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SUMMARY 

 

In this dissertation, we developed cell stiffness as a biomarker in ovarian cancer for the 

purpose of grading metastatic potential. By measuring single cell stiffness with atomic 

force microscopy and quantifying in vitro invasiveness of healthy and cancerous ovarian 

cells, we demonstrated that cancerous ovarian cells have reduced stiffness compared to 

the healthy ones and invasive ovarian cancer cells are more deformable than noninvasive 

ovarian cancer cells. The difference in cell stiffness between two genetically similar cell 

lines was attributed to actin-mediated cytoskeletal remodeling as revealed by comparative 

gene expression profile analysis, and was further confirmed by fluorescent visualization 

of actin cytoskeletal structures. The actin cytoskeletons were innovatively quantified and 

correlates with cell stiffness distributions, further implicating actin-mediated cytoskeletal 

remodeling in stiffness alteration from the perspective of structure-property relationship. 

The correlation between stiffness and metastatic potential was also demonstrated in 

pancreatic cancer cell line AsPC-1, which shows reduced invasivess and increased 

stiffness upon treatment with N-acetyl-L-cysteine (NAC), a well known antioxidant, 

reactive oxygen species (ROS), scavenger and glutathione precursor. The correlation 

between cell stiffness and metastatic potential as demonstrated in ovarian and pancreatic 

cancer cells indicated that mechanical stiffness may be a useful biomarker to evaluate the 

relative metastatic potential of ovarian and perhaps other types of cancer cells, and might 

be useful clinically with the development of rapid biomechanical assaying techniques. 

We have also investigated the stiffness evolution through progression of the cell cycle for 

the healthy ovarian phenotype and the invasive cancer ovarian phenotype, and found that 
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the healthy phenotype at G1 phase are significantly stiffer than other single cells except 

the invasive phenotype at late mitosis; other groups are not significantly different from 

each other.   

We have also investigated intracellular heterogeneity and mechanical nonlinearity in 

single cells. To this end, we developed a methodology to analyze the deformation-

dependent mechanical nonlinearity using a pointwise Hertzian method, and tested the 

method on ultrathin polydimethylsiloxane (PDMS) films which underwent extremely 

large strains (greater than 50%). Mechanical stiffening due to large strain and geometrical 

confinement were observed. The onset of nonlinearity or mechanical stiffening occurs at 

45% of the film thickness, the geometry induced stiffening causes an increase in stiffness 

which shows a strong power law dependence on film thickness. By applying the 

pointwise Hertzian method on stiffness measurements with AFM that were collected on 

living cells, we also investigated the nonlinear and heterogeneous mechanics of single 

cells, since attachment of cells to stiff substrate during indentation may impact their 

mechanical responses. Even under natural biological conditions, cells confined in narrow 

spaces may experience heightened mechanical stiffness. Through indentation-dependent 

force mapping, analysis of the local cell stiffness demonstrated spatial variation. The 

results indicated that the mechanical properties of single cells are highly nonlinear and 

are dependent upon the subcellular features under the applied force as well as the 

dimensions of the cellular material. 

We identified single cell stiffness as a potential biomarker of the metastatic potential in 

ovarian cancer, and quantified the effect of geometrical confinement on cell mechanics. 

The results presented in this dissertation not only made contributions to the development 
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of accurate, non-invasive clinical methods to estimate metastatic potential of ovarian and 

perhaps other types of cancer, but also shed light on the intracellular mechanical 

information by developing new techniques to quantify the effect of geometry on cell 

mechanics.    
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CHAPTER 1 

INTRODUCTION 

1.1 Abstract 

Cell mechanics is an interdisciplinary subject studying the interplay of mechanical forces 

with cellular functions. The mechanical properties of cells and their relevance to cellular 

function have been investigated using a variety of techniques. In our study of cell 

mechanics, we focus on the correlation between malignancy and the mechanical 

properties of single cells. Efforts by other researchers have investigated the mechanics in 

many aspects of cancer, including the process of tumorigenesis and cancer progression. 

The goal in of this research is to investigate the correlation between cell stiffness and the 

metastatic potential, including understanding of the biological underpinnings of 

mechanical changes, in order to potentially utilize the mechanical properties of cells as a 

biomarker for diagnosis and grading the metastatic potentials of ovarian cancer.  

This chapter summarizes the relevant knowledge of cell mechanics as it pertains to 

cancer; including the relationship between mechanics and cell biology and pathology, 

theories of contact mechanics, common techniques for measuring cell mechanics, and a 

discussion of the motivation of the research project.  

1.2 Overview of cell mechanics 

1.2.1 Intracellular structures mediate many functions as well as the mechanical 

properties of cells 

Living cells, as the basic unit of life, are dynamic biological systems capable of 

modulating their structure and properties in response to environment and intra- and 

extracellular signals. Cellular structures play a pivotal role in many processes, such as 
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adhesion, locomotion, mitosis, and mechanotransduction. For example, cell adhesion to 

and move on the substrate requires the formation of actin in lamellipodia and myosin 

activity [1-4]. Invasive tumor cells improve their capacity to escape from the primary 

tumor [5-11] through modification of their cytoskeletal structures and associated 

adhesion sites. Moreover, alterations in gene expression patterns within the cell [12-14] 

through signal transduction pathways are activated by mechanical interactions which 

requires the involvement of coordination between different cytoplasmic components. 

Understanding how cellular structures and their appropriate interactions mediate cellular 

functions requires the understanding of the mechanical properties of these cellular 

structures.   

The mechanical integrity of cells is regulated by a dynamic network of structural, cross-

linking, and signaling molecules [15]. Among the various cellular components, both the 

cytoskeleton and nucleus play crucial roles in a variety of cellular functions affecting 

biomechanics [14, 16, 17]. These two structures also are primary contributors to the 

mechanical properties of individual cells [18, 19]. Mechanical measurements of single 

cells can reveal important information about these dynamic structures, and alterations of 

these networks change both mechanical properties and functionalities of cells. 

1.2.2 Diseases are related to abnormalities in cell stiffness through cytoskeleton 

Many diseases are associated with abnormalities in cell stiffness. Studies of a variety of 

diseases utilizing different experimental techniques have shown that abnormalities in the 

elastic properties of cells are associated with disease pathogenesis and progression [5, 20-

33]. Human red blood cells become stiffer in the case of infection of the parasites of 

malaria [5, 34, 35]. Nuclear abnormalities are observed in the case of laminopathy, in 
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which alerted nuclear structure and stiffness [14, 36, 37] resulting in increased 

deformability.  

Cellular dysfunction is usually accompanied by alterations in cellular structures, which 

subsequently introduces abnormalities in mechanical properties of cells. Actin 

cytoskeleton is a determinant factor in single cell stiffness [24, 38, 39] and signal 

transduction, and therefore abnormalities in actin cytoskeleton upon disease result in 

changes in mechanical properties. In the case of cancer, when cells transform from 

healthy states to cancerous states, the cytoskeletal structure change from an organized 

state to an irregular state, and this change subsequently reduces the stiffness of single 

cells [22, 40-42]. Modification of cytoskeletal structure and relevant protein activities 

through chemical methods also changes the mechanical properties of single cells [25, 43-

47].   

Cell mechanics studies on different types of cancer have shown that single cell elasticity 

is altered upon malignance [23, 27, 48-55], as well as for primary cells for some types of 

cancer [56, 57]. Abnormal single cell elasticity resulting from cancer points to a potential 

new biomarker to detect cancer [20, 23, 57]. Metastasis is the primary factor leading to 

death of cancer patients and it is important to identify metastatic cancer during diagnosis 

for proper treatment. In general, metastasis is a multi-step process in which malignant 

cancer cells from the primary tumor develop into secondary tumor. Actin cytoskeleton is 

known to play a vital role in metastasis by formation of protrusive structure [2, 58-60] 

interacting with the extracellular matrix (ECM) [61-64] during migration and invasion [8, 

65-67]. Stiffness and cancer metastasis as two properties dictated by cytoskeleton are 

therefore related. There are some reports suggesting the cancer cells that are more 



4 

 

migratory are also higher in deformability [56, 68], further implies the role of 

cytoskeleton in cancer malignancy and progression. 

1.2.3 Gene expression and cancer cell mechanics  

Cellular structure and mechanics are ultimately regulated by the underlying gene 

expression profile. The abnormalities in cellular mechanical properties can therefore be 

examined at the molecular level in which the gene expression pattern goes awry. When 

cancer develops, genetic mutations and gene expression alterations drive cells to undergo 

a neoplastic transformation as well as altered cellular interactions with other cells and 

with the ECM. The profiling of gene expression for a variety of common cancers [69-80] 

displayed distinctive patterns for different cancer stages, indicating a genetic signature of 

malignancy and metastasis [73, 81-85]. This knowledge opens up a promising search for 

diagnosis biomarkers and therapeutic targets [86-88]. Despite extensive studies on gene 

expression profile in cancer [89-93], little effort has been made to resolve the role of gene 

expression in the mechanics of single cells. Since mechanics figures prominently in 

cancer pathogenesis, a study which definitively identifies the impact of genes on cell 

mechanics is needed. 

1.2.4 Need of new biomarkers in metastatic ovarian cancer 

Current diagnosis of cancer mainly relies on the measurement of biomarker levels in 

patient’s serum or morphology examination of normal and tumor cell types within 

biopsies. However, these techniques are not easily used in diagnosis of ovarian carcinoma 

at an early stage. The need for effective biomarkers for diseases is particularly important 

in the case of ovarian cancer, which was ranked fifth among leading causes of cancer-

related deaths of U.S. women in 2007 and its 5 year survival rate was 46% for all cases 
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diagnosed within 1999-2005[94]. Due to the unavailability of reliable screening in 

clinical practice and the asymptomatic course through early stages of the disease, the 

majority of ovarian cancer cases (68%) are diagnosed as metastatic disease with poor 

survival [95]. To enable early detection of ovarian cancer, a creative method is needed. 

Cancer antigen CA-125 is the most frequently used biomarker of ovarian cancer. 

Measurement of this protein level in blood stream is used as an indicator of ovarian 

cancer, however, CA-125 as an ovarian cancer biomarker is not reliable, sensitive [96-98] 

or specific [99, 100]. Morphological assessment is also used to identify tumors using 

exfoliated, aspirated or surgically removed tissue samples[101]. However, the 

morphological overlap between the benign and tumor phenotypes makes cancer diagnosis 

difficult and cytomorphogical analysis alone has only about a 50-70% accuracy for 

diagnosing cancer in body fluid sample [101-103].   

1.2.5 Methods in cell mechanics 

Several different techniques have been used to study cellular mechanics, including 

micropipette aspiration [104-106], magnetic twisting cytometry [107], optical tweezers 

[108, 109], shear flow [110], substrate stretching [4, 111] and atomic force microscopy 

[48, 101, 112], to name a few.  Measurements are conducted either at single cells level or 

on cell populations. Figure 1.1 summarizes some common methods in cell mechanics.  
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Figure 1.1: Common techniques in cell mechanics measurement, a) micropipette 

aspiration, b) magnetic tweezers, c) optical tweezers, d) substrate stretch, cells adhered to 

soft substrate through adhesion complexes, e) shear flow, and f) atomic force 

microscopy.  

 

 

 

Among the methods summarized above, atomic force microscopy (AFM) uses a sensitive 

cantilever to probe forces down to the picoNewton scale, which makes it an appropriate 

tool to in the study of cellular biomechanics. The central component of AFM is the 

flexible cantilever spring, which bends proportionally to the force applied to its free end, 

and as such can record the force and compressions simultaneously. From these 

measurements, a variety of information about samples is extracted. In cell biology, AFM 

has been used widely to study cell and tissue mechanics [101, 112-120]. In single cell 

mechanics measurements, the AFM compresses the single cell resting on a hard or soft 

substrate and the force response of the cell is recorded. From the measurement of the 

force required for cell indentation, the material properties can be obtained. Figure 1.2 
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sketches the principle components and typical experimental setup of AFM in single cell 

mechanics measurements. 

 

 

 

  

Figure 1.2: Applications of AFM in single cell mechanics measurements, a) principles of 

AFM, the sample information is translated into the output of photodiode, b) a typical 

experimental setup in cell mechanics measurements with AFM, and c) optical image of 

AFM cantilever indenting on a single cell (top view), the width of the cantilever leg is 

about 20 µm. 

 

 

  

In our experiments, AFM will be used to compress soft cells immobilized on glass 

substrates. The displacement of the cantilever and indentation of the cell will be recorded 

and the Young’s modulus will be determined by fitting the experimental force-

indentation curve with the appropriate contact model. A Hertzian contact model is 

frequently used to quantitatively extract the stiffness information in the study of single 

cells involving AFM [119, 121]. It was first developed to describe the contact between 

two deformable spheres and later adopted for other contact geometries. The sketch of the 

Hertz model is displayed in Figure 1.3. 
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Figure 1.3: Sketch of Hertz model in cell mechanics, a) Hertz model describes the 

contact behavior of two deformable spheres, b) AFM indentation on single cell, and c) 

force-indentation curve generated in AFM indentation 

 

 

  

The mathematical formulas of Hertz model for two deformable spheres are of the form 

described in Equation 1.1 and 1.2. 

�� = 3��
4�∗  (Eqn.1.1) 


 = � 9�
16��∗�

�/�
 (Eqn.1.2) 

 

Where a is the radius of the contact region between the indenter and the sample, δ is the 

indentation into the material, P is the loading force, and R is the effective radius of 

curvature defined as 1 �� = 1 ��� + 1 �� , E* is the apparent Young’s modulus defined as 

�
�∗ 	= �����

�� + �����
�� , where ν1 and ν2 are the Poisson’s ratio for the material and the 

subscripts denote the two contacting bodies. 

The Hertz model is widely used in interpret the result of stiffness measurement with 

AFM on single cells, however cells are highly complex and heterogeneous in structure 
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and material properties [122-126], and a systematic approach will be needed to 

incorporate mechanical nonlinearity and heterogeneity in our cell mechanics studies. 

1.3 Motivations and significance of the research project 

With this research project, we seek to: 

1. Test the hypothesis that cell stiffness and metastatic potential are correlated in ovarian 

cancer and to show that stiffness can be used as a biomarker to grade metastatic 

potential in ovarian cancer and perhaps other types of cancer;  

2. Resolve the effects of nonlinearity and heterogeneity in stiffness measurement on 

single ovarian cells with AFM, and to quantify the modulus distribution throughout 

the cellular region.  

3. Identify the molecular factors that influence cell stiffness, including variations in cell 

mechanics as a result of the cellular growth cycle. 

1.4 Thesis overview 

This dissertation focuses on single cell mechanics of ovarian cancer, and the development 

of new methods to investigate heterogeneity and nonlinearity in single cell mechanics 

measurement with AFM.  

In the first half of the thesis, single cell mechanics of healthy and cancerous ovarian cells 

will be investigated and correlated with metastatic potential, the difference in mechanics 

and metastatic potential is the caused by abnormalities in gene expression profile. Cell 

stiffness can potentially be used as an effective biomarker of metastatic potential in 

ovarian cancer and probably be extendable to other types of cancer. Stiffness distribution 

also shows a dependence on cell cycle in healthy phenotype, which may be due to the 
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cytoskeletal organization. In the second half of the thesis, the effects of nonlinearity and 

heterogeneity in stiffness measurement were addressed. A method calculating 

indentation-dependent Young’s modulus was tested on a geometrically confined polymer 

thin film and a significant strain-dependent stiffening was observed. The method is then 

combined with a force mapping technique to investigate the nonlinearity and 

heterogeneity in single cell mechanics, with the results showing consistence with the 

structural heterogeneity of the single cells.  

Chapter 1 - This chapter summarizes the cell mechanics, including background and 

methods being used, and state the motivation of the research. 

Chapter 2 - This chapter focused on the investigation of single cell mechanics of ovarian 

cancer, developed stiffness as a new biomarker to grade metastatic potential, and found 

that the cytoskeletal remodeling caused by differential gene expression profile is the 

molecular factor contributing to alteration in stiffness.   

Chapter 3 - This chapter presents the detailed investigation of single cell stiffness through 

the cell cycle, and found that cell cycle dependence of stiffness in the healthy cell type. 

Chapter 4 - This chapter addresses the effects of nonlinearity on stiffness measurements 

with AFM, investigated a geometrically confined polymer thin film and found significant 

stiffening by determining the indentation-dependent Young’s modulus. 

Chapter 5 - This chapter combines the method used in chapter 4 and force mapping to 

describe the heterogeneity of single cells, which is usually ignored in cell stiffness 

measurements, with the resultant mechanical heterogeneity showing consistence with the 

structural heterogeneity.     
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Chapter 6 - This chapter summarizes the research and describes the future development 

and extension of research presented here.   
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CHAPTER 2 

CELL STIFFNESS IS A BIOMARKER OF THE METASTATIC 

POTENTIAL OF OVARIAN CANCER CELLS 

2.1 Abstract 

The metastatic potential of cells is an important parameter in the design of optimal 

strategies for the personalized treatment of cancer. Using atomic force microscopy 

(AFM), we show, consistent with previous studies conducted in other types of epithelial 

cancer, that ovarian cancer cells are generally softer and display lower intrinsic 

variability in cell stiffness than non-malignant ovarian epithelial cells. A detailed 

examination of highly invasive ovarian cancer cells (HEY A8) relative to their less 

invasive parental cells (HEY), demonstrates that deformability is also an accurate 

biomarker of metastatic potential. Comparative gene expression analyses indicate that the 

reduced stiffness of highly metastatic HEY A8 cells is associated with actin cytoskeleton 

remodeling, and microscopic examination of actin fiber structure in these cell lines is 

consistent with this prediction. In addition, we further demonstrate the correlation 

between stiffness and metastasis using a pancreatic cancer cell line AsPC-1. We observed 

a reduction in invasiveness and an increase in stiffness upon treatment with N-acetyl-L-

cysteine (NAC), a well known antioxidant, reactive oxygen species (ROS), scavenger and 

glutathione precursor. Changes in gene expression of NAC-treated cells are consistent 

with suppression of sonic hedgehog signaling, mesenchymal-to-epithelial transition, and 

repression of myelocytomatosis (MYC). The results of cell mechanics of these two 

different types of cancer types indicate that cell stiffness is modified for cancer cells in 
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the metastatic state. Therefore aberrant mechanical stiffness may potentially be useful as 

a biomarker to evaluate the relative metastatic potential of cancer cells. 

2.2 Introduction 

 Cancer is a special type of disease with the hallmark of uncontrolled proliferation, 

underlying the abnormalities of cellular functions and properties is the cellular structure 

change. The distribution of the actin network plays an important role in determining a 

variety of cellular functions and the mechanical properties of single cells [1-3]. As cells 

undergo malignant transformation, their cytoskeletal structure changes from an organized 

to an irregular network, and this change subsequently reduces the stiffness of single cells 

[4, 5]. Studies have shown that abnormalities in the elastic properties of cells are 

associated with cancer progression [6-16]. For example, invasive tumor cells 

mechanically soften and modify their adhesion to extracellular matrix, which enhances 

their capacity to escape the primary tumor [16, 17]. Measurements of cancer cell 

stiffness, quantified by the Young’s modulus, have shown a strong correlation between 

cell deformability and cell malignancy [4]. Similarly, the stiffness of metastatic cancer 

cells isolated from the pleural fluids of breast cancer patients was reported to be more 

than 70% lower, with a standard deviation over five times narrower, than benign reactive 

mesothelial cells [6]. The studies of mechanical properties of cancer cells discussed 

above imply that change of stiffness of single cells can indicate the presence of 

malignancy [14, 15, 18, 19]. 

The need for effective biomarkers for diseases is particularly important in the case of 

ovarian epithelial cancer, which is the most lethal of gynecological cancers. Ovarian 

cancer was ranked fifth among leading causes of cancer-related deaths of U.S. women in 
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2007 and its 5 year survival rate was 46% for all cases diagnosed within 1999-2005 [20]. 

Due to the unavailability of reliable screening in clinical practice and the asymptomatic 

course through early stages of the disease, the majority of ovarian cancer cases (68%) are 

diagnosed as metastatic disease with poor survival [21].  

Exocrine pancreatic carcinoma is another lethal cancer ranking the fourth leading cause 

of cancer death in the US with an estimated 43,920 new cases and 37,390 deaths in 2012 

[22]. The overall survival rate of pancreatic cancer of all stages combined is only 5.8% 

[22]. This is because 80-90% of pancreatic cancer patients are diagnosed with locally 

advanced or metastatic disease where currently available chemotherapy is of limited 

efficacy [23] due to aggressive growth and intrinsic or acquired resistance.  

In this study of the mechanical properties of cells from several different ovarian cancer 

cell lines and non-malignant immortalized ovarian surface epithelial cells (IOSE), we 

demonstrate that cell stiffness not only distinguishes ovarian cancer cells from non-

malignant cells, but also can distinguish more tumorigenic/invasive cancer cells from less 

tumorigenic/invasive types. We also found reduction in invasive activities as induced by 

N-acetyl-L-cysteine (NAC), which also accompanies an increase in cell stiffness in the 

pancreatic cancer cell line AsPC-1. Our findings indicate that measurement of cell 

stiffness of ovarian and perhaps other types of cancer cells may not only contribute to a 

better understanding of the physical and molecular mechanisms underlying tumor 

progression, but may also serve as a useful clinical tool in the assessment of metastatic 

potential.  
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2.3 Materials and methods 

2.3.1 Ovarian cell line growth and sample preparation 

Immortalized ovarian surface epithelium cells (IOSE) were generously provided by Dr. 

N. Auersperg (University of British Columbia, Vancouver, Canada) and  cultured in 

199/105 medium (1:1) supplemented with 15% fetal bovine serum (FBS, Atlanta 

Biologicals, Atalanta, GA) and 1% antibiotic-antimycotic solution (Mediatech-Cellgro, 

Manassas, VA). The ovarian cancer HEY and HEY A8 cell lines were provided by Dr. G. 

Mills (MD Anderson Cancer Center, Houston, TX) and grown in RPMI-1640 

supplemented with 10% FBS and 1% antibiotic-antimycotic solution (R10 medium). The 

ovarian cancer OVCAR-3 and OVCAR-4 cell lines were procured from the 

Developmental Therapeutic Program (DTP) of the National Cancer Institute (NCI) 

(Bethesda, MD). Before AFM experiments, cells were plated into a Fluorodish (World 

Precision Instruments, Sarasota, FL) with an initial density of 10,000-20,000 cells/cm
2
. 

2.3.2 Pancreatic cancer cell line growth culture 

Human pancreatic adenocarcinoma AsPC-1 cells [24] were obtained from ATCC 

(Manassas, Virginia, USA) and maintained in R10 medium (RPMI 1640 medium 

supplemented with fetal bovine serum (10%), L-glutamine (2 mM), penicillin (100 

IU/mL), streptomycin (100 µg/mL) and amphotericin B (0.25 µg/mL)) in an atmosphere 

of humidified air with 5% CO2. 

2.3.3 Chemicals to inhibit migration/invasion of pancreatic cancer cell 

N-acetyl-L-cysteine (NAC), a thiol antioxidant that serves as a precursor of intracellular 

cysteine and glutathione (GSH), has been previously shown to inhibit DNA synthesis and 

cell proliferation of various cancer cells in vitro, including bladder cancer[25], small cell 
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lung cancer [26] pheochromocytoma [27], signet ring cell gastric cancer[28], prostate 

cancer [29], and pancreatic cancer [30]. In addition, NAC suppressed phenotypic features 

associated with cancer cells, such as migration and invasion in bladder cancer [25, 31], 

melanoma, and Lewis lung carcinoma cells in vitro [32]. In “in vivo” experiments, NAC 

decreased tumor growth and spontaneous metastasis in a murine model of melanoma [32] 

and inhibited growth and metastasis of xenografted human breast cancer tumor cells in 

mice through loss of intratumoral vascular density [33]. Because of its promising cancer 

chemopreventive properties, as well as its ability to protect against cancer chemotherapy-

induced side effects [34], NAC appears to be a compound of considerable promise in 

cancer chemoprevention and chemotherapy. 

N-acetyl-L-cysteine (NAC) was obtained from Sigma-Aldrich (St. Louis, MO, USA) and 

its stock solution was prepared in sterile H2O at 500 mM. 2',7'-

dichlorodihydrofluorescein diacetate (DCFH2-DA) was obtained from Cayman Chemical 

(Ann Arbor, MI, USA) and used as 10 mM stock solution in ethanol. Hydro-Cy5 was 

kindly provided by Dr. Niren Murthy and Dr. Kausik Kundu from Georgia Institute of 

Technology (Atlanta, GA, USA) and used as 10 mM stock solution in ethanol. Buffered 

Neutral Formalin 10% was from EMD Chemicals, Inc (Gibbstown, NJ, USA). 

2.3.4 Cell proliferation and cytotoxicity assays of pancreatic cancer cells 

The cytostatic and cytotoxic activity of NAC on AsPC-1 cells was evaluated using the 

resazurin (AlamarBlue) assay[35], MTT assay[36] and crystal violet staining[37]. In all 

cell proliferation assays, 100 µL of cell suspension were plated in 96-well black-walled 

plates at 30,000 cells/mL in R10 medium and grown at 37°C in humidified air with 5% 

CO2 for 24h. Thereafter, 100 µL of NAC in growth medium at a concentration 2-fold of 
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the desired final concentration were added in quadruplicates and cells were incubated for 

72 hours. For each concentration of NAC, tests were performed in 4 wells and there were 

4 untreated control wells in the same column of the 96-well plate. All experiments were 

performed 2 times and consistency between plates was observed.  

Resazurin assay was performed using the TOX-8 kit (Sigma-Aldrich, St. Louis, MO, 

USA). After 48-hour incubation of cells with NAC, 20 µL of the TOX-8 reagent were 

added to each well and incubated for the next 5 hours. The increase of fluorescence was 

measured at a wavelength of 590 nm using an excitation wavelength of 560 nm. The 

emission of control wells (no drug treatment) after the subtraction of a blank was taken as 

100% and the results for treatments were expressed as a percentage of the control. 

MTT assay: After  48-hour incubation with NAC, the medium was removed, cells were 

washed 2 times with 37°C warm PBS, and 100 µL of R-10 media with MTT reagent (3-

[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide; 0.5 mg/mL) were added to 

each well. After 4 h incubation, medium with MTT was removed and formazan 

precipitate was dissolved in 200 µL DMSO during a 30 min shaking of the plate in the 

dark. Absorbance was read at 570 nm with a reference wavelength of 650 nm.  

Crystal violet staining: After 48-hour incubation of cells with NAC, the medium was 

removed, cells were washed 2x with PBS and fixed with neutral buffered formalin at 4°C 

overnight. After fixation, cells were washed 2× with PBS, stained with 0.2% solution of 

crystal violet for 20 minutes at room temperature, washed 3× with purified water, air-

dried and representative fields of cells were photographed. Subsequently, 100 µL of 10% 

acetic acid were added to each well and absorbance was read at 590 nm. 
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2.3.5 Apoptosis assay, cell cycle analysis and cell senescence assay 

Apoptosis by dissipation of the mitochondrial membrane potential was determined using 

MitoPT™-TMRE assay kit (ImmunoChemistry Technologies, Bloomington, MN). This 

assay detects apoptosis through determination of the loss of mitochondrial membrane 

potential based on reduced fluorescence of the potentiometric dye tetramethylrhodamine 

ethylester (TMRE)[38]. 100 µL of suspension of AsPC-1 cells in R10 medium at density 

106 cells/mL were plated into wells of a 96-well black-walled plate and incubated for 24 

hours at 37°C. Thereafter, 100 µL of R10 media with 2x desired concentration of NAC 

were added so that the final concentration of NAC was 5 mM, 10 mM and 15 mM, and 

cells were incubated with NAC for 24 hours. Carbonyl cyanide m-

chlorophenylhydrazone (CCCP) was used as a positive control at a final concentration of 

50 µM and an incubation time of 45 minutes. Thereafter, medium was aspired from 

wells, cells were washed 1x with warm PBS, 100 µL of R10 medium with 100 nM 

TMRE were added, and the plates were placed in the incubator for 20 minutes. After 

incubation, cells were washed 1x with washing buffer and 100 µL of washing buffer 

added to each well. Cells were imaged by fluorescence microscope using an Olympus 

rhodamine filter peak excitation of 547 nm, emission filter 580 nm long pass, and 

fluorescence intensity of wells at 540nm excitation/570 nm emission were determined 

using the Synergy 4 microplate reader (Biotek, Winooski, VT). 

Apoptosis was also determined by a FACS experiment using Cy5.5 Annexin V or 

Annexin V-FITC staining that detects externalization of membrane phosphatidylserine 

(PS) that accompanies apoptosis [39]. Cells were grown, harvested by trypsinization, 

stained with Cy5.5 Annexin V (BD Biosciences Pharmingen, San Diego, USA) or 
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Annexin V-FITC (Apoptosis Detection Kit; Calbiochem, San Diego, CA, USA) 

following manufacturer instructions, and analyzed by FACS using BD LSR II flow 

cytometer. Cy5.5 Annexin V and Annexin V-FITC signals were collected in PerCP-

Cy5.5 or FITC channel, respectively.  

AsPC-1 cells were treated with 5 mM, 10 mM or 15 mM NAC for 48 hrs and the 

distribution of cells in various phases of the cell cycle was determined by flow cytometry 

based on cellular DNA content as previously described [40]. DNA content histograms 

were deconvoluted using the Watson Pragmatic model implemented in FlowJo 7.6 

software (Tree Star Inc., Ashland, OR). Each treatment was performed 3 times. Statistical 

significance of differences among proportions of cells in G1, S and G2/M phases of the 

cell cycle was tested between control and each NAC treatment (G1: control vs. 5 mM 

NAC, control vs.10 mM NAC, control vs. 15 mM NAC; S: control vs. 5 mM NAC, 

control vs. 10 mM NAC and so on) and p-values were adjusted for multiplicity testing.  

Cellular senescence of AsPC-1 cells and AsPC-1 cells treated with 15 mM NAC for 42 

hours was detected using Quantitative Cellular Senescence Assay Kit (SA- gal, 
fluorometric). This detection is based on measurement of acidic senescence-associated β-

galactosidase activity [41] using membrane permeable fluorogenic substrate. Cells were 

plated into 25 cm2 cell culture treated flasks and 24 hours later, R10 medium with 15 

mM NAC or R10 medium was added and cells were incubated for 42 hours. Thereafter, 

medium was removed, cells were washed with PBS and stained with SA-β-gal 

fluorogenic substrate following manufacturer’s product manual and analyzed by FACS 

using FITC channel for detection of SA-β-gal activity. 
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2.3.6 Atomic force microscopy 

We conducted atomic force microscopy (AFM) mechanical measurements [42, 43] on 

single ovarian epithelial cells. The AFM used in our experiments is the MFP-3D (from 

Asylum Research, Santa Barbara, CA) with a combined Nikon Ti inverted optical 

microscope (Nikon, Melville, NY) used to optically align the probe to the cells. The 

probes used in this study were MCST-AUHW (Bruker, Camarillo, CA) with a nominal 

spring constant of 0.03 N/m. To simplify the contact geometry and minimize the lateral 

strain of the sample during indentation, the cantilever tip is modified by attaching a plain 

silica microsphere of diameter 4.7 µm. Measurements were conducted in cell culture 

media at room temperature, with cells plated on the glass bottom of the Fluorodish. To 

eliminate the confounding effects of neighboring cells on cytoskeleton arrangement and 

morphology, single cells were measured.   

For pancreatic cancer cell line AsPC-1, the stiffness of single cells with or without prior 

treatment with NAC was measured in the similar manner. Cells were grown in R10 

medium supplemented with 15 mM NAC (treatment) or R10 medium only (control) and 

before measurements the medium was replaced with fresh RPMI-1640 medium 

Prior to cell measurements, the cantilever was calibrated on the glass bottom of the 

Fluorodish using the thermal vibration method [44] with the resultant thermal spectrum 

fitted with Lorentzian function to determine the spring constant. The cells were indented 

approximately over the perinuclear region of individual cells. The indentation depth was 

chosen to be at least 1 µm in order to better simulate deformations which occur 

physiologically. The force versus indentation curves from each measurement were 

analyzed using a Hertzian contact model [45, 46] to obtain the Young’s modulus of each 
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cell. A sketch of the experimental set up is shown in Figure 2.1a. Scanning electron 

micrograph of the beaded tip used in this experiment is shown in Figure 2.1 b. Examples 

of optical images obtained during cell indentation are shown in Figures 2.1, c-g. 

 

 

 

 

Figure 2.1: Experimental set up a) Sketch of measurements, the cantilever width is about 

20 µm, b) SEM image of the beaded tip, stiffness measurements of single cells with AFM 

for c) IOSE, d) OVCAR4, e) HEY, f) OVCAR3 and g) HEYA8 cells 

 

 

 

2.3.7 Migration and invasion assays 

For ovarian cancer cell lines, the CytoSelect 24-well cell migration and invasion assay kit 

(Cell Biolabs, San Diego, CA) was used according to the manufacturer's instructions. For 
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the migration assay, 1.5×10
5
 cells in serum-free DMEM/F12 medium containing 0.5% 

BSA, 2 mM CaCl2 and 2 mM MgCl2 were loaded into individual uncoated inserts with 

approximately 8 µm pore size. The inserts were placed in a 24-well plate containing 

RPMI-1640 medium supplemented with 10% FBS. After 3 h incubation at 37 ˚C in 

humidified air with 5% CO2, the cells that migrated to the underside of the inserts were 

detached, lysed and quantified using CyQuant GR fluorescent dye on a plate reader at 

480 nm/520 nm (Synergy 4, BioTek, Winooski, VT). Invasion assays were carried out in 

an identical manner with 32 h incubation using basement membrane matrix-coated 

inserts. All assays were carried out in triplicates with an initial time course study 

conducted to reach significant transmigration. The migration/invasion process is sketched 

in Figure 2.2. 
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Figure 2.2: Sketch of migration/invasion measurements 

 

 

 

In a similar manner, the effect of NAC on migration and invasion of AsPC-1 cells was 

determined using Cultrex 96 Well BME Cell Invasion Assay (Trevigen, Inc., Helgerman, 

CT, USA). This assay employed simplified Boyden chamber design with PET 

membranes coated with 0.5 X solution of Basement Membrane Extract (BME) following 

manufacturer’s instructions. AsPC-1 cells were serum starved for 24 hours in 

DMEM/F12 medium supplemented with 0.4% BSA, penicillin (100 IU/mL), 

streptomycin (100 µg/mL) and amphotericin B (0.25 µg/mL) in an atmosphere of 

humidified air with 5% CO2 and 12,500 cells/well in 50 µL media were loaded onto the 

upper chamber of the cell invasion device (treatment-15 mM NAC in DMEM/F12 

medium supplemented with 0.4% BSA, penicillin (100 IU/mL), streptomycin (100 

µg/mL) and amphotericin B (0.25 µg/mL) media; control - the same medium without 

Cells placed in the upper chamber 

Incubate at 37 ˚C 

Migratory cells pass through 

polycarbonate membrane 

Cell detachment buffer 

dissociates cells  

Cells are lysed and quantified 

using fluorescence dye 
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NAC).  Cells were incubated at 37 oC in the CO2 incubator for 24 hours and the quantity 

of cells that invaded through the BME barrier was determined by fluorometry after 

staining with Calcein AM.   

2.3.8 Microarray and pathway enrichment analysis 

RNA was extracted from two non-confluent cultures of HEY and HEY A8 cells grown in 

R10 medium using Arcturus PicoPure RNA Isolation Kit (Applied Biosciences, Carlsbad, 

CA) according to the manufacturer’s instructions and RNA integrity was verified using a 

Bioanalyzer RNA Pico Chip (Agilent Technologies, Santa Clara, CA). mRNA was 

labeled using the IVT Labeling Kit (Affymetrix, Santa Clara, CA) and biotin-labeled 

mRNA was hybridized on GeneChip Probe Arrays U133 Plus 2.0 (Affymetrix). 

Affymetrix .CEL files were processed using the Affymetrix Expression Console Software 

version 5.0 using the RMA 3'-expression workflow. The 4,746 features with lowest 10% 

values of the logarithm of signal intensities across all 4 chips were removed and the 

remaining 49,929 features were analyzed using Significance Analysis of Microarrays 

(SAM) version 4.0 [47] with following parameters: Response type: two-class unpaired; 

Test statistic: T-statistic; Number of permutations: 500; Data in log2 scale; No median 

centering. Genes were reported as differentially expressed between HEY and HEY A8 

classes if they met following criteria: (i) False Discovery Rate =1.1% and (ii) absolute 

fold change (FC) ≥ 1.5.  

Biological interpretations of the differential gene expression data were performed by 

pathway enrichment analysis using MetaCore 5.2 (GeneGO, St Joseph, MI). Significantly 

perturbed pathways and networks were identified by mapping up-regulated and down-

regulated genes (combined and individually) onto GeneGO canonical pathway maps 



  36 

 

(collection of manually curated signaling and metabolic pathways) and GeneGO process 

networks (manually curated network models of main cellular processes) [48].  

GeneGO canonical pathway maps and process networks were ranked according to their 

relevance to the input set of genes using p-values calculated based on a hypergeometric 

distribution. Multiple testing correction was performed using False Discovery Rate with 

the adaptive threshold set to permit no more than 1 pathway/network incorrectly 

predicted as significantly enriched.  

To further extend biological interpretation of the differential gene expression data, the 

topological significance analysis (TSA) of gene expression profile was performed using 

online tool from GeneGO Inc (http://topology.genego.com/zcgi/topology_scoring.cgi). 

This tool maps differentially expressed genes onto a GeneGO proprietary database of 

protein-protein interactions and identifies proteins that occupy topologically significant 

positions with respect to differentially expressed genes [49, 50]. Topologically significant 

genes (p < 0.01) were identified for all genes up-regulated in HEY A8 cells relative to 

HEY cells using the “transcriptional activation paths from all nodes” algorithm and 

subsequently mapped to GeneGO canonical pathway maps as described above. 

2.3.9 qPCR  

Selected genes (PRKAA2, TWF1 and MYLK), identified by microarray analysis as 

significantly differentially expressed between HEY A8 and Hey cells, were validated 

using predesigned TaqMan
®
 Gene Expression Assays (Life Technologies, Grand Island, 

NY). RNA was extracted from 3 non-confluent cultures of HEY and HEY A8 cells 

(Arcturus PicoPure RNA Isolation Kit) and reverse-transcribed and amplified using 

Applause 3’-Amp system (NuGen Technologies, Inc., San Carlos, CA) according to the 
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manufacturer’s instructions. qPCR assays were performed for each gene and each sample 

in 4 replicates using thermal cycling conditions recommended for TaqMan
®

 Gene 

Expression Master Mix and fold change values between HEY A8 and Hey cells were 

determined using 2
-∆∆Ct

 method using GAPDH gene as internal control. 

For pancreatic cancer cell line AsPC-1, qPCR was conducted in the similar manner, 

AsPC-1 cells were grown in R10 medium with or without 15 mM NAC for 8 and 24 

hours, harvested by trypsinization, washed with PBS and flash frozen in liquid nitrogen. 

Total cell RNA was isolated using RNeasy Mini Kit (Qiagen) using manufacturer’s 

protocol for purification of total RNA from animal cells using spin technology, including 

on-column DNase digestion to eliminate genomic DNA contamination. RNA purity and 

integrity were verified by A260/A280 ratio and capillary gel electrophoresis using the 

Bioanalyzer RNA Pico Chip (Agilent Technologies). 

About 800 ng of total RNA were reverse transcribed with Superscript III First-Strand 

Synthesis System for RT-PCR (Invitrogen) to synthesize first-strand cDNA according to 

the manufacturer’s instructions. The cDNA was amplified in 10 µL reactions (5 ng 

cDNA/reaction) with SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA) on a CFX96 

Real-Time PCR System (Bio-Rad, Hercules, CA, USA). The cycling conditions: 1: 95 ˚C 

for 30 sec (enzyme activation), 2: 95 ˚C for 5 sec (denaturation), 3: 55 ˚C for 5 sec 

(annealing/extension). Selection of genes for qPCR evaluation was based on their role in 

proliferation and epithelial-to-mesenchymal transition of cancer cells. All primers were 

used at 500 nM (primer sequences for individual genes are listed in Table S1 of [51]). 

Fold changes for expression of evaluated genes and statistical significance of differences 

in expression of genes between NAC-treated and control cells were determined from 
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threshold cycles using REST 2005 software ver. 1.9.12 that implements ∆∆Ct method 

and simple statistical randomization tests [52].   

2.3.10 Statistical analysis 

Overall statistical significance of differences in mean stiffness among cell types was 

tested using the Kruskal-Wallis test. Significance of differences between all pairs of cells 

was tested using Dunn’s post test. Significance of differences in migration and invasion 

among IOSE, HEY and HEYA8 cells were tested by ANOVA, followed by Tukey’s test 

for pairwise comparisons (*p < 0.05; **p < 0.01; ***p < 0.001. Kruskal-Wallis test, 

ANOVA and all post tests were performed using GraphPad Prism version 5.02 for 

Windows (GraphPad Software, San Diego, CA). Associations between cell stiffness and 

cell invasiveness, cell stiffness and cell migratory properties and cell stiffness and the 

degree of co-alignment of F-actin were tested using Pearson’s product-moment 

correlation and Spearman’s rank correlation and expressed as correlation coefficients (r 

and ρ, respectively). Correlation analysis was performed using the free statistical 

software R [53]. 

For AsPC-1 cells, significance of differences between means of two-class data was tested 

by Student’s t-test and expressed as a two-tailed p-value. Where necessary, multiplicity 

adjustment was performed using Holm’s step-down method.   

2.3.11 Fluorescence imaging and analysis of F-actin  

We imaged the labeled F-actin network of each cell line using fluorescence microscopy. 

Cells were grown on a glass coverslip to a density of 5,000 cells/cm
2
. The cover slip with 

plated cells was placed in a well of a 6-well plate with 2 mL cell culture media. The cells 

were incubated at 37 
o
C overnight and then stained with fluorochrome-conjugated 
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phalloidin. The cells were stained by first fixing with 1 mL 4% formaldehyde in PBS (pH 

7.4) for 10 min and permeabilizing with 1 mL 0.2% TX-100, blocking with 1% BSA for 

20 min and incubating for one hour with 1:20 Alexa Fluor 546 phalloidin (Life 

Technologies, Grand Island, NY) in 1% BSA. All steps during the staining process were 

conducted at room temperature in a dark room. After staining, the cells were sandwiched 

between the glass coverslip and a glass slide, mounted with ProLong Gold and sealed 

with nail polish. Multiple images of each cell line were taken using a Nikon Ti 

microscope (Nikon, Melville, NY) with the TRITC excitation/emission filter set. The 

analysis was limited to single cells which were not in contact with other cells.   

The alignment of the actin fibers was analyzed by quantifying an orientation parameter 

for actin filaments. A two-dimensional Fast Fourier Transform (FFT) was applied to the 

original fluorescence images using MATLAB routines (The MathWorks, Natick, MA). 

From the transformed image, we developed custom MATLAB codes calculating the 

angular amplitude of the FFT by summing the square of the FFT components, from 

which the orientation distribution of actin filaments was determined as a function of 

angle. The mathematical algorithms calculating the orientation distribution function were 

based upon those reported previously in the literature [54]. The method is illustrated in 

Figure 2.3 with a representative fluorescence image of an IOSE cell. 
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Figure 2.3: Calculation of the orientation distribution function from fluorescence image 

and Fast Fourier Transform. a) Original fluorescence image, b) mesh representation of 

the transformed image, and c) orientation distribution function. 

 

 

 

2.4 Results and discussion 

2.4.1 Cell stiffness is a biomarker of metastatic (migratory/invasiveness) potential of 

ovarian cancer 

Representative force-indentation curves obtained from mechanical probing of individual 

cells are plotted in Figure 2.4a. Each curve represents the applied force necessary to 

indent an individual ovarian cell from the IOSE and HEY cell lines. The probe contacts 

the cell at an indentation of 0 µm. Since the slope at a point of each force-indentation 

curve is related to the cell stiffness, variability of slopes for each probed cell in a given 
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cell line indicate variability of stiffness among individual cells from the same culture.  In 

general, curves corresponding to non-malignant IOSE cells have larger slopes than those 

corresponding to ovarian cancer HEY cells and are therefore stiffer.  

 

 

 

 

Figure 2.4: Stiffness distribution of cells and results of migration and invasion test. a) 

Box-and-whisker plots of stiffness of single cells for different cell lines, the percentiles 

are 10%, 25%, 50%, 75% and 90%, the inset shows the representative force curves of 

IOSE and HEY. Overall difference among means is significant (p-value<2.2×10
−16

, 

Kruskal-Wallis); pairwise differences are significant between IOSE and HEY, HEY A8 

and OVCAR-3 cells, between HEY A8 and HEY cells and between HEY A8 and 

OVCAR-4 cells (p<0.05, Dunn’s post test); b) Migration and invasion tests for IOSE, 

HEY and HEY A8 cells. F(480/520) is a fluorescence intensity at 480 nm excitation and 

520 nm emission, which is proportional to the number of migrating or invading cells. 
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The force curves were analyzed with a Hertzian contact model to determine the 

corresponding Young’s modulus of individual cells. We determined the Young’s 

modulus for different ovarian epithelial cell lines, including non-malignant IOSE and a 

variety of cancer cell lines (OVCAR-3, OVCAR-4, HEY, and HEY A8). The distribution 

of Young’s modulus of individual cells from different cell lines is depicted in the box-and 

whisker plots (Figure 2.4a). IOSE demonstrated higher mean stiffness than any of the 

ovarian cancers. The overall difference among cell lines was significant (p<2.2×10
-16

) 

with the following pairs displaying significant differences (p<0.05): IOSE vs OVCAR-3, 

IOSE vs HEY, IOSE vs HEY A8, OVCAR-4 vs HEY A8, and HEY vs HEY A8. The 

mean Young’s moduli and standard deviations of these cells are summarized in Table 

2.1. The non-malignant IOSE cells demonstrated higher intrinsic variability in cell 

stiffness than cells from any ovarian cancer cell line, which is consistent with the 

previously reported higher variability in stiffness of benign cells relative to breast cancer 

cells isolated from pleural fluids [6].  

 

 

 

Table 2.1: Mean Young’s moduli and corresponding standard deviations, with sample 

size in parentheses. Tests of significance tests between different cell populations are also 

included. 

 
IOSE 

(n=55) 

OVCAR4 

(n=18) 

HEY 

(n=60) 

OVCAR3 

(n=20) 

HEYA8 

(n=59) 

Mean stiffness/kPa 2.472 1.120 0.884 0.576 0.494 

Standard deviation/kPa 2.048 0.865 0.529 0.236 0.222 

Dunn's Multiple 

Comparison Test 

Difference in rank sum Significant? 

 p < 0.05? 

Summary 

IOSE vs OVCAR-4 46.17 No ns 

IOSE vs HEY 55.91 Yes *** 

IOSE vs HEYA8 105.7 Yes *** 

IOSE vs OVCAR-3 91.40 Yes *** 

OVCAR-4 vs HEY 9.742 No ns 
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Table 2.1 (Continued)    

OVCAR-4 vs HEYA8 59.49 Yes ** 

OVCAR-4 vs OVCAR-3 45.23 No ns 

HEY vs HEYA8 49.75 Yes *** 

HEY vs OVCAR-3 35.49 No ns 

HEYA8 vs OVCAR-3 -14.26 No ns 

ns: not significant; **: p<0.01; ***: p<0.001 

 

 

Notably, HEY and HEY A8 cells derived from the same tumor specimen [55] displayed 

significant differences in stiffness, with HEY A8 cells being more compliant (Figure 

2.2a). This finding is significant in that these isogenic cells also differ in their 

tumorigenicity in nude mice, whereby HEY A8 but not HEY cells are tumorigenic after 

intraperitoneal injection to nude mice [55]. To explore the relationship between 

mechanical properties of these ovarian cell lines and their metastatic potential, we 

examined the migratory and invasive properties of HEY and HEY A8 cells relative to 

IOSE using in vitro assays. HEY A8 cells displayed the greatest invasive and migratory 

activity followed by HEY cells and the IOSE control cells (Figure 2.4b) indicating that 

relative stiffness is inversely correlated with the indicators of metastatic potential 

(migration and invasiveness). These findings, summarized in Figure 2.5 and Table 2.2, 

are consistent with previous reports linking cellular deformability with tumorgenic and 

metastatic potential [4, 9, 47].  
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Figure 2.5: Scatterplots of relative migration and invasion versus average stiffness for 

IOSE, HEY and HEY A8 cells (migration and invasion of IOSE cells = 1). The data 

points are fitted with power law for clarity. Error bars: standard errors of means. 

 

 

 

Table 2.2: The strength of association between stiffness/migratory and stiffness/invasive 

properties expressed as Pearson’s product-moment (r) and Spearman’s rank (ρ) 

correlation coefficients and their p-values.   

 Pearson  Spearman 

 r p-val  ρρρρ p-val 

Stiffness/relative 

migration 
-0.894 0.2956  -1 0.3333 

Stiffness/relative 

invasion 
-0.9670 0.1641  -1 0.3333 

 

 

 

2.4.2 Gene expression profiling of HEY and HEY A8 cells links increased metastatic 

potential with changes in actin-mediated cytoskeletal remodeling pathways 

Having established that the acquisition of decreased stiffness in HEY A8 cells relative to 

HEY cells is correlated with an increase in metastatic potential (i.e., cell migration and 

invasiveness), we performed a comparative gene expression analysis (DNA microarray) 

of these two cell lines in order to gain insight into the possible molecular basis of the 

acquired phenotype.  
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Using Significance Analysis of Microarrays (SAM) we identified 3,641 differentially 

expressed features between these cell lines (supplemental file 1 of [56]) and determined 

that 1,258 genes were up-regulated and 1,272 down-regulated in HEY A8 relative to 

HEY cells (15 genes displayed discordant changes in expression between HEY and HEY 

A8 cells for redundant probe sets). Significantly enriched GeneGO pathways (Table 2.3) 

and process networks (Table 2.4) corresponding to our set of differentially expressed 

genes indicate that differences between HEY and HEY A8 cells include changes in 

mitotic phase of cell cycle (spindle assembly/chromosome separation, spindle 

microtubules), regulation of epithelial-to mesenchymal transition (EMT), cytoskeletal 

remodeling, cell adhesion, and regulation of CFTR (cystic fibrosis transmembrane 

conductance regulator). 

 

 

 

Table 2.3: Significantly enriched Genego Maps.  

Map p-val Ratio 

Up- and down-regulated genes (FDR=0.08) 

Cell cycle: The metaphase checkpoint 1.548e-12 26/36 

Cell cycle_Role of APC in cell cycle regulation 3.719e-11 23/32 

Cell cycle_Chromosome condensation in prometaphase 2.895e-9 16/20 

Cell cycle_Spindle assembly and chromosome separation 3.758e-9 21/32 

Cell cycle_Role of Nek in cell cycle regulation 7.795e-6 16/29 

Cell cycle_Start of DNA replication in early S phase 2.396e-5 16/31 

Immune response_MIF - the neuroendocrine-macrophage connector 1.130e-4 15/31 

Regulation of CFTR activity (norm and CF) 2.908e-4 17/40 

Cell adhesion_ECM remodeling 3.202e-4 20/51 

Reproduction_Progesterone-mediated oocyte maturation 7.001e-4 14/32 

Development_Regulation of epithelial-to-mesenchymal transition 

(EMT) 

1.070e-3 22/63 

Cell adhesion_Plasmin signaling 1.443e-3 14/34 

Up-regulated genes (FDR=0.07) 

Cell cycle_The metaphase checkpoint 2.935e-19 26/36 
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Table 2.3 (Continued)   

Cell cycle_Role of APC in cell cycle regulation 4.422e-17 23/32 

Cell cycle_Chromosome condensation in prometaphase 1.880e-13 16/20 

Cell cycle_Spindle assembly and chromosome separation 3.278e-13 20/32 

Cell cycle_Start of DNA replication in early S phase 4.183e-9 16/31 

Cell cycle_Role of Nek in cell cycle regulation 1.204e-7 14/29 

dCTP/dUTP metabolism 2.508e-4 13/45 

Cell cycle_Initiation of mitosis 3.762e-4 9/25 

Immune response_MIF - the neuroendocrine-macrophage connector 4.937e-4 10/31 

Reproduction_Progesterone-mediated oocyte maturation 6.565e-4 10/32 

Oxidative stress_Role of ASK1 under oxidative stress 7.419e-4 8/22 

dATP/dITP metabolism 1.393e-3 13/53 

wtCFTR and deltaF508 traffic / Membrane expression (norm and 

CF) 

1.431e-3 8/24 

Down-regulated genes (FDR=0.14)   

Development_Regulation of epithelial-to-mesenchymal transition 

(EMT) 

5.125e-5 16/63 

Cell adhesion_Plasmin signaling 3.750e-4 10/34 

Cytoskeleton remodeling_TGF, WNT and cytoskeletal remodeling 5.918e-4 20/107 

Development_TGF-beta-dependent induction of EMT via RhoA, 

PI3K and ILK  

7.233e-4 11/43 

Cell adhesion_ECM remodeling 9.434e-4 12/51 

Development_PEDF signaling 1.233e-3 10/39 

 

 

 

Table 2.4: Significantly enriched Genego Process Networks. 

Network p-val Ratio 

Up and down-regulated genes (FDR=0.04) 

Cell cycle_Mitosis 5.493e-20 83/177 

Cytoskeleton_Spindle microtubules 2.712e-16 56/108 

Cell cycle_Core 6.026e-15 56/114 

Cell cycle_G2-M 1.752e-10 73/204 

Cell cycle_S phase 4.428e-8 53/147 

Protein folding_Response to unfolded proteins 1.236e-5 27/68 

Protein folding_ER and cytoplasm 6.199e-5 19/44 

DNA damage_Checkpoint 9.910e-5 39/124 

Inflammation_MIF signaling 2.442e-4 36/116 

Cell cycle_G1-S 4.239e-4 46/163 

Neurophysiological process_Circadian rhythm 4.631e-4 19/50 
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Table 2.4 (Continued)   

Reproduction_Progesterone signaling 5.458e-4 52/192 

Muscle contraction_Nitric oxide signaling in the cardiovascular 

system 

1.161e-3 27/86 

Development_Regulation of angiogenesis 1.273e-3 54/208 

Transcription_mRNA processing 1.652e-3 43/159 

Cell cycle_Meiosis 2.033e-3 30/102 

Protein folding_Folding in normal condition 2.288e-3 33/116 

Cell adhesion_Integrin-mediated cell-matrix adhesion 2.454e-3 53/209 

Development_EMT_Regulation of epithelial-to-mesenchymal 

transition 

2.454e-3 53/209 

DNA damage_BER-NER repair 3.018e-3 29/100 

Cell cycle_G0-G1 3.849e-3 22/71 

Cytoskeleton_Cytoplasmic microtubules 3.860e-3 32/115 

Apoptosis_Apoptotic nucleus 5.767e-3 40/155 

Up-regulated genes (FDR=0.04) 

Cell cycle_Mitosis 1.026e-33 76/177 

Cytoskeleton_Spindle microtubules 3.704e-26 52/108 

Cell cycle_Core 7.111e-23 50/114 

Cell cycle_G2-M 5.794e-19 63/204 

Cell cycle_S phase 9.838e-16 48/147 

Transcription_mRNA processing 8.204e-8 37/159 

Cell cycle_G1-S 4.918e-7 36/163 

DNA damage_Checkpoint 5.834e-7 30/124 

DNA damage_BER-NER repair 2.709e-6 25/100 

Cytoskeleton_Cytoplasmic microtubules 3.723e-5 25/115 

Cell cycle_Meiosis 4.127e-5 23/102 

Muscle contraction_Nitric oxide signaling in the cardiovascular 

system 

2.527e-4 19/86 

Protein folding_Folding in normal condition 3.250e-4 23/116 

Apoptosis_Apoptotic nucleus 3.917e-4 28/155 

DNA damage_MMR repair 4.318e-4 14/56 

Cytoskeleton_Regulation of cytoskeleton rearrangement 1.094e-3 30/181 

Protein folding_Response to unfolded proteins 1.128e-3 15/68 

Protein folding_ER and cytoplasm 1.755e-3 11/44 

DNA damage_DBS repair 1.893e-3 20/108 

Protein folding_Protein folding nucleus 2.037e-3 13/58 

Apoptosis_Apoptotic mitochondria 2.394e-3 15/73 

Proteolysis_Ubiquitin-proteasomal proteolysis 2.524e-3 27/166 

Reproduction_Progesterone signaling 5.399e-3 29/192 
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Table 2.4(Continued) 

Down-regulated genes (FDR=0.07) 

Development_EMT_Regulation of epithelial-to-mesenchymal 

transition 

2.152e-5 36/209 

Development_Regulation of angiogenesis 4.657e-5 35/208 

Signal Transduction_TGF-beta, GDF and Activin signaling 1.730e-4 26/146 

Cell adhesion_Platelet-endothelium-leucocyte interactions 2.006e-4 29/172 

Inflammation_MIF signaling 5.717e-4 21/116 

Neurophysiological process_Circadian rhythm 6.861e-4 12/50 

Inflammation_Protein C signaling 7.018e-4 18/94 

Blood coagulation 7.713e-4 17/87 

Proliferation_Negative regulation of cell proliferation 1.615e-3 27/177 

Reproduction_FSH-beta signaling pathway 3.870e-3 23/152 

Proteolysis_ECM remodeling 4.364e-3 15/85 

Proteolysis_Connective tissue degradation 4.593e-3 19/119 

Signal transduction_Androgen receptor signaling cross-talk 4.827e-3 12/62 

Translation_Elongation-Termination 5.344e-3 22/147 

 

 

 

To further explore the potential biological significance of the differences in gene 

expression between HEY and HEY A8 cells, we employed topological significance 

analysis. Using this approach we identified 1,108 unique Entrez Gene IDs corresponding 

to topologically relevant proteins associated with up-regulated genes in HEY A8 cells 

(Supplemental file 2 of [56]). Significantly enriched GeneGO pathways for these 

topologically relevant proteins (360 pathways at FDR=0.26%) suggest considerable 

biological differences between HEY and HEY A8 cells including those that could not be 

identified on transcriptional level (supplemental file 3 of [56]). A full discussion of these 

results is beyond the scope of this paper and will be presented elsewhere. Here we will 

limit our discussion to those changes most relevant to the observed differences in cell 

stiffness discussed above. 
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Figure 2.6: TGF, WNT and cytoskeletal remodeling GeneGO pathway. Red 

thermometer: genes transcriptionally up-regulated in HEY A8 cells; blue thermometer: 

genes transcriptionally down-regulated in HEY A8 cells; yellow thermometer: proteins 

topologically relevant to the set of up-regulated genes. 

 

 

 

The top scoring GeneGO pathway for topologically relevant proteins (supplemental file 3 

of [56]) is the “TGF, WNT and cytoskeletal remodeling pathway” (Figure 2.6). This 

pathway was also identified as significantly enriched for genes down-regulated in HEY 
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A8 cells (Table 2.3). These findings indicate that differences in stiffness between HEY 

and HEY A8 cells are related to cytoskeletal remodeling. Our findings support earlier 

predictions that the basis of reduced stiffness associated with cancer [57] and highly 

invasive cells [58] may be associated with cytoskeletal remodeling. Further support for 

this conclusion comes from TSA which found various isophorms of actin superfamily 

topologically significant for genes up-regulated in HEY A8 cells (supplemental file 2 of 

[56]), as well as from differential expression analysis, which found that the actin-

monomer-binding proteins CFL2, TWF1 and PFN1 that regulate the incorporation of 

actin monomers into filaments [59] are overexpressed in HEY A8 cells. Overexpression 

of cofilin-2 (CFL2) enhances the rate of actin filament turnover by depolymerizing 

filaments at their pointed ends [60] while twinfilin (TWF1) functions as an actin-

monomer-sequestering protein that also severs actin filaments to promote filament 

disassembly in vitro and its rapid turnover in vivo [61]. The fact that myosin light chain 

kinase (MYLK), which promotes an actin-activated myosin motor activity and tension 

generation [62], is significantly down-regulated in HEY A8 cells further supports the role 

of stress fibers in observed difference in cell stiffness. Interestingly, BDM and ML-7, the 

inhibitors of MYLK, have been previously reported to induce softening of fibroblast cell 

lines [63]. Phosphorylation of myosin light chain, stress fiber formation, and subsequent 

increase in cell stiffness can be also induced via RhoA/Rho kinase pathway [64], which is 

inactivated by cAMP-dependent protein kinase (PKA) [65]. We found that regulatory 

(PKAR2A, PKAR2B) and catalytic (PKACB) subunit genes of PKA are significantly 

overexpressed in HEY A8 relative to HEY cells suggesting PKA-dependent inactivation 

of RhoA/Rho kinase pathway in HEY A8 cells. qPCR validation of differential gene 
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expression data from microarray experiment confirmed overexpression of PRKAA2 and 

TWF1 genes with respective fold changes 3.89 and 2.63 and decreased expression of 

MYLK gene with fold change -2.0 in HEY A8 cells relative to HEY cells, as shown in 

Figure 2.7. 

 

 

 

 

Figure 2.7: Results of qPCR validation of microarray gene expression data for selected 

genes. FC: gene expression fold changes in HEYA8 relative to HEY cells. Error bars: 

standard errors of means, N = 3. *: p<0.05; **: p<0.01 (Student’s t-test). 

 

 

 

2.4.3 Microscopic analyses of ovarian cancer and control cells confirm that actin-

mediated cytoskeletal remodeling is associated with change in metastatic 

potential 

Since our molecular analyses indicated that actin-mediated cytoskeletal remodeling may 

be a major contributor to the observed differences in cell stiffness between HEY and the 

more invasive/tumorigenic HEY A8 cells, we tested the hypothesis by examining the 

cytoskeletal structure of HEY and HEY A8 cells relative to other ovarian cancer cells 

(OVCAR-3, OVCAR-4) and non-malignant immortalized ovarian surface epithelial cells 
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(IOSE). The results presented in Figure 2.8 display denser, well-aligned F-actin with 

longer stress fibers in IOSE relative to all of the ovarian cancer cells. This is consistent 

with previously reported comparisons between normal and cancer cells [2, 4].  

 

 

 

 

Figure 2.8: Fluorescence images of F-actin. (A) IOSE, (B) OVCAR-4, (C) HEY, (D) 

OVCAR-3 and (E) HEY A8 
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In addition, the degree of co-alignment of F-actin fibers among the various examined cell 

lines correlated with the observed difference in cells stiffness. For example, for the stiffer 

IOSE cells, the actin filaments are distributed through the cell body, with most F-actin 

bundles aligned along the long axis of the cell with well-defined stress fibers and focal 

contacts. In contrast, actin filaments in the softer ovarian cancer cells are less organized 

and F-actin bundles are oriented randomly with disrupted, short segments. In OVCAR-4 

cells, actin filaments are aligned only locally and form a tangled network. In HEY cells, 

the actin filaments break into shorter segments and display reduced co-alignment. F-actin 

in OVCAR-3 cells maintains a cortical structure with most filaments lying in the 

peripheral region of the cell, though at a relatively low density. HEY A8 cells show 

similar characteristics of F-actin distribution to HEY cells, but with a lower density. 

Since the actin cytoskeleton contributes to the mechanical properties of the cells, 

observed variations are consistent with differences in cell stiffness and with previous 

reports [1, 66].    

We analyzed the degree of co-alignment of F-actin in all five cell lines by using 

orientation distribution function. The results are displayed in Figure 2.9, orientation 

distributions of F-actin differ among the five ovarian cell lines. In non-malignant IOSE 

cells, most of F-actin bundles were aligned along the long axis of the cell, which is 

∼135˚. In contrast, OVCAR-4 cells display several orientations of F-actin, indicating that 

actin filaments are neither uniformly aligned, nor evenly distributed. This result is readily 

apparent from the fluorescence image in Figure 2.8.  
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Figure 2.9: Representative orientation distribution function for each cell line. 

 

 

 

To evaluate the contribution of degree of F-actin co-alignment to single cell stiffness, a 

parameter D, defined as � = � |���� − �
���|���

  was used to quantify the degree of co-

alignment of F-actin from the orientation distribution functions, where P(θ) represents the 

orientation distribution function, which is the probability for a fiber oriented at the angle 

of θ in the fluorescence image. P0(θ) is the orientation distribution function for the 

extreme case where F-actin are completely randomly distributed and therefore has a value 

of P0(θ) = 1/180. In the extreme case in which all actin fibers are oriented randomly 

without any preference, the orientation distribution function should be a constant and 

independent of angle. From the definition of D, a higher value of D indicates an 

increasing deviation from random alignment and a higher degree of co-alignment of F-

actin. The method is illustrated in Figure 2.10. The relationship between the degree of co-

alignment of F-actin and stiffness of single cell is plotted in Figure 2.9b, which shows 

strong and significant positive correlation (r = 0.99834 with p-val = 8.064×10
-5 

and ρ=1 

with p-val = 0.01667). This result suggests that changes in co-alignment of F-actin 
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bundles could also contribute to the differences in cell stiffness within the examined 

ovarian cell lines. 

 

 

 

 

Figure 2.10: Quantification of F-actin coalignment and correlation with stiffness, a) 

Correspondence between F-actin orientations and orientation distribution functions; b) 

Quantification of orientation distribution function; and c) stiffness versus degree of 

coalignment of F-actin, error bar represents standard error of mean (SEM). 
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���� = 1/180 
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2.4.4 NAC inhibits growth of pancreatic cancer AsPC-1 cell culture 

The MTT assay demonstrated that 48 hour treatment with NAC significantly inhibits 

growth of AsPC-1 cells at drug concentrations of 10 mM and 15 mM (Figure 2.11, insert 

MTT and Table 2.5). According to the results of crystal violet staining, NAC 

significantly inhibited growth of AsPC-1 cell culture at 10 mM and 15 mM, but also at 1 

mM concentration, although the effect size at 1 mM was not appreciable (Figure 2.11, 

insert Crystal violet staining and Table 2.5). While both these assays report the same 

qualitative effect and trend, there are differences in % growth values for individual 

concentrations of NAC. The MTT assay consistently indicated less cell culture growth 

than crystal violet staining. The reason for this difference likely reflects mechanistic 

differences between these two assays: while MTT quantifies cells based on their 

metabolic activity [35], crystal violet staining estimates the number of cells based on total 

cell protein and DNA content [67]. Since the activity of mitochondrial succinate 

dehydrogenase, which is primarily responsible for reduction of MTT [68], might be 

modulated by NAC treatment, we believe that crystal violet staining is a more objective 

measure of growth inhibition by NAC than the MTT assay. In contrast, the results of 

TOX-8 assays performed in a homogeneous format suggest that NAC at concentrations 

1-15 mM significantly stimulated growth of AsPC-1 cells (Figure 2.11 insert TOX-8 and 

Table 2.5). However, images of formazan crystals (Figure 2.11a-d) and crystal violet-

stained cells (Figure 2.11e-h) support the results obtained by the MTT and the crystal 

violet assays, indicating that the resazurin-based TOX-8 assay failed to demonstrate the 

NAC inhibitory effects at 5 mM and 10 mM and falsely suggested that NAC stimulated 

proliferation of AsPC-1 cells at all examined concentrations.  



 

 

Figure 2.11: Effect of NAC on AsPC

staining and resazurin-

in mM; % growth - amount of cells relative to untreated control; 

microscopic fields for MTT assay (

NAC; d – 15 µM NAC); 

(e – untreated control; 

100 µm. Error bars: SEM

 

 

 

Table 2.5: Effect of NAC on the growth of AsPC

violet staining and TOX

treated cells relative to untreated control. 

 MTT

 % growth±SD

1 mM 101.2±12.0

10 mM 49.9±5.0

15 mM 21.9±3.0

 

 

 

2.4.5 NAC at concentrations up to 15 mM does not induce apoptosis in AsPC

treated for 24 and 48 hrs

A significant decrease in AsPC

consequence of treatment

AsPC-1 cells, cells treated with 5

a 

e 
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Effect of NAC on AsPC-1 cells determined by MTT assay, crystal violet 

-based TOX-8 assay. c(NAC)–concentration of N

amount of cells relative to untreated control; 

microscopic fields for MTT assay (a – untreated control; b – 5 µM NAC; 

15 µM NAC); e-h – representative microscopic fields for crystal violet staining 

untreated control; f – 5 µM NAC; g – 10 µM NAC; h – 15 µM NAC); scale bar = 

100 µm. Error bars: SEM 

Effect of NAC on the growth of AsPC-1 cells reported by MTT assay, crystal 

violet staining and TOX-8 assay. Results presented as % of blank co

treated cells relative to untreated control. P-value: two-tailed Student’s t

MTT Crystal violet staining 

% growth±SD p-val % growth±SD p-val % growth±SD

101.2±12.0 0.8415 80.6±2.6 3.2e-4 145.0±23.6

49.9±5.0 5.1e-5 25.8±5.3 2.4e-5 128.1±21.6

21.9±3.0 2.8e-6 11.8±2.6 1.4e-6 151.9±45.5

NAC at concentrations up to 15 mM does not induce apoptosis in AsPC

treated for 24 and 48 hrs 

A significant decrease in AsPC-1 cell culture growth upon treatment with NAC may be a 

consequence of treatment-induced cell cycle arrest or cell death. Compared to untreated 

1 cells, cells treated with 5-15 mM NAC for 24 hours do not display reduced 

b c 

f g 

 

1 cells determined by MTT assay, crystal violet 

concentration of N-acetyl-L-cysteine 

amount of cells relative to untreated control; a-d – representative 

5 µM NAC; c – 10 µM 

representative microscopic fields for crystal violet staining 

15 µM NAC); scale bar = 

1 cells reported by MTT assay, crystal 

8 assay. Results presented as % of blank corrected signal of 

tailed Student’s t-test; N=4. 

TOX-8 

% growth±SD p-val 

145.0±23.6 4.2e-5 

128.1±21.6 4.9e-13 

151.9±45.5 1.0e-13 

NAC at concentrations up to 15 mM does not induce apoptosis in AsPC-1 cells 

1 cell culture growth upon treatment with NAC may be a 

induced cell cycle arrest or cell death. Compared to untreated 

15 mM NAC for 24 hours do not display reduced 

d 

h 
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fluorescence after TMRE staining indicating that NAC did not induce mitochondrial 

membrane depolarization and apoptosis under these conditions, while the CCCP (positive 

control) significantly decreased TMRE-associated fluorescence of AsPC-1 cells (Figure 

2.12 and Figure S1 of [51]).  

 

 

 

 

Figure 2.12: Detection of apoptosis by TMRE staining. F-TMRE fluorescence; 

horizontal axis - concentration of NAC [mM]; CT: untreated cells; CCCP: mitochondrial 

membrane potential disruptor (positive control). p-value for difference among all data 

points (ANOVA) = 0.0006; differences between CT and NAC treated cells were not 

significant (p>0.05); difference between CT and CCCP was significant (Tukey post-hoc 

test).  
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Similarly, the FACS experiment does not show a significant increase in a population of 

cells with externalization of PS (a hallmark of apoptosis) after 24 h and 48 h (Figure 4 of 

[51]) treatment with 15 mM NAC. As a result, the observed decrease in AsPC-1 culture 

growth upon NAC treatment is not a consequence of cell death by apoptosis. 

2.4.6 NAC induces cell cycle arrest and cellular senescence in AsPC-1 treated cells 

Since inhibition of the growth of AsPC-1 culture by NAC could not be attributed to 

apoptosis, we performed an analysis of the distribution of AsPC-1 cells in various phases 

of the cell cycle upon treatment with 5mM, 10 mM and 15 mM NAC for 48 hours and 

compared it to the cell cycle distribution of untreated cells. DNA content histograms were 

fitted with the Watson model implemented in FlowJo 7.6 software (see representative 

DNA content histograms in Figure S2 of [51]) and the proportion of cells in individual 

phases of the cell cycle are presented in Figure 2.13. The results indicate a monotonous 

increase in the proportion of cells in the G1 phase and a decrease in the proportion of 

G2/M and S phases with an increasing concentration of NAC. The percentage of AsPC-1 

cells was statistically significantly higher in the G1 phase and lower in S and G2/M 

phases after treatment with 15 mM NAC. The statistically significantly higher proportion 

of cells in G1 phase was also found in cells treated with lower concentrations of NAC (5 

mM and 10 mM; Figure 2.13). These results indicate that treatment with NAC under 

these conditions arrests cells in the G1 phase of the cell cycle. Percentages of cells in the 

sub-G1 population that corresponds to apoptosis, are small and comparable for all 

treatments, which is consistent with the conclusion that the observed decrease in AsPC-1 

culture growth upon NAC treatment is not a consequence of cell death by apoptosis.  
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Figure 2.13: Cell cycle analysis by FACS based on DNA content. Presented are 

proportions of cells in G0/G1, S, G2/M phases of the cell cycle, as well as sub-G1 and 

supra-G2/M fractions in untreated cells (CT) and cells treated with various concentrations 

of NAC for 48 hours. Error bars: SEM. Statistical significance of differences between 

proportion of untreated and NAC-treated cells in individual phases of cell cycle was 

tested by Holm’s multiplicity adjusted t-test and depicted as * (p<0.05) and ** (p<0.01).  

 

 

 

Cellular senescence is a status of permanent growth arrest with a failure to enter the S 

phase in response to mitogenic stimuli. Cellular senescence can be triggered by telomere 

shortening (replicative senescence) or by cellular stress induced by ionizing radiation, 

DNA-damaging drugs, and by activation of oncogenes such as RAS and RAF (stress-

induced senescence) [69]. Since NAC inhibited the growth of AsPC-1 cell cultures 

without inducing apoptosis within the first 48 hours, we hypothesized that this growth 

inhibitory effect could have been a consequence of NAC-induced cellular senescence, 

NAC-induced cell quiescence or NAC-induced terminal differentiation of AsPC-1 cells. 
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The FACS experiment data showed significantly higher activity of senescence-associated 

β-galactosidase (two-tailed Student’s t-test p-value: 0.0258) in AsPC-1 cells treated with 

15 mM NAC for 48 hours (mean fluorescent intensity±SD: 433±22.63) relative to 

untreated cells (321±12.73) that is consistent with cellular senescence and permanent 

growth arrest in NAC-treated cells  as shown in Figure 2.14.  

 

 

 

 

Figure 2.14: Senescence determined through β-galactosidase activity. Dotted line: 

untreated cells; solid line: cells treated with 15 mM NAC for 48 hours. Fluorescence 

intensity representing the activity of β-galactosidase was collected in FITC-A channel. 
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2.4.7 Reduced in vitro invasion is accompanied with increased cell stiffness in  

pancreatic cancer AsPC-1 cell  

The in vitro invasion through basement membrane extract (BME) was tested for AsPC-1 

cells with and without NAC treatment, with the result indicating a statistically highly 

significant decrease of invasive capability in AsPC-1 cells treated with 15 mM NAC for 

24 hours. On average, treatment with NAC decreased the number of cells invading 

through BME by 97%, as shown in Figure 2.15.  

 

 

 

  

Figure 2.15: In vitro cell invasion assay. Untreated cells (CT) and cells treated with 15 

mM NAC (NAC) were left to migrate through the basement membrane extract barrier for 

24 hours and quantified by fluorescence after Calcein AM staining. Error bars: SEM 

(N=4); p=6.72×10
-5

. 

 

 

 

To mechanical compliance of single cells as characterized by Young’s modulus was also 

measured by AFM for AsPC-1 cells treated with 15 mM NAC and compared with 

untreated control cells. The results of 27 treated and 20 control cells, presented as mean ± 

SEM in Figure 2.16, demonstrate a significant increase in stiffness in NAC-treated 
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relative to untreated AsPC-1 cells. Since cell stiffness inversely correlates with 

invasiveness, the observed increase in stiffness of NAC-treated cells is consistent with 

the decreased in vitro invasive capability of these cells, and strongly implies that the 

observed decrease in invasiveness of NAC-treated cells is not an artifact resulting from 

inhibition of cell proliferation during the in vitro invasion assay. 

 

 

 

 

Figure 2.16: Stiffness of AsPC-1 cells increased upon treatment with NAC. Stiffness 

(Young’s modulus) of individual untreated cells (CT) and cells treated with 15 mM NAC 

for 72 hours (NAC) was determined by AFM 

 

 

 

AsPC-1 cells treated with NAC display decreased invasiveness and increased cellular 

stiffness compared to the untreated group, suggesting that the correlation not only exists 

for different cell lines of the ovarian cancer as we showed before, but also holds valid 

when metastatic potential of cancer is artificially modified via chemical methods, at least 
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in AsPC-1 cell line. The results is consistent with previous reported study on ovarian 

cancer cells [58], where blebbistatin promotes invasiveness and reduces stiffness 

simultaneously in ovarian cancer cell line IGROV.   

2.4.8 NAC induces changes in gene expression in AsPC-1 cells that are consistent with 

mesenchymal-to-epithelial transition (MET), repression of MYC and its target 

and inhibition of hedgehog (HH) signaling 

qPCR experiments were performed to determine early (8 hours) and late (24 hours) 

changes in gene expression of several known cancer related genes between cells treated 

with 15 mM NAC and untreated control cells. We found that CDH1 (E-cadherin), 

CDKN1A (p21), CDKN1C (p57), and CDKN2A (p16) (up-regulated in treated cells) and 

CDH2 (N-cadherin), MYC (c-Myc), SHH (sonic hedgehog), TERT (telomerase reverse 

transcriptase), and TGFBR2 (transforming growth factor, beta receptor II (down-

regulated in NAC-treated cells) were significantly differentially expressed between NAC-

treated and control cells at, at least, one time point (Figure 2.17). Up-regulation of the 

epithelial marker CDH1 in parallel with down-regulation of the mesenchymal markers 

CDH2 and TGFBR2 strongly suggest an induction of mesenchymal-to-epithelial 

transition of AsPC-1 cells [70, 71].  
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Figure 2.17: Gene expression determined by qPCR. Relative expression between NAC-

treated and untreated AsPC-1 cells. Cells were treated for 8 hours or 24 hours with 15 

mM NAC. Error bars: SEM. p-values for significance of differences between RE values 

and 1 were determined by randomization test and depicted as follows: *: 0.01≤p<0.05; 

**: p<0.01 

 

 

 

Since ectopic overexpression of c-Myc in an immortalized mammary epithelial cell line 

induced epithelial-to-mesenchymal transition (EMT) through inhibition of GSK3B 

followed by down-regulation of CDH1 and up-regulation of CDH2 [72], it is not 

surprising that we observed that treatment of AsPC-1 cells with NAC induced changes 

consistent with mesenchymal-to-epithelial transition (MET) in parallel with down-

regulation of MYC. Several lines of evidence suggest a crucial role of EMT in cancer 

progression and the loss of E-cadherin (CDH1) represents a hallmark of this process [73-

75]. Furthermore, CDH1 serves as a suppressor of tumor growth and tumor invasion in 

animal models of breast cancer [76]. Thus, our observation of up-regulation of CDH1 in 

NAC-treated AsPC-1 cells is consistent with the decreased invasive capability of these 

cells. The concomitant down-regulation of CDH2, a marker of EMT is further evidence 
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of a MET in NAC-treated AsPC-1 cells. Moreover, treatment of AsPC-1 cells with NAC 

results in down-regulation of TGFBR2 and SHH that was also observed in 

experimentally induced MET in a rat adenocarcinoma model [77].  

The previously reported finding that SHH, a secreted hedgehog ligand, is abnormally 

expressed in pancreatic adenocarcinomas suggests that the hedgehog (HH) pathway may 

play a critical role early in pancreatic cancer development and pancreatic cancer cell 

proliferation [78]. Interestingly, SHH secreted by pancreatic cancer cells has been 

associated with high HH pathway activity predominantly in pancreatic cancer stroma that 

in turn supplies the tumor with growth-promoting factors [79]. Since the HH signaling 

pathway has been previously implicated in pancreatic cancer stem cell renewal and 

chemoresistance [80], down-regulation of SHH may be an important component of the 

pancreatic cancer inhibitory effect of NAC. Similar to our results with NAC, inhibition of 

HH signaling in pancreatic cancer cells by cyclopamine has been previously reported to 

result in down-regulation of CDH1 and a remarkable reduction of in vitro invasive 

capability [81]. 

Another cancer stem cell relevant molecule is CD44 - a transmembrane glycoprotein that 

was previously reported to be a marker of cancer stem cells for various cancers [82], 

including pancreatic cancer [83-85]. Since its expression is associated with drug 

resistance and clonogenicity of cancer cells in vitro, as well as tumor grade and poor 

survival in clinical settings [86], and since the AsPC-1 cell line is CD44-positive [87], we 

were interested to test whether NAC down-regulates expression of CD44. However, the 

results of our FACS experiment show no difference in CD44-expression of NAC-treated 

and untreated AsPC-1 cells ( Figure S4 of [51]). 
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The significant role of epithelial to mesenchymal transition (EMT) in cancer metastasis 

has been well known [88-91]. The results shown here, together with other studies [92-

94], demonstrated that EMT accompanies with increase in migration/invasion, and MET 

with reduction in migration/invasion. Morphology, stiffness and invasiveness as 

phenotypic properties of cells, are all modulated by cellular structure, which is in turn 

dictated by the genetics and gene expression profiles. The correlation between stiffness 

and invasiveness, and the role of cell morphology in metastasis, make us to postulate that 

there also exists a relationship between stiffness and cell morphology, as both are 

modulated by cytoskeleton at the cellular level and genetics and epigenetics as the 

molecular mechanism.    

2.5 Summary and conclusion 

Our analysis of non-malignant IOSE and four ovarian cancer cell lines indicate that 

cancer cells exhibit a lower mean stiffness relative to non-malignant precursor cells. 

Interestingly, we also find that the increase in invasive and migratory capacity associated 

with HEY A8 cells relative to HEY cells is also correlated with a significant reduction in 

cell stiffness. Comparative gene expression analysis of HEY A8 and HEY cells indicates 

that the molecular basis of the reduction in stiffness between these cells is reflective of 

extensive molecular changes including changes in actin cytoskeleton remodeling 

pathways. Protein expression differences were found in the actin monomer binding 

proteins overexpressed in HEY A8 relative to HEY, tension generating proteins down-

regulated in HEY A8 relative to HEY, and pathway network remodeling of the 

RhoA/Rho kinase pathway and TGF, WNT and cytoskeletal remodeling pathway.  

Microscopic analyses of actin cytoskeleton in ovarian cancer and control cells are 
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consistent with this hypothesis. The correlation between stiffness and metastasis also 

exists in pancreatic cancer cell line AsPC-1 upon treatment with NAC, gene expression 

profile also revealed the structural change of single cells of AsPC-1 upon treatment with 

NAC. The results shown here support cell stiffness as a biomarker of metastatic potential 

in these two distinct cancer types and the stiffness-invasiveness correlation might be 

extendable to other types of cancer.  

Since our measurements are conducted with cancer cell lines, further studies will be 

needed to see if similar results are found in the case of patient-derived cells. Establishing 

the relative metastatic potential of cancer cells is an important factor in the design of 

optimal strategies in the personalized treatment of cancer [95]. Currently, extensive 

molecular profiling is required to estimate the metastatic potential of cancer cells [96]. 

Collectively, our results indicate that mechanical stiffness may be a useful biomarker in 

the development of accurate, non-invasive clinical methods to evaluate the relative 

metastatic potential of ovarian and perhaps other types of cancer cells. Stiffness may be 

particularly important as a biomarker with the development of rapid biomechanical 

assaying techniques [97, 98]. 
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CHAPTER 3 

STIFFNESS OF SINGLE CELLS THROUGH THE CELL CYCLE 

3.1 Abstract 

Based on our results in chapter 2, the stiffness of ovarian cancer cells is softer than for 

healthy phenotypes. We also found that healthy cell types with larger mean Young’s 

moduli also display larger variations in stiffness (Figure 2.3a and Table 2.1), whereas 

softer cells display a narrow variance of stiffness. Among many factors that might 

contribute to variations among these cell types, we hypothesized that the alterations in 

cell cycle progression, and the concomitant cytoskeletal rearrangements that occur, may 

account for these increased variations in stiffness. In this chapter, we study how the 

stiffness of ovarian cancer cells can change during natural progression in the cell cycle. 

In this chapter, we labeled the cell cycle progression of ovarian health and cancer cells 

(IOSE and HEY A8) while simultaneously measuring their mechanical properties. The 

cell cycle phase was labeled using the fluorescent FUCCI label system. The results show 

that only IOSE cells at G1 phase are significant stiffer than IOSE cells at other phases 

and HEY A8 at S, G2/early mitosis, and late mitosis phases. We conclude that the 

mechanical abnormalities of invasive ovarian cancer cells are primarily manifested 

through a decreased stiffness of the G1 phase. 

3.2 Introduction 

The eukaryotic cell cycle consists of a temporal sequence of biological events through 

which cells grow, divide and reproduce. Cytoskeleton and associated proteins are actively 

involved in this process through a variety of mechanisms and pathways such as the Rho 

GTPase family [1, 2]. The role of cytoskeleton in key steps of the cell cycle, including 
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such processes as signal transduction, chromosomal separation, and formation of 

cleavage furrow during cytokinesis, has been well recognized, as the cytoskeletal 

structure and morphological changes through the cell cycle are optically observable [3, 4]. 

The cytoskeleton also affects the progression of cell cycle [5-7], force transmission in 

response to environment through atcin cytoskeleton is known to alter gene expression 

profiles [8-10]. Since the cytoskeleton acts as a scaffold for molecular interaction and 

also provides mechanical support for cellular processes, understanding the mechanics of 

single cells during the cell cycle will contribute to the resolving the role of cytoskeleton 

in cell cycle. The particular significance of the cell cycle to cancer is also important to 

highlight—cell cycle regulation processes awry and the consequent unregulated growth is 

an import factor contributing to tumorigenesis.  

In the eukaryotic cell cycle, the “clock + checkpoint” central control machinery relies on 

cyclin-CDK complex and its associated proteins [11-15], ensuring the cell growth cycle 

progresses precisely and accurately. Tumorigenic processes includes mutations in proto-

oncogenes or tumor suppressor genes and epigenetic alterations [16-20] which cause a 

loss of cell cycle regulation [12, 21]. Abnormality in expression and function of Rho 

GTPases and related pathways is a major factor contributing to tumorigenesis [20, 22], 

metastasis [23, 24], which all result in cytoskeleton remodeling, observed through 

fluorescence imaging of unorganized cytoskeleton structure in cancer cells compared to 

noncancerous cells [25, 26], understanding the mechanics of cancer cell cycle will 

provide insightful information of cytoskeleton in the progression of cell cycle.  

Previous research on cell cycle has focused on the roles of relevant gene expression 

profiles and pathways in cell cycle regulation and their therapeutic potentials [20, 24, 27, 
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28]. Cell cycle-dependent biophysical properties have been investigated for some cell 

types [29-31], particularly the effect of myosin light chain kinase [32] activity, nuclear 

morphology [33] and cytoplasmic components [3, 6, 34, 35] on the biomechanical 

evolution through cell cycle. We have measured stiffness distributions of different 

ovarian cells as described in chapter 2, however, the effect of cell cycle on stiffness still 

remain elusive. The understanding of how stiffness of healthy and cancer cells varies 

with cell cycle will improve our ability to use stiffness as a biomarker in ovarian cancer, 

based on our results in Chapter 2.  

Similar cell stiffness measurements have been conducted on bone cells and HL-60 cells 

[29, 30] showing dependence of single cell stiffness on cell cycle. Different methods 

were used to determine the cell cycle phases,  such as centrifugal elutriation [30, 36, 37], 

serum starvation [29, 38-42], chemical method [40, 43], cell confluence [40, 44] or DNA 

content sorting [45]. While these methods provide straightforward methods to separate 

cells by cell cycle phases, there are serious limitations of these techniques for our studies. 

Release of cells from serum starvation in cell synchronization [46] does not produce cells 

reflecting cells during the normal division cycle; serum starvation was also reported to 

cause DNA damage and changes to the morphology of the cells [47-49], which likely 

affects cell stiffness. In addition, serum starvation cannot be used to differentiate G2 and 

mitosis phases from other two. Cell elutriation [30] is not a good choice in our study 

either, cells in suspension states are different from cells in adherent states, and the time 

period required for cells to settle down from the suspension to the glass substrate might 

be enough for cells to move to another phases. Several methods have been used to 

determine the  cell cycle phases and then measure cell stiffness, another issue yet to be 
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addressed in cell mechanics measurements with atomic force microscopy (AFM) relates 

to the time from the cells sorted to the actual measurement, during this time period, cells 

might have moved to a different phase. Measuring stiffness of live cells at each phase 

through the cell cycle is needed and requires a method different from those we described 

above.  

In this chapter, we aim to understand the modifications to biomechanics during ovarian 

cancer cell proliferation and natural growth by performing simultaneous measurement of 

the cell cycle and stiffness measurements. We presented the measurement of single live 

cell stiffness distribution for each of the cell cycle phases, by combining fluorescent 

imaging of cell cycle labels and AFM mechanical measurement. We were able to 

visualize cell cycle in live using a new cell cycle labeling technique, and importantly, we 

determined that the staining doesn’t significantly impact the mechanical properties of the 

cells. We therefore could measure the single cell stiffness and identify cell cycle phases 

simultaneously. We tested the stiffness distribution of IOSE and HEY A8 cells at 

different phases through the cell cycle. The results shown here not only provide 

meaningful data of mechanical stiffness correlated with cell cycle, but also shed light on 

the interaction of mechanics and biology of the cell cycle.  

3.3 Materials and methods 

3.3.1 Sample preparation and labeling of cell cycle 

IOSE and HEY A8 cells were cultured in Fluorodish (World Precision Instruments, 

Sarasota, FL) as described in chapter 2. Prior to the day of cell cycle labeling, cells were 

plated in a Fluorodish with a glass bottom at an initial density of 10,000-20,000 cells/cm
2
, 
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and then incubated at 37 ˚C overnight. By the time of cell cycle labeling, cells were 

already settle down and adhere to the glass bottom of the Fluorodish. 

To measure stiffness of single cells at different cell cycle phases, we have to identify cell 

cycle phases of single cells under AFM measurements in a quick and easy way. To this 

end, cell cycle labeling was implemented using fluorescence ubiquitination cell cycle 

indicator (FUCCI, from Life Technologies, Carlsbad, CA) so that cells are readily 

identifiable by a particular band of fluorescence under the FITC/TRITC emission filters. 

In brief, as cells progress through the cell cycle, ubiquitin-mediated proteolysis is 

involved in the cell cycle regulation by targeting and degrading proteins associated with 

the cell cycle [50]. APC and SCF are two examples of E3 ubiquitin ligase proteins [51, 

52], and therefore make their substrates Geminin and Cdt1 oscillate biphasically through 

the cell cycle [51]. Figure 3.1 shows the protein levels of Geminin and Cdt1 through the 

cell cycle [53]. The basic idea of FUCCI cell cycle labeling is fusing fluorescent proteins 

into the cell cycle regulators Cdt1 and geminin, by monitoring the red/green fluorescence 

intensity of the labeled cell, the cell cycle phase of the single cell under measurement is 

easy to determine.  
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Figure 3.1: Cdt1 and Geminin levels through the cell cycle, adapted from reference [53] 

 

 

 

When the plated cells reached around 50% confluency, they were labeled with FUCCI kit 

following the protocol from the manufacturer. A Premo FUCCI transduction solution was 

made by mixing 20 µL of Premo-geminin-GFP and 20 µL of Premo Cdt1-RFP with 2 mL 

of D-PBS without calcium or magnesium. The cell culture media was removed and 

substituted with FUCCI transduction solution and incubated at room temperature for 2 

hours with gentle stirring. When cells were incubated at room temperature, 1X BacMam 

enhancer working solution was made by diluting the original 1000X BacMam/DMSO 

stock solution into cell culture media. After 1-2 hours, FUCCI transduction solution was 

substituted with 1X BacMam enhancer working solution and the cells were incubated in 

at 37 ˚C for 60-90 minutes. Finally, the BacMam solution was replaced by normal growth 

media and the cells were incubated at 37 ˚C for over 16 hours prior to the stiffness 

measurements. The labeling process was conducted in a dark room. 

3.3.2 Cell stiffness measurement and identification of cell cycle phases 

The stiffness measurements of single cells at specific cell cycle phases were made 

possible by the combination of AFM and an inverted Nikon-Ti microscope, which is 
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capable of providing bright field and fluorescence functions. The AFM cantilever (Model 

number: MCST-AUHW, from Bruker) used to indent single cells has a nominal spring 

constant of 0.03 N/m. A plain silica microsphere of diameter 4.74 µm was attached to the 

cantilever tip to simplify the contact geometry and minimize lateral strain during 

indentation. Prior to cell stiffness measurements, the cantilever was calibrated on the 

glass bottom of the Fluorodish using the thermal vibration method [54] and the spring 

constant was determined by fitting the resultant thermal spectrum with Lorentzian 

function. Measurements were conducted in cell culture media with cells immobilized on 

glass bottom of the Fluorodish, the experiments were implemented at room temperature 

in absence of room light. Single cells were measured to eliminate possible effect of cell 

contacting on stiffness.   

Following the same experiment set up as we used in chapter 2, the measurements took 

place in cell culture media environment and cells adhered to glass bottom of the 

Fluorodish. First, the cell cycle phase was determined by fluorescence as cells show 

different sets of color under FITC/TRITC filter; then fluorescence was turned off and cell 

stiffness measured by AFM under bright field as described in chapter 2. Force-

indentation curves were collected when cells are indented by AFM probe and analyzed 

using Hertz contact model [55, 56] to determine Young’s modulus. The measurement 

using AFM and fluorescence microscopy is sketched in Figure 3.2. 
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Figure 3.2: Combination of AFM and fluorescence microscopy to determine cell 

stiffness through cell cycle, a) use fluorescence to identify cell cycle, and b) use AFM to 

measure stiffness of the identified single cell  

 

 

 

3.3.3 Statistical analysis 

Overall statistical significance of differences in mean stiffness among cell distributions 

was tested using the Kruskal-Wallis test. Significance of differences between all pairs of 

distributions was tested using Dunn’s post test. All tests were run in Igor Pro 

(Wavemetrics, OR) 

3.4 Results and discussion 

3.4.1 Cells distributed unevenly among cell cycle phases 

FUCCI cell cycle labeling successfully stained single cells from IOSE and HEY A8 cell 

types. Cells at G1 phase are only visible under TRITC excitation/emission filter, whereas 

cells at G2/early mitosis phase are only visible under FITC excitation/emission filter, 

cells at S phases are visible under both FITC and TRITC filters, while cells at late mitosis 

is identified by their morphology under bright filed microscopy. Representative 

fluorescence images of IOSE and HEY A8 cells labeled with FUCCI labeling kit are 

shown in Figure 3.3.  



86 

 

 

Figure 3.3: Representative fluorescence and bright field images of IOSE (column a) and 

HEY A8 (column b) cells labeled with FUCCI, from top to bottom: FITC, TRITC, bright 

field, overlay 
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Cells are not evenly distributed at four phases through the cell cycle, for both cell types, 

as there was a larger number of cells stained red than green, meaning larger fraction of 

cells were at G1 phase than G2 phase. The percentage of cells at G1 phase was 50% for 

IOSE and the percentage for HEY A8 cells was approximately the same. 

3.4.2 Single cell stiffness is modulated during the cell cycle 

Figure 3.4 shows representative force curves of IOSE cells at G1 phases versus G2/early 

M phase, the cells showed different fluorescence patterns under FITC/TRITC 

excitation/emission sets. Though the force curves in each graph both show some degree 

of variation in slope, which is the coarse indicator of stiffness, IOSE cells at G1 phase are 

generally stiffer than cells at G2/early M phase. 

 

 

 

 

Figure 3.4: Representative force curves of IOSE cells at G1 versus G2/Early M phases 
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Figure 3.5 shows the distribution of stiffness as cells progress through the cell cycle, the 

inset shows our previous data of stiffness distribution of IOSE and HEY A8 in chapter 2 

for comparison. 

 

 

  

 

Figure 3.5: Box-and-whisker plots of single cells stiffness distribution of IOSE and HEY 

A8 through the cell cycle, the inset plot shows the previous data from chapter 2, the 

percentiles are 10%, 25%, 50%, 75% and 90%. Overall difference among distributions is 

significant (p-value<1×10
−9

, Kruskal-Wallis test). Early M=early mitosis, Late M=late 

mitosis 

 

 

 

For IOSE, cells at G1 phases are in generally stiffer than cells at other three phases; in 

contrast, cell stiffness from HEY A8 doesn’t show strong dependence on cell cycle. 

Stiffness distribution of IOSE and HEY A8 through cell cycle is consistent with the old 

data in chapter 2, as shown in the inset of Figure 3.5, which confirms that cell cycle 

labeling with FUCCI doesn’t affect single cell stiffness of these two cell types. To better 

quantify the difference, the stiffness distributions were summarized in Table 3.1, Dunn’s 
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test was performed with the pairwise differences between individual groups shown in 

Table 3.2.  

 

 

 

Table 3.1: Stiffness distribution of IOSE and HEY A8 through cell cycle  

 IOSE HEY A8 

 Mean Young’s 

Modulus/Pa 

Standard 

Deviation/Pa 

Mean Young’s 

Modulus/Pa 

Standard 

Deviation/Pa 

G1 2463 2127 514 301 

S 699 648 461 385 

G2/Early M 669 521 334 129 

Late M 1471 2024 643 220 

 

 

 

Table 3.2: Multiple comparison test of stiffness distribution of IOSE and HEY A8 (LM: 

late mitosis: EM: early mitosis) 

Dunn’s multiple comparison test Difference in rank 

sum 

Significant? 

(p<0.05) Group A Group B 

IOSE G1 HEY A8 G2/EM 108.777 Yes 

IOSE G1 HEY A8 S 94.3515 Yes 

IOSE G1  HEY A8 G1 82.0515 Yes 

IOSE G1 IOSE G2/EM 70.4293 Yes 

IOSE G1 IOSE S 68.0126 Yes 

IOSE G1 HEY A8 LM 57.5515 No 

IOSE G1 IOSE LM 42.8438 Yes 

IOSE LM HEY A8 G2/EM 65.9327 No 

IOSE LM HEY A8 S 51.5077 No 

IOSE LM HEY A8 G1 39.2077 No 

IOSE LM IOSE G2/EM 27.5855 No 

IOSE LM IOSE S 25.1688 No 

IOSE LM HEY A8 LM 14.7077 No 

HEY A8 LM  HEY A8 G2/EM 51.225 No 

HEY A8 LM  HEY A8 S 36.8 No 

HEY A8 LM HEY A8 G1 24.5 No 

HEY A8 LM IOSE G2/EM 12.8778 No 

HEY A8 LM IOSE S 10.4611 No 

IOSE S HEY A8 G2/EM 40.7639 No 

IOSE S HEY A8 S 26.3389 No 

IOSE S HEY A8 G1 14.0389 No 

IOSE S IOSE G2/EM 2.41667 No 

IOSE G2/EM HEY A8 G2/EM 38.3472 No 
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Table 3.2(Continued) 

IOSE G2/EM HEY A8 S 23.9222 No 

IOSE G2/EM HEY A8 G1 11.6222 No 

HEY A8 G1 HEY A8 G2/EM 26.725 No 

HEY A8 G1 HEY A8 S 12.3 No 

HEY A8 S HEY A8 G2/EM 14.425 No 

 

 

 

From the results of stiffness distribution and pairwise comparison shown above, IOSE 

cells at G1 phase are statistically stiffer than any other group except HEY A8 cells at late 

mitosis, other groups are not statistically different from each other in stiffness 

distribution.  

The dependence of cell stiffness on cell cycle phases is consistent with the structure 

characteristics of the F-actin network observed from the distinct actin cytoskeleton 

structures of IOSE and HEY A8 cells shown in chapter 2. The fraction of cells at G1 

phase is larger than that of any other phases for HEY A8 and IOSE cells. The actin 

network of HEY A8 cells is irregular and unstructured for almost every cell investigated 

in the actin staining experiment in chapter 2, implying the actin cytoskeleton displays an 

irregular structure throughout the cell cycle.  In contrast, the majority of IOSE cells 

display actin networks well organized but more variant in density and organization, 

therefore we further speculate that IOSE cells at G1 phase have more regularities in their 

actin density and structural organization than cells at other phases. This speculation is 

consistent with previous studies [3] showing that cells during the interphase have more 

organized F-actin structures than those at mitosis. 

 In both IOSE and HEY A8 cell types, the stiffest cells are in G1 phase, followed by late 

mitosis, which is higher than other two groups in mean stiffness. While this is indicated 
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in Figure 3.5 and Table 3.1, late mitosis phase could be difficult to detect and therefore 

may be misidentified in practice. The cell cycle labeling technique we used in these 

studies does not positively identify cells in the late mitosis phases but only through a lack 

of fluorescence under excitation, so it is possible that these cells were not in late mitosis 

but rather unsuccessfully stained. In addition, when fluorescence signal is too weak to be 

detectable, it’s possible that cells at G1 phases are misidentified as at late mitosis.    

If we consider the stiffness of cells at each cell cycle phase and the corresponding 

fractions of cells at this specific phase, the distributions of single cell stiffness through 

the cell cycle as tested in this study show consistent stiffness to previously measured 

results for ovarian cancer cell mechanics [25]. Therefore, the stiffness distribution of cells 

through the cell cycle, together with the results we obtained in chapter 2, not only provide 

insightful mechanical and biological information about ovarian cancer cells, but also 

contribute to the designing of biomechanical assays for ovarian cancer diagnosis.  

3.5 Summary and conclusion 

In this study, we measured single cell stiffness as a function of positions through the cell 

cycle. The stiffness distributions we obtained here are consistent with our previous data 

on ovarian cell mechanics from chapter 2, therefore cell labeling with the FUCCI stain 

does not significantly affect the mechanical properties of the cells in our experiments. 

Comparing the results for IOSE and HEY A8 cell types showed that only IOSE cells at 

G1 phases are significantly stiffer than the corresponding phases of HEY A8. IOSE cells 

at other phases and didn’t display significant difference in mean Young’s modulus 

compared to HEY A8.  
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The results shown here provided detailed information of cell cycle dependence of 

mechanical stiffness in IOSE and HEY A8 cell types, it will not only deepen the 

understanding of normal and cancerous cell cycle from the mechanical perspective, but 

also help to illustrate the interplay of mechanics and cellular biology in cancer 

development. 
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CHAPTER 4 

POINTWISE HERTZIAN METHOD ACCURATELY MEASURES 

NONLINEARITY IN POLYMERS 

4.1 Abstract 

The cell is a highly complex material and cell stiffness is unlikely be able to quantified by 

a single value of Young’s modulus during deformations. Mechanical nonlinearity is 

pronounced as cells undergo large deformations and strains, such as those that may occur 

during metastasis as invasive cancer cells travel through small confines to enter new 

tissue spaces. Having established the correlation between cell stiffness and metastatic 

potential of cancer cells in chapter 2, we further investigate the nonlinear nature of the 

mechanical properties of cancer cells. To better understand the nonlinear mechanical 

properties of materials in stiffness measurements with atomic force microscopy (AFM), a 

methodology using a pointwise contact mechanics method is developed and tested on a 

simple hyperelastic polydimethylsiloxane (PDMS) sample shaped into well-defined 

geometries.  

We use this methodology to determine the mechanical properties of ultrathin PDMS films 

undergoing large strains. The PDMS was molded into extremely thin films of variable 

thickness and adhered to a hard substrate. We found that for films below 1 µm in 

thickness, the Young’s modulus increased with decreasing sample thickness with a power 

law exponent of 1.35. Furthermore, as the soft PDMS film was indented, significant 

strain-hardening was observed as the indentation depth approached 45% of the sample 

thickness for all thicknesses measured. To properly quantify the nonlinear mechanical 

measurements, we utilized a pointwise Hertzian method which assumes only piecewise 
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linearity on the part of the probed material. This analysis revealed three regions within 

the polymer material. A linear region with a constant Young’s modulus was seen for 

compression up to 45% strain. At strains higher than 45%, a marked increase Young’s 

modulus was measured. The onset of strain induced stiffening is well modeled by finite 

element modeling and occurs as stress contours expanding from the probe and the 

substrate overlap. A third region of mechanical variation occurred at small indentations 

of less than 10 nm. The pointwise Young’s modulus at small indentations was several 

orders of magnitude higher than that in the linear elasticity region; we studied and 

eliminated causes responsible for this phenomenon. In total, these effects can cause thin 

elastomer films to become extremely stiff such that the measured Young’s modulus is 

over a hundredfold higher than the bulk PDMS. Therefore, the mechanics of polymeric 

materials can be changed by simply adjusting the geometry of a material, in addition to 

changing the material itself. In addition to understanding the mechanics of thin polymer 

films, this work provides an excellent test of experimental techniques to measure the 

mechanics of other nonlinear and heterogeneous materials such as biological cells, or to 

understand how modulus will change as different parts of the cell is indented. 

4.2 Introduction 

The mechanical properties of biological materials are complicated by a variety of effects, 

such as stress-strain nonlinearity and scale/geometry dependent behavior. Such effects 

may dominate the mechanical behavior of soft matter. For example, it is well known that 

thin layers of polymeric materials may be stiff and that the stiffness will increase with 

indentation (i.e. nonlinear). Even the size-normalized stiffness, or modulus, also can 

exhibit scale-dependent behavior. Single cells, as a complex biological material, are 
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usually immobilized on hard substrates during stiffness measurement with atomic force 

microscope, with the resultant force curves fitted with the Hertz model to calculate 

Young’s modulus. This methodology could generate erroneous results, since the Hertz 

model assumes small deformation and homogeneity in material, but both assumptions are 

usually violated during stiffness measurement with AFM. As shown in Figure 4.1, large 

deformation during indentation and intrinsic heterogeneity of single cells both impair the 

applicability of the Hertz model in the determination of Young’s modulus but are usually 

overlooked.  
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Figure 4.1: Large deformation and heterogeneity of single cells ignored in stiffness 

measurements with AFM, a) traditional method of fitting force curve with Hertz model 

gives a single value regardless of indentation depth, the inset sketches AFM indentation 

on single cells, and b) single cells usually undergo large deformations comparable to their 

sizes during stiffness measurements 

 

 

 

As shown in Figure 4.1, single cells are heterogeneous and large deformation introduces 

nonlinearity in force response, fitting the force curve with the Hertz model regardless of 

indentation depth generates one single value of Young’s modulus and could lead to 

wrong estimation of mechanical properties of the cell.  

Accounting for nonlinear mechanics of single cells is especially important when 

considering the deformation of invasive cancer cells during metastasis as illustrated in 

Figure 4.2. During metastasis, cells deform largely to be able to travel through limited 
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space in the extracullar matrix (ECM) and the small pores on the blood vessel. The large 

deformation makes the mechanical behavior of the cells highly nonlinear.  

 

 

 

   

Figure 4.2: Cancer cells undergo large deformation during metastasis; cells undergo 

large deformation when entering and leaving the blood vessel 

 

 

 

To properly quantify the nonlinear mechanical measurements with AFM, we used a 

pointwise Hertzian model, initially developed by Costa et al. [1], which assumes only 

piecewise linearity on the part of the measured material. Prior to the application of this 

methodology to cell mechanics measurements, a validation of this methodology is 

implemented on a simple polymer film.  

A wedge-shaped ultrathin film was fabricated from PDMS to validate the pointwise 

Hertzian approach to determining nonlinear mechanics. PDMS is a hyperelastic material 

and therefore can undergo large deformation without showing any plasticity, making it 

good for simulating single cell mechanics under large deformation. PDMS and other soft 

elastomeric polymers are also frequently constructed with micrometer dimensions for use 
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in many science and engineering applications [2-5]. As small deformations of PDMS 

within microdevices can impact their function [6, 7], understanding how strain and 

geometry affects the mechanical properties of PDMS is of considerable relevance[8, 9]. 

However, few studies have investigated PDMS mechanics at the micro/nanoscale, where 

even small displacements can lead to deformations that are comparable to sizes of the 

samples, and significant modulations of the mechanics of the polymer are required.  

Indentation of thin films and biomaterials with the atomic force microscope (AFM) is a 

widely used method to characterize mechanical properties [1, 10-12]. To properly 

quantify the mechanical properties from the force indentation curves, researchers apply 

various models, which include the Hertz model, JKR model and DMT model [13], to 

obtain a Young’s modulus [1, 13, 14]. However, indentation of materials defined by 

nanoscale dimensions differs from traditional indentation in that small deformations of 

geometrically confined materials can lead to deviations from the properties of bulk 

materials [15-19].  

The objective of this research is to test the pointwise Hertzian model on ultrathin PDMS 

films upon hard substrates, to determine the effect of the geometry (thickness of the film) 

as well as the applied strain on their mechanical properties. The results and methodology 

developed here will lead to the further investigation of nonlinear mechanics of single 

cells. In previous studies of thin PDMS films, the polymer films used were at least ten 

microns in thickness [18, 19], which prohibited the emergence of strong nonlinear 

mechanical behavior due to very high strains (>45%). High strain or large deformation 

allows to simulate nonlinear mechanics of single cells and to observe novel physical 

effects, which serves to improve our understanding of cell mechanics in stiffness 
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measurements and metastasis. In this study, we probe PDMS films which have 

thicknesses ranging from 43 nm to 1 µm. These ultrathin elastomer films allow us to 

generate significant strains of over 50%. The large compressive strains reveal highly 

nonlinear mechanical behavior. Consequently, we have employed a pointwise model, 

developed first by Costa [1]Error! Reference source not found., to analyze the indentation-

dependent stiffness of ultrathin PDMS without any assumptions of linearity of the 

polymer and therefore can be used to quantitatively describe the strain dependent 

stiffness. We also improved the model by including the effect of adhesion, since adhesion 

could a big effect in biology. The experimentally determined indentation dependent 

Young’s modulus plots obtained agreed with the finite element modeling (FEM) 

simulations of PDMS thin films upon an underlying glass substrate.  

We explored the response of ultrathin PDMS films in three regions: contact, small 

deformation, and large deformation ranges. We find that at small deformations, 

(strain<45%), the modulus increased to the 1.35 power as the sample thickness 

decreased. The modulus value gradually approached the value for the bulk sample for 

film thickness greater than 900 nanometers. In the large deformation range, the Young’s 

modulus abruptly increases with indentation, indicating significant strain hardening. In 

addition to the stiffening due to geometry and strain, previous studies have shown that the 

point of contact results in extremely high values of Young’s modulus [20-22]. This 

phenomenon of contact stiffening occurs over very small indentations of a few 

nanometers. Based upon our pointwise analysis of thin polymer films, we show that the 

contact stiffening phenomenon is not due to probe-sample adhesion. 
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4.3 Materials and methods 

4.3.1 Sample preparation 

The thin PDMS film used in this research was fabricated using Sylgard 184 Silicone 

Elastomer Kit from Dow Corning. The mixture of two components was placed in a 

vacuum chamber to remove the gas in the mixture, and then poured between two angled 

glass slides to form a PDMS film of decreasing thickness at the end. The curing process 

took place in an oven at 60 ˚C for 30 minutes. The top slide was carefully separated to 

reveal a thin PDMS film with slightly varying thickness bonded to a glass substrate, as 

shown in Figure 4.3a. The thickness of the film at the locations of the indentation was 

determined by AFM topography measurement. The thickness for the experiment was 

measured to be 43 nm to 90 nm, and shown schematically as locations A to D in Figure 

4.3 a. In addition thicker PDMS samples were investigated (1000 nm and greater), though 

the thickness was measured with optical microscopy. The nanoindentation experiment 

conducted on samples of different thicknesses investigated the dependence of sample 

thickness on the force response. 

 

 

 



106 

 

 

Figure 4.3: Experimental configuration  and sample  topography, a) Experimental 

configuration of the mechanical measurement. b) A beaded cantilever tip that is similar to 

that used in this study; and c) Topological profile of the PDMS sample acquired by AFM 

 

 

 

4.3.2 Atomic Force Microscope imaging and stiffness measurements 

The AFM (Asylum MFP-3D) was used for both imaging of the polymer films and for 

polymer mechanics measurements. Cantilevers from Olympus (Model #:AC160TS) were 

used as indenters. To simplify the contact geometry between the indenter and the PDMS 

sample, the cantilever was modified by attaching a silica microsphere on the tip, as 

shown in Figure 4.3b. The nominal value of the microsphere diameter is 4.74 µm. The 

modified cantilever indenter was calibrated on the glass substrate, and the spring constant 

was determined as 61.0 N/m using thermal vibration method [23], in which a Lorentzian 

function was used to fit the thermal noise spectrum. In all experiments, the deflection of 
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the cantilever did not exceed the linearity of the photo sensitive detector, even for forces 

up to 16 µN. AFM was combined with an inverted optical bright field microscope (Nikon 

Ti-U) to align the cantilever to the PDMS sample. Samples of different thicknesses used 

in this study include 43 nm, 52 nm, 70 nm, 90 nm, and 1000 nm. Bulk PDMS samples 

(thickness values much greater than a micron) were also studied for comparison. 

4.3.3 Modified Hertz model & JKR model  

The Hertz model is widely used in contact mechanics research [14, 24]. Hertz derived 

this model to describe the normal contact between two deformable spheres and the model 

has been adapted for other contact geometries as well [24, 25]. The details of Hertz 

model has been described in chapter 1 with mathematical expressions in Equations 1.1 

and 1.2. 

The topography of the PDMS surface at the indentation location, and thus the cross 

sectional profiles, were obtained by AFM scanning; by analyzing the specific cross 

sectional profile, we were able to determine the radius of curvature in the corresponding 

orientation. The smallest radius of curvature of the PDMS surface at the indentation 

locations is 24 µm, therefore our assumption that the indented surface is flat compared to 

the radius of the indenter is valid, and thus we simplify R to R1, the radius of the 

microsphere used in this study.  

The Hertz model assumes linear elasticity, which is typically valid when the indentation 

is small compared to the sample thickness (small strain). However, PDMS is a 

hyperelastic material and can elastically undergo large nonlinear deformations. In this 

case, the assumption of small indentation is not valid and the Hertz model will not 

accurately predict the mechanical response of the material. To obtain the pointwise 



108 

 

Young’s modulus, we follow the methodology developed by Costa et al. [26]. Briefly, 

each data point (δi, Pi) in the indentation-force curve obtained from experiments was 

substituted into Eq. 2 to calculate the corresponding Ei
*
. The point wise Young’s modulus 

E* versus indentation δ can then be plotted. 

In order to examine the contact response of ultrathin PDMS, we employed the JKR 

(Johnson-Kendall-Roberts) model to determine the effect of adhesion force on contact 

conformations. The mathematical expressions for the JKR model are shown in Equations 

4.1 and 4.2, where σ is the surface energy between indenter and sample and the other 

parameters are the same as described previously. 
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      Eqn. 4.2 

When the indentation is small, the adhesion force plays an important role in deforming 

the contact conformation [14] and hamper interpretation of the data. However, as the 

indentation increases, the significance of the adhesion force decreases and the JKR model 

will typically approach the Hertz model in describing contact behavior between the 

indenter and sample.  

4.3.4 Finite Element simulation 

We also used the finite element analysis (FEA) simulation software Abaqus from 

SIMULIA to simulate PDMS contact mechanics for comparison with the experimental 

measurements. We follow the work of previous researchers [1]. The PDMS film was 
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modeled as a planar, axisymmetric mesh. The silica bead was modeled as a rigid body, 

with a diameter of 4.74 µm, which contacts the PDMS mesh during the course of 

simulation. The bottom of the PDMS mesh was fixed in position to simulate adherence to 

the substrate. To capture the hyperelasticity of PDMS during the large deformation of our 

experiments, we used the Mooney-Rivlin model [27]Error! Reference source not found. 

which is appropriate for rubber-like materials undergoing large deformations [17]Error! 

Reference source not found.. For incompressible hyperelastic materials, the model derives 

the stress-strain relationship from the expression W=C1(I1-3)+C2(I2-3), where W is the 

strain energy function, I1= trace(G), and I2=(trace(G)-trace(G
2
))/2, where G is the right 

Cauchy-Green deformation tensor defined as G=FF
T
, with F as the deformation gradient 

tensor. C1 and C2 are material constants, which were obtained by fitting the experimental 

force versus indentation curve of the 90-nm-thick film and then input into Abaqus to 

model the other thicknesses. The indentation depths used in the simulation were identical 

to the experimental values.  

4.4 Results and discussion 

4.4.1 Mechanical behaviors deviate from Hertz model 

The results for nanoindentation of ultrathin PDMS films are shown and compared in 

Figure 4.4. Individual force versus indentation curves for 43 nm, 52 nm, 70 nm, and 90 

nm thick PDMS samples are plotted on the same scale. From these data, it is clear that 

the slope at a given indentation increases with decreasing film thickness. 
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Figure 4.4: Force versus indentation curves for 45 nm, 52 nm, 70 nm and 90 nm thick 

PDMS samples. The inset sketches the indentation on PDMS 

 

 

 

Figure 4.5 compares the experimental data to a Hertzian contact model of force 

indentation by an indenter, as well as a FEA simulation of a thin elastomer in 

compression. The experimental force curves and the FEA simulations closely match over 

the whole indentation range for all polymer thicknesses. The FEA results do show slight 

deviations in regions, which may be due other factors not taken into account in the 

model, such as friction between the sample and the indenter due to probe adhesion [28]. 

Also from Figure 4.5, we see that the Hertz model does not accurately describe the 

relationship between force and indentation for PDMS compression over large strain 

values. It is apparent that the Hertz model is initially relatively accurate, but deviates 

from the experimental data at indentation greater than 45% of the film thickness. This 

result is not surprising in light of the fact that even small indentations of thin polymer 

films on a hard substrate will cause large strains and an apparent hardening, and has been 

described in several previous articles [15, 16, 29].  
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Figure 4.5: Experimental force curves and FEA simulation results for PDMS films for 

43nm, 52nm, 70nm and 90nm samples. Legends: FEA: force-indentation curve obtained 

from FEA simulation, Experiment: experimental force curves from AFM, Hertz model: 

force curve predicted by Hertz model at the indentation values 
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4.4.2 Pointwise Young’s modulus versus thickness 

The stiffness of nonlinear materials can be empirically determined by fitting the Hertz 

model to sections of the force versus indentation curve to calculate a pointwise Young’s 

modulus [1]. The pointwise Young’s modulus plotted as a function of indentation (Figure 

4.6) determines the amount of deformation at which point nonlinearity in the stiffness 

emerges. We highlight three regions of interest in the modulus-indentation relationship of 

PDMS samples with different thicknesses, identified by three partitions separated by 

indentation values δ1 and δ2. Region 1 is characterized by a constant Young’s modulus 

independent of indentation; in region 2, the Young’s modulus increases with indentation, 

indicating an increasing stiffness; and in region 3 (i.e. immediately post contact), the 

Young’s modulus initially shows a very high value upon contact and then drops 

drastically to a constant level. For an indentation depth within region 1, the point wise 

elastic modulus was found to be nearly constant with indentation for each sample, 

therefore, the mechanical behavior is linear and Hertz model is applicable to this 

indentation range. As the indentation increases to region 2, the effect of underlying hard 

substrate becomes appreciable and gradually dominates the measured mechanical 

stiffness. This fact is consistent with the results shown in Figure 4.5.  
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Figure 4.6: Pointwise Young’s modulus versus a) indentation, the inset shows the effect 

of the substrate on the mechanical measurements; and b) normalized indentation for 45 

nm, 52 nm, 70 nm and 90 nm thick PDMS samples.  

 

 

 

We define δ2 as a transition point from linearity to nonlinearity based upon a change of 

slope of the modulus-indentation plot. We find the value of δ2 to be dependent on sample 

thickness. As shown in Figure 4.7, the transition points are plotted versus thicknesses. 

The slope of the line obtained from linear regression fitting is 0.4533 (R
2
 value is 
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0.9999), meaning that the linear elasticity region occurs until the indentation approaches 

45% of the thickness.  

 

 

 

 

Figure 4.7: A plot showing the indentation of transition from Region 1 to Region 2 (δ2) 

versus PDMS thickness. 

 

 

 

To explain the onset of an increased modulus in region 2 at a consistent strain, we 

carefully scrutinize the stress evolution in the FEA simulation. Figure 4.8 shows the 

stress evolution for 90 nm-PDMS thin film. As the indenter compresses the PDMS film, 

increased stress contours develop at both the indenter-sample interface and also at the 

PDMS-substrate interface. For moderate indentations (δ<δ2), these two zones of 

increased stress were not in physical contact, leading to a constant pointwise Young’s 

modulus as the region of low stress remained. However, as the indentation increased to 

33% of film thickness, these two zones of increased stress gradually converge. As the 
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indentation reaches 45% of the film thickness, high stress values fully develop 

throughout the region between the indenter and substrate, coinciding with an increase in 

the pointwise modulus. We carried out FEM simulations for other sample thicknesses and 

observed a similar evolution of stress contours with increasing indentation, culminating 

in a uniform high stress at 45% indentation for all sample thicknesses, consistent with the 

experimental results. 

 

 

 

 

Figure 4.8: The evolution of stress in the 90 nm thick PDMS sample in the FEA 

simulation, a) before and b) after deformation 

 

 

 

As we show in Figure 4.6, the compressive elastic modulus in region 1 increases with 

decreasing PDMS thickness. To quantify the dependence of the elastic modulus to 

sample thickness, we implemented the same nanoindentation experiment on a 1-µm-thick 

sample and a bulk PDMS sample. The pointwise Young’s modulus versus indentation 
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plots for these two thicknesses are shown in Figure 4.9. The elastic modulus of the 1-µm-

thick PDMS sample in the linear elasticity region 1 is identical to that of the bulk sample. 

We also note that the 1-µm-thick PDMS layer also shows a significant increase in the 

pointwise elastic modulus at 45% strain, consistent with what we have observed from the 

ultrathin PDMS samples. Comparing the moduli in region 1, denoted by E1, for the range 

of sample thicknesses, we see a quantitative dependence of elastic modulus in region 1 on 

sample thickness. To investigate the dependence of E1 on sample thickness, we plot E1 

versus sample thickness. As shown in Figure 4.10, E1 is found to be inversely 

proportional to (thickness)
-1.35

 (R
2
 value is 0.9852), with the elastic modulus converging 

to that of bulk at a PDMS thicknesses greater than 900 nm.  

 

 

 

 

Figure 4.9: Plot showing pointwise Young’s modulus versus indentation for 1 µm thick 

and bulk PDMS. Note that the modulus of bulk PDMS is dramatically lower compared to 

thin film PDMS shown in Figure 4.6. 
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Figure 4.10: Average Young’s modulus in region 1 (E1) for different sample thicknesses. 

The standard deviation for the data is below the size of the markers in this figure. The 

inset plots E1 as a function of (thickness)
-1.35

. 

 

 

 

From Figure 4.9 and 4.10, the modulus of bulk PDMS is dramatically lower than the 

PDMS thin films shown in Figure 4.6, but is almost identical to the modulus of 1 µm 

PDMS in the before the onset of nonlinearity, indicating the effect of geometrical 

confinement on mechanics vanished when film thickness reaches 1 µm. 

 

The dependence of stiffness on size has also been reported for tensile electrospun 

nanofibers [30], in which the elastic modulus increases abruptly when the diameter of the 

nanofiber decreases to a certain threshold [30] . Previous literature [31, 32] also reported 

the power relationship between the Young’s modulus and thickness for polymeric films, 

although these studies studied films several orders of magnitude higher in thickness and 

found a dependence on thickness
-0.5

. O’Connell and Mckenna found a dramatic stiffening 

of polyvinyl acetate film in rubbery region, the stiffness scales with approximately 

(thickness)
-2 

[33]; Xu and Mckenna also showed that the Young’s modulus of ultrathin 
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PBMA films scales with (thickness)
-1 

[34]; Rowland and co-workers also found the 

stiffening of layers compared to bulk polystyrene [35]. Although we did not investigate 

this discrepancy in the index, we do expect that surface tension, also known as residual 

stress, will play a significant role in the mechanics as the ratio of surface area to volume 

becomes large and may be a factor contributing to the increasing of Young's modulus 

with decreasing thickness [36, 37]. As the thickness of the sample decreases, the ratio of 

the surface molecules to the interior volume molecules increases, increasing the 

contribution from the surface tension to mechanical stiffness. If this interpretation is 

correct, our data suggests negligible contribution from surface tension to occur at 900 nm 

and thus the Young's modulus of the thin film approaches the value for bulk material.  

4.4.3 Point wise Young’s modulus in small indentation region (Region 3) 

A remarkable observation seen in the pointwise Young’s modulus plots is the extremely 

high values for elastic modulus for initial indentation, denoted as region 3. This 

observation has been reported in previous studies [20-22, 37] and the result is puzzling as 

the elastic modulus is calculated to be orders of magnitude higher than the value for the 

elastic modulus in region 1. We have investigated this phenomenon by adjusting several 

experimental parameters and excluded these factors as an entire explanation. Even by 

accounting for probe adhesion and misidentification of the contact point, we continue to 

measure a contact-dependent change in modulus.  

Probe-sample adhesion can lead to significant deviation of the expected contact area 

determined from the Hertz model, resulting in an artificially high pointwise Young’s 

modulus. As surface energy plays an important role in nanoscale contact mechanics 

[14]Error! Reference source not found., it can conceivably lead to extremely high measured 
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modulus in the small indentation region. We developed a pointwise JKR (Johnson, 

Kendall, Roberts) model [14] to account for the effect of probe-sample surface energy on 

the pointwise Young’s modulus. The probe-sample surface energy was determined from 

a subsequent adhesion measurement to the compressive modulus measurement [38]. As 

expected, the measured modulus is drastically reduced at small indentations, but 

significant contact stiffening remains (Figure 4.11). To confirm that probe adhesion is not 

leading to an artificially high modulus, we repeated the experiment in deionized water to 

eliminate capillary forces, which can apply several nanoNewtons of adhesive force 

leading to significant deviation from Hertzian assumptions. Using the pointwise JKR 

model and a liquid measurement environment, the measured pointwise elastic modulus in 

region 3 still exceeds the elastic modulus in region 1 by several orders of magnitude. 

Accounting for and reducing the adhesive forces between the sample and indenter cannot 

explain the extremely high modulus in region 3. 

 

 

 

 

Figure 4.11: Pointwise Young’s modulus plots determined using the Hertz and JKR 

model. The inset shows the effect of loading speed. 
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To rule out viscoelastic effects that may account for the contact stiffening, we also varied 

the loading speed of the indentation process, which had no effect on the modulus. The 

indenting loading speed was tested at: 12.8 µm/s, 9.4 µm/s, 4.6 µm/s, 1.7 µm/s and 0.87 

µm/s, and the results show no effect of loading speed on the elastic modulus as indicated 

in the inset of Figure 4.11. The measurements were performed at the same location on the 

bulk PDMS and the pointwise JKR model was used to eliminate the influence of surface 

energy on the result. Surface viscoelasticity has been investigated for other materials and 

the results show a close agreement with the published data for bulk materials [39], Due to 

the lack of dependence of modulus on loading rate, we reason that viscoelasticity is not a 

significant factor causing the high modulus at small indentations.   

There is some debate concerning the physical properties of the interfacial region near 

surface of ultrathin polymer films. Some researchers have suggested the existence of a 

liquid-like region near the surface of polystyrene films [40, 41] resulting from a lower 

glass transition temperature than the bulk material, whereas others have shown there to be 

little or no change in glass transition temperature or existence of the liquid layer [42]. 

Also, buckling-based methods can be used to determine the elastic moduli of ultrathin 

polymer films [43-47]. Stafford and co-workers [48]Error! Reference source not found. 

measured the elastic moduli for a series of ultrathin polymer films deposited on thick, 

PDMS substrates. By examining the wrinkling instability of these films and fitting the 

data with a bilayer model, they found that as the thicknesses of these thin films became 

smaller, the surface regions of the thin films became softer. In our study, we do not find 

evidence of the presence of a softer liquid layer in PDMS.  
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Figure 4.12: Pointwise Young’s modulus determined after shifting the contact point to 

higher and lower values. 

 

 

 

Previous explanations of contact stiffening include the misidentifying of the contact point 

while determining the pointwise Young’s modulus [12]. To investigate the effect of 

misidentifying the contact point, we purposely shifted the contact point to greater and 

lesser values while repeated the fitting procedure. As seen in Figure 4.12, offsetting the 

contact point both to both higher and lower values decreases the Young’s modulus in the 

small indentation region 3, but does not completely eliminate the effect in our 

measurements. In addition, the offset produces a slightly worse fit of the data for the 

remaining portion of the force curve. While we have not ruled out the role of accurate 

identification of the contact point, one alternative explanation of high stiffness includes 

the role of a unique interfacial region between the indenter and the polymer upon contact 

and the elevated glass transition temperature Tg with respect to the uncontacted surface 

[21]. An elevated Tg would shift the interfacial region to a glassy regime, leading to 

significant stiffening in comparison to rubbery regime. In addition, the reduction of 

molecular mobility at the interface, which is induced by the attraction between the 
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indenter and surface, could also contribute to the stiffening of the surface [21]Error! 

Reference source not found.. Hydrostatic pressure at the contact interface leading to an 

elevation of Tg in several other polymers, including polystyrene, poly(methyl 

methacrylate
 
[49, 50], and polycarbonate [51]Error! Reference source not found., have 

been reported. For small indentations, the interfacial region dictates the mechanical 

behavior of the nanoindentation force response, however, as the indentation increases, the 

volumetric proportion of the interfacial region decreases as the total volume of strained 

polymer increases, and thus the contribution of the interfacial region to the overall 

mechanical response becomes negligible for sufficient indentation.  

4.5 Summary and conclusion 

The mechanical properties of ultrathin PDMS films bonded to a hard glass substrate were 

studied using AFM. A pointwise Hertz method and JKR method were used to determine 

the indentation dependent Young’s modulus. The mechanical properties of PDMS thin 

films were strongly influenced by high strain from compression between the indenter and 

the underlying substrate and showed an increase in the indentation dependent Young’s 

modulus at consistent strain values of 45% for all samples studied. In addition, the 

mechanical properties of PDMS thin films were strongly affected by the thickness of the 

polymer at all strains. The average Young’s modulus in region 1 (E1) increased as the 

sample thickness decreased and gradually approached the modulus value for bulk sample 

for a thickness value greater than 900 nanometers. The experimental mechanical profile 

was accurately described by FEA simulation over the entire indentation range. The high 

elastic modulus in region 3 at the indenter-sample interface plays a dominant role in the 

contact mechanics and quickly becomes negligible as the indentation advances. Contact-
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dependent stiffness does not seem to be exclusively caused by measurement artifacts, 

analysis methods, or by interfacial adhesion. 

The results described here will enable predictive understanding of the mechanical 

properties of elastomeric materials under large deformations as can occur within 

microdevices [52-54]. These important properties of PDMS should be considered in 

device design where nanoscale elastomers undergo large deformations. In addition, the 

methods described here to reliably characterize nonlinear mechanical materials may also 

impact the study of other nonlinear materials such as cells. PDMS has some similar 

mechanical characteristics similar to single cells, including hyperelasticity and nonlinear 

elasticity [55]. Cell mechanics studies with AFM of adherent cells often report a 

stiffening due to the underlying substrate. In these experiments, adherent cells are 

typically immobilized onto a hard substrate and probed under large strain [56, 57]. It is 

often assumed that the underlying substrate strongly affects the measured mechanical 

properties, but the effect of material thickness has not been determined quantitatively. 

The methods described here can likewise be applied to understand heterogeneous and 

nonlinear materials such as cells, as long as an accurate measurement of cell thickness 

can be obtained. This research contributes a new perspective on quantifying and 

interpreting mechanical properties of cells and other nonlinear and thin materials.  
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CHAPTER 5 

APPLCIATION OF THE POINTWISE HERTZIAN MODEL TO 

CELL MECHANICS 

5.1 Abstract 

The research investigating the nonlinear mechanics of PDMS ultrathin films in chapter 4 

showed that the pointwise Hertzian method can be used to quantify the stiffness of 

materials as a function of indentation. In this chapter, we apply this method to study the 

nonlinear stiffness of single cells with AFM. The majority of eukaryotic cells consist of 

nuclear and cytoplasmic regions, and both contribute to the mechanical properties of 

single cells. The complexity of cellular structure makes the mechanical properties of 

single cells highly heterogeneous and nonlinear. In this chapter, we will apply pointwise 

Hertzian analysis to AFM force mapping to investigate the heterogeneity and nonlinearity 

of stiffness of ovarian cancer cells (HEY A8). With these methods we found that the 

nucleus is softer than the surrounding cytoplasm in HEY A8 cells. We also found a 

strong dependence of stiffness on the local cell thickness in the cortical region, indicating 

the importance of geometry in stiffness measurements of single cells.  

5.2 Introduction 

Cell mechanics is studied through the interaction of the cell with mechanical stimuli. The 

response/deformation of the cell to mechanical forces can affect its functionality during 

biological processes, as well as induce remodeling of the cellular internal structure 

through mechanically responsive biophysical pathways [1]. In our studies, we treat cells 

as a passive material and apply mechanical force to the cell and monitor the cellular 

deformation. Various continuum mechanics models have been proposed to describe the 
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mechanics of single cells [2-13]. The most common continuum mechanics model used 

with atomic force microscopy (AFM) to determine cell stiffness are Hertzian contact 

mechanics models [4, 14, 15]. Hertzian models simplify cells as linear elastic bodies [16, 

17] and quantify the cell stiffness using linear elasticity or Young’s modulus. However, 

cells undergo large deformations and are likely nonlinear in mechanics, violating the 

assumptions and leading to the failure of Hertzian model. In addition, cells are complex 

and highly heterogeneous materials [18, 19] and local mechanical heterogeneities were 

demonstrated using microrheology [18-21]; at the whole cell level, force mapping or 

scanning techniques revealed the spatial variation or heterogeneity in mechanical 

stiffness [16, 22-24]. The effects of nonlinearity on measurement were not evaluated to 

understand the impact of geometry. For example, the bending of the cantilever or the 

penetration of the indentor is typically a prescribed value during force mapping, the 

mechanical response might stay linear through the course of indentation at locations 

where the cell is thick; at locations where local thickness is small, however, the 

nonlinearity or the substrate effect could be significant for large strains and has to be 

considered to determine accurate mechanical insights. The nonlinearity in mechanical 

response from AFM indentation was previously determined by using an indentation-

dependent Young’s modulus, obtained using pointwise Hertzian method developed by 

Costa [25, 26]. Despite that nonlinearity and heterogeneity are studied in cell mechanics 

as discussed above, a systematic approach measuring spatial mechanics excluding 

nonlinearity or thickness dependence is required to evaluate the spatial inherent elasticity 

(hereafter referred to as elasticity) of single cells. While the cytoskeleton is the major 

component determining cell mechanics, the nucleus has also been shown to contribute to 
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cellular elasticity [21, 27, 28]. The coupling of the nucleus and cytoskeleton through the 

Linker of Nucleoskeleton and Cytoskeleton (LINC) complex across the perinuclear space 

also contributes to overall stiffness of the cell by stress transmission from the 

cytoskeleton to nuclear lamina [29-35].  

Many studies have revealed that certain diseases alter nuclear structure, modify the 

associated nuclear structure proteins, and affect the nucleus mechanics [36-40]. For 

example, changes of nuclear lamin expression cause abnormalities in nucleus which are 

frequently observed in various types of cancer [41-50]. Morphological changes of 

nucleus are often used to identify the presence of cancer [45, 51-53]. Evidence also 

suggests the role of nucleus in migration and invasion process [54-57]. In spite of these 

qualitative studies on cancer nucleus, quantitative measurements of spatial mechanics of 

intact nuclei in invasive cancer cells under realistic physiological and biological 

conditions are desired to elucidate their mechanical complexities and their significance in 

metastasis.    

To map the spatial elasticity without interference from the thickness dependence for 

single cells, we combined force mapping technique and pointwise Hertzian method 

capable of investigating nonlinear mechanical properties by calculating indentation-

dependent stiffness. The pointwise Hertzian method analysis was used on each force 

curve collected during force mapping, and the linear elasticity was mapped across the 

scanned region. The results showed that the mechanical properties of the cell sample 

become nonlinear when indentation exceeds a specified strain, and that the linear 

elasticity of the sample displayed spatial variations and is highly heterogeneous. In 

cancerous HEY A8 cells, we found that the nucleus is softer than the surrounding 
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cytoplasm. We also observed a strong dependence of linear elasticity on the local cell 

thickness. The elasticity maps revealed the heterogeneity of cell stiffness and the strong 

stiffening of the cell edge due to geometry confinement, similar to that observed for 

PDMS polymers discussed in Chapter 4. The results demonstrated the necessity of 

considering the local region of the cell, the geometry of the local region, and the amount 

of strain in determining cell stiffness.  

5.3 Materials and methods 

5.3.1 Cell preparation 

HEY A8 cell were grown in RPMI-1640 supplemented with 10% FBS and 1% antibiotic-

antimycotic solution (R10 medium) as described previously. Before AFM experiments, 

cells were plated into a Fluorodish (World Precision Instruments, Sarasota, FL) with an 

initial density of 10,000-20,000 cells/cm
2
 and then incubated at 37 ˚C overnight. 

Atomic force microscopy and phase contrast microscopy 

Atomic force microscopy (AFM) used here to conduct force mapping of single cells was 

MFP-3D from AsylumResearch (Santa Barbara, CA), the AFM probe used was MLCT-

O10 (Bruker, Camarillo, CA) with a nominal spring constant of 30 pN/nm, a plain silica 

bead of 4.74 µm in diameter was glued to the end of the cantilever to minimize the lateral 

strain on the compressed cell. During the force mapping with AFM, cells were 

immobilized on the glass bottom of the Fluorodish. To visualize the intracellular structure 

and therefore structural heterogeneity of single cells during the measurements, a phase 

contrast microscopy integrated into the inverted optical microscope (Nikon, Melville, 

NY) was simultaneously used with AFM. Figure 5.1 shows an example of cell mechanics 

measurement on HEY A8 single cells using AFM and phase contrast microscopy, in 
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which the most cellular organelles are roughly visible under the microscope, with the 

glued bead and cell nucleus are clearly visible. 

 

 

 

 

Figure 5.1: Simultaneous AFM and phase contrast microscopy on HEY A8 single cells 

 

 

 

Prior to the force mapping, the AFM cantilever was calibrated on the glass bottom of the 

Fluorodish using thermal vibration method [58] and the thermal spectrum was fitted with 

Lorentizan function to determine the spring constant. 

5.3.2 Force mapping and pointwise Hertzian model 

Force mapping was conducted over single cells which are not in contact with others. In 

short, individual force curves are collected at equally distributed points across a two 

dimensional region of interest, the information of topographical and mechanical 

properties of the sample at each point is extracted from the corresponding force curve. 

During this process, the spatial correspondence between these points/pixels and force 

curves is attained. In our experiment, the scan area was carefully chosen to include cell 
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nucleus and lamellipodium, typically ranged from 40 to 80 µm, the scan resolution is 

either 16×16 or 32×32 to ensure good resolution and continuity in topographical and 

mechanical property measurements across the scan region.  

Pointwise Hertzian model [25, 26] is based on Hertzian contact mechanics model but 

doesn’t assume small indentation and linear elasticity, making it a good tool to analyze 

nonlinearity as we discussed in chapter 4. In this study, pointwise Hertzian model was 

utilized to evaluate any possible nonlinear mechanical behavior during indentation, 

excluding nonlinearity from evaluation of stiffness and obtaining the map of linear 

elasticity (Young’s modulus) of the cell across the scan region. In our experiment, the 

original MFP-3D software came with the AFM was modified using customized 

MATLAB codes to integrate the function of pointwise Hertzian model and generate 2-D 

maps of linear elasticity or Young’s modulus. The process of calculating 2-D modulus 

map from the force map is simply exemplified by a 4×4 force mapping in Figure 5.2, 

with F is the force, δ is the indentation, E is the pointwise Young’s modulus, and Ei,j is 

the average pointwise Young’s modulus in the linear region obtained at location (i,j) 
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Figure 5.2:  A 2-D linear elasticity map generated from a 4×4 force map, a) force 

mapping collects force curves on equally distributed locations within the region of 

interest, b) pointwise Hertzian model analysis on each force curve determines the 

elasticity in the linear regime, and assembly the elasticity in the linear region at each 

location into a 2-D matrix, which is the elasticity map, and c) the mechanical 

heterogeneity of single cells is reflected by the pointwise Young’s modulus and 

corresponding value in the elasticity map 

 

 

 

5.3.3 Cellular structure imaging with confocal microscopy 

To analyze the shape and structure of nucleus, actin cytoskeleton and plasma membrane 

in HEY A8 cells, single cells were fixed, stained and imaged with confocal microscopy. 

Cells were grown on a glass coverslip to a density of 5,000 cells/cm
2
 in a well of a 6-well 

plated with 2 mL cell culture media. The cell culture was put in an incubator of 37 ˚C 

overnight and then stained with fluorochrome-conjugated phalloidin. The cells were first 

fixed with 1 mL 4% formaldehyde in PBS (pH 7.4) for 10 min, permeabilized with 1 mL 

0.2% TX-100, blocked with 1% BSA for 20 min and incubated for one hour with 1:20 

Alexa Fluor 546 phalloidin (Life Technologies, Grand Island, NY) in 1% BSA. The 

nuclei were stained with Hoechst (Life Technologies, Grand Island, NY). To evaluate the 
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size of nucleus and the surrounding cytoplasm, and therefore to determine the fraction of 

the cellular space occupied by the nucleus and cytoplasm for each region of the cell, the 

plasma membrane and nucleus were also stained and imaged confocally. The plasma 

membrane was stained using CellMask deep red plasma membrane stain (Life 

Technologies, Grand Island, NY) at the concentration of 5 µg/mL, and nucleus was 

stained the same way as stated above, after the staining cells were fixed for future 

analysis. All steps during the staining process were conducted at room temperature in a 

dark room. After staining, the cells were sandwiched between the glass coverslip and a 

glass slide, mounted with ProLong Gold and sealed with nail polish.  

After the staining, multiple fluorescence images of nucleus and actin cytoskeleton were 

acquired using a Zeiss LSM 510 NLO confocal microscope (Zeiss, Thornwood, NY). 

The z-stack function was also used to obtain the 3-D structural information of the 

nucleus, actin cytoskeleton and plasma membrane, the analysis was limited to single cells 

which were not in contact with other cells. The z steps was chosen to be small enough to 

ensure good resolution and no layer of fluorescent actin or nucleus missed during the 

imaging.   

5.3.4 Inhibition of Rho kinase by Y-27632  

To evaluate the contribution of contractility via the ROCK pathway to single cell 

stiffness, single cells treated with ROCK inhibitor Y-27632 (BD Biosciences, San Jose, 

CA) were compared with HEY A8 cells without treatment. During the treatment, HEY 

A8 cells were incubated in 50 µM and 100 µM Y-27632 in cell culture media for 1 hour 

at 37 ˚C prior to AFM stiffness measurements. After the treatment, elasticity map was 

analyzed for these samples and compared with sample without treatment.  
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5.4 Results and discussion   

5.4.1 Cells shows nonlinear mechanical response under AFM indentation 

Individual force curves were analyzed using pointwise Hertzian model to calculate the 

Young’s modulus as a function of indentation. The resultant force curves and pointwise 

Young’s moduli showed mechanical behavior and were exemplified in Figure 5.3.  

 

 

 

  

Figure 5.3: Hertz model (resulting in a single modulus) and pointwise Hertzian model in 

stiffness determination, a) force curve showed the nonlinear behavior as the experimental 

curves deviates from Hertz model, and b) pointwise Young’s modulus as a function of 

indentation showed increase in stiffness, the average Young’s modulus in the linear 

region is taken as the entry of the 2-D matrix representing elasticity map 
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As shown in Figure 5.3, the traditional way of stiffness determination by fitting the 

experimental force curve with Hertz model can give erroneous results, particularly over 

large indentations. When the upper bound of the fitting region is small, the fitting is of 

good quality as indicated by the overlap of fitting curve with experimental curve and 

relatively constant pointwise Young’s modulus as shown in Figure 5.3. When the upper 

bound of the fitting region exceeds a certain point, around 450 nm in this case, the fitting 

is of bad quality and nonlinearity emerges, as indicated by the disagreement of the fitting 

curve with the experimental data in Figure 5.3a and increase in pointwise Young’s 

modulus in Figure 5.3b. The pointwise Young’s modulus curve consists of linear and 

nonlinear regimes, with the transition marks the onset of nonlinearity in mechanical 

properties and assumes a indentation value around 450 nm in this example shown in 

Figure 5.3. The results demonstrate a nonlinearity in cell biomechanics, which has been 

reported for other biomaterials [59], as well as for homogeneous polymers [26].      

5.4.2 Cells are mechanically heterogeneous and show spatial variation in elasticity 

Following the methods described above, the result of force mapping on a HEY A8 single 

cell was obtained by AFM and shown below in Figure 5.4. 
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Figure 5.4: Force map of HEY A8 single cells, a) phase contrast microscopy shows the 

nucleus, the red box is the scanned region, and b) 2-D representation of the scanned 

topography 

 

 

 

Individual force curve at each pixel was analyzed using the pointwise Hertzian method 

and the corresponding pointwise Young’s modulus was calculated as a function of 

indentation. The average Young’s modulus in the linear elasticity region was taken as the 

corresponding entry of the matrix representing the elasticity map. The elasticity map and 
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topography were feed into customized MATLAB routines for interpolation excluding the 

edge of the cell, the 2-D map of the linear elasticity is shown below in Figure 5.5. 

 

 

 

 
Figure 5.5: The map of linear elasticity of a HEY A8 single cell, columns from left to 

right: topography and moduli map. The nuclear region is softer than the surrounding 

cytoplasm by 60-90%. 

 

 



142 

 

5.4.3 Correction of elasticity map by integrating sample surface curvature 

In the cell mechanics measurements, the surface of cell sample is usually assumed flat 

and the effective radius of curvature is simply replaced by the radius of indentor. This 

assumption is reasonable in the case of the whole cell mechanics because the surface 

curvature at the contact point at the center of the cell is much lower than the indentor. In 

the case of cell elasticity mapping, this assumption, however, is questionable because the 

surface curvature is no longer negligible at some locations, especially at the edges of a 

single cell. Therefore, it’s necessary to incorporate the surface curvature of cell sample 

into the determination of elasticity map. 

We utilize the surface topography obtained during force mapping to determine the 

surface curvature of the sample for each pixel. First, the radius of curvature at each 

indentation location was calculated in x and y directions, at the ith indentation location, 

the radius of curvature Rx was the radius of circle uniquely determined by three 

consecutive data points (xi-1, zi-1), (xi, zi), and (xi+1, zi+1) in x direction in the topography 

matrix, and Ry by (yj-1, zj-1), (yj, zj), and (yj+1, zj+1) in y direction in the same manner. 

Where x and y denote the location and z is the height of the cell surface at this location in 

the topography matrix. The sample surface curvature was then determined by 1/Rs= 

(1/Rx+1/Ry)/2 at each location and then assembled into a matrix according to the spatial 

arrangement of these locations. The effective radius was then calculated using 

1/R=1/Rs+1/Rindentor with Rintentor as the radius of indentor, then the corresponding 

elasticity map was determined. The corrected elasticity maps of the samples in Figure 5.5 

after interpolation were shown below in Figure 5.6, cross section profiles of the elasticity 

maps were also plotted and compared against each other. 
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Figure 5.6: Corrected elasticity maps and comparison to uncorrected maps as in Figure 

5.5, left column: elasticity map after factoring in surface curvature; right column: 

examples of cross section profiles (along the black line in the corresponding elasticity 

map) of corrected and uncorrected elasticity maps. 

 

 

 

From Figure 5.5 and 5.6, we can conclude that the sample surface curvature in our 

experiments plays a role in the determination of stiffness, especially at the edges of cells. 

At the center of the sample, the sample surface curvature is negligible compared to the 
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indentor, therefore replacing the effective radius of curvature with the radius of indentor 

doesn’t impact the result significantly. At the edges, however, the radius of curvature of 

the cell surface is comparable to the indentor and therefore has to be taken into account to 

correctly predict the Young’s modulus at these locations. For example, the minimum 

radius of curvature of the surface along the cross section line in the middle graph of 

Figure 5.6 is 6.78 µm. All elasticity maps shown hereafter were calculated after including 

the effect of sample surface curvature. 

The elasticity maps in Figure 5.5 and 5.6 display strong spatial variations and indicates 

that mechanical stiffness of the HEY A8 single cell is highly heterogeneous. The central 

region corresponding to the nucleus, as shown in the phase contrast microscopy in Figure 

5.4, shows lower Young’s moduli than other parts. It’s worth noting that within the 

nuclear region in the elasticity map, the stiffness distribution is also heterogeneous with a 

variation of Young’s moduli of 1.6 kPa, 1.7kPa and 1.9 kPa for the top, middle and 

bottom graph in Figure 5.6, respectively. These stiffer locations likely correspond to the 

tightly packed chromatins or heterochromatin inside the nucleus, as has been shown in 

previous studies that heterochromatin is less deformable than the loosely packed 

euchromatin in stem cell and model system [29, 60].   

The cytoplasmic region surrounding the nucleus has higher moduli than the nuclear 

region in the HEY A8 cells. The Young’s modulus of the cell exhibits less variation in 

the thick parts of the cells (differs by less than 2 kPa), but does increase dramatically at 

the cell edge. The cortical regions show very high Young’s moduli up to around 4.2 kPa 

at locations where cells stretch over the surface of the glass substrate.  
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5.4.4 Confocal microscopy reveals the structural contribution of nucleus and cytoplasm 

From results shown above, the Young’s modulus across the nucleus is lower than moduli 

above the cytoplasm, for example, the difference reaches up to 3.44 kPa for the bottom 

graph in Figure 5.6. While the difference in stiffness is consistent with the cellular 

structure shown in phase contrast microscopy, it remains unclear the degree which the 

nucleus contributes to the local stiffness. As we conduct force mapping across the nuclear 

region, the mechanical properties will be contributed to by both the nucleus and the 

cytoplasm. To this end, the cellular structure of HEY A8 cells was analyzed, through 

staining and confocal microscopy of the actin cytoskeleton and nucleus of individual 

cells. From these images, the 3-D structure was obtained and representative images are 

displayed in Figure 5.7. The nucleus is blue and actin cytoskeleton is red under the 

fluorescence. 

 

 

 

    

Figure 5.7: Confocal microscopy display nucleus and F-actin of HEY A8 cells, a) top 

view of a single cell, b) side view of the single cell, c) tope view of a cell cluster, and d) 

side view of the cell cluster. It is seen that the nucleus contributes to most of the volume 

in the perinuclear region of adherent HEY A8 cells. 
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From the 3-D cellular structure of the HEY A8 cells, the nucleus and actin cytoskeleton 

was observed to be flattened in our experiment, with the actin cytoskeleton stress fibers 

clearly visible spread over the extended cytoplasm and the nucleus as a flattened ellipse. 

From the side view, the thickness of the nucleus is higher than the thickness of the actin 

cytoskeleton layer, and there is little F-actin present above the nucleus. The cellular 

structures observed in confocal images are consistent with that observed in AFM 

topography. The elasticity maps show the softened region of the cell are consistent with 

the dimensions of the nuclear region.  

The AFM stiffness measured above the nuclear region results from a convolution of the 

material properties of the nucleus and the cytoplasm. To extract the stiffness values of the 

nucleus and cytoplasm separately, we must determine the thickness of each from the 

confocal images. The stained cells were visualized by confocal microscopy and shown in 

Figure 5.8.  

 

 

 

 

Figure 5.8: Confocal microscopy of nucleus and cell membrane of HEY A8 single cells, 

top: top view; bottom: side view 
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From Figure 5.8, the cell body over the nuclear region is primarily occupied by the 

nucleus in HEY A8 single cells, therefore indentations over the nuclear region of HEY 

A8 cells are almost equal to penetrations into the nucleus and we can treat the cellular 

material to be nuclear. From the analysis of mechanics at specified indentations, the 

softer region in the elasticity map primarily reflects the softness of the nucleus for the 

indentation depths much larger than the thickness of the cytoplasm region. The elasticity 

map, together with the confocal microscopy and phase contrast images showed that 

nucleus is softer than the surrounding cytoplasm in HEY A8 cells.  

The values of the modulus obtained for the nucleus using the indentation-dependent 

elasticity maps are comparable to nuclear stiffness measurements by several groups using 

a variety of techniques. Depending on cell type, measurement techniques and conditions, 

nucleus has displayed a wide range of stiffness. Deguchi found that isolated endothelial 

nucleus is 0.62 kPa in stiffness using micropipette aspiration [61], the same method used 

by Nathalie determined that endothelial nucleus is 5 kPa when intact and is 8 kPa when 

isolated [27]. Guilak demonstrated that chondrocyte nucleus is approximately 1 kPa in 

Young’s modulus [62]. de Vries observed that elasticity of intact HeLa nucleus is 0.25 

kPa using magnetic tweezers [63]. While various techniques have been developed to 

elucidate the role of nuclear mechanics in the cancer cell migration [28, 45, 52, 53], our 

direct observation of spatial mechanical properties of intact nuclei of invasive ovarian 

cancer HEY A8 cells provides insightful mechanical and structural information under 

realistic physiological and biological conditions.    

For the HEY A8 cells in our experiments, the fact that nucleus is in general softer than 

the cytoplasm is consistent with the role of nucleus in cancer and metastasis. Nucleus in 
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cancer cells displays a ruptured and less organized structure [45] and therefore results in a 

modified mechanical stiffness upon malignancy. In addition, the deformation of the 

nucleus is also a critical step, and possibly the rate-limiting factor [53, 64, 65] of cancer 

cell migration [55, 66]. Cells with softer nuclei are therefore easier to migrate through 

small confines and our results are consistent with this fact. To further elucidate the role of 

nuclear stiffness in metastasis, the methodology has to be applied to other types of 

ovarian cancer such as IOSE and HEY cells, since these cell types have demonstrated 

distinct metastatic potentials [67].  

5.4.5 Young’s modulus in the lamellipodia region show a power law thickness-

dependence 

The Young’s modulus in Figure 5.5 revealed extremely high values at locations where 

cells crawl and spread over the glass substrate. If we examine points along a radial axis 

line and plot the measured stiffness versus cell thickness at these points, it’s clear that 

there exists a negative correlation between Young’s modulus and local thickness at the 

cell edge. 
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Figure 5.9: The cell displays a negative correlation between Young’s modulus and 

thickness at some locations (denoted by markers). a) 2-D representation of scanned 

topography, and b) Young’s modulus versus thickness  

 

 

 

The correlation of the pointwise modulus in the linear mechanical regime and thickness 

in the cortical region of HEY A8 cells is similar to that observed in PDMS ultrathin films 

in chapter 4. In our studies of PDMS, geometry plays a significant role in mechanics. To 

examine whether a similar relationship is observed in lamellipodia, the topography and 

elasticity maps of additional cells are shown in Figure 5.10. 

 

 

 

 

Figure 5.10: Elasticity map of the cortical region of a HEY A8 cell, a) 2-D 

representation of the scanned topography, and b) elasticity map of the scanned region 
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The sample shown in Figure 5.10 demonstrates that the Young’s modulus is higher at the 

cell edge than at locations near the center of the cell. To quantitatively explore the 

relationship, we plot the Young’s modulus versus thickness at different locations as 

shown in Figure 5.11. As the indentor diameter (4.74 µm) is larger than the pixel size 

(1.875 µm), pixels at the cell boundary were not included in the analysis. 

 

 

 

 

Figure 5.11: Young’s modulus versus thickness for cortical region of a HEY A8 cell, a) 

scanned topography with critical line numbers, and b) Young’s modulus versus thickness 

for data points on line 03 to line 12, the inset of b shows the topography of the region 

 

 

 

The Young’s modulus of the cortical region, as shown in Figure 5.11, is inversely 

correlated with thickness—thinner regions are stiffer. Fitting the data with power law 

relationship gives a dependence of the form (thickness/µm)
-1

, however, it’s clear that the 

data points split into two groups with each following different relationships. Data points 

along line 03-05 and along line 06-12 were plotted and analyzed separately; the results 

with the fitting power relationships are shown in Figure 5.12.  
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The strong correlation between stiffness and thickness in our experiments, together with 

our previous study on PDMS in chapter 4, suggest the significant role of geometry in thin 

film polymer mechanics in general, and cell mechanics in particular. Many factors may 

impact the measurement and interpretation of the results. In these HEY A8 cells, the 

power law correlation assumes different forms for different regions as shown in Figure 

5.12. The first region is bounded by line 3 and line 5, while the second one bounded by 

line 6 and line 12, these two regions show different topographical or geometrical 

characteristics as shown in the inset of Figure 5.11. Specific contributions to the power 

law relationship are likely determined by differences in cytoplasmic components and the 

state of the components. 
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Figure 5.12: The data points follow two power relationships, a) data points on line 03-

05, and b) data points on line 06-12. The positions of these lines are shown in Figure 5.11 

 

 

 

5.4.6 Contractility contributes to stiffness but not the determinant of stiffening of the 

edge 

Having established the correlation between stiffness and cell thickness in HEY A8 cells, 

and demonstrated strong spatial variations in elasticity in the cytoplasm region, which 

can change by more than 2 kPa, the reason for this dependence remains unclear. While 

there are many factors might cause the variation, such as material and geometric effects 

[26], contractility has known to contribute to stiffening in single cells [68-70] and 

therefore might affect the dependence. Increased contractility at the edges of cells [69-71] 

may contribute to the stiffening observed in our measurements.  To evaluate the relative 
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contribution of contractility on our results, we used chemical treatments to reduce 

cytoskeletal tension, and observed the effects on thickness-dependent cell stiffness. 

ROCK inhibitor Y-27632 was added to inhibit the actomyosin contractility via Rho 

pathway, and subsequent AFM stiffness measurements were conducted. The elasticity 

maps after treatment with Y-27632 of different concentration were shown in Figure 5.13 

and Figure 5.14.   

 

 

 

 

Figure 5.13: Elasticity map of HEY A8 single cells treated with 50 µM Y-27632, from 

left to right in each row: phase contrast images, topography, and elasticity map 
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Figure 5.14: Elasticity map of single cells treated with 100 µM Y-27632, from left to 

right in each row: phase contrast images, topography, and elasticity map 

 

 

 

Inhibition of actomyosin contractility subsequently reduced the stiffness of HEY A8 

cells, as shown in Figure 5.13 and Figure 5.14, and increasing concentration of Y-27632 

from 50 µM to 100 µM doesn’t reduce the stiffness of HEY A8 cells further. Therefore 

50 µM was deemed sufficient to inhibit actomyosin contractility via Rho pathway in our 

experiments. Upon the inhibition, stiffness of HEY A8 cells in the cortical region 

decreased by 1 kPa on average to 1.3 kPa. The stiffness of the nuclear region, in contrast, 

did not undergo appreciable changes, indirectly supporting our previous conclusion that 
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cytoplasmic F-actin contributes little to the measured cell stiffness above the nucleus. As 

a result, the nuclei are not distinguishable in the elasticity maps of HEY A8 cells treated 

with Y-27632 (there is a vestigial nuclear stiffness effect observed in one cell displayed 

in Figure 5.14c, though the effect is vastly reduced), implying the strong contribution of 

actomyosin contractility to cellular stiffness in the lamellipodia and cytoplasm. It’s 

known that this contraction force, sometimes called prestress, increases the stiffness of 

single cells [68, 70]. The distribution pattern of Young’s modulus in the cortical region in 

our experiment is similar to that of contraction force field exerted by single cells [71]. 

After inhibition of actomyosin contractility, force mapping of 16×16 was conducted over 

an area of 30×30 µm in the cortical region free of mechanical interference from nucleus, 

the same method was used to analyze the correlation between stiffness and sample 

thickness, with the results plotted in Figure 5.15 along with the scanned topography.   
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Figure 5.15: Young’s modulus versus thickness for lamellipodia region of HEY A8 

single cells after treatment with Y-27632 

 

 

 

From the analysis of stiffness over the cortical region in Figure 5.15, stiffness still 

strongly depends on sample thickness after inhibition of actomyosin contractility via Rho 

Pathway. The stiffness decreased on average as compared to that without inhibition 

shown in Figure 5.12, though the data points scatter to a larger extent compared to 

untreated sample in Figure 5.10, they can still be fitted with power law relationships 

�	~	�
� of good quality, where E is the modulus in Pascal and t is the thickness in µm. 

Therefore, actomyosin prestress provides an important contribution to the modulus of the 

cell, but it does not account to the observed power law dependence on cell thickness. We 

hypothesize that, similar to PDMS polymers, the geometry is an important (if not the 
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only) factor contributing to the thickness-dependent stiffening of HEY A8 single cells in 

the cortical region.  

The stiffening phenomena we observed here in cortical regions of HEY A8 cells, together 

with the PDMS system discussed in chapter 4, implies the significant role of geometry in 

stiffness measurement on the micro and nanoscale. The impact of finite thickness and 

geometry confinement has been studied in other material systems [72-76] and tackled by 

different theoretical models [77-81], from which it’s easy to conclude that the Young’s 

modulus calculated by Hertz model in this confined system is negatively correlated with 

sample thickness.   

The data presented above demonstrate an interesting phenomenon similar to what we 

observed in ultrathin film PDMS system [26], the linear elasticity, as obtained by 

pointwise Hertzian model, shows a strong dependence on sample thickness. The sample 

mechanically resembles simple hyperelastic polymers in the sense that it displays strong 

stiffening phenomenon as sample thickness decreases. This resemblance might also 

reveal the structural information of single cells, link cell mechanics to materials science, 

and improve our understanding of single cell mechanics from the materials science 

perspective.   

5.5 Summary and conclusion 

In this chapter, we described the combination of pointwise Hertzian model and standard 

force mapping with AFM. Using this systematic approach, we explored the spatial 

elasticity distribution of single cells from HEY A8, and demonstrated that the stiffness of 

these cells is highly heterogeneous. The nucleus is much softer than the surrounding 

cytoplasm parts, and there exists a strong stiffening phenomenon in the cortical region 
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with stiffness displays a strong dependence on sample thickness. The correlation between 

elasticity and sample thickness still exists after treatment with ROCK inhibitor, 

suggesting that stiffening is at least in part ascribable to geometry confinement, which 

might also play a significant role in the mechanics of other material systems.  

The results shown here demonstrated the efficacy of pointwise Hertzian model in cell 

mechanics study with AFM, the heterogeneity of mechanical properties could be difficult 

to detect and ignored otherwise. The application of this systematic approach to HEY A8 

cells revealed the softness of the nucleus, in addition, the mechanical stiffening revealed 

the resemblance between the cortical region and the simple hyperelastic material PDMS, 

which suggests the possibility of modeling the cortical region of single cells as a simple 

polymeric material. The long range heterogeneity at the cellular level and the strong 

geometry confinement effect in the cortical region together provide a new insight into the 

structural and mechanical properties of single cells from the material science perspective.   
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CHAPTER 6 

CONCLUSION AND FUTURE DIRECTIONS 

6.1 Conclusions 

In this thesis, we have demonstrated that cell stiffness is a biomarker of metastatic 

potential of in vitro ovarian cancer cells. By combining single cell stiffness 

measurements with atomic force microscopy and in vitro migration/invasion assay on 

healthy and cancerous ovarian cells, we demonstrated the reduction of cell stiffness upon 

malignancy and increased metastatic potential in ovarian cancer. The alteration of single 

cell stiffness was attributed to actin-mediated cytoskeletal remodeling as revealed by 

comparative gene expression profile analysis of two isogenic cell lines. Cytoskeletal 

structures of different cell lines were visualized using fluorescence imaging, innovatively 

quantified and correlated with single cell stiffness distributions, further implicating actin-

mediated cytoskeletal remodeling in stiffness alteration from the perspective of structure-

property relationship. The correlation between stiffness and metastatic potential is also 

verified in pancreatic cancer cell line AsPC-1. We further show that if we treat the 

invasive cells with N-acetyl-L-cysteine (NAC) to make them less invasive, the stiffness 

increased. The results with ovarian and pancreatic cancer cells revealed a correlation 

between stiffness and metastasis in cancer, and indicated that mechanical stiffness may 

be a useful biomarker in the development of clinical methods to evaluate the relative 

metastatic potential of ovarian and perhaps other types of cancer cells. 

We have also investigated the nature of the intracellular heterogeneity and mechanical 

nonlinearity in single cell stiffness. To this end, we developed a methodology to analyze 
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the mechanical nonlinearity with deformation using a pointwise Hertzian model. We 

tested the model on ultrathin polydimethylsiloxane (PDMS) films where extremely large 

strains (greater than 50%) could be achieved. Significant mechanical stiffening due to 

large strain was observed. An additional stiffening was observed simply due to the 

geometrical confinement, even at low applied strains. The onset of nonlinearity in 

mechanical response of the PDMS film occurs at 45% of the film thickness, at which 

point the effect of stiffening due to a substrate effect emerges. Even at low strains, the 

Young’s modulus also increases with decreasing film thickness, due to geometrical 

confinement. By applying the pointwise Hertzian method on stiffness measurements with 

AFM that were collected on living cells, we also investigated the nonlinear and 

heterogeneous mechanics of single cells. Since single cells are typically attached to stiff 

substrates during mechanical measurements, these conditions may impact the mechanical 

response of the single cells during the indentations. Even in natural environments, cells 

which are confined to narrow spaces may experience heightened mechanical stiffness. 

Through indentation-dependent force mapping, analysis of the local cell stiffness 

demonstrated variation in local cell stiffness. The results indicated that the mechanical 

properties of single cells are highly nonlinear and are dependent upon the subcellular 

features under the applied force as well as the dimensions of the cellular material. 

The research presented in thesis made contributions to the field of cell mechanics from 

several aspects. Single cell stiffness was identified as a potential biomarker of the 

metastatic potential in ovarian cancer. This knowledge may be one day useful clinically 

with the development of rapid biomechanical assaying techniques [1-3]. In addition, new 

techniques were developed to accurately study the mechanical nonlinearity in a location-



168 

 

specific manner. Finally, a quantitative understanding of the effect of geometry on cell 

mechanics was found, such that the mechanics was found to increase with a power law 

relationship with cell thickness.  

6.2 Future directions 

6.2.1 Overview of future plans 

On the basis of the results summarized above, the future research aims at an exact 

understanding of how pathophysiology modulates cellular mechanics for a variety of 

processes including cancer metastasis, epithelial to mesenchymal transition (EMT), stem 

cell differentiation, immune activation, and wound healing. We have determined the 

genes and gene networks that are modified during ovarian metastatic cellular 

development and highlighted a list that are likely relevant to mechanics. Further 

understanding of how gene expression regulates cellular mechanics within the context of 

genes, proteins, and networks will improve our knowledge of cancer biology. Towards 

this end, RNAi can be used to knockdown mechanics-relevant genes through modified 

mRNA levels and microRNA can be used to induce mesenchymal to epithelial transition 

(MET) in ovarian cell lines to evaluate the effect of gene expression and morphology on 

cell mechanics and metastasis. 

Our studies on pancreatic cancer cell line AsPC-1 have demonstrated MET upon 

treatment with N-acetyl-L-cysteine (NAC), as described in chapter 2. EMT is a 

promoting factor in cancer metastasis during which tumor cells change their morphology, 

undergo cytoskeletal reorganization, and acquire a motile phenotype to be able to migrate 

and invade within the surrounding microenvironment [4-9]. Previous studies have shown 

the accompanying reduction of in vitro migratory and invasive activities when cells 
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change from mesenchymal to epithelial-like morphology upon alterations in gene 

expression [10, 11] in cancer cells. Cytoskeletal structure, as modulated by in gene 

expression at the molecular level, is implicated in cellular morphology, single cell 

stiffness and cancer metastasis. Having demonstrated the correlation between cell 

stiffness and metastatic potential in ovarian cancer, and revealed the role of actin 

cytoskeleton remodeling in change of stiffness and metastasis, it is desirable to 

investigate the potential correlation between morphology and stiffness in single cells in 

greater detail, and to understand how these properties and cytoskeletal structure are 

regulated by the gene expression profile. To this end, cell morphology can be altered 

using microRNA transfection and cell stiffness will be subsequently measured.  

Future experiments can be conducted to modify the expression of relevant genes as 

described in chapter 1 to observe their effects on cell mechanics and in vitro 

migration/invasion properties. In addition, miRNA transfection will also be utilized to 

alter gene expression profiles and morphologies of healthy and cancerous ovarian cells, 

subsequent stiffness measurements will be conducted using AFM.     

6.2.2 Single gene knockdown of cytoskeletal proteins in HEY A8 cells to determine their 

impact on cellular mechanics, migration, and invasion.  

The contributions of individual proteins to cell mechanics will be measured by knocking 

down their expression in HEY A8 cells using siRNA and subsequent measurement of 

stiffness with AFM and in vitro migration/invasion assays. Particular genes implicated in 

previous studies include cofilin-2 (CFL2), twinfilin (TWF1), myosin light chain kinase, 

as well as regulatory and catalytic subunit genes of cAMP-dependent protein kinase. The 
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gene expression of these proteins at mRNA level as analyzed by microarray and qPCR in 

chapter 2 were summarized in Table 6.1. 

 

 

 

Table 6.1: Overexpression of relevant genes in HEY A8 relative to HEY 

Gene name Overexpression level in HEY A8 relative to HEY 

Microarray qPCR 

CFL2 1.8876 -- 
TWF1 1.7949 2.63 

PFN1 1.53698 -- 

PRKAA2 2.1914 3.98 

 

 

 

6.2.3 microRNA transfection to induce mesenchymal to epithelial transition in IOSE, 

HEY and HEY A8 cells to determine their impact on cellular mechanics, 

migration, and invasion.  

MiRNAs are powerful regulators of cellular process and we will determine whether 

miRNA regulation of mesenchymal to epithelial transition in metastatic ovarian cancer 

cells will be utilized to modify cellular mechanics more efficiently than individual gene 

knockdown. miRNA will be used to induce mesenchymal to epithelial transition (MET) 

in IOSE, HEY and HEY A8 cells; gene expression profiles will be monitored by 

microarray; migration/invasion assay in vitro and single cell stiffness measurement with 

AFM will be conducted, the efficacy of miRNA transfection will be evaluated by 

comparing the results of cells from control and transfected groups from each cell type.  

6.3 Expected research outcomes 

6.3.1 Single gene knockdown 

Following the methodology of atomic force microscopy (AFM) mechanical 

measurements on single ovarian epithelial cells as described in chapter 2, stiffness and in 
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vitro migration/invasion activities will be measured for negative control and knockdown 

group. The experimental setup and expected outcome is shown in Figure 6.1, knockdown 

of these mechanical relevant genes are expected to elevate stiffness and reduce metastatic 

potential.   

 

 

 

 

Figure 6.1: Experimental sketch of single gene knockdown, migration/invasion assay, 

and stiffness measurements. a) gene knockdown followed by qPCR, NC-negative control; 

b) migration/invasion assay and stiffness measurements with AFM, and c) expected 

result: gene knockdown increases stiffness and reduces in vitro migration/invasion 

activities.  

 

 

 

6.3.2 Mesenchymal to epithelial transition in IOSE, HEY and HEY A8 cells and their 

impact on cellular mechanics, migration, and invasion 

AFM and migration/invasion assays can also be conducted on single cells after 

microRNA transfection, in which cells are expected to undergo MET, alter gene 

expression profiles, increase stiffness and reduce invasiveness. The experimental method 

with expected outcomes are sketched in Figure 6.2. 
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Figure 6.2: Experimental sketch of miRNA transfection on IOSE, HEY and HEY A8 

cells, a) miRNA transfection induces MET, b) subsequent gene expression profile 

analysis with microarray, migration/invasion assay, and stiffness measurement, and c) 

expected results: MET induce increase in stiffness and reduction in migration/invasion 

activities. 

 

 

 

6.4 Significance of the future research 

Successful completion of the future research projects will lead to a better understanding 

of the impacts of genes and networks on biomechanical properties of ovarian cancer, 

further motivating the testing of cancer cells derived from patients, and identifying 

potential new biomarkers for diseased cells and targets for therapeutics which can impede 

the spread of cancer cells. 
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