/pour some glass 

beads onto a second glass sample disk by turning the glass bead container upside 

down and back again to upright position and opening the cap cover and using the cap 

to pour the beads. Use a dust spray to gently spread the beads across the disk. 
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5. Mount the glue disk onto the afm system. Since the afm cantilever is located above 

the glue, all that is required is lowering the cantilever and letting the tip get in contact 

with the glue 

a. Locate one of the glue points on the sample disk. Place the AFM cantilever to 

the right edge of the glue point. 

b. Lower the cantilever by carefully pressing the tip down handle. Paying close 

attention to the optical scope view screen, lower the cantilever until it has 

been slightly deflected as can be seen/noticed by the change in reflected light 

off the cantilever. 

6. Once the cantilever has come into contact with the glue, move the cantilever, to the 

right, away from the glue to remove the excess. Pull the cantilever back up by 

pressing on the tip up handle. 

7. Remove the glue disk, place the bead disk onto AFM system 

8. Use the optical microscope to focus on the glass beads. Locate a single bead that is 

isolated from any nearby beads. This will be the specific bead to mount to our 

cantilever 
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9. Place the AFM cantilever over the glass bead so that the bead is directly below the 

right hand side of the original sharp cantilever tip. 

 

 

Note: try to maintain the glass bead’s location to the center line of the whole 

cantilever; for symmetry purposes. 

10. Lower the cantilever carefully, paying close attention to where the cantilever tip is 

located. Due to some shadowing effects, it is not very easy to locate the exact tip 

position. Focusing back and forth is crucial in the step. 

11. The bead should stick to the cantilever once the cantilever has deflected slightly. 

Raise the cantilever up and notice if the bead can be seen anymore. If not, then the 

bad is stuck to the cantilever. 

12. You may want to check if the bead is properly in place by using the HIROX digital 

video microscope (Appendix Figure 3). 

 

Effect of a modified microsphere AFM tip on cantilever spring constant values: 
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C. How to extract a force-distance (separation) curve from raw AFM data 

We are given Z - dc response; cantilever deflection vs. Piezo position 

Convert the cantilever deflection, dc, to micro/nanometers by multiplying it with 

the INVOLS or deflection sensitivity (1/slope of constant compliance region).this 

is because dc first comes out with the arbitrary AFM units, volts. 

Volts x nm/Volts = nm 

  dc      INVOLS 

Determine force by the following expression: 

F=-Kc x dc; N/m x nm = nN 

Where Kc is the cantilever’s spring constant 

Determine Distance as separation between tip and the sample 
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D= S=Z – dc – offset 

 

 

Plot the Force vs. Distance data to obtain the Force vs. Separation curve. 

The region of interest for determining the sample material properties is at the 

constant compliance, where tip-sample separation is D=0. The indentation data is 

simply the portion of the Force vs. separation data that corresponds to all Force 

values above zero. 
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D. Cell maintenance, notes, and essentials 

Cell care taking 

 One should wear long sleeves when working in the culture room/hood. Yeast can 

form in the cell flasks and cause contamination on the cells. White clusters and 

small residue in the medium are common cases of yeast infection. 

 One should not prolong/delay the passaging process of cells when flasks are near 

to being confluent. When left confluent and growing unnecessarily, cells have a 

tendency to transform and behave differently than normal. This could lead to 

unsuccessful experiments by increasing variability and systematic error. 

 Collagen solution, HEPES solution, culture medium solution all tend to go bad 

or expire after a time period. It is advised to take special care in making sure 

everything is not used or left for too long. 

Coating the glass coverslips with collagen 

As long as the side of the coverslip that was up-side in the collagen dish is kept up-side 

away from the tissue wipe, the collagen layer should be intact. If not, there may be some 

disruption of the collagen layer. 

Designating cells for experiments 

Cells are ready for experiment use once they have been passaged because at that point, 

the cells are freely suspended within the culturing medium. After some period of time, 

the cells will drop down to the surface and reattach to the flask. The reason for this is that 

cell will manufacture proteins that act as glue between cells and the surface substrate. 

The longer the cells are on the plastic, the more glue they produce. Those that are still 
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floating in the medium are actually dead because they weren’t capable of producing 

adhering proteins. 

Checking up on cells in cultured flasks 

One should check up on cells at least three (3) days. When the cells are confluent, they 

are ready to be passaged / split. 

Passaging ratios 

A routine split is 1:5 or 1:10. This allows for passaging time of about one week (MDA 

and MOSE cell specific) 

Example on 1:5 passaging: 

A trypsinizing cells and getting them into suspension of 5 ml of medium, one should add 

1ml of this suspension medium(aka 1/5 of the cells) into a new flask containing 10ml of 

new medium. The remaining 4ml (4/5) of cell medium suspension is used for coverslip 

seeding and experimentation. This is the same cell suspension that will be used to count 

the density of cells using a hemacytometer. 
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E. Selected protocols 

Cell counting/ Hemacytometry protocol 

 

 

Cell harvesting procedure and protocol for MOSE 

Cell harvesting is required to detach the cells from the flask surface and suspend them. 

This involves the use of Trypsin, which is an enzyme that digests the protein from cells. 

 

 

Condition: cells are confluent in 10ml of medium in T-75 flask 

1. Remove old medium with aspirator 
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2. Wash cells with 5ml of PBS. remove with aspirator 

3. Add 2ml of trypsin into flask. Let it coat the cell monolayer. remove with 

aspirator 

4. Wait until cells are visibly detached (subject to discretion and needs special 

care) under the optical microscope. It may be beneficial to nudge the cells by 

gently tapping the flask by the sides. 

5. Use 5ml of culturing medium to dislodge the cells and have them suspended in 

medium. Medium should turn a bit “cloudy”. 

6. Allocate the cell medium to respective flasks for sub-culturing and/or seeding. 

Note: the passage number and passage ratio are very important parameters to 

keep track of. 

 

Glass coverslip coating protocol 

Collagen used: Sigma C5533-5MG collagen type 4; 5ml bottle 

Add in  1mg/ml 0.25% acetic acid (5ml to entire bottle) and stored in 4°C. 

Assuming coating 4 coverslips at one time: 

1. Put glass coverslips into a beaker of ethanol (70%) to sterilize them 

2. Add 2ml of PBS (sterile) to coverslips to wash off alcohol. remove with 

aspirator 

3. In a conical tube, add 2.25ml of PBS and 0.25 ml of collagen. use standard 

inversion mixing to create collagen solution. 

4. Add 0.5ml of collagen solution to each coverslip 
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5. Warp parafilm around container and store at 4°C for 24hr before actual cell 

seeding. 

6. After 24 hrs, suck off collagen solution and wash with 2ml PBS for each 

coverslip. 

It is advised to use the coverslips within 2 weeks’ time. 

 

DMEM-HG medium preparation protocol for MOSE cell line 

1. Medium base is DMEM-HG in powder form (Sigma Aldrich catalog no. 

#D777) 

2. To a large beaker, pour into the entire bottle of DMEM powder 

-Rinse the bottle a bit to make sure all of the powder is out 

3. Add 1000ml (1L) of ultra pure H2O onto powder within beaker 

4. Add 3.7gr of HCO3 (Sodium Bicarbonate; 7.2gr for 2L) 

5. Stir, using the magnet-base assembly (~2min) 

6. Go to hood, use bottle filter to sterilize the medium and pour into an empty TC 

bottle. 

7. Add 40ml of Fetal Bovine Serum, FBS (4%) into medium solution 

8. Add 1 bottle (1%) of Insulin-Transferrin-Selenium, ITS (10ml) into medium 

solution 

9. Add 1% of Penn/strep (10ml) into medium solution 

10. Label bottle and store in fridge (4°C). Now 1L of medium is ready for cell 

culturing. 
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11. Note: Every two weeks, add 100x (1ml for every 100ml) L-Glutamine to 

replenish the medium with serum nutrients and keep the FBS stable. 

 

F. Selected factors that affect cell mechanics measurements 

The following factors are mentioned based on literature paper reviews and personal AFM 

testing results. 

Confluency vs. individual cells 

Individual cells are softer than cells that are adjacent to each other, regardless of the fact 

that both cells may have the same morphology, passage, and transformation stage. The 

reason for this is due to Fibrils that go along cell structures. Cells are “supported” by 

adjacent cells in that fibrils run across cell-cell boundaries [55]. 

Temperature 

Cells are said to be less elastic (softer) as time goes by when working in room 

temperature conditions. The natural cell environment involves a steady 37°C, so the 

difference in temperature going into 24°C will cause the cells to be less and less healthy 

as time progresses. 

Indentation speed 

A higher loading rate will cause the cell to feel harder/stiffer than normal. There are 

reports on the hardening of cells to their intrinsic viscoelastic effects. 

Indentation depth 

A larger deflection which results in larger deformation will cause a somewhat increase in 

elasticity/rigidity. This occurrence is more noticeable in healthy or spread morphologies 

than either dead, round, or sick cells. 
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Cell height 

The higher the location on the cell, the softer it feels. 

Age 

There are reports that cells will show different mechanical behaviors as they age. 

Chemical modifications (drugs) 

Anticancer and biopolymer targeting agents have been shown to affect the mechanical 

response of cells. 

 

G. AFM probe cleaning 

1. After experimental use, immerse AFM probe cantilever into petridish/container 

with ethanol. Leave for 10-15min. 

2. Either air dry for 10min or use dry gas spray (i.e. Nitrogen). Compressed air 

could have moisture in it and is not recommended for drying the cantilevers. 

3. Use UV ray light source to get rid of remaining particles and contaminants for 

10-15min. 
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H. Molarity solution and drug mixing 

Example: 

 

I. Appendix figures and tables  

 

Figure 1: Fluid probe holders for Multimode (left) and Di3100 AFMs (right) 
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Figure 2: Cell culturing and preparation components 

 

Figure 3: Hirox 3D imaging microscope. Used for measuring glass sphere diameters 

and positions relative to AFM cantilever. 
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Figure 4: Culturing hood where cells were harvested, seeded, and processed for tests. 

 

Figure 5: Standard inverted optical microscope used for inspecting cells. 
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Figure 6: Multimode V AFM with integrated optical microscope and AFM head 
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Figure 7: Di3100 AFM with integrated optical microscope and AFM hybrid scanner 

head. 
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Figure 8: Scripting mode parameter window. The delta, ramp velocity, delay, back to, 

and loop count parameters were used to perform the repetitive ramping tests. 
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Cell tissue type Investigator Year 

   

Ovarian   

Mouse CHO-K1 Zhao et al 2006 

Mouse BQ2 Carl et al 2008 

   

Lung   

Human Lung Weisenhorn et al 1993 

Human alveolar Epithelium,A549 Sunyer et al 2009 

   

Embryo   

Mouse F9Vin Goldmann et al 1998 

Mouse vinculin deficient F9Vin Goldmann et al 1998 

Rat 3T6 Ricci et al 1997 

   

Cardiocyte   

Chicken Cardiocyte Hofmann et al 1997 

Rat Cardiocyte Lieber et al 2004 

   

Ureter   

Human Hu609(non-malignant) Lekka et al 1999 

   

Bladder   

Human HCV29(non-malignant) Lekka et al 1999 

Human HU456 Lekka et al 1999 

Human T24 Lekka et al 1999 

   

Fibroblast   

Mouse BALB 3T3(non-malignant) park et al 2005 

Mouse SV-T2 park et al 2005 

Mouse H-ras park et al 2005 

Human H268(non-malignant) Nikkhah et al 2010 

Murine NIH3T3 Mahaffy et al 2000 

 Jaasma et al 2006 

Human 3T3 Rotcsh et al 1999 

Murine L929 Wu et al 1998 

Human HSF Bushell et al 1999 

   

Prostate   

BPH Faria et al 2008 

LNCaP Faria et al 2008 

PC-3 Faria et al 2008 

   

Breast   

Human MCF-7 Li et al 2008 

 Li et al 2009 

Human MCF-10A(non-malignant) Li et al 2008 
 

Table 1: Comprehensive summary of reported elasticity measurement studies on cell 

samples.  
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Cell tissue type Elastic Modulus(kPa) ± std.dev* 

 Healthy Cancerous 

Ovarian   

Mouse CHO-K1 1.02 0.244 

Mouse BQ2 0.40±0.16  

   

Lung   

Human Lung  13-150 

Human alveolar Epithelium,A549 0.189±0.011  

   

Embryo   

Mouse F9Vin  3.8±1.1 

Mouse vinculin deficient F9Vin  2.5±1.5 

Rat 3T6 1.8±0.3  

   

Cardiocyte   

Chicken Cardiocyte 5.0-30.0  

Rat Cardiocyte 35.1±0.7  

   

Ureter   

Human Hu609(non-malignant) 9.7±3.6  

   

Bladder   

Human HCV29(non-malignant) 7.5±3.6  

Human HU456  0.3±0.2 

Human T24  0.8±0.4 

   

Fibroblast   

Mouse BALB 3T3(non-malignant) 1.30±1.0  

Mouse SV-T2  0.6±0.5 

Mouse H-ras  0.6±0.5 

Human H268(non-malignant) 1.86±1.13  

Murine NIH3T3 1.90±0.15  

 1.0-2.0  

Human 3T3 3.0-12.0  

Murine L929 2.23±0.47  

Human HSF 4.6  

   

Prostate   

BPH 2.797±0.491  

LNCaP  1.401±0.162 

PC-3  2.87±0.052 

   

Breast   

Human MCF-7  0.41 

  0.425 

Human MCF-10A(non-malignant) 0.73  
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Cell tissue type Poisson ratio n Cells 

  # 

Ovarian   

Mouse CHO-K1 0.5 2 

Mouse BQ2 0.5 99 

   

Lung   

Human Lung 0.5 N/A 

Human alveolar Epithelium,A549 0.5 11 

   

Embryo   

Mouse F9Vin N/A N/A 

Mouse vinculin deficient F9Vin N/A N/A 

Rat 3T6 0.5 N/A 

   

Cardiocyte   

Chicken Cardiocyte 0.5 N/A 

Rat Cardiocyte 0.5 58 

   

Ureter   

Human Hu609(non-malignant) 0.5 20 

   

Bladder   

Human HCV29(non-malignant) 0.5 20 

Human HU456 0.5 20 

Human T24 0.5 20 

   

Fibroblast   

Mouse BALB 3T3(non-malignant) 0.5 13 

Mouse SV-T2 0.5 10 

Mouse H-ras 0.5 8 

Human H268(non-malignant) 0.5 64 

Murine NIH3T3 0.33 N/A 

 N/A N/A 

Human 3T3 0.5 N/A 

Murine L929 0.5 N/A 

Human HSF N/A N/A 

   

Prostate   

BPH 0.5 47 

LNCaP 0.5 52 

PC-3 0.5 53 

   

Breast   

Human MCF-7 0.5 N/A 

 0.5 22 

Human MCF-10A(non-malignant) 0.5 N/A 
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Cell tissue type Tip modification Method 

   

Ovarian   

Mouse CHO-K1 colloidal probe AFM 

Mouse BQ2 colloidal probe AFM 

   

Lung   

Human Lung none AFM 

Human alveolar Epithelium,A549 colloidal probe AFM 

   

Embryo   

Mouse F9Vin none AFM 

Mouse vinculin deficient F9Vin none AFM 

Rat 3T6 none SFM 

   

Cardiocyte   

Chicken Cardiocyte none AFM 

Rat Cardiocyte none AFM 

   

Ureter   

Human Hu609(non-malignant) none SFM 

   

Bladder   

Human HCV29(non-malignant) none SFM 

Human HU456 none SFM 

Human T24 none SFM 

   

Fibroblast   

Mouse BALB 3T3(non-malignant) colloidal probe AFM 

Mouse SV-T2 colloidal probe AFM 

Mouse H-ras colloidal probe AFM 

Human H268(non-malignant) colloidal probe AFM 

Murine NIH3T3 colloidal probe AFM 

 colloidal probe AFM 

Human 3T3 none AFM 

Murine L929 none AFM 

Human HSF none SFM 

   

Prostate   

BPH none AFM 

LNCaP none AFM 

PC-3 none AFM 

   

Breast   

Human MCF-7 colloidal probe AFM 

 colloidal probe AFM 

Human MCF-10A(non-malignant) colloidal probe AFM 
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Cell tissue type Loading rate Loading rate 

 nm/s Hz 

Ovarian   

Mouse CHO-K1 600  

Mouse BQ2 1000  

   

Lung   

Human Lung N/A  

Human alveolar Epithelium,A549  1 

   

Embryo   

Mouse F9Vin N/A  

Mouse vinculin deficient F9Vin N/A  

Rat 3T6 N/A  

   

Cardiocyte   

Chicken Cardiocyte N/A  

Rat Cardiocyte 600  

   

Ureter   

Human Hu609(non-malignant) 190  

   

Bladder   

Human HCV29(non-malignant) 190  

Human HU456 190  

Human T24 190  

   

Fibroblast   

Mouse BALB 3T3(non-malignant)  1 

Mouse SV-T2  1 

Mouse H-ras  1 

Human H268(non-malignant) 500  

Murine NIH3T3 N/A  

 4000  

Human 3T3 N/A  

Murine L929 N/A  

Human HSF   

   

Prostate   

BPH 5700  

LNCaP 5700  

PC-3 5700  

   

Breast   

Human MCF-7  0.3 

  0.1 

Human MCF-10A(non-malignant)  0.3 
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Cell tissue type Loading force Indentation depth 

 nN nm 

Ovarian   

Mouse CHO-K1 5 1000 

Mouse BQ2 5 ~1000 

   

Lung   

Human Lung 1 <500 

Human alveolar Epithelium,A549 4 1000 

   

Embryo   

Mouse F9Vin N/A N/A 

Mouse vinculin deficient F9Vin N/A N/A 

Rat 3T6 1 <500 

   

Cardiocyte   

Chicken Cardiocyte 0.5-6.0 1000 

Rat Cardiocyte 0.4 ~93 

   

Ureter   

Human Hu609(non-malignant) 2 1600 

   

Bladder   

Human HCV29(non-malignant) 2 1600 

Human HU456 2 1600 

Human T24 2 1600 

   

Fibroblast   

Mouse BALB 3T3(non-malignant) N/A N/A 

Mouse SV-T2 N/A N/A 

Mouse H-ras N/A N/A 

Human H268(non-malignant) 0.53 300 

Murine NIH3T3 N/A 200-500 

 2.5-4.0 <600 

Human 3T3 0.4 <300 

Murine L929 10 420-440 

Human HSF 1 800 

   

Prostate   

BPH 15 3000 

LNCaP 15 3000 

PC-3 15 3000 

   

Breast   

Human MCF-7 0.2 <500 

 0.2 <400 

Human MCF-10A(non-malignant) 0.2 <500 
 

 



109 

 

Cell tissue type Temp. AFM type  

 °C   

Ovarian    

Mouse CHO-K1 37 Asylum MFP-3D  

Mouse BQ2 37 Nanoscope III Multimode  

    

Lung    

Human Lung 22 Nanoscope II-modified  

Human alveolar Epithelium,A549 22 Home built  

    

Embryo    

Mouse F9Vin N/A home built  

Mouse vinculin deficient F9Vin N/A home built  

Rat 3T6 N/A Park Scientific CP  

    

Cardiocyte    

Chicken Cardiocyte N/A Veeco Bioscope  

Rat Cardiocyte 37 Nanoscope IIIa Multimode  

    

Ureter    

Human Hu609(non-malignant) 22 home built  

    

Bladder    

Human HCV29(non-malignant) 22 home built  

Human HU456 22 home built  

Human T24 22 home built  

    

Fibroblast    

Mouse BALB 3T3(non-malignant) N/A Autoprobe CP  

Mouse SV-T2 N/A Autoprobe CP  

Mouse H-ras N/A Autoprobe CP  

Human H268(non-malignant) 22 Asylum MFP-3D  

Murine NIH3T3 N/A Park Scientific  

 37 Veeco Bioscope  

Human 3T3 37 Veeco Bioscope  

Murine L929 25 home built  

Human HSF N/A TMX2000  

    

Prostate    

BPH 22 PicoForce Multimode  

LNCaP 22 PicoForce Multimode  

PC-3 22 PicoForce Multimode  

    

Breast    

Human MCF-7 37 Nanoscope IV Multimode  

 22 Nanoscope IV Multimode  

Human MCF-10A(non-malignant) 37 Nanoscope IV Multimode  
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Cell tissue type Investigator Year 

   

 Li et al 2009 

 Nikkhah et al 2010 

Human MDA-231 Nikkhah et al 2010 

   

Mesothelial   

Human mesothelial(human cavity fluid) S.E. Cross et al 2008 

   

Leukocytes/white blood cells   

Human Jurkat T(T cells) Lulevich et al 2006 

 Rosenbluth et al 2006 

Human Myeloid cells(HL60) Rosenbluth et al 2006 

Neutrophils Rosenbluth et al 2006 

   

Osteoblast   

Murine MC3T3-E1 Takai et al 2005 

 Jaasma et al 2006 

Human primary osteoblast Darling et al 2008 

Murine neonatal long bones Charras and Horton 2002 

  2002 

Human SaOS2 Domke et al 2000 

Human BMSC Simon et al 2003 

Human hOB Docheva et al 2008 

   

chondrocyte   

Porcine superficial zone(non-malignant) Darling et al 2006 

Porcine Middle/Deep zone(non-malignant) Darling et al 2006 

Human JJ012 Darling et al 2007 

Human FS090 Darling et al 2007 

Human 105KC Darling et al 2007 

Human(non-malignant) Darling et al 2008 

   

Endothelial   

Human HUVEC Sato et al 2004 

 Mathur et al 2000 

Bovine BPAEC Ohashi et al 2002 

 Pesen and Hoh 2005 

 Sato et al 2000 

Rabbit Aortic Miyazaki and Hayashi 1999 

   

Platelets   

Human platelet Radmacher et al 1996 

   

Mesenchymal Stem cells   

Human bone marrow Yourek et al 2007 

 Darling et al 2008 
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Cell tissue type Elastic Modulus(kPa) ± std.dev* 

 Healthy Cancerous 

 0.85  

 1.13±0.84  

Human MDA-231  0.51±0.35 

   

Mesothelial   

Human mesothelial(human cavity fluid) 1.97±0.70 0.53±0.10 

   

Leukocytes/white blood cells   

Human Jurkat T(T cells)  1000-35000 

  0.045±0.035 

Human Myeloid cells(HL60)  0.855±0.670 

Neutrophils 0.156±0.087  

   

Osteoblast   

Murine MC3T3-E1 1.2  

 3.0-5.0  

Human primary osteoblast 6.5±2.7  

Murine neonatal long bones 3.175  

 14  

Human SaOS2 5.4-7.6  

Human BMSC 0.3-20.0  

Human hOB 1.6-2.6  

   

chondrocyte   

Porcine superficial zone(non-malignant) 1.27±0.610  

Porcine Middle/Deep zone(non-malignant) 0.610±0.340  

Human JJ012  0.343 

Human FS090  1.27±0.86 

Human 105KC  0.787 

Human(non-malignant) 1.8±1.7  

   

Endothelial   

Human HUVEC 5.0-15.0  

 7.22±0.456  

Bovine BPAEC 0.87±0.23  

 0.2-2.0  

 1  

Rabbit Aortic 0.6-1.0  

   

Platelets   

Human platelet 1.0  

   

Mesenchymal Stem cells   

Human bone marrow 33  

 3.2±2.2  
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Cell tissue type Poisson ratio n Cells 

  # 

 0.5 35 

 0.5 59 

Human MDA-231 0.5 47 

   

Mesothelial   

Human mesothelial(human cavity fluid) 0.5 48/40 

   

Leukocytes/white blood cells   

Human Jurkat T(T cells) 0.5 20 

 0.5 37 

Human Myeloid cells(HL60) 0.5 60 

Neutrophils 0.5 26 

   

Osteoblast   

Murine MC3T3-E1 N/A 15 

 N/A 36 

Human primary osteoblast 0.5 43 

Murine neonatal long bones 0.3 N/A 

 0.3 N/A 

Human SaOS2 0.5 N/A 

Human BMSC N/A N/A 

Human hOB 0.5 N/A 

   

chondrocyte   

Porcine superficial zone(non-malignant) 0.38 49 

Porcine Middle/Deep zone(non-malignant) 0.38 72 

Human JJ012 0.38 N/A 

Human FS090 0.38 N/A 

Human 105KC 0.38 N/A 

Human(non-malignant) 0.5 50 

   

Endothelial   

Human HUVEC 0.5 10 

 0.5 6 

Bovine BPAEC N/A 6 

 N/A N/A 

 0.5 N/A 

Rabbit Aortic 0.5 6 

   

Platelets   

Human platelet 0.5 N/A 

   

Mesenchymal Stem cells   

Human bone marrow N/A N/A 

 0.5 67 
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Cell tissue type Tip modification Method 

   

 colloidal probe AFM 

 colloidal probe AFM 

Human MDA-231 colloidal probe AFM 

   
Mesothelial   

Human mesothelial(human cavity fluid) none AFM 

   
Leukocytes/white blood cells   

Human Jurkat T(T cells) colloidal probe AFM 

 none AFM 

Human Myeloid cells(HL60) none AFM 

Neutrophils none AFM 

   

Osteoblast   

Murine MC3T3-E1 none  

 colloidal probe AFM 

Human primary osteoblast colloidal probe AFM 

Murine neonatal long bones colloidal probe AFM 

 none AFM 

Human SaOS2 none AFM 

Human BMSC none AFM 

Human hOB none AFM 

   
chondrocyte   

Porcine superficial zone(non-malignant) colloidal probe AFM 

Porcine Middle/Deep zone(non-malignant) colloidal probe AFM 

Human JJ012 colloidal probe AFM 

Human FS090 colloidal probe AFM 

Human 105KC colloidal probe AFM 

Human(non-malignant) colloidal probe AFM 

   
Endothelial   

Human HUVEC none AFM 

 none AFM 

Bovine BPAEC none AFM 

 none AFM 

 none AFM 

Rabbit Aortic none AFM 

   

Platelets   

Human platelet none AFM 

   
Mesenchymal Stem cells   

Human bone marrow colloidal probe AFM 

 colloidal probe AFM 
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Cell tissue type Loading rate Loading rate 

 nm/s Hz 

  0.1 

 500  

Human MDA-231 500  

   

Mesothelial   

Human mesothelial(human cavity fluid)  1 

   

Leukocytes/white blood cells   

Human Jurkat T(T cells) 2000  

 415  

Human Myeloid cells(HL60) 415  

Neutrophils 415  

   

Osteoblast   

Murine MC3T3-E1 6000 1 

 4000 1 

Human primary osteoblast 15000  

Murine neonatal long bones 5000  

 5000  

Human SaOS2   

Human BMSC N/A  

Human hOB  0.7 

   

chondrocyte   

Porcine superficial zone(non-malignant) 6250  

Porcine Middle/Deep zone(non-malignant) 6250  

Human JJ012 6250  

Human FS090 6250  

Human 105KC 6250  

Human(non-malignant) 15000  

   

Endothelial   

Human HUVEC N/A  

 500-1000  

Bovine BPAEC 880  

 10000  

 880  

Rabbit Aortic 440  

   

Platelets   

Human platelet  35 

   

Mesenchymal Stem cells   

Human bone marrow  10 

 15000  
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Cell tissue type Loading force Indentation depth 

 nN nm 

 0.2 <400 

 0.45 400 

Human MDA-231 0.53 650 

   

Mesothelial   

Human mesothelial(human cavity fluid) N/A <500 

   

Leukocytes/white blood cells   

Human Jurkat T(T cells) 300 N/A 

 0.8 3000 

Human Myeloid cells(HL60) 0.8 3000 

Neutrophils 0.8 3000 

   

Osteoblast   

Murine MC3T3-E1 3 500 

  <600 

Human primary osteoblast 2.5 N/A 

Murine neonatal long bones N/A N/A 

 N/A N/A 

Human SaOS2 1  

Human BMSC 0.4-4.0 700 

Human hOB N/A N/A 

   

chondrocyte   

Porcine superficial zone(non-malignant) 2.5 1650±530 

Porcine Middle/Deep zone(non-

malignant) 

2.5 1650±530 

Human JJ012 2.5 1000±300 

Human FS090 2.5 1000±300 

Human 105KC 2.5 1000±300 

Human(non-malignant) 2.5 N/A 

   

Endothelial   

Human HUVEC 15 N/A 

 0.3-0.5 N/A 

Bovine BPAEC 0.8 500 

 1 600 

 1 N/A 

Rabbit Aortic 2 1000 

   

Platelets   

Human platelet 3.6 <400 

   

Mesenchymal Stem cells   

Human bone marrow N/A N/A 

 2.5 N/A 
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Cell tissue type Temp. AFM type  

 °C   

 22 Nanoscope IV Multimode  

 22 Asylum MFP-3D  

Human MDA-231 22 Asylum MFP-3D  

    

Mesothelial    

Human mesothelial(human cavity fluid) 37 Nanoscope IV Bioscope  

    

Leukocytes/white blood cells    

Human Jurkat T(T cells) N/A Asylum MFP-3D  

 25 Veeco Bioscope  

Human Myeloid cells(HL60) 25 Veeco Bioscope  

Neutrophils 25 Veeco Bioscope  

    

Osteoblast    

Murine MC3T3-E1 25 Veeco Bioscope  

 37 Veeco Bioscope  

Human primary osteoblast 22 Asylum MFP-3D  

Murine neonatal long bones N/A thermomicroscopes 

explorer 

 

 N/A thermomicroscopes 

explorer 

 

Human SaOS2 37 Veeco Bioscope  

Human BMSC N/A Nanoscope III  

Human hOB N/A JPK Nanowizard AFM  

    

chondrocyte    

Porcine superficial zone(non-malignant) 22 Asylum MFP-3D  

Porcine Middle/Deep zone(non-malignant) 22 Asylum MFP-3D  

Human JJ012 22 Asylum MFP-3D  

Human FS090 22 Asylum MFP-3D  

Human 105KC 22 Asylum MFP-3D  

Human(non-malignant) 22 Asylum MFP-3D  

    

Endothelial    

Human HUVEC 22 Olympus NVB100  

 N/A Veeco Bioscope  

Bovine BPAEC N/A custom built  

 22 Veeco Bioscope  

 22 Olympus NVB100  

Rabbit Aortic N/A N/A  

    

Platelets    

Human platelet N/A Nanoscope III  

    

Mesenchymal Stem cells    

Human bone marrow N/A Nanoscope IIIa  

 22 Asylum MFP-3D  
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Cell tissue type Investigator Year 

   

 Docheva et al 2008 

 Sugitate et al 2009 

ADAS   

Human P4 Darling et al 2008 

   

Corti organ(ear) cells   

Guinea pig's hensen cells sugawara et al 2004 

guinea pig's inner hair cells sugawara et al 2004 

guinea pig's outer hair cells sugawara et al 2002 

mouse outer hair cells murakoshi et al 2006 

   

Brain/spinal cord cells   

Human astrocytes yamane et al 2000 

   

Cornea/eye   

fish epidermal keratocytes Laurent et al 2005 

Human Corneal Epithelial(HCE) Straehla et al 2010 

   

Skeletal muscle cells   

Murine C2C12 myoblasts Mathur et al 2001 

 Collinsworth et al 2002 

Murine C2C12 myofibers(differentiated)   

Murine C2C12 myotubes Zhang et al 2004 

Myofibrils Yoshikawa et al 1999 

   

Heart Cardiac muscle cells   

rat atrial myocyte shroff et al 1995 

   

red blood cells   

erythrocytes mozhanova et al 2003 

normal erythrocytes dzhulina et al 2006 

g6pd deficient erythrocytes  2006 
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Cell tissue type Elastic Modulus(kPa) ± std.dev* 

 Healthy Cancerous 

 1.5-2.5  

 54.3±37.37  

ADAS   

Human P4 1.7±1.0  

   

Corti organ(ear) cells   

Guinea pig's hensen cells 0.69±0.45  

guinea pig's inner hair cells 0.29±0.20  

guinea pig's outer hair cells 2.0±0.8  

mouse outer hair cells 2.1±0.5  

   

Brain/spinal cord cells   

Human astrocytes 2.5±0.5  

   

Cornea/eye   

fish epidermal keratocytes 30.0  

Human Corneal Epithelial(HCE) 16.5±8.83  

   

Skeletal muscle cells   

Murine C2C12 myoblasts 24.7±3.5  

 11.5±1.3  

Murine C2C12 myofibers(differentiated) 45.3±4.0  

Murine C2C12 myotubes 8.0  

Myofibrils 40-45  

   

Heart Cardiac muscle cells   

rat atrial myocyte 500.0  

   

red blood cells   

erythrocytes 16.05±2.3  

normal erythrocytes 26±7  

g6pd deficient erythrocytes 90±20  
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Cell tissue type Poisson ratio n Cells 

  # 

 0.5 N/A 

 0.5 10 

ADAS   

Human P4 0.5 52 

   

Corti organ(ear) cells   

Guinea pig's hensen cells 0.499 30 

guinea pig's inner hair cells 0.499 20 

guinea pig's outer hair cells 0.499 20 

mouse outer hair cells 0.499 10 

   

Brain/spinal cord cells   

Human astrocytes N/A N/A 

   

Cornea/eye   

fish epidermal keratocytes 0.5 3 

Human Corneal Epithelial(HCE) 0.5 18 

   

Skeletal muscle cells   

Murine C2C12 myoblasts 0.5 N/A 

 0.5 8 

Murine C2C12 myofibers(differentiated)   

Murine C2C12 myotubes 0.5 8 

Myofibrils   

   

Heart Cardiac muscle cells   

rat atrial myocyte 0.5 N/A 

   

red blood cells   

erythrocytes N/A 23 

normal erythrocytes 0.5 200 

g6pd deficient erythrocytes 0.5 200 
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Cell tissue type Tip modification Method 

   

 none AFM 

 none AFM 

ADAS   

Human P4 colloidal probe AFM 

   

Corti organ(ear) cells   

Guinea pig's hensen cells none AFM 

guinea pig's inner hair cells none AFM 

guinea pig's outer hair cells none AFM 

mouse outer hair cells none AFM 

   

Brain/spinal cord cells   

Human astrocytes none AFM 

   

Cornea/eye   

fish epidermal keratocytes none AFM 

Human Corneal Epithelial(HCE) colloidal probe AFM 

   

Skeletal muscle cells   

Murine C2C12 myoblasts none AFM 

 none AFM 

Murine C2C12 myofibers(differentiated)   

Murine C2C12 myotubes none AFM 

Myofibrils none AFM 

   

Heart Cardiac muscle cells   

rat atrial myocyte none AFM 

   

red blood cells   

erythrocytes N/A SFM 

normal erythrocytes N/A AFM 

g6pd deficient erythrocytes N/A AFM 
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Cell tissue type Loading rate Loading rate 

 nm/s Hz 

  0.7 

 10000  

ADAS   

Human P4 15000  

   

Corti organ(ear) cells   

Guinea pig's hensen cells N/A  

guinea pig's inner hair cells N/A  

guinea pig's outer hair cells N/A  

mouse outer hair cells N/A  

   

Brain/spinal cord cells   

Human astrocytes N/A  

   

Cornea/eye   

fish epidermal keratocytes 250  

Human Corneal Epithelial(HCE) N/A  

   

Skeletal muscle cells   

Murine C2C12 myoblasts 250  

 500  

Murine C2C12 myofibers(differentiated)   

Murine C2C12 myotubes 500  

Myofibrils 1000  

   

Heart Cardiac muscle cells   

rat atrial myocyte  0.5 

   

red blood cells   

erythrocytes N/A  

normal erythrocytes N/A  

g6pd deficient erythrocytes N/A  
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Cell tissue type Loading force Indentation depth 

 nN nm 

 N/A N/A 

 20 N/A 

ADAS   

Human P4 2.5 N/A 

   

Corti organ(ear) cells   

Guinea pig's hensen cells N/A N/A 

guinea pig's inner hair cells N/A N/A 

guinea pig's outer hair cells N/A 750 

mouse outer hair cells N/A 1000 

   

Brain/spinal cord cells   

Human astrocytes 0.3 N/A 

   

Cornea/eye   

fish epidermal keratocytes 0.25 70 

Human Corneal Epithelial(HCE) 5 1000 

   

Skeletal muscle cells   

Murine C2C12 myoblasts 0.3 <150 

 2 <400 

Murine C2C12 myofibers(differentiated)   

Murine C2C12 myotubes 2 <400 

Myofibrils N/A 150 

   

Heart Cardiac muscle cells   

rat atrial myocyte 3-7.0 <400 

   

red blood cells   

erythrocytes N/A N/A 

normal erythrocytes 3 <500 

g6pd deficient erythrocytes 3 <500 
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Cell tissue type Temp. AFM type  

 °C   

 N/A JPK Nanowizard AFM  

 22 JPK I Nanowizard AFM  

ADAS    

Human P4 22 Asylum MFP-3D  

    

Corti organ(ear) cells    

Guinea pig's hensen cells N/A Olympus NVB100  

guinea pig's inner hair cells N/A Olympus NVB100  

guinea pig's outer hair cells N/A Olympus NVB100  

mouse outer hair cells N/A Olympus NVB100  

    

Brain/spinal cord cells    

Human astrocytes 32 SPA400  

    

Cornea/eye    

fish epidermal keratocytes N/A Veeco Bioscope  

Human Corneal Epithelial(HCE) 25 Asylum MFP-3D  

    

Skeletal muscle cells    

Murine C2C12 myoblasts N/A Veeco Bioscope  

 N/A Veeco Bioscope  

Murine C2C12 myofibers(differentiated)    

Murine C2C12 myotubes N/A Veeco Bioscope  

Myofibrils 22 Olympus NVB100  

    

Heart Cardiac muscle cells    

rat atrial myocyte N/A Nanoscope III  

    

red blood cells    

erythrocytes N/A N/A  

normal erythrocytes N/A Veeco CP  

g6pd deficient erythrocytes N/A Veeco CP  
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END 


