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The broad objective of this research is to examine the relationship between the 

cellular micromechanical environment and disease progression in cancer. The mechanical 

stiffness of cancerous tissue is a key feature that distinguishes it from normal tissue and 

thus facilitates its detection clinically. While numerous inroads have been achieved 

toward elucidating molecular mechanisms that underlie diseases such as cancer, 

quantitative characterization of associated cellular mechanical properties and biophysical 

attributes remains largely incomplete. To this end, the present research provides insight 

into the following questions: (1) What is the effect of extracellular matrix (ECM) 

stiffness and architecture on internal cancer cell rheology and cytoskeletal organization? 

(2) What are the integrated effects of ECM stiffness and cell metastatic potential on the 

intracellular rheology and morphology of breast cancer cells? (3) What are the integrated 

effects of ECM stiffness, ECM architecture, and cell metastatic potential on the motility 

of breast cancer cells? To examine these phenomena, the present research utilizes a 
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multidisciplinary engineering approach that integrates experimental rheology, theoretical 

mechanics, confocal microscopy, computational algorithms, and experimental cell 

biology. Briefly, genetically altered cancer-mimicking cells are cultured within synthetic 

ECMs of varying mechanical stiffness and structure, where they are then observed using 

time-lapsed confocal microscopy. Image analyses and computational algorithms are then 

employed to extract measures of cell migration speed and intracellular stiffness via 

particle-tracking microrheology techniques. Major results show that ECM stiffness elicits 

an intracellular mechanical response only within the framework of physiologically 

relevant matrix environments and that a key cell-matrix attachment protein (the integrin) 

plays an essential role in this phenomenon. Additional results indicate that a well-known 

breast cancer-associated biomarker (ErbB2) is responsible for sensitizing mammary cells 

to ECM stiffness. Finally, results also show that a switch in ECM architecture 

significantly hinders the migratory capacity of ErbB2-associated cells, which may 

explain why the ErbB2 biomarker is detected with much higher frequency in early stage 

breast cancer than in later stage invasive and metastatic cancers. In total, these findings 

inform the fields of mechanobiology and cancer biology by systematically linking cell 

rheology, cell motility, matrix mechanics, and disease progression in cancer. 
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Chapter 1:  Introduction to Cancer 

Cancer is responsible for approximately 13% of human mortality worldwide 1. 

This statistic is impressive—yet the current scientific grasp of cancer falls short of 

adequately addressing the medical burden that it imposes. Cancer is fundamentally 

defined as a persistent, disregulated cellular growth that results from a series of genetic 

mutations. These mutations most often result from prolonged exposure to cancer-

promoting environmental stimuli (carcinogens) and lifestyle, but they can also derive 

from genetic inheritance in a smaller fraction of the population 2. Cancer typically falls 

into one of three broad classes of origin: carcinomas, sarcomas, and lymphomas and 

leukemias. Carcinomas are tumors derived from epithelial cells, which comprise the 

external skin of the body and also line the internal cavities and tubes of the body; 

carcinomas are responsible for approximately 80% of human malignancies 3. Sarcomas 

derive from connective tissues of the body, while lymphomas and leukemias comprise 

malignancies of lymphoid tissues and blood forming tissues. Cancerous growths often 

manifest as solid tumor masses, whose distinct mechanical properties render them 

detectable via physical inspection or various clinical imaging modalities. The effect of 

the micromechanical environment on cellular biophysical responses in epithelial cancers 

comprises the subject of this dissertation.  

1.1 ACQUIRED TRAITS OF CANCER 

While over 100 distinct types of cancer have been described to date 3, the past 40 

years of biomedical research have revealed a set of essential, acquired traits that are 

common to almost all forms of cancer. Hanahan and Weinberg have coined these features 

as the “hallmarks” of cancer, and they consist of the following traits 4: [1] self-sufficiency 

in growth signals, [2] insensitivity to anti-growth signals, [3] evasion of programmed cell 
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death, [4] unchecked replicative potential, [5] sustained angiogenesis, and [6] tissue 

invasion and metastasis. 

1.1.1 Growth, antigrowth, and death signals 

Normal cells rely on extracellular growth factors that bind to their cell membrane 

receptors; this binding initiates intracellular signaling cascades that transition the cells 

from a resting stage of the cell cycle to an active proliferative stage 4. The requirement of 

growth signals is readily observable during propagation of normal cells in culture, which 

require access to appropriate mitogenic factors and extracellular substrates 5. However, 

cancer cells in culture exhibit a significantly reduced dependence on extracellular growth 

factors because they are able to produce their own growth signals, thereby creating a 

positive feedback signaling loop and relieving their reliance on extracellular 

environmental stimuli 6. Thus, cancer cells become capable of proliferating beyond 

normal homeostatic levels and by extension, they further propagate their mutated, 

destructive genetic material. This hyperplastic state is associated with both early and late-

stage cancer growths. 

In addition to possessing self-sufficiency in growth signals, cancer cells also 

exhibit insensitivity to growth-inhibitory signals. Normal cells respond to several 

antiproliferative cues that maintain tissue homeostasis. Extracellular antigrowth factors 

bind to transmembrane receptors in much the same way as do growth factors, stimulating 

signaling cascades that transition normal cells from a proliferative phase of the cell cycle 

to a quiescent phase 4. However, cancer cells are characterized by an ability to avoid 

responding to these factors; this acquired capability most often results from genetic 

alterations that have lead to loss of tumor suppressor genes 4. A tumor suppressor gene is 

one that functions to prevent (or suppress) a genetic event that would otherwise 
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incrementally progress a cell towards a cancerous state. In the absence of both copies of a 

tumor suppressor gene, destructive genetic alterations occur unchecked and may be 

propagated as a cell population proliferates. Cancer cells also display insensitivity to 

antigrowth signals in that they are able to circumvent signals that normally direct cells to 

enter permanent, post-mitotic states. Moreover, cancer cells have the ability to 

downregulate expression of integrins (cell surface proteins that engage the cells with their 

surrounding extracellular matrix (ECM)) and other adhesion molecules that relay 

antigrowth signals to the cell interior 4. For example, most normal cells maintained in 

culture cease to proliferate once the cell population becomes confluent across a culture 

surface. The cells sense this confluency via cadherins and other cell-cell adhesion 

molecules, which enable the cells to detect that they are fully surrounded and engaged 

with other cells. In contrast, cancer cells often continue to proliferate beyond the point of 

confluency when propagated in culture as a result of their ability to overcome antigrowth 

cues relayed by contact inhibition 3. 

While cancer cells hyperproliferate in part due to perturbed growth signaling, they 

also achieve hyperplasia by evading apoptosis 4. Apoptotic sensory mechanisms normally 

monitor the extracellular and intracellular environments and signal a cell to enter an 

apoptotic pathway when abnormal conditions (such as DNA damage or hypoxia) are 

detected 7; however, awry mitochondrial-based (and other) signaling pathways enable 

cancer cells to circumvent death-promoting stimuli that are detected within the cellular 

microenvironment 8. In culture, noncancerous cells often enter apoptotic pathways when 

cell-matrix adherence signals are inadequate due to plating on non-rigid substrates; 

however, cancer cells often avoid apoptosis and persist when cultured within relatively 

compliant matrices 9. In total, cancer cells become hyperproliferative by supplying their 

own growth signals and ignoring both anti-proliferative and apoptotic signals.  
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1.1.2 Growth enabling traits 

In order to transition from a hyperplastic state into a macroscopic tumor mass, 

cancer cells must acquire another survival trait: unrestricted replicative potential 4. 

Normal cell populations are described as mortal—they possess an internal counting 

mechanism that permanently prevents mitosis once they once they divide a certain 

number of times. The details of how this phenomenon manifests in vivo remains elusive; 

however, observation of both normal and cancerous cells in culture have provided 

important clues into this mechanism. Once normal cells double their population 

approximately 60 times in culture, they enter into a growth-arrested phase called 

senescence, where they permanently cease to proliferate and eventually succumb to 

apoptosis 10. Senescence is in fact independent of proliferative and apoptotic signaling 

pathways and rests on the state of chromosomal telomeres. Telomeres are DNA base pair 

sequences that cap off the ends of chromosomes and facilitate the initial steps of gene 

replication that are necessary for mitosis. With each cycle of normal cell division, 

telomere ends are progressively shortened and eventually reach a critical length that no 

longer facilitates normal DNA replication for further cell division. Once this critically 

short length is reached, the cell population enters the growth-arrested phase of 

senescence. In contrast to normal cells maintained in culture, cancer cells exhibit 

telomere maintenance beyond a critically short length, thereby permitting unlimited 

replicative potential 11. For the vast majority of cancerous cells in culture, this behavior is 

associated with upregulation of the telomerase enzyme, which adds DNA base pair 

sequences to the ends of telomeres. Circumvention of senescence renders a cell 

population immortal and represents a key step in the progression from cell normalcy to 

cell malignancy 4.  
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The growth and persistence of any cell population (whether normal or cancerous) 

require a continuous vascular supply of oxygen and nutrients. Initially, a growth of 

neoplastic cancer cells is limited by existing vasculature, which functions to supply 

nutrients for only a normal level of cellular proliferation. The growth of new blood 

vessels from existing blood vessels, termed angiogenesis, requires a positive balance of 

more than two dozen signals that encourage angiogenesis, most notably vascular 

endothelial growth factor and fibroblast growth factors 4. While the mechanisms that 

control this balance have yet to be fully clarified, several lines of evidence indicate that 

cancer cells possess an ability to flip an “angiogenic switch” that upregulates angiogenic 

promoting factors and downregulates angiogenic inhibiting factors 12. Several pioneering 

studies have shown that specific anti-angiogenic factors have the capability to impair 

tumor growth in mice, and altered angiogenesis is now a significant target of clinical 

therapies for the treatment of cancer 13.    

1.1.3 Invasion and metastasis 

Given acquisition of the previously described five traits and enough time, cancer 

cells may eventually breach the boundary that confines their local environment, invade 

adjacent tissues, intravasate their surrounding vasculature, and spread to other, distant 

sites within the body in the process known as metastasis 4. Metastatic tumors are 

responsible for approximately 90% of cancer-related deaths 14 and are in part the result of 

disrupted cellular adhesion mechanisms. In order to travel from the primary tumor site to 

a distal site within the body, cells must migrate through variable ECM environments 4. 

Cell migration requires that cells dynamically detach themselves from other cells as well 

as from the ECM. Cadherin proteins are expressed on the surface of various cell types 

and play a significant role in maintaining normal cell-cell attachment. Cadherin function 
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is lost in most cancers, which bestows cancer cells with an increased migratory ability. 

Invasive and metastatic cells also exhibit modified expression of integrin subunits, which 

enables them to adapt as they navigate a changing microenvironment 4. Upregulation of 

cellular protease secretion is additionally associated with invasion and metastasis, 

facilitating cell migration by degrading ECM proteins that would otherwise present 

physical hindrances to cell motility 15. In vitro cell cultures are classified as transformed 

when they display evidence of invasive capacity via morphological features, when they 

form tumors in immunodeficient mice, and when they are capable of growing in soft agar 

environments (without attachment to solid surfaces). Evidence of invasion and/or 

metastasis is one of the key features that classifies a tumor mass as malignant, and this 

subject matter constitutes the primary remaining and foreseeable breakthrough realm for 

exploratory cancer research 4.  

Investigation of the six described “hallmarks of cancer” has proven essential to 

the development of significant therapeutic advances for treating cancer. However, a 

major component still lacks clarity within the overall knowledge base of understanding 

cancer: the role of the cellular mechanical environment in the progression of cancer. The 

research described here seeks to further illuminate this matter in cellular experimental 

systems and specifically with respect to the progression of normalcy to invasiveness in 

breast cancer. Breast cancer has in fact become the subject of an increased number 

cellular mechanical studies over the past decade and accounts for approximately 7% of 

all cancer-related mortality worldwide 1. 

1.2 BREAST CANCER: FEATURES AND PROGRESSION 

Several classifications of breast cancer exist; however, breast cancer can generally 

be defined as a malignant tumor that initiates from a mammary tissue, usually from a 
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mammary epithelial cell (MEC) population that lines the milk ducts or milk-producing 

lobules (Fig. 1.1). According to the American Cancer Society, breast cancer is the most 

commonly diagnosed cancer in women in the United States, and U.S. women have an 

approximate 1 in 8 (12%) lifetime probability of receiving a breast cancer diagnosis 16. 

Breast cancer is also the second-most fatal form of cancer among women in the U.S., 

second only to lung cancer 17.  

1.2.1 Clinical features of breast cancer 

Breast cancer risk factors include but are not limited to age 18, lack of 

childbearing or breast feeding 19, genetic predisposition 20, race 21, and obesity 22. In an 

attempt to obtain relatively early diagnoses and improved prognoses, several screening 

tests are employed for breast cancer detection. The most common screening tests consist 

of physical breast exams and mammograms; however, ultrasound, magnetic resonance 

imaging (MRI), and genetic screenings may be used in conjunction with these tests in 

order to further probe for breast cancer existence or risk. Inheritance of the breast cancer 

susceptibility gene 1 (BRCA1) or breast cancer susceptibility gene 2 (BRCA2) may 

increase the risk of breast cancer development from 12% to up to 60% 23-24.  Several 

treatment courses are available to breast cancer patients; these include surgery, 

chemotherapy, radiation therapy, hormonal therapies, and adjuvant therapies. While 

breast cancer initiates from genetically mutated cells that proliferate at abnormally high 

rates, it is their metastatic potential that renders them so life-threatening: the five-year 

survival rate for noninvasive breast cancer is approximately 93%, whereas the five-year 

survival rate for metastatic breast cancer drops to only 15% 25. 
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1.2.2 Breast cancer metastasis 

Given that the vast majority of breast cancer related deaths result from metastatic 

tumors, understanding the interplay between the cellular microenvironment and breast 

cancer metastatic potential is critically important to the development of effective 

treatments and therapies for this disease. In their evolution from normalcy to metastatic 

cancer, resting MECs initially line the inner surface of the mammary ductal system, but 

then transition to a hyperproliferative state known as ductal hyperplasia (DH) that 

commences luminal filling. This is followed by cellular depolarization and morphological 

changes, which constitute atypical ductal hyperplasia (ADH) 26-27. Cancerous MECs 

residing within the dense lumen, termed ductal carcinoma in situ (DCIS), may 

subsequently invade the local basement membrane and are referred to as invasive ductal 

carcinoma (IDC) at this stage 27-28. Invasive cells eventually migrate through the ECM, 

where they may invade blood or lymphatic vessels that ultimately transport the cancer to 

other tissues and initiate metastatic breast cancer (Fig. 1.2). Lung, liver, and brain tissues 

comprise the most common homing sites for breast cancer metastases 27.  

1.2.3 Breast cancer biomarkers 

Over the past two decades, key breast cancer biomarkers have been identified and 

linked to specific stages of the disease 29. Two notable factors are the ErbB2 (HER2/neu) 

and 14-3-3ζ proteins, both of whose overexpression has been correlated with clinical 

presentations of breast cancer and poor prognoses; they have been similarly shown to 

induce cellular features in vitro that are comparable to clinical presentations. ErbB2 is a 

transmembrane receptor tyrosine kinase of the epidermal growth factor receptor (EGFR) 

family of proteins and is involved in several signaling pathways that modulate cell 

growth, differentiation, and apoptosis, among other critical processes 30. Strikingly, the 

ErbB2 protein is overexpressed in approximately 25% of all invasive and metastatic 
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breast cancers 31 and 50-70% of all ductal carcinomas in situ 32. Analogously, cell 

cultures that are engineered to overexpress ErbB2 have been shown to exhibit 

hyperplasia, luminal filling, and depolarization, though not full transformation and 

invasion 33-34. Its role in promoting metastasis of breast and other forms of cancer has 

rendered ErbB2 one of the most studied molecules in the field of cancer and a critical 

target for drug development. In fact, given its ability to confer resistance to certain types 

of cancer therapy and its prognostic value, determining its status with respect to newly 

diagnosed breast cancer cases has become a standard of practice 35. 

The 14-3-3ζ protein belongs to the larger family of seven 14-3-3 regulatory 

proteins that are widely expressed and involved in a variety of cellular homeostatic 

processes, including a general cell survival/anti-apoptotic mechanism 36-37. Recently, 

MEC in vitro studies have shown that 14-3-3ζ confers significant resistance to anoikis 38, 

a type of apoptosis that occurs when epithelial cells detach from extracellular ligands, 

thus promoting luminal filling and driving MECs towards transformation 39. 

Overexpression of 14-3-3ζ was also shown to induce notable morphological irregularities 

that are characteristic of progression towards an invasive phenotype 33,38. Furthermore, 

analyses of patient biopsies indicate that more than 40% of advanced metastatic breast 

cancers overexpress the 14-3-3ζ protein 40, with the highest protein level expressed in 

ADH lesions, followed by DCIS and then IDCs 38. In spite of their capacities to confer 

oncogenic properties on nontransformed cells, overexpression of neither ErbB2 nor 14-3-

3ζ alone are sufficient to drive complete transformation in vitro 34,38. However, recent 

investigations have shown that their cooperative effect promotes progression from 

noninvasive carcinoma to invasive cancer in vitro and is also associated with progression 

of DCIS to IDC and metastatic breast cancer clinically 33.  
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1.3 BREAST CANCER AND THE CELLULAR MECHANICAL ENVIRONMENT 

While significant progress has been achieved toward elucidating the biochemical 

mechanisms that underlie breast cancer progression 29,41, characterization of the 

associated cellular mechanical properties remains largely incomplete. Breast tumors are 

more rigid (stiffer) than normal breast tissue 42, and cancer cell motility, a key aspect of 

metastasis, is in part governed by the stiffness of the ECM 43. However, the system-wide 

relationships among ECM mechanical properties, metastatic potential, cell motility, and 

the intracellular mechanical state of breast cancer cells is even less well understood, 

particularly within the context of physiologically relevant, three-dimensional (3D) matrix 

environments. Given the identified correlations between breast cancer biomarkers and 

metastatic potential and our current knowledge of cell-matrix interactions with respect to 

the cellular mechanical environment, several fundamental questions remain unanswered 

for individual MECs in 3D environments: [1] Does the intracellular mechanical state 

adapt to matrix stiffness? [2] Is this adaptability related to metastatic potential? [3] Does 

matrix stiffness or architecture significantly affect cell migratory capacity? And [4] what 

is the relationship between intracellular stiffness, cell motility, and metastatic potential 

given a determined matrix environment?  

In the chapters that follow, these questions will be explored by first reviewing 

principals of cellular mechanics (Chapter 2) and examining cellular mechanics within 

experimental systems (Chapters 3 and 4). Next, experimental results will be displayed to 

show the broad interplay between matrix stiffness, matrix architecture, intracellular 

stiffness, and cytoskeletal organization with respect to a well-characterized model cancer 

cell line (Chapter 5). A second experimental study will be then presented to clarify the 

system-wide relationships among 3D matrix stiffness, intracellular stiffness, and disease 

progression in breast cancer (Chapter 6). Next, cell motility will be described within the 
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context of experimental systems (Chapter 7), and subsequent to this introduction, an 

additional experimental study will be presented to clarify the relationships among matrix 

stiffness, matrix architecture, cell motility, and disease progression in breast cancer 

(Chapter 8). Finally, closing remarks will summarize the major contributions and 

potential future endeavors of the investigations presented herein (Chapter 9).  
  



1.4 FIGURES 
 

 

Figure 1.1  Anatomy of the breast. Breast cancer most often initiates in mammary 
epithelial cells that line the inner surfaces of mammary ducts and lobes. 
Figure adapted from Bliss 44 and Breast Cancer Basics 45. 
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Figure 1.2  Breast cancer disease progression. Noncancerous mammary epithelial cells 
undergo a series of genetic mutations that promote hyper-proliferation. 
Hyperplasia may then be followed by cellular depolarization, invasion of the 
local basement membrane, migration through the extracellular matrix, and 
intravasation of nearby blood or lymphatic vessels. The surrounding 
vasculature may transport cancer cells that ultimately spawn distant 
metastases. Breast depiction (top left) adapted from Breast Cancer Basics 45. 
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Chapter 2:  The Cellular Mechanical Environment 

While numerous inroads have been made in revealing biochemical mechanisms 

that underlie diseases such as cancer 4, adequate quantitative characterization of 

associated cellular mechanical properties remains largely incomplete 46. The mechanical 

properties of biological materials are essential to their underlying functions 47. Thus, 

individual cells have become the focus of several recent investigations aimed at linking 

their mechanical properties to various physiological and pathological states 48-49 in an 

attempt to reveal mechanically regulated biomarkers that may ultimately be targeted with 

therapeutics. Moreover, microscale investigations continue to demonstrate that cell 

anatomy and structure are as essential to mechanotransduction as are individual 

mechanosensitive proteins 50. Thus, the rheological behavior of individual cells is 

dictated by the heterogeneous intracellular contents of the cytoplasm 51, the forces 

exerted on them by the surrounding extracellular matrix (ECM) 52, and the physical 

attachments that connect the cell interior to the ECM 46,53. To this end, the remainder of 

this chapter will discuss the following key aspects of the cellular mechanical 

environment: the cytoskeleton as a source of intracellular mechanical integrity, the ECM 

as a mechanical medium, the integrin cell surface protein as a mechanical transducer, and 

the viscoelasticity of living cells as biological materials. 

2.1 THE CYTOSKELETON 

The cytoskeleton is a robust intracellular filamentous system that provides the 

primary structural integrity of a cell and enables the dynamic processes required for 

cellular functioning and homeostasis 54. In order for cells to function properly, they must 

organize themselves spatially and mechanically interact with their microenvironment. 

Therefore, the mechanics of the cytoskeleton are critical to numerous processes that 
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occur in both health and disease 55. For example, along with the cell membrane, the 

stiffness of the cytoskeleton is key to governing cellular shape and therefore the 

underlying organization of macroscale tissues. Cells change their shape by reorganizing 

their cytoskeleton as they migrate during the processes of embryogenesis, angiogenesis, 

wound healing, and cancer metastasis. The cytoskeleton is also responsible for pulling 

chromosomes apart during mitosis, guiding intracellular organelle traffic, and executing 

several other functions during the lifetime of a cell 56. The variability of these mechanical 

functions is permitted by the ability of a cell to reorganize, upregulate, and downregulate 

its three constituent protein filaments that permeate the liquid cytosol: microtubules, 

intermediate filaments, and actin filaments.  

2.1.1 Microtubules 

Microtubules are long, hollow cylindrical filaments of outer diameter 25 nm; they 

are comprised of the monomer protein tubulin and typically emanate radially from a 

single microtubule-organizing center called a centrosome (Fig. 2.1). This radial extension 

of microtubules form the centrosome is a primary determinate of cell shape 54. 

Microtubules are also the most dynamic of the cytoskeletal filaments and continuously 

undergo polymerization and depolymerization 55. They have the ability to quickly 

reorganize themselves to form the mitotic spindle during cell division, and they comprise 

the motile cell surface structures of cilia and flagella; microtubules also form the bundles 

that serve as tracks for intracellular transport 54. Due to the central role of microtubules in 

mitosis, several drugs have been developed to target microtubule assembly for the 

treatment of cancer. Some prominent chemotherapeutic drugs function by either 

inhibiting microtubule assembly or stabilizing its structure so as to prevent mitosis and 

propagation of rapidly dividing cancer cells 56. Microtubules exhibit the highest bending 
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stiffness of the three cytoskeletal filament types, owing partially to their tubular structure 
55. Investigations probing the mechanical response of isolated microtubules suggests that 

their elasticity and bending stiffness are governed by the motions of individual tubulin 

monomers 57.  

2.1.2 Intermediate filaments 

Intermediate filaments are ropelike structures with a diameter of approximately 10 

nm and are comprised of a variety of monomer proteins. They are generally more stable 

than actin filaments and microtubules 55; in fact, their primary function is to provide cells 

and tissues with mechanical strength 56. One type of intermediate filament forms a 

meshwork surface just beneath the inner membrane of the nucleus, while other types of 

intermediate filaments extend across the cytoplasm (Fig. 2.1). In epithelial tissues, 

intermediate filaments span the cytoplasm from one cell-cell junction to another, 

providing macroscale strength to the entire epithelial layer 54. The disruption of tissue 

integrity due to absent or mutated intermediate filament proteins are particularly manifest 

in diseases of the skin, muscle, and nerves 56. Investigations of intermediate filament 

mechanics have shown that intermediate filaments can withstand high amounts of 

stretching (2.5 – 3.5 times their length) before rupture within physiological mediums, 

suggesting that they may serve as mechanical shock absorbers in vivo 58.  

2.1.3 Actin filaments 

Actin filaments (also known as microfilaments or filamentous actin, F-actin) are 

the most widely studied and well-characterized of the three types of cytoskeletal 

filaments. They are double-stranded helical polymers that are comprised of the monomer 

protein globular actin (G-actin), and they range from 5 to 9 nm in diameter. Actin is the 

major cytoskeletal protein, accounting for approximately 5 – 10% of total cell protein 
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content 56. Actin provides cells with structural flexibility and may organize into linear 

bundles, two-dimensional (2D) networks, or three-dimensional (3D) gels. Actin filaments 

are most highly concentrated in the cortex meshwork that lies beneath the cell membrane 

(Fig. 2.1) and therefore provide mechanical strength to the cell surface and determine its 

shape 54. Like microtubules, actin filaments are highly dynamic and play a key role in cell 

motility; they have the ability to rapidly assemble and disassemble, forming surface 

projections such as lamellipodia and filopodia that are utilized by a cell to survey its 

environment and propel itself forward during migration 56. An array of studies have been 

performed on reconstituted F-actin networks and reveal their mechanical behavior as that 

of a semi-flexible polymers that are neither completely flexible nor perfectly rigid 59. 

2.2 THE EXTRACELLULAR MATRIX 

While the cytoskeletal constituency plays a large role in governing the 

intracellular mechanical state, the ECM organization and composition are the primary 

determinates of the extracellular micromechanical environment. The ECM is a complex 

network of various glycosaminoglycan (GAG) polysaccharides, fibrous proteins, and 

cross-linking proteins that are secreted by the cells that it surrounds (Fig. 2.2). Generally, 

ECM classification falls into the category of either epithelial tissue or connective tissue 
56. 

2.2.1 The basal lamina 

Epithelial tissues consist of a flexible, single-cell thick sheet of cells that are 

attached to one another via various types of cell-cell junctions. In this type of tissue, the 

ECM is sparse, consisting mainly of a thin layer called the basal lamina (or basement 

membrane) that underlies one surface of the epithelial cell layer. Thus, basal laminae 

separate epithelial tissues from underlying and surrounding connective tissues and serve 
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as the mechanical connection between them (Fig. 2.3). Basal lamina components are 

synthesized by both the cells atop its surface (epithelial cells) and by the cells within the 

underlying connective tissue 54. The most significant protein constituents of the basal 

lamina include laminin, Type IV collagen, and fibronectin. Laminin is a large, flexible 

protein that organizes the structure of the epithelial sheet, while Type IV collagen is a 

network-forming collagen that imparts tensile strength to the basal lamina. Fibronectin is 

a fibrous protein that is principally involved in cell-matrix adhesion 56. 

2.2.2 Connective tissue 

In contrast to epithelial tissues, connective tissues (bone, muscle, and fat), often 

referred to as stroma, are characterized by plentiful ECM components that surround 

sparsely distributed cells; the ECM bears most of the mechanical stress borne by 

connective tissues 54. In most connective tissues, ECM macromolecules are secreted 

primarily by fibroblasts. GAG molecules in connective tissues usually form a hydrated, 

gel-like substance in which the fibrous proteins are embedded, and this substance is 

capable of resisting compressive forces experienced by the ECM. Types of ECM differ 

by the amount and type of constituents and by constituent organization 56. The major 

structural proteins of the ECM are the collagens, which are the most abundant proteins 

within animal tissues (accounting for approximately 25% of the total protein content) and 

serve to resist tensile forces experienced by the ECM 54. 

2.2.3 Collagen 

Since the collagens are the most abundant proteins of the ECM and can serve as 

the building blocks for relatively simply generated synthetic in vitro matrices, they have 

been widely examined and characterized. The collagens comprise a large family of over 

two dozen proteins 60; the basic feature of a collagen molecule is a long, stiff, triple-
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stranded helix consisting of three tightly wound polypeptide chains that form a rope-like 

structure 54. Type I collagen is the most abundant form of collagen within connective 

tissues and assembles into collagen fibrils upon secretion into the ECM. Fibrils can range 

from 10 – 200 nm in diameter 61, extend up to hundreds of microns in length 54, and be 

visualized using electron microscopy (Fig. 2.4 A). Collagen fibrils can further aggregate 

into even larger collagen fibers, which are cable-like bundles that are visible in light 

microscopes 54 (Fig. 2.4 B). 

2.3 THE INTEGRIN 

A cell surface protein that first received its name over two decades ago 62 is now 

recognized as the central component of the most studied mechanotransduction circuit to 

date 52,63-64. This protein was called the “integrin,” a name that was intended to denote its 

physical structure as the integral membrane protein that connects the ECM to the 

cytoskeleton 65. Since this time, the fields of cell and molecular biology have yielded a 

wealth of information regarding the structure of integrins and their role in several 

important biochemical pathways 66. In fact, the physical composition of the integrin is 

now well-characterized; these transmembrane heterodimers consist of  and  subunits 

that are non-covalently bound 54. The extracellular domain of the integrin is comprised of 

a ligand-binding head that is connected to two legs, and each leg is linked to the 

intracellular domain of the integrin via a single-pass transmembrane helix. A total of 18  

and 8  subunits have been identified to date, whose combinations give rise to a family of 

over 24 distinct integrins 54. The extracellular domain heads bind with specificity to 

several ECM components 67-68, the most notable including collagen, fibronectin, and 

laminin. In some instances, integrins also mediate cell-cell attachments 69. While an 

equally thorough understanding of integrin biophysical mechanisms has lagged behind, 
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the evolution of mechanobiology as a discipline 70 has promoted an increasing interest in 

the role of integrins in stabilizing tissue architecture 71-72, the forces transduced by 

integrins during cell migration 43,73-74, and the consequences of perturbed integrin 

mechanics in human pathophysiology and disease 75-76. As discussed in later chapters, an 

improved knowledge of integrin mechanics and mechanisms stands to serve as a key 

component of potentially ground-breaking developments in addressing cancer 77, which 

accounts for greater than 10% of all human mortality worldwide 78. 

2.3.1 Tissue structure and architecture 

The human body is organized as a hierarchy of structural units: at the macroscale, 

organs are comprised of tissues, and at the microscale, tissues are comprised of cells 

surrounded by ECMs. Both continuum and discrete element models have been proposed 

to describe the mechanical state of tissue structure and architecture 55. One such discrete 

model is the tensegrity (or tensional integrity) model 50, which describes the body as a set 

of prestressed entities whose resting tensions are borne by filamentous structures 71,79 

(e.g. cytoskeletal and ECM fibers 80) that stabilize entire tissues. In this context, integrins 

serve as the nanoscale mechanoreceptors that transmit forces between the cytoskeleton 

and the ECM 50 to maintain structural integrity of the tissue. The majority of integrin-

mediated attachments between ECM fibers and resting cells exist at sites where the 

intracellular domain of an integrin attaches to a bundle of actin filaments, also known as a 

stress fiber (Fig. 2.5). This specialized attachment site is called a focal adhesion (FA) 63,81 

and ranges from approximately 1 – 10 μm in length 82-84. FAs consist not only of 

integrins, but also include several proteins (Fig. 2.5) that stabilize the tissue, anchor the 

actin filaments, and relay important biochemical signals 85. 
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Recent investigations have modeled the actin cytoskeleton of adherent cells as a 

cable network of variable lattice geometry to investigate the intracellular propagation of 

mechanical stress and stress distribution at FAs 86. The studies incorporated both 

theoretical analyses and experimental data to examine the effect of cytoskeletal prestrain 

and externally applied cellular forces. Results suggested that forces transduced by FAs 

depend more on FA spatial distribution than on cytoskeletal network geometry 86 and 

thus have provided insight into additional factors that govern tensional homeostasis in 

tissues 87. Other models of tissue structure and architecture 88 describe the tissue 

mechanical environment in terms of cellular circuits that consist of various intercellular 

mechanotransduction elements, including but not limited to integrins, gap junctions, 

adherens junctions, as well as cytokines. The circuits comprise a complex multicellular 

sensor/effector system that dictates tissue remodeling by globally coordinating cellular 

responses to mechanical stimuli 88.  

In contrast to discrete element models of the cytoplasm, continuum models 89-90 

treat the cell as a homogeneous elastic or viscoelastic medium that uniformly dissipates 

cell surface stresses over relatively short distances (< 10 μm) from the cell membrane 91, 

thus ignoring the explicit role of integrins as force-channeling conduits 92 that stabilize 

tissue structure. Alternative models describe cells and tissues as soft glassy materials or 

poroelastic mediums. The former model considers the cell as a soft elastic solid that 

exhibits stress-induced relaxation according to characteristic time-scales 93-94, whereas the 

latter treats the cell as a two-phase material that consists of a porous elastic cytoskeletal 

network and a fluidic cytosol that suffuses the network in response to pressure gradients 

generated by stresses applied to the network 92,95. Given that continuum and poroelastic 

models do not resolve cell-matrix interactions at the level of the integrin, an improved 

understanding of integrin-mediated tissue homeostasis necessitates that future models and 
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experiments integrate aspects of discrete element theories, as well as the continual flow 

of experimental findings regarding integrin mechanics. Overall, integrin adhesion sites 

can serve not only as very static interactions that stabilize the microstructure of a tissue 

via focal adhesions 81 or other sites such as hemidesmosomes that anchor epithelial cells 

to underlying basement membrane 96, but they can also participate in interactions that 

regulate the tissue mechanical state via mechanisms such as activation of ion channels 97. 

Deviation of normal integrin-mediated tissue mechanical homeostasis can lead to several 

pathologies and is a major feature of cancer 42. 

2.3.2 Cell migration 

In addition to imparting structural integrity to tissue architecture and transmitting 

force, integrins play a significant mechanical role in cell migration, which constitutes a 

key aspect of morphogenesis 98, wound healing 99, and cancer 43, among several other 

biological phenomena. In order for a cell to migrate within its environment, integrins 

must rapidly undergo conformational changes that enable the cell to rapidly attach to and 

detach from the ECM in a coordinated fashion 63,73,100. Allosteric regulation, governed by 

both intracellular and extracellular signaling cues, permits an integrin to switch between 

its active state, wherein the integrin binds to both intracellular and extracellular ligands, 

as well as an inactive state, for which ligands are released 101. We now take a closer look 

at the integrin-dependent mechanical cycle 63 that underlies cell migration.  

In response to both matrix mechanical cues 43,102-106 and local chemical stimuli 
69,107, a migrating cell develops directional polarity that manifests as protrusion of the cell 

leading edge. Membrane protrusions, in the form of either filopodia or lamellipodia (the 

most extensively studied 54), are the result of actin polymerization in the direction of cell 

movement and are regulated by the Rho GTPases Rac and Cdc42 108-109. Protrusion 
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transports integrins to the leading edge, where their  subunits first bind to ECM proteins 
110. Engagement of the integrin with the ECM ligand commences integrin activation, 

inducing a conformational change that permits rapid binding of the cytoplasmic  tail to 

the actin cytoskeleton via the talin anchorage protein 111-112, as well as actin stabilizing 

proteins vinculin and paxillin 76. Binding of these stabilizing proteins exposes their own 

additional binding sites which in turn recruit signaling proteins FAK and Src 110. 

Incremental recruitment of these anchorage and signaling proteins signals sequestration 

of additional integrins, which yields a relatively small, transient cluster of integrins (10 -

100 nm in length), termed a focal complex 63,110.  

The growing end of an actin stress fiber generates a traction force across the 

nascent focal complex, resulting in the recruitment of zyxin 113, additional signaling 

proteins, and integrin clustering along the leading edge to form a FA. Surprisingly, focal 

complexes at the leading edge of motile cells have been found to generate relatively high 

traction stresses (on the order of 103 Pa) before aggregating into larger, mature FAs 83 

that anchor the actin stress fibers to the matrix as the cell crawls over these sites. Forward 

migration in concert with contraction of the rear cell body to overcome ECM resistive 

adhesive traction forces results in disassembly of spent FAs, whose integrins and 

remaining protein components are then recycled to the leading edge of the cell to 

participate in new FAs 63,73,113-114. Insight into the role of integrins in cell migration has 

increased rapidly in recent years, and determining the numerous proteins and mechanisms 

involved in FA assembly is an active area of research 115 that stands to illuminate the 

mechanisms of cancer metastasis 116 and other disease processes. 
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2.3.3 Cellular processes  

A hallmark of integrin functionality is the ability of these receptors to exhibit bi-

directional signaling 101,117. For example, intracellular signaling can cause the 

cytoskeleton to effect changes in the affinity of integrin-ligand binding, constituting 

inside-out signaling; in the case of cell motility, this binding results in remodeling of the 

ECM. On the other hand, the same integrin-ECM binding, in part depending on matrix 

rigidity 103, can also induce structural changes in the linked cytoskeleton 118, thereby 

utilizing an outside-in signaling cascade to inversely regulate motility 114. Beyond its role 

in cell motility, integrin signaling influences a wide variety of cellular processes and 

cellular features. These include, but are not limited to, proliferation 119, apoptosis 120, 

development 66, angiogenesis 121, gene expression 122, and morphology 123. The major 

classes of proteins involved in these integrin-mediated signal transduction processes 

consist of kinases, SH2-SH3 related molecules, GTPases, and phospholipid mediators; 

detailed pathways involving the myriad of individual protein contributors have been 

reviewed elsewhere 76,124. 

2.3.4 Disease 

Given the extensive involvement of integrins in key cellular processes, it follows 

that perturbed integrin mechanics contributes significantly to several pathophysiological 

and disease states 125, such as deleterious embryonic development, autoimmune diseases, 

cardiovascular diseases, and cancer 126. For example, cardiovascular cells produce several 

ECM components and continually remodel the ECM in response to both static and cyclic 

mechanical strains 127 sensed by activated integrins and other cell-surface receptors. 

Hypertension, atherosclerosis, and cardiac hypertrophy are just a few of the 

cardiovascular pathologies that can develop over time as a result of disturbed integrin-

mediated mechanics and loss of native cellular contractility 128-129. The major platelet 
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integrin ( V 3) has become the target of clinical therapies aimed at treating arterial 

thrombosis 130, and numerous cardiovascular studies are now focusing on the role of 

integrin mechanics in angiogenesis 131-132. Studies illuminating angiogenesis are 

advancing the fields of both cardiovascular science 133 and cancer, owing to the critical 

involvement of angiogenesis in metastasis 4. 

2.3.5 Cancer progression 

Indeed, several recent investigations have shown that integrin mechanics are 

altered in cancer 134-135, facilitate metastasis, and drive expression of the malignant 

phenotype 136. A significant finding examining tumorigenesis revealed that matrix 

stiffness and cytoskeletal stress are functionally linked through key signaling proteins 

that cooperate to drive FA assembly, contributing to a rigid tumor microenvironment 42. 

Additional studies indicate that in some instances, integrin-induced tissue polarity plays a 

role in conferring resistance to apoptosis, a hallmark of cancer, in both non-malignant 

and transformed breast tissues 75. The reduced requirement of integrin-mediated cell 

anchorage is another trait that is unique to cancer cells and is particularly evident in in 

vitro culture systems 9. While normal cellular processes such as survival and proliferation 

necessitate anchorage-dependent mechanotransduction 137, cancer cells instead receive 

analogous signals from oncogenes or indirectly via the loss of tumor suppressor genes 4, 

therefore relieving their dependence on matrix adhesion. This is consistent with findings 

that show cancer cell growth insensitivity to substrate stiffness 138 and internal cancer cell 

stiffness insensitivity to 2D matrix 46 as compared to nontransformed cells 53. 

Since the discovery of integrins over two decades ago, the study of integrins with 

respect to fundamental cell biology and disease has largely been associated with 

structural and biochemical information. Relatively little emphasis has been placed on 
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integrin mechanobiology, even though many processes regulated by integrins in healthy 

and diseased cells are highly mechanosensitive. Hence, the role of integrin 

mechanobiology in disease regulation is still underappreciated. While there have been 

significant improvements in both experimental and computational tools to quantify 

integrin-matrix mechanical interactions, there is a critical need for applying these tools to 

robust, well-characterized, and relevant disease models in vitro and in vivo. These 

connections are essential not only to developing an accurate comprehension of integrin 

mechanobiology in physiological systems, but also to navigating the complex landscape 

of disease, which will ultimately lead to efficient, patient-specific therapeutic targets. 

2.4 CELLULAR VISCOELASTICITY 

Cells are highly dynamic organisms that continuously respond to biochemical and 

biomechanical stimuli; their ability to mechanically adapt to a variable microenvironment 

and traffic subcellular components depends on the deformability of the cytoplasm. 

Therefore, an improved understanding of cell mechanics is essential to clarifying 

fundamental aspects of cell behavior. The living cell is a viscoelastic material, and thus, 

its intracellular mechanical environment can be characterized by several rheological 

parameters, notably including the elasticity, viscosity, and creep compliance, each of 

which may be probed by differing experimental techniques 139. These parameters describe 

the mechanical behavior of a material in response to a force or conversely provide a 

measure of the force required to produce a given deformation. The rheology of the 

cytoplasm may be dominated by either elasticity or viscosity and depends on the time 

duration, rate, and magnitude of the applied force 59,139-140. Forces experienced by a cell 

may originate from an external source, such as shear stress generated by blood flow 141, 

or an internal source, such as prestress generated by actomyosin contractility 50. 
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2.4.1 Viscoelastic parameters 

The elasticity of a material describes its ability to resist forces and store energy 

generated by force-induced deformations. Elasticity is quantified in terms of the elastic 

modulus ( ), which is also known as the storage modulus. A pure elastic solid will 

deform reversibly in response to a force (i.e., it will return to its original shape upon 

cessation of the force), but it will not flow. Cytoplasmic mechanics are typically 

dominated by elasticity at short timescales 139. 

The shear viscosity of a liquid quantifies its resistance to flow and its tendency to 

dissipate energy in response to a force. The viscous nature of a material may be described 

in terms of the viscous modulus ( ), which is also known as the loss modulus. A pure 

viscous liquid cannot resist mechanical stresses; thus, it flows in response to an applied 

force and does not retain memory of its original shape or location. Within the cytoplasm 

and the cell nucleus, drag forces generated by shear viscosity slow the transport of 

subcellular proteins, and in general, cytoplasmic mechanics are dominated by viscous 

effects at long timescales 139. 

The creep compliance ( ) of a material describes its tendency to gradually and 

permanently deform in response to an applied stress. Creep compliance increases with 

temperature, and a high compliance indicates that a material has a low propensity to resist 

mechanical deformation in response to an applied shear stress. For a material that is 

purely elastic or purely viscous, the creep compliance is inversely proportional to the 

inverse of  or , respectively 139. 

The rheological properties of cells and many other biological materials depend 

not only on the magnitude of force application and temperature, but also on the rate (or 

frequency) of deformation. At low rates of deformation (long time scales), a cell has time 

to reorganize its cytoskeleton via polymerization and disassembly, enabling the 
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cytoplasm to flow like a viscous medium. However, at high frequencies (short time 

scales), a cell does not have sufficient time to reorganize its cytoplasm and therefore 

resists mechanical deformation; this behavior is much more characteristic of an elastic 

solid than of a viscous liquid 139. Thus, obtaining a thorough description of cellular 

viscoelasticity requires that the cytoplasm be probed over a range of time scales.   

2.4.2 Analytical description of viscoelasticity 

Due to the rate-dependant mechanical response of numerous materials, 

viscoelasticity is often described in the frequency domain. One method of measuring the 

viscoelasticity of a material is to subject it to an oscillatory shear strain  of frequency  

and constant amplitude  and then observe the material for its resulting stress response 
142 (Fig. 2.6). This deformation c e  by a sine function as an b  represented

sin  

For sufficiently small amplitudes , an oscillatory shear stress  of amplitude  will be 

induced within the material and can be written as  

(2.1)

sin  (2.2)

where  represents a general phase shift in the stress response. Eq. 2.2 may then be 

rewritten as  

  sin cos cos sin  

Rearranging term  n q  yields 

(2.3)

s and rewriti g E . 2.3 in terms of 

  cos sin sin cos  

The in-phase (sine) component of  represents the elastic component of the frequency-

dependant stress response, and the elastic modulus  is defined as  

(2.4)
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os  c

The out-of-phase (cosine) component of  represents the viscous component of the 

frequency-dependant stress response, or the amount of energy dissipated per cycle of 

deformation, per unit of volume ulus  is defined as 

(2.5)

. The viscous mod

n  si

For a material that is a pure elastic solid,  = 0, and the induced stress response is 

immediate and in phase with the applied shear strain. For a material that is a pure viscous 

liquid,  = 0, and the induced stress response lags the applied shear strain 143. For this 

condition, the viscous modulus is directly proportional to , with the proportionality 

constant being defined as the dynam c viscosity  

(2.6)

i

 (2.7)

where  is the strain rate  divided by the shear stress 

 (2.8)

The complex shear modulus  is given by the summation of the elastic modulus 

and the imaginary number i multi ie  ous modulus 143 pl d by the visc

 (2.9)

By substituting Eq. 2.5 and Eq. 2.6 into Eq. 2.4, the shear stress  can be rewritten in 

terms of the elastic v u and isco s moduli 

  sin cos  )

As explained earlier, both  and  are generally dependant on the frequency . 

The point at which  equals  indicates the relaxation time 1  at which a 

material reaches its equilibrium state following application of a stress. Within the 

(2.10
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cytoplasm, this time may indicate realization of a steady state cytoskeletal arrangement 

induced by an external mechanical stimulus 139. Global or effective viscoelastic 

parameters for living cells have often been reported at a characteristic relaxation time of 

one second. 

Equations 2.1 – 2.10 describe materials that exhibit linear viscoelasticity; that is, 

the induced shear stress is directly proportional to the strain experienced by the material. 

Above a critical strain value  ~ 1, some materials, including living cells, exhibit 

nonlinear viscoelasticity, where the stress increases more rapidly than the strain. This 

behavior is called strain-hardening or alternatively, stress-stiffening (Fig. 2.7).   

Creep deformation is a continuous strain response  that follows application of 

a finite stress pulse of magnitude  
143; it is usually quantified in terms of the creep 

compliance  

 (2.11)

As illustrated in Fig. 2.8, the steady state creep compliance (ε0/σ0) is defined by 

extrapolation of the steady state slope to time t = 0, where  is the initial strain response. 

This slope is the inverse of the dynamic viscosity at low shear rate . Therefore, in the 

regime of steady state creep 143 

 (2.12)

Comparing Eq. 2.12 to Eq. 2.5 and Eq. 2.6 affirms that  collapses to the inverse of the 

elastic modulus or the inverse of the viscous modulus for a purely elastic solid or a 

purely viscous liquid, respectively. 
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2.4.3 Modeling cellular viscoelasticity 

Several models have been proposed to explain the intracellular mechanical 

environment, although no single model has prevailed in providing a complete rheological 

description 59. In cases where biological materials are sufficiently homogeneous or 

alternatively are dominated by a single structure, they can be adequately described by 

extant models for synthetic materials. For example, given that some ECM environments 

consist largely of collagen networks, the rheology of these environments tends to reflect 

that of cross-linked polymer gels 140. Since the three major cytoskeletal proteins have the 

commonality of forming semi-flexible filaments that are cross-linked into meshworks, 

attempts have been made to describe the intracellular rheology of living cells as that of 

semi-flexible polymer networks. This rheological behavior has been widely probed in 

reconstituted networks of cytoskeletal proteins (particularly F-actin) due to their 

amenability to assessment via traditional engineering approaches 59. However, cell 

rheological description based on examination of reconstituted homogeneous biopolymer 

networks is inherently incomplete, since whole-cell rheology results from stress 

propagation throughout multiple layers within the cell, including the cell membrane, the 

actin cortex, the cytosol, and the nucleus 140. Experimental results presented in Chapters 5 

and 6 will center on the bulk rheology of the cytoplasm within cancer cells.  
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2.5 VARIABLES 

V

 

ariable Description Units (SI) 

 

oscillatory shear strain unitless 

 

oscillatory shear strain amplitude unitless 

frequency s-1 

 

 

time s 

 

phase shift unitless 

oscillatory shear stress Pa 

 oscillatory shear stress amplitude Pa 

 

 

elastic modulus Pa 

viscous modulus Pa 

 

 

dynamic viscosity Pa·s 

complex shear modulus Pa 

 

 

strain unitless 

stress pulse magnitude Pa 

 creep compliance Pa-1 

 

 

initial strain unitless 

dynamic viscosity at low shear rate Pa·s 

 
  



2.6 FIGURES 

 

Figure 2.1  Major protein filaments of the cytoskeleton. Microtubules emanate radially 
from the centrosome. Intermediate filaments form ropelike structures that 
span the cytoplasm. Actin filaments are concentrated within the cell cortex 
immediately beneath the cell membrane. Illustration adapted from Alberts, 
2008 54. 
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10 µm

Figure 2.2 Scanning electron micrograph of fixed prostate cancer (PC-3) cell embedded 
within synthetic 3D collagen matrix. Image taken on 8/3/2010 by J. 
Srivastava (Department of Biochemistry, The University of Texas at 
Austin). 
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Figure 2.3 Typical structure of extracellular matrix organization within animal tissues. 
The basal lamina serves as the mechanical connector between an epithelial 
sheet and an underlying connective tissue. Illustration adapted from Alberts, 
2008 54.  
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A

20 µm

B

Figure 2.4  Microscopy images of synthetic 3D collagen matrices. (A) Scanning 
electron micrograph of synthetic collagen fibrils and fibers. (B) Light 
micrograph of synthetic collagen fibers.  
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Figure 2.5 Illustration of a focal adhesion (FA).  subunits of activated integrins bind 
to ECM ligands on the extracellular side of the cell membrane, as well as 
both directly and indirectly to various mechanical anchorage and signaling 
proteins on the cytoplasmic side of the membrane. While determining FA 
composition comprises an active area of research, several of the most well-
understood FA constituent proteins are depicted. They include anchorage 
proteins talin, vinculin, paxillin, and α-actinin, as well as signaling proteins 
FAK, Src, and zyxin, which is a major component of a mature FA. Figure 
taken from Baker and Zaman, 2010 144. 
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Figure 2.6 Sinusoidal shear stress  induced by sinusoidally oscillating shear strain . 
The shear stress  can be decomposed into an in-phase sine component of 
amplitude cos  and an out-of-phase cosine component of amplitude 
sin . 
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Figure 2.7 Linear versus nonlinear viscoelasticity. Under small deformations, a 
material may exhibit a linear mechanical response, whereby its stress is 
linearly proportional to strain. However, under larger deformations, a 
material may exhibit  strain-hardening, where its stress increases at a faster 
rate than does the strain. Figure taken from Kasza et al., 2007 59.  
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Figure 2.8 Illustration of creep deformation. A stress pulse of magnitude  is applied 
to a material, which results in a continuous creep deformation that is 
quantified in terms of strain  and creep compliance . 
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Chapter 3:  Cell Mechanics in Experimental Systems 

The mechanical properties of living cells have provoked interest ever since 

scientists have been capable of performing cell biological studies 140.  As far back as the 

eighteenth century, gel-sol transitions were observed within the cytoplasm of motile 

amoeboid cells, and early studies of fluid flow within plants yielded pioneering 

quantitative data describing non-Newtonian viscosity. During the early twentieth century, 

microscopic magnetic particles were manipulated within living cells to produce some of 

the first quantitative measurements of elasticity and viscosity using microrheological 

techniques 140. Cellular investigations performed since these earlier studies have 

increasingly implicated that epigenetic factors (particularly micromechanical and 

microstructural cues) influence normal cell behavior and contribute to cancer as well as 

several other diseases. In parallel with the rapid advances and successes in genomics over 

the past thirty years, technological advances in the fields of nanotechnology, 

micromanipulation, biological imaging, and numerical modeling have enabled the study 

of cellular mechanotransduction, the mechanisms by which cells convert mechanical 

signals into biochemical responses 50.  

Indeed, elucidating cellular mechanotransduction in cancer holds potentially 

ground-breaking insights that may not only impact the development of new cancer 

therapeutics, but also inform the field of systems biology, which examines the interfaces 

of biochemistry and biomechanics at the cellular level 145. Chapter 1 described the current 

state of cancer biology and the progression of breast cancer metastasis, while Chapter 2 

described the micromechanical environment experienced by cells in vivo as well as 

cellular viscoelasticity. The remainder of the current chapter will focus on probing the 

cellular mechanical environment within experimental systems, specifically with respect 
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to synthetic extracellular matrix (ECM) mechanics, integrin mechanotransduction, and 

cellular biophysical measurement techniques. 

3.1 SYNTHETIC EXTRACELLULAR MATRICES 

The in vivo ECM consists of several components, including but not limited to 

cells, fibrous proteins, and vasculature, all of which possess distinct mechanical 

properties and individual roles in tissue homeostasis. In an attempt to mimic the in vivo 

extracellular environment within in vitro experimental systems, researchers have 

developed methodologies to cast synthetic matrices that resemble in vivo ECMs in one or 

more of the following aspects: content, concentration, mechanical rigidity, and structure. 

While synthetic matrices do not mimic the true heterogeneity of in vivo ECMs, 

examining cells with respect to relatively homogeneous synthetic matrices has still 

generated a wealth of knowledge in the field of mechanobiology.  

3.1.1 Matrix architecture 

The vast majority of cell mechanics and motility experiments have been 

performed with cells deposited atop coated (or uncoated) planar glass or plastic surfaces 

(Fig. 3.1); this may be described as the “Petri dish model.” The coating is most often 

referred to as a substrate or alternatively, as a two-dimensional (2D) matrix. While the 2D 

matrix architecture has historically provided the framework for evolving significant 

progress in elucidating mechanotransduction 42,146, it does not adequately mimic the 

structural architecture or mechanical nature of many tissues in vivo. Two-dimensional 

matrices do not present the structural barriers and mechanical cues that are experienced 

by cells (such as fibroblasts or metastatic cancer cells) within three-dimensional (3D) 

connective tissues in vivo. Therefore, it follows that insights obtained from a 2D matrix 

architecture are inherently limited with respect to cellular mechanics. Experimentally, 
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synthetic 2D matrices are most relevant to epithelial tissues, where cells form single-cell 

thick sheets that line the apical surfaces of basal laminae (see Fig. 2.3) or endothelial 

tissues, where cells form single-cell thick layers (endothelia) that line the inner surfaces 

of blood vessels. However, these 2D matrices still do not recapitulate the natural 

physiological environment: basal laminae typically range in thickness from 40 – 120 nm 
54 and overlay connective tissues of elastic moduli on the order of 102 – 103 Pa 42, 

whereas glass or plastic surfaces that underlie synthetic substrates possesses elastic 

moduli that are on the order of 109 Pa 147.  

Thus, given the inherent structural and mechanical restrictions imposed by 2D 

matrices, experimental cellular mechanics has experienced a significant paradigm shift 

towards examining cells within 3D environments over the past decade. Given the proper 

stimulants and growth factors, epithelial cells embedded within 3D in vitro cultures can 

form 3D organoids that mimic natural glandular or ductal structure 148, which is not 

permitted by a 2D matrix architecture. Indeed, 3D matrix cues have been shown to 

influence cell stiffness 46, extracellular solute diffusion 149, morphogenesis 150, 

cytoskeletal remodeling 149, cell migration 43, and oncogenesis 151. The standard 3D 

matrix environment (often referred to as a gel) is that of total embedment (Fig. 3.1), 

where individual cells are wholly suspended within a synthetic matrix whose thickness is 

greater than that of the cell diameter 46. Other culture systems may be described as 

“2.5D,” where cells are attached to underlying planar surfaces but wholly surrounded on 

their remaining upper and lateral surfaces by 3D matrix (Fig. 3.1). Another example of a 

2.5D system examines cells that have partially migrated down into a gel following 

deposition atop the upper surface of the gel. Psuedo-3D culture systems (Fig. 3.1) have 

been employed to examine 3D multicellular constructs that first initiate on 2D substrates 

but are then overlaid with low density 3D matrix 42,148.  
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Three-dimensional matrices may be also be defined by another structural feature: 

free-floating (unconstrained/unloaded) or attached (constrained/loaded) 61,152. Attached 

matrices are constrained by the underlying adherent planar surfaces and lateral surfaces 

of the tissue culture dish, whereas free-floating matrices are carefully detached from the 

tissue culture dish after they are permitted to gel and additional culture media has been 

deposited within the dish. Matrix constraints provide resistance to cell-induced tractions 

that propagate throughout the gel network. As a result, attached gels tends to contract 

along the direction that is perpendicular to the free surface of the gel 61. Cells embedded 

within attached 3D gels form actin stress fibers to varying degrees; these fibers allow the 

cells to exert traction forces that draw matrix fibers inward toward the cells when these 

forces exceed the mechanical resistance imposed by the matrix. These events can lead to 

a significant reduction in gel volume and increase in gel stiffness over a prolonged period 

of time 61,153. Cells embedded within unconstrained free-floating gels exhibit fewer 

directional actin stress fibers and thus contract the gels into random, isotropic fibrillar 

networks that are reduced in both diameter and thickness 61. Selection of the free-floating 

or attached gel structure depends on the experimental technique being employed and the 

parameters being sought for analysis. In the Chapters 5, 6, and 8, the traditional 2D and 

constrained 3D matrix architectures will be examined as a primary determinant of the 

internal cancer cell mechanical environment and cancer cell motility.   

3.1.2 Matrix constituency 

Both 2D and 3D synthetic matrices designed for cell biological studies have been 

constituted from a number of natural ECM molecules and biocompatible materials; 

commonly utilized materials include Type I collagen, Type IV collagen, fibronectin, and 

polyacrylamide (PA) 149. Type I and Type IV collagen are the primary constituents of the 
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in vivo stroma and basal lamina, respectively.  Type I collagen is usually available as a 

concentrated monomer solution that has been extracted and processed from rat or bovine 

connective tissues; off-the-shelf collagen solutions are typically available in the 

concentration range of 3 – 10 mg/mL. Type IV collagen is often acquired in the form of 

Matrigel™, a basement membrane solution derived from mouse sarcomas containing 

variable concentrations of Type IV collagen, laminin, proteoglycans, and a host of other 

natural ECM molecules 154. Fibronectin is a principal adhesion protein that is involved in 

cell-matrix interactions 152 and is typically extracted from bovine tissues for commercial 

use. PA is a biocompatible, cross-linkable polymer that has been utilized extensively to 

form functionalized 2D substrates for cellular mechanics experiments 155. Other materials 

employed for experimental cellular mechanics and motility studies include laminin, 

elastin, gelatin, and functionalized hydrogels 106. Thus, several molecules present options 

for generating synthetic ECMs. However, Type I collagen matrices have emerged as the 

most frequently utilized experimental system due to their ease of fabrication and their 

biomimetic properties 61.  

A significant amount of attention has been placed on developing experimental 3D 

collagen matrices. Collagen matrices are relatively simple to produce: collagen 

monomers assemble spontaneously via an entropy-driven self-assembly process that may 

be sped or slowed by temperature, ionic strength, or pH 61. Monomers assemble end-to-

end and laterally to form triple-helix fibrils that form random, hydrated networks. Fibrils 

may further aggregate into fibers and other higher order structures. Monomer alignment 

and packing may also be affected by non-helical fibrillar regions. Taken together, these 

factors govern the kinetics of fibril self-assembly by influencing electrostatic, 

hydrophobic, and covalent interactions between monomers 61.  
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3.1.3 Matrix mechanics 

In an attempt to probe the effect of matrix mechanics on various cellular 

behaviors, a number of parameters have been modulated to tune the mechanical 

environment of synthetic matrices. In addition to constituency type, constituency 

concentration and cross-linking agent type and concentration are notable parameters that 

have been shown to significantly affect matrix elasticity and porosity. Changing the 

matrix constituency yields a total shift in matrix elasticity due to the differences among 

fibril mechanical strengths of distinct polymers 156-157 (Fig. 3.2), while concentration of a 

given protein molecule governs “density-induced” matrix elasticity 158. Accordingly, 

protein concentration exhibits a positive correlation with matrix elasticity (Fig. 3.3) and a 

negative correlation with matrix pore size 43,46,159. A few very recent cellular mechanics 

studies have employed cross-linking agents to tune the stiffness of 3D matrices 

independent of the primary protein constituent concentration 160-161.   

Given the demonstrated significance of matrix mechanics with regard to key 

cellular processes 47, an abundance of mechanical tests have been performed on synthetic 

matrices under a wide range of loading conditions. Generally speaking, these tests 

examine the response of matrices to shear, tension, and compression stresses 152. 

Oscillatory shear tests utilizing concentric cylinder, cone and plate, and parallel plate 

rheometry show that most of the material response of synthetic gels is contributed by 

elastic resistance of the polymer network rather than viscous resistance of the fluid phase. 

This is evidenced by matrix elastic moduli  that dominate viscous moduli  over 

shear rates that span four orders of magnitude and is likely attributable to the polymer 

network cross-links, which constrain motility of the polymer fibers 152. Shear moduli 

measured from synthetic matrices of protein concentration 1 – 4 mg/mL have been 

reported in the range of 100 – 103 Pa 46,61.  
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Uniaxial tensile tests performed on synthetic matrices generate nonlinear stress-

strain curves (see Fig. 2.7) that initiate with a deformable, nonlinear “toe” region that is 

followed by a stiffer linear region and an ultimate failure region 159. Various forms of 

microscopy have shown this behavior to correlate with rotation of network fibers under 

low strains, alignment of fibers along the direction of applied tension under moderate 

strains, and additional alignment along with rapid stiffening required to further deform 

the gel under relatively high strains 152. Values of the tensile elastic modulus (Young’s 

modulus ) have been reported in the range of 1 - 50 kPa for synthetic matrices of 

protein concentration 1 – 4 mg/mL 152,158-159. The significant differences among elastic 

modulus values reported by various cell mechanics studies present discrepancies upon 

initial review; however, careful examination of experimental methodologies reveal that 

some studies report elastic values obtained under shear, whereas other studies report 

values obtained under tension or compression. Therefore, the large differences in 

reported values are not inconsistent with mechanical behavior of linearly elastic isotropic 

materials, which dictate that E depends on the shear stress modulus  as    
3 2

 (3.1)

where  is Lamé’s first parameter that satisfies 3D linear elasticity theory. Fewer studies 

report the bulk elastic modulus  obtained under uniform compression 160, which more 

reflects the viscous component of matrix viscoelasticity than do the two previously 

discussed approaches.  

 Regardless of which parameter is reported to describe matrix rigidity, relative 

differences in matrix mechanics are the characteristics most important to cellular 

mechanotransduction 46, which relies on the biomechanical capabilities of integrin cell 

surface proteins. Section 2.3 described the key roles of integrins within native cellular 
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environments. Next, integrin-dependent mechanotransduction will be examined within 

experimental systems. 

3.2 INTEGRIN-MEDIATED FORCE DETECTION  

 Several fluorescence and other imaging modalities have been utilized in 

correlating integrin-mediated forces with integrin visualization 110. The primary insights 

into the nature and magnitude of forces transmitted by integrins have arisen from studies 

of cell traction force (CTF) and single-molecule level detachment experiments.  

3.2.1 Cell traction forces 

Traction force is the cytoskeletal tension exerted on the ECM via focal adhesion 

(FA) structures (Fig 3.4 A) and has been measured in both stationary 84,162 and motile 

cells 163-164. In both motile and non-motile cells, this tension is born primarily by actin 

stress fibers; CTFs exerted by a motile cell are additionally driven by actin 

polymerization at the leading edge of the cell. Briefly, CTFs are determined using CTF 

microscopy techniques (Fig 3.4 B), where cells are allowed to attach to well designed 

substrates that exhibit specific chemical and mechanical properties 165-167; the forces 

transmitted via FAs induce substrate displacements 168 that are captured via microscopy 

imaging before and after substrate deformation. Substrate displacements are then used to 

inversely calculate CTFs using one of several mathematical formulations 163,169-170. These 

techniques yield CTF “maps” across the entire surface of the cell that is in contact with 

the substrate and can then be compared with fluorescence microscopy visualization of 

integrins and additional FA proteins 110. CTFs have been measured in the range of 101 – 

103 nN 162,171 and in general depend on FA maturation and FA involvement in cell 

spreading and migration 83. Tractions measured at individual locations can be integrated 

over the entire cell surface to compute a total traction force exerted by a cell on a 
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substrate. While these methods do not provide direct measure of force transmitted by an 

individual integrin, they do provide a wealth of insight into the integrin-mediated 

mechanical response of FAs to alterations of the extracellular environment. For example, 

the magnitude of CTFs in stationary cells has been shown to increase proportionally to 

FA size 84,162 and depends on substrate stiffness 42,102. A more thorough review of CTF 

methods has been detailed by Wang and Lin 172. 

3.2.2 Cell detachment forces 

Integrin mechanics have also been probed indirectly via studies of cell 

detachment force. For this method, cells are seeded onto a ligand-coated coverslip, which 

is then mounted upon a spinning disk that imparts acceleration-dependent shear stress to 

the cells. An accounting of adherent cells remaining upon completion of the spin cycle 

provides a measure of the detachment force required to break the integrin-ligand bonds 
173. Typical shear detachment stresses have been measured in the range of 1 – 10 Pa and 

have exhibited correlation with integrin and ligand densities 173-174 and integrin clustering 
42. 

Another approach that has been used to investigate integrin-mediated force 

transmission across the cell surface analyzes single integrin-ligand bonds to probe the 

local viscoelasticity of the cell membrane region that anchors the integrin 175-176. In this 

type of study, the integrin is viewed as a cell membrane “tether” that can be stretched in 

tension and modeled as a viscoelastic Kelvin Body 177-178. Here, atomic force microscopy 

(AFM) is employed to pull a cell from its adhesive surface until a single integrin-ligand 

bond is ruptured. The resulting force versus distance curve is fit to a Kelvin Body model 
177-178 which yields an estimate of the local membrane stiffness and viscosity and stiffness 

of the integrin-mediated attachment (tether stiffness). Previous studies have estimated the 
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tether stiffness to be on the order of 10-6 N/m 176. Upon analytical manipulation of the 

model, these parameters can further be used to compute compliance of the integrin 

anchorage, which may contribute significantly to cell adhesiveness 176, irrespective of 

intrinsic integrin-ligand conformational affinities 179-181. Other single-molecule level 

experiments examining rupture forces have revealed distinct activation barriers of the 

integrin-ECM bond 182-183 by employing AFM in a manner similar to that of the 

aforementioned experiment. For example, pulling a cell from its substrate at a loading 

rate of > 104 pN/s was found to increase the maximum rupture force (on the order 100 

pN) by approximately 50%, as compared to cells that were pulled at a rate of < 104 pN/s 
182. Theoretical models 184-186 were then used to calculate energies from the force 

measurements and indicated the presence of separate, force-dependent activation barriers 

of integrin-ECM linkages. 

Given the numerous findings borne from CTF and single-molecule level studies, 

it is well established that cells sense external tension. Within a native cellular 

environment, this tension is often manifested in the form of ECM stiffness and is detected 

by integrins. Transfer of this force from the ECM to the inside of the cell via integrins 

induces remodeling of cytoskeletal filaments, which can structurally protect the cell from 

detrimental external mechanical stimuli 72,80. The notion of force transfer via integrins is 

further supported by the fact that forces applied at non-adhesion cell membrane receptors 

merely produce local effects that dissipate within the actin cortex along the inner surface 

of the membrane 187. However, several additional studies have probed the forces exerted 

by cells on 2D substrates and estimate that FAs in fact transmit forces on the order of 10-9 

N 162,164,171. Moreover, theoretical models suggest that FA dynamics are linked to the 

thickness and elasticity of the ECM 188. New experimental findings have also shown that 

blocking integrins on cancer cells in 3D matrices results in a reduction of intracellular 
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stiffness 189, further strengthening the paradigm that integrins relay force between the 

cytoskeleton and the ECM.       

3.3 CELLULAR BIOPHYSICAL MEASUREMENT TECHNIQUES 

 The intracellular mechanical environment is a heterogeneous space that does not 

lend itself to description by a single rheological model; therefore, neither can it be 

adequately probed using simple rheological measurement schemes. The small linear 

response regime superimposed with the active character of the cytoplasm present unique 

challenges to determining the viscoelastic properties and diffusion parameters of living 

cells 55. In an attempt to address these challenges, numerous experimental techniques 

have been developed for studying the mechanical properties of cells within in vitro 

systems (Fig. 3.5). Some of these techniques are limited to examining cells with respect 

to the 2D matrix architecture, whereas others permit cells to reside within 3D matrices; 

several of the methodologies produce tensile mechanical properties of the cell, whereas 

others generate shear mechanical parameters. Regardless of which mechanical property is 

generated by the experimental procedure, each of these techniques may be characterized 

as either an active method, which measures the cellular response to externally applied 

forces, or a passive method, which monitors passive Brownian movements without 

directly perturbing the cell mechanically 55.  

3.3.1 Active methods 

 Several experimental methodologies have been employed and developed to 

measure cellular mechanical responses to externally applied loads 55.  

3.3.1.1 Indentation rheometry 

AFM is a commonly used, high resolution form of indentation rheometry that 

utilizes a cantilever-attached tip to probe the surface of a cell (Fig. 3.5). The tip feature is 
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usually on the order of nanometers and can be programmed to contact the cell with 

precise forces or indentation depths 190; when the tip is brought into contact with the cell 

surface, the cantilever deflects according to Hooke’s law. This deflection is typically 

measured using a laser spot that reflects from the top surface of the cantilever into a set of 

photodiodes that converts the light into a voltage. Various models of elasticity theory can 

then be used to determine elastic parameters of the cell body, depending on the mode of 

AFM that is employed 191. AFM studies have typically reported cellular Young’s 

modulus values in the range of 1 – 10 kPa 140. Other forms of indentation rheometry 

include techniques that employ glass needles to poke the cell surface, yielding resultant 

deflections and forces generated by the cell.  

A major drawback to measuring cellular mechanical properties using indentation 

rheometry is that resultant values may not reflect contributions of the heterogeneous 

subcellular structures that determine the global cellular mechanical state. Rather, these 

measurements often provide localized measurements that more reflect mechanics of the 

cell membrane surface. Moreover, indentation rheometry does not distinguish passive cell 

material properties from active cellular remodeling behavior that results from the 

mechanical perturbation imposed by the indentation probe 190. Finally, since indentation 

rheometry requires direct access to the cell surface, associated techniques are limited to 

examining cells that are attached to 2D matrices.  

3.3.1.2 Optical and magnetic traps 

Another major group of active techniques utilized to study cellular mechanical 

properties is that of optical and magnetic traps 55 (Fig. 3.5). Optical tweezers is an 

experimental setup where a focused laser beam exerts very small forces (≤ 100 pN) on a 

dielectric particle to spatially trap it within the narrowest region of the beam focus, the 
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beam waste. The dielectric particle is attracted to the maximal electric field at the center 

of the beam waste; however, the particle nature of the laser light also exerts a small, 

opposing scattering force on the particle that displaces the particle from the beam waste 

according to Hooke’s law. In order to probe cellular rheology using optical tweezers, a 

particle is attached to the cell surface and then manipulated with the laser beam to apply 

local forces to the cell, upon which the cellular linear response is measured 192. A 

magnetic tweezer is an instrument that uses a magnetic field gradient to exert and 

measure forces on paramagnetic and ferromagnetic microparticles 190. Similar to the 

methodology of employing optical tweezers, a magnetic bead may be coated with an 

extracellular ligand and attached to the surface of a cell atop a 2D substrate, or the bead 

may be introduced into the cytoplasm via various techniques 55. Both optical and 

magnetic traps can generate cellular forces on the order of piconewtons. Like indentation 

rheometry, these techniques have the drawback of lacking discrimination between 

passive cell material properties and active cellular remodeling behavior resulting from the 

mechanical tension exerted by the attached particle. 

3.3.1.3 Cell stretching 

Whole cell stretching techniques are also employed to examine cellular 

mechanical properties 55. Micropipette aspiration is a technique that applies suction 

within a micropipette to exert tensile force on the cell surface. This force draws the 

proximal surface of the cell into the pipette, while the surface profile of the cell is tracked 

using light microscopy. Based on the applied suction pressures (on the order of pN/µm2) 

and the edge surface profile, continuum models can be used to extract measurements of 

cellular viscoelasticity and membrane tension 193. Cell stretching can also be generated by 

microplate rheometry (Fig. 3.5). In this technique, a cell is attached to a rigid, moveable 
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substrate-coated microplate, and a flexible microplate is placed on top of the cell. The 

rigid plate is then moved to generate tension, compression, or shear on the cell, and 

deflections in the flexible microplate are subsequently measured to extract cell 

mechanical properties 55. These techniques are generally limited to examining cells 

attached to 2D substrates and report elastic moduli on the order of 102 – 103 Pa 140. 

3.3.1.4 Parallel-plate fluid flow 

The aforementioned active techniques involve direct contact between the cell and 

a solid probe of some form; however, fluid flow is also used as a means to study cellular 

mechanical responses. Parallel-plate flow chambers are employed to flow fluid across an 

adherent cell monolayer at a determined shear stress. The Brownian movements of 

endogenous subcellular vesicles are simultaneously imaged to extract cellular shear 

moduli using particle-tracking rheology protocols. This type of experiment has been 

carried out on endothelial cells and other cell types that are physiologically exposed to 

fluid flow in vivo. The experimental setup is inherently a 2D approach, and moduli have 

been reported on the order of 10-1 – 101 Pa 55,141. 

3.3.2 Passive methods 

 Fewer methodologies exist for passive rheological techniques, which extract 

cellular mechanical properties from thermally driven fluctuations of intrinsic subcellular 

particles or small (≤ 1 µm) tracer probes introduced into the cell 55.  

3.3.2.1 Light scattering techniques 

One such class of passive rheological methods consists of light scattering 

techniques. In the dynamic light scattering (DLS) technique, a laser beam is passed 

through a small sample volume, and the scattered light is collected with a sensitive 

detector 190. Using the collected light, the intensity autocorrelation function can be used 
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to calculate the ensemble-averaged mean squared displacement of the scattering particles, 

from which the sample viscoelasticity can be extracted 190. Although this technique has 

been applied to a limited extent to examine cellular mechanical properties 194, it is not 

well suited for cellular studies because the inhomogeneous constituents of the cytoplasm 

scatter light randomly and often well outside of the detection zone. Diffusing wave 

spectroscopy (DWS) is another light scattering technique that is similar to DLS. The 

difference is that it is performed within a much denser medium that scatters light to a 

much greater extent before it reaches the detection elements; DWS suffers from 

drawbacks similar to those of DLS 190. Fluorescence correlation spectroscopy is an 

additional methodology that is based on DLS. This technique fixes a laser beam on a 

volume of the cytoplasm to generate fluctuating fluorescence from labeled subcellular 

structures, which is then collected by high speed detectors. The fluorescence intensity 

fluctuations can then be used to determine a measure of intracellular diffusion and 

viscoelasticity 190.  

3.3.2.2 Particle-tracking microrheology 

Multiple particle-tracking microrheology (PTMR) is the major alternative to the 

passive techniques discussed thus far 139 (Fig. 3.5). In this experimental scheme, 

submicron fluorescent tracer beads are embedded directly into the cytoplasm of living 

cells via various delivery mechanisms. Thermally-induced movements of the beads are 

then tracked using time-lapsed microscopy over a very brief duration of time. Image 

analysis software is subsequently employed to generate position trajectories of the 

random bead motions, from which the intracellular viscoelastic properties are extracted. 

The next chapter will explain the principles of PTMR and discuss important experimental 

features of the technique. 
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3.4 VARIABLES 

Variable Description Units (SI) 

 

 

Young’s modulus of elasticity Pa 

 

complex shear modulus Pa 

Lamé’s first parameter Pa 

   



3.5 FIGURES  

 

2D 2.5D pseudo 3D 3D  

Figure 3.1 Illustration of synthetic matrix architecture. For the 2D matrix architecture, 
cells are attached to a flat substrate (2D depiction taken from Cooper, 2007 
56). A 2.5D architecture arises when cells embedded within 3D matrices 
attach and spread across the surface of a tissue culture dish. Pseudo 3D 
environments consist of a solid 2D matrix surface that has been overlaid 
with a very dilute volume of additional matrix proteins; this promotes 
growth of multicellular organoids that root from the 2D matrix. In a 
traditional 3D matrix architecture, cells are wholly suspended within a 
matrix whose thickness exceeds the cell diameter.   
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Figure 3.2 Dynamic shear moduli for a variety of cross-linked biopolymers. Changing 
the matrix constituency yields a total shift in shear moduli due to the 
differences among fibril mechanical strengths of distinct polymers. Figure 
adapted from Storm et al., 2005 156.  
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Figure 3.3 Matrix elasticity increases with protein concentration. Cone and plate 
rheometer measurements performed on synthetic collagen gels of 
concentration 2, 3, and 4 mg/mL. 
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Figure 3.4 Illustration of cell traction force (CTF). (A) During cell migration, actin 
polymerization facilitates protrusion of the leading edge that is accompanied 
by traction forces exerted across nascent focal complexes and mature focal 
adhesions  85. Forward protrusion in concert with contraction of the rear cell 
body overcomes ECM resistive adhesive tractions to allow forward cell 
migration. Figure taken from Baker and Zaman, 2010 144. (B) Cell tractions 
deform flexible 2D matrices on which tracer beads are attached; forces are 
estimated from the bead displacements. CTF experimental depiction (B) 
taken from Kasza et al., 2007 59. 
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Figure 3.5 Common types of cellular biophysical measurement techniques. Atomic 

force microscopy, optical tweezers, microplate rheometry, and particle-
tracking microrheology are examples of indentation rheometry, traps, cell 
stretching, and particle-tracking techniques, respectively. Figure adapted 
from Kasza et al., 2007 59. 

  

 61



 62

Chapter 4:  Particle-tracking Microrheology 

 Particle-tracking microrheology (PTMR) has been exploited several times now 

over the past decade to extract local and bulk viscoelastic properties of living cells with 

high spatial and temporal resolution 46,195-197. In this experimental scheme (Fig. 4.1), 

fluorescent tracer beads of diameter 100 nm – 1 µm are embedded directly into the 

cytoplasm of living cells using either a particle delivery system or a microinjector 198. 

Thermally-induced Brownian motions of the beads are then tracked using time-lapsed 

confocal microscopy at a high rate of 10 – 30 fps for a brief period of 10 – 20 s. Image 

analysis software is subsequently employed to generate position trajectories of the 

random bead motions, from which the intracellular viscoelastic properties are extracted 

using computational algorithms. In order to explain the basis for PTMR of a viscoelastic 

material, the limiting cases will first be considered for a purely viscous liquid and a 

purely elastic solid 139.  

4.1 VISCOUS LIQUID 

 When submicron beads are suspended within a purely viscous liquid of shear 

viscosity , gravitational forces are negligible, and the beads undergo Brownian motion 

that is driven by the thermal energy  of the system 139. Each time a bead takes a step 

in a random direction (known as the random walk), it loses all memory of its previous 

position, so that each step is uncorrelated with the direction of the previous step 199. Thus, 

on average, the bead remains in the same position; however, the time-dependent squared 

displacement of a bead or the mean squared displacement (MSD) of a bead population, 

∆ , is nonzero 

∆ ∆ ∆ ∆  (4.1)
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where  is the time lag and ∆ , ∆ , and ∆  are the one-dimensional 

MSDs in the , , and  directions, respectively. In fact, Einstein demonstrated that for 

this case 199,  

∆ 6  (4.2)

where  is the diffusion coefficient, which characterizes the migration of particles within 

a given medium at a given temperature. A diffusion coefficient that is unchanging with 

time ( ∆⁄  = constant) signifies that a material is purely viscous: ∆  ~   

(Fig. 4.2). For a spherical bead within a pure liquid, the Stokes-Einstein relation dictates 

that 

6  (4.3)

where  is the bead radius. Combining Eq. 4.2 and Eq. 4.3 shows how the shear viscosity 

of a purely viscous liquid can be estimated by analyzing the thermally-induced motions 

of embedded tracer beads 139 

 

Δ  (4.4)

For the case of a purely viscous liquid, the dynamic viscosity  equals the shear 

viscosity , and the viscous modul    tten in terms of the shear viscosity us may be wri

   (4.5)

where  is the frequency 1  (or the rate of deformation) imposed by the beads. 

4.2 ELASTIC SOLID 

The second limiting case examines the movements of tracer beads embedded 

within a purely elastic solid 139. When a bead is driven in a random direction by thermal 
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energy , the surrounding, rigid material instantaneously exerts an opposing, equal 

force that returns the bead to its previous position. Therefore, the time-dependent squared 

displacement is finite but consta c les nt over all times a

∆ Δ  (4.6)

or, ∆  ~   (Fig. 4.2). For a purely elastic solid, this behavior occurs when the 

thermal energy density of the beads  equals the elastic energy density  of a material 

with elastic modulus  that is displaced an average distance Δ  by the bead 200.  

 

 

Δ

(4.7)

 (4.8)

Setting Eq. 4.7 equal to Eq. 4.8 yields an elastic modulus that is simply proportional to 

the inverse of the time averaged MSD 

 

Δ  (4.9)

An elastic modulus that is independent of the rate of deformation 1  is characteristic 

of purely elastic behavior. 

4.3 VISCOELASTIC MEDIUM 

For the case where tracer beads are embedded within a viscoelastic medium, such 

as the cytoplasm of a cell, the rheological behavior is intermediate between the limit 

cases of a viscous liquid and an elastic solid, and ∆  ~   (Fig. 4.2), where  is the 

diffusive exponent. The generalized form of the Stokes-Einstein relation gives the 
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approximate magnitude of the frequency-dependent complex modulus  in terms of the 

MSD 200 as 

 

| |   Δ 1⁄ Γ 1 α ω  (4.10)

where Γ is the gamma function. The elastic and viscous moduli can then be calculated 

algebraically using the fo  llowing relationships 200

  | | | | cos  (4.11)

  | | | | sin  (4.12)

The creep compliance  of a viscoelastic medium has also been derived in terms of the 

time-averaged MSD of embedded tracer beads 201 

 
Δ  (4.13)

For the case of a purely viscous fluid, combining equations 4.3 – 4.5 and 4.13 yields a 

creep compliance that is equal to the inverse of the viscous modulus. For the case of a 

purely elastic solid, combining Eq. 4.9 and Eq. 4.13 gives a creep compliance that is 

equal to the inverse of the elastic modulus.  

4.4 ACTIVE MATERIALS 

 Equations 4.1 – 4.13 are valid for passive materials. Thus, applying these 

formulations to living cells has been scrutinized, since living cells are active materials 

that perform work and remodel their cytoskeletons in response to various biochemical 

and biomechanical cues. If cells are permitted to actively engulf tracer beads, then the 

beads may be taken up within intracellular vesicles that are actively transported along 
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cytoskeletal filaments toward the nucleus, producing directed motion of the beads. 

Experimentally, this active endocytotic pathway is for the most part avoided by directly 

embedding the beads within the cytoplasm rather than depositing the beads within the 

extracellular milieu, where the cells may engulf them 198,202. Even without directed 

motion generated by the endocytotic pathway, actomyosin contractility could also 

enhance the magnitude of the Brownian motions that are exhibited by embedded tracer 

beads. However, some studies show that reducing actomyosin contractility in living cells 

produces no significant effect on the MSD magnitudes of embedded tracer beads, as 

compared to those of control cells 203.  

Cell migration can also contribute to the net motion of tracer beads embedded 

within the cytoplasm. However, cell speeds (see Chapter 8) are typically one to two 

orders of magnitude lower than that of probe tracer beads. The experiments detailed in 

Chapters 5 and 6 show that beads embedded within the cytoplasm move at speeds on the 

order of 10-7 m/s (approximated by dividing the square root of a typical initial MSD value 

by the sampling time), whereas cells migrate at speeds on the order of  10-9 – 10-8 m/s 

(reported experimentally in units of µm/h). Therefore, the motility of the cells will only 

be experienced significantly by the beads at long time scales 139. To illustrate this 

concept, consider a net cellular motion of speed  superimposed upon the Brownian 

motions of embedded tracer SD can be written as   beads. In this case, the M

∆ 6  (4.14)

Due to the square dependence on time, the first term is negligible at short timescales, and 

Eq. 4.14 collapses to Eq. 4.2 for passive materials. At longer timescales, the first term 

dominates the MSD, and this is observable on the MSD profile, where  may surpass a 

value of 1. For typical values of cell speed and diffusion coefficients of submicron beads 



 67

embedded within viscous liquids, setting  equal to 6  generally yields a cross-over 

time of   1 s 139.  

While it appears that possible effects due to active transport of embedded beads 

may be mitigated to varying degrees according to the aforementioned reasonings, current 

PTMR techniques do not discern the exact contribution of active transport (however 

small it may be) to the total bead displacements. Thus, this has led to reporting of global 

effective values of cellular viscoelastic parameters in some studies, as opposed to explicit, 

absolute time and frequency-dependent profiles of , , and  46,197. At short timescales 

(  less than the relaxation time  ), the cytoplasm is predominantly elastic, whereas at 

long timescales (  > ), the cytoplasm is predominantly viscous 139. PTMR studies 

typically report intracellular shear moduli on the order of 101 – 102 Pa 139. The PTMR 

formulations discussed above assume that the size of the tracer beads are at least as large 

as the effective mesh size of the cytoskeletal network (~ 50 nm) (Fig. 4.3); this means 

that the physical quantities being probed reflect approximately those of the bulk 

cytoskeletal network, or the mesoscale viscoelasticity. The transport of subcellular 

components whose diameters are significantly less than that of this mesh size (such as 

organelles, viruses, or drug microcarriers) reflect predominantly the viscosity of the fluid 

cytosol and exhibit characteristics of caged diffusion 139. 

4.5 EXPERIMENTAL ADVANTAGES 

Despite the limitations of PTMR, the technique still possesses several advantages 

relative to alternative biophysical measurement techniques 49. Observation of embedded 

probe movements circumvents the need to directly access the cell surface, as is required 

by several of the active rheological methods. Thus, a major advantage of PTMR is that it 

enables examination of the internal mechanical environment of cells that are embedded 
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within 3D matrices, as opposed to only examining cells that are attached to 2D substrates. 

Secondarily, passive visualization of the tracer beads avoids externally imposed 

mechanical perturbation of the cell, which itself induces active cellular responses that 

cannot be distinguished from intrinsic properties of the cytoplasm. Finally, the short total 

acquisition time of PTMR data capture (10 – 20 s) reduces the overall experimental 

burden imposed relative to aspects of other experimental cellular mechanics techniques.  

PTMR has been employed extensively in the experimental studies that follow in Chapters 

5 and 6.  
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4.6 VARIABLES 

V

 

ariable Description Units (SI) 

 

shear viscosity Pa·s 

 

thermal energy J 

∆ MSD m2 

 

 

time lag s 

diffusion coefficient m2/s 

 bead radius m 

 

 

dynamic viscosity Pa·s 

 

viscous modulus Pa 

 

frequency s-1 

 

thermal energy density J/m3 

 

elastic energy J/m3 

elastic modulus Pa 

 

 

diffusive exponent unitless 

complex shear modulus Pa 

 

 

creep compliance Pa-1 

 

translational speed m/s 

 

cross-over time s 

relaxation time s 
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Figure 4.1 Illustration of particle-tracking microrheology experimental methodology. 
Submicron fluorescent tracer beads are embedded directly into the 
cytoplasm of living cells via various delivery mechanisms. Thermally-
induced movements of the beads are then tracked using time-lapsed 
confocal microscopy over a brief duration of time. Image analysis software 
is subsequently employed to generate position trajectories of the random 
bead motions, from which the intracellular viscoelastic properties are 
extracted by using numerical algorithms. Depiction of cells (top left) taken 
from Cooper et al., 2007 56. 
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Figure 4.2  The mean squared displacement (MSD) follows a power-law relationship 
given by ∆  ~  , where  is the time lag, and  is the diffusive 
exponent. For a purely viscous liquid, 1, and for a purely elastic solid, 

0. Viscoelasticity is characterized as 0 1. 
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Figure 4.3 Illustration of tracer beads embedded within an individual cell. Movement 
of tracer beads reflect mesoscale viscoelasticity of the cytoskeletal network; 
however, subcellular organelles undergo caged diffusion, which reflects 
cytosolic viscosity. 
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Chapter 5: Effects of Matrix Stiffness and Architecture on Intracellular 
Rheology in Cancer 

Chapters 1 – 4 described the motivation behind elucidating cellular biomechanical 

phenomena in cancer, as well as the cellular mechanical environment and techniques 

utilized to measure cellular responses to mechanical stimuli. However, little is known 

about the complex interplay between the extracellular mechanical environment and the 

mechanical properties that characterize the dynamic intracellular environment. In order to 

elucidate this relationship in cancer, the intracellular environment has been probed using 

particle-tracking microrheology (PTMR) 46. In three-dimensional (3D) matrices, 

intracellular effective creep compliance of prostate cancer cells is shown to increase with 

increasing extracellular matrix (ECM) stiffness, while modulating ECM stiffness does 

not significantly affect the intracellular mechanical state when cells are attached to two-

dimensional (2D) matrices. Switching from 2D to 3D matrices induces an order of 

magnitude shift in intracellular effective creep compliance and apparent elastic modulus. 

However, for a given matrix stiffness, partial blocking of 1 integrins mitigates the shift 

in intracellular mechanical state that is invoked by switching from a 2D to 3D matrix 

architecture. This finding suggests that the increased cell-matrix engagement inherent to a 

3D matrix architecture may contribute to differences observed in viscoelastic properties 

between cells attached to 2D matrices versus cells embedded within 3D matrices.  In 

total, these observations show that ECM stiffness and architecture can strongly influence 

the intracellular mechanical state of cancer cells. 

5.1 INTRODUCTION 

The mechanical and viscoelastic properties of many biological materials are 

essential to their underlying function 47. In particular, individual cells have become the 
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focus of several recent investigations aimed at linking their mechanical properties to 

various physiological and pathological states 48-49. The rheological behavior of individual 

cells is dictated by the heterogeneous intracellular environment of the cytoplasm 51, the 

forces exerted on them by the surrounding ECM 52, and the physical attachments that 

connect the cell interior to the ECM 53. While numerous inroads have been made in 

revealing biochemical mechanisms that underlie diseases such as cancer 4, adequate 

quantitative characterization of associated cellular mechanical properties remains largely 

incomplete. It is known that cancerous tissue (cancer cells embedded within the ECM) 

exhibits elevated stiffness compared to normal tissue 42 and that the critical process of 

cancer cell migration is in part governed by ECM stiffness 43. Yet, the relationship 

between the mechanical properties of the ECM and the intracellular mechanical 

properties that influence cell migration is not well understood. 

The construction of the ECM architecture, 2D versus 3D (see Fig. 3.1), imposes 

an additional factor that is predicted to affect the biophysics of cellular processes, as well 

as the intracellular mechanical state 43,196. To date, the vast majority of cellular and sub-

cellular mechanical studies have been performed with cells on 2D substrates, while less 

attention has been given to the more physiological, realistic 3D matrix environment. 

Furthermore, nearly all of these cell rheological studies have focused on gels with high 

stiffness values (on the order of 102 - 103 Pa), while ignoring softer substrates. Softer 

substrates may be a better model for cell-matrix interactions within matrices that have 

been partially degraded by invasive, motile cancer cells. Soft gels have also been 

employed to examine 3D migration 74, but a clearer understanding of cellular mechanics 

in these systems remains elusive. Thus, our overall quantitative understanding of 

intracellular mechanics and interactions with complex and diverse matrices in vivo is 

quite limited. Given the current state of research, two fundamental questions still persist 
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regarding cancer cell mechanics in soft matrix environments: (1) do slight changes in 

ECM stiffness affect intracellular mechanical properties, and (2) how is this relationship 

affected by matrix architecture?  

In this study, these questions are answered by employing PTMR to investigate the 

effect of matrix stiffness on the intracellular compliance and stiffness of individual 

prostate cancer cells that are attached to flat 2D matrices and those that are embedded 

within 3D matrices of identical chemical composition. PTMR is a passive probing 

method that circumvents many of the sample volume and sample accessibility 

requirements imposed by extant macrorheological and biophysical techniques 200. PTMR 

and its advantages have been utilized in recent years to explore the mechanical behavior 

of several biological organisms and materials 204-206. PTMR has the powerful capability 

of yielding the time-dependent viscoelastic behavior of a material, as extracted from the 

thermally driven motions of spherical probes (tracer beads) embedded within passive 

materials 200. While particle-tracking rheological protocols have been established 195,197-

198,202,207, these techniques have yet to be applied in directly linking the cytoplasmic 

mechanical environment of living cancer cells to the surrounding ECM mechanics. Here, 

PC-3 cells are examined with respect to matrices formulated from Type I collagen, which 

is the major structural protein of the ECM in the human body. The role of 2D matrix 

stiffness is further explored by utilizing 2D polyacrylamide (PA) gels of variable stiffness 

and constant pore size and ligand density. Finally, ligand-mediated cell-matrix 

interactions are examined by partially blocking 1 integrins, which link the cytoskeletal 

network to the extracellular collagen matrix fibers. 
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5.2 MATERIALS AND METHODS 

5.2.1 Cell culture 

PTMR experiments were performed on the PC-3 cell line (ATCC, Manassas, 

VA), which was derived from a metastatic, grade IV tumor originating from the human 

prostate. Cells were cultured in complete F-12K media (that supplemented with 10% fetal 

bovine serum and 1% penicillin-streptomycin solution (10,000 I.U./mL penicillin; 10,000 

μg/mL streptomycin)). Cell cultures were maintained in a humidified incubator at 37ºC, 

5% CO2. (All cell culture components were purchased from ATCC, Manassas, VA.)  

5.2.2 Collagen matrix preparation and characterization 

For 2D matrices, 2.9 mg/mL Type I collagen (BD Biosciences, San Jose, CA) was 

diluted to three concentrations of 25% (0.73 mg/mL), 37.5% (1.09 mg/mL), and 50% 

(1.45 mg/mL) v/v with F-12K media; 20 μL of each solution was then evenly spread 

across the glass bottom surface (10 mm) of a 35 mm dish (MatTek, Ashland, MA) and 

exposed to ammonia vapors to promote rapid gelling of the collagen coating across the 

dish surface. For 3D matrices, 2.9 mg/mL Type I collagen was diluted to concentrations 

of 25, 37.5, and 50% v/v with cells suspended in complete F-12K media. Each solution 

(100 μL) was then deposited onto the glass bottom surface of a 35 mm dish and allowed 

to gel for 6 h at 37°C, 5% CO2. 

The matrix stiffness is quantified in terms of the bulk elastic modulus of the 

collagen gel . Measurements of  were performed on collagen solutions after they 

were permitted to gel for 6 h at 37 °C, 5% CO2.  A total of 0.7 mL of each gel was 

measured with a Physica MCR 300 rheometer (Anton Paar, Ashland, VA) operating in 

parallel plate mode and stressed at 0.1 μN·m oscillatory torque over a frequency range of 

0.1 – 1 Hz.  was approximately constant over the entire frequency range and was 
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measured to be 0.16, 4.71, and 8.73 Pa at a frequency of 1 Hz for gels of concentration 

25, 37.5, and 50% v/v, respectively. For all three collagen matrices, the magnitude of  

dominated the magnitude of the matrix viscous modulus. 

While matrix stiffness is modulated by varying collagen concentration, 

concentration also influences matrix pore size and the availability of matrix ligands. In 

order to ensure that cells were capable of proper ligand-mediated attachment to the 

matrices resulting from the stated concentrations, the average cell diameter in 3D 

matrices (~18 – 20 μm) was verified to be sufficiently larger than the average matrix pore 

diameters (5.4 – 13.8 μm) (Fig. 5.1 A). Matrix pore size was measured using ImageJ 

analysis software (http://rsbweb.nih.gov/ij/) and calculated as the average cross-sectional 

diameter of pores displayed on scanning electron micrographs (Fig. 5.1 B). A total of five 

micrographs were obtained from different regions of two samples of each matrix, and a 

total of 100 pores were measured from each collection of micrographs. The same 

collection of micrographs was analyzed to characterize relative ligand density (Fig. 5.1 

B). ImageJ was used to binarize the images and then measure the total cross sectional 

area of all pores covering each image. The total fiber cross sectional area was calculated 

as the reciprocal of the pore area and then normalized by the maximum value obtained 

across all collagen concentrations. This normalized value is taken as a measure of relative 

ligand density (Fig. 5.1 B). 

5.2.3 Polyacrylamide gel preparation and characterization 

Two-dimensional PA gels of varying stiffness were prepared as described 

previously 208. Briefly, a mixture of acrylamide and bis-acrylamide solutions were 

polymerized with TEMED (Thermo Scientific Pierce) and 10% ammonium persulfate. 

Acrylamide concentration was held constant at 3%, while bis-acrylamide concentrations 
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were fixed at either 0.04, 0.06, or 0.2%. A total PA solution volume of 20 μL was 

allowed to polymerize across the glass bottom surface (30 mm) of a 50 mm dish 

(MatTek, Ashland, MA). Prior to deposition of the unpolymerized PA solution atop the 

glass bottom surface, the surface was sequentially pre-treated with 0.1 N NaOH, 3-

APTMS (Sigma, St. Louis, MO), and 0.5% glutaraldehyde 208. Upon depositing the 

unpolymerized PA solution atop the surface, the solution was flattened using a 22 mm 

circular glass coverslip (Fisher). Once the polymerization was complete, the coverslip 

was carefully removed and the surface of the 2D PA gel was crosslinked with 25% v/v 

(0.73 mg/mL) Type I collagen. This method yields PA gels of stiffness 50, 200, and 400 

Pa 208 (respective to the bis-acrylamide concentrations noted above) and constant 

collag ligand density across the surface 209.  en 

5.2.4  integrin blocking 

Blocking of 1 integrins in a 3D collagen matrix of stiffness 4.71 Pa was 

achieved by supplementing the collagen matrix solution (prepared as described above) 

with 4b4 antibody (Beckman Coulter, Fullerton, CA) to a final concentration of 10 

μg/mL. Approximately 95% of available 1 integrin receptors are blocked at this 

antibody concentration 43.  

5.2.5 Particle delivery and particle-tracking 

PC-3 cells were cultured to ~ 90% confluency in a 10 cm dish (BD Biosciences) 

and then embedded with 1.0 μm carboxylated, red fluorescent polystyrene tracer beads 

(Molecular Probes, Carlsbad, CA) (Fig. 5.2) using a ballistic particle delivery system 

(Bio-Rad Laboratories, Hercules, CA) 210. Next, cells were detached using 0.25% 

Trypsin/0.53 mM EDTA (ATCC). For experiments with 2D matrices, 40 μL of 

suspended cells were added on top of each previously gelled 2D collagen or PA matrix, 
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as well as on top of an uncoated dish. Each dish was then supplemented with an 

additional 1.5 mL of media and subsequently incubated for 6 h at 37°C, 5% CO2. The 6 h 

incubation period permitted sufficient cell attachment to the matrices without allowing 

significant cell invasion of the matrices. For experiments with 3D matrices, suspended 

cells were mixed with Type I collagen and incubated for 6 h at 37°C, 5% CO2 (see 

Section 4.2.2 above). While the cells may exert physical stresses and send chemical 

signals (via MMPs etc.) that locally remodel the matrix to accommodate cell division and 

cell migration, studies show that the onset of these events typically occur at periods 

longer than the 6 h incubation period employed here 43, and these events occur at time-

scales much longer than that of PTMR analyses 211. Dividing cells were excluded from 

the PTMR analyses.  

Following incubation, the 2D (xy-plane) Brownian motions of individual tracer 

beads were tracked by imaging each cell culture at 63X for a period of 10 s at a frame 

rate of 10 Hz using the Leica SP2 AOBS confocal microscope (Leica Microsystems, 

Bannockburn, IL). A total of 12-18 tracer beads were imaged in each culture. The 

microscope objective was maintained at 37°C with an objective heater (Bioptechs, Butler, 

PA). Imaris image analysis software (Bitplane, St. Paul, MN) was then utilized to create 

particle trajectories in the x,y plane for each tracer bead. For 2D matrices, the entire 

experiment was repeated, yielding an average particle count of  = 33 and an average 

cell count of  = 22 per collagen matrix and  = 26,  = 19 per PA matrix; for 3D 

matrices without integrin blocking, the entire experiment was repeated twice, yielding  

= 33 and  = 20 per collagen matrix. The particle-tracking experiment was further 

performed on cells in a 3D matrix of stiffness 4.71 Pa, where 1 integrins were partially 

blocked; the experiment was repeated, yielding  = 26 and  = 22. Tracer beads used in 
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the analyses were located  ≥ 10 μm away from the nearest adjacent bead in order to avoid 

effects due to interparticle forces. 

5.2.6 Intracellular rheology 

Upon tracking the Brownian motions of individual tracer beads, their ensemble-

averaged, tim M  o p ted: e-dependent mean squared displacement ( SD) was c m u

 ∆ (5.1)

where ∆  is the 2D MSD,  is the bead position along the  coordinate,  is the 

bead position along the  coordinate,  is the initial time, and  is the time lag. In order 

to confirm that the intracellular mechanical environment could be assumed as 

homogeneous, the distributions of ∆  and ∆  were examined using van Hove correlation 

functions ∆, . Both  and  bead displacements exhibited good agreement with 

Gaussian fits and with each other over all matrix conditions. Since the ensemble-

averaged one-dimensional MSD ∆  was found to be approximately equal to 

∆  (Fig. 5.3), then the total (3D) MSD ∆  was assumed to be isotropic and 

∆ ∆ ∆ ∆   ∆ . The total ensemble-

averaged MSD ∆  was then calculated over  and fit to a two-term power law of 

the form  ∆    (0.95 < 2 < 0.99) using a built-in Matlab (The 

Mathworks, Natick, MA) least-squares algorithm to smooth out trajectory noise. 

Given that cells have been established as complex materials that exhibit both 

elastic and viscous behavior 51, the MSD at any time locally follows a power-law 

relationship 212, ∆  ~  , where  is the diffusive exponent (see Fig. 4.2). For a 

passive material, the diffusive exponent may range from  = 0 for a purely elastic solid to 

 = 1 (simple diffusion) for a purely viscous liquid. Between these two viscoelastic 

extremes, embedded particle motion is described as subdiffusive (0 1) and reflects 
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the relative contribution of the elastic and viscous components of a material. However, 

since living cells are active materials,  reflects not only thermal energy ( ), but also 

potential modes of active transport, which cannot be decoupled from thermal energy by 

particle-tracking measurements 49,195. For such a case, particles may exhibit 

superdiffusive motion (  > 1), and furthermore, an  < 1 is not a direct, absolute 

reflection of intracellular viscoelasticity. It has been shown previously that the time-

dependent creep compliance of a passive material can be extracted directly from the 

MSD 201. Since living, active cells are examined here, their intracellular mechanical state 

is described in terms of an effective creep compliance  197 and an apparent elastic 

modulus , defined by the following relationships:  

Δ  (5.2)

|  (5.3)

where a is the bead radius. Since  is defined at   = 1 s and not computed from a 

steady-state plateau compliance, it is utilized to describe relative intracellular stiffness as 

opposed to an absolute measure of intracellular elasticity.  

5.2.7 Actin visualization 

PC-3 cells were stained with Cellular Lights Actin-GFP (Molecular Probes, 

Eugene, OR) and then placed atop 2D matrices or embedded within 3D matrices 

(prepared as described above). Cells were then incubated for 6 h at 37 °C, 5% CO2 and 

imaged with the LSM 5 Pascal confocal microscope (Carl Zeiss, Thornwood, NY). 
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5.3 EXPERIMENTAL RESULTS 

5.3.1 Effect of two-dimensional matrix stiffness 

PTMR analyses showed that modulation of  with respect to the 2D matrix 

environment did not significantly alter the Brownian dynamics of embedded tracer beads 

(Fig. 5.4 A). By extension, neither the intracellular compliance (Fig. 5.4 B) nor the 

intracellular stiffness was significantly affected as a function of matrix stiffness, with 

respect to the 2D matrix architecture. Actin micrographs further demonstrate that the 

architecture of the actin cytoskeletal network is unchanged as 2D matrix stiffness is 

varied from 0.16 to 8.73 Pa (Fig. 5.5 A). The effect of 2D matrix stiffness was further 

explored by holding matrix pore size and ligand density constant. Here, cells were 

attached to 2D PA gels that were fabricated with varying cross-linker  concentrations, 

which yielded gels of equivalent pore size but differing matrix stiffness (50 – 400 Pa) 208. 

The surfaces of all PA gels were then reacted with a fixed concentration of Type I 

collagen, allowing an equivalent density of cell-matrix ligand binding. Results were 

similar to those obtained using 2D collagen matrices, and no clear relationship emerges 

between 2D matrix stiffness and intracellular rheology (Fig. 5.4 C and inset). This result 

suggests that the intracellular mechanical environment of PC-3 cells attached to a 2D 

matrix may be dominated by biochemical signals, which were not investigated in this 

experiment. In fact, previous studies have also shown that cell adhesion strength may be 

insensitive to 2D matrix stiffness for particular cell types 42.  

Other studies have reported a positive correlation between 2D matrix stiffness and 

cell stiffness 213 as well as between 2D matrix stiffness and cell traction forces 42. 

However, these studies were performed on nontransformed cells, which have been shown 

to exhibit different substrate-dependent growth 138, cell motility patterns 214, and 

mechanical features 52,215, as compared to transformed cells; furthermore, overall cell 
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stiffness was probed using atomic force microscopy, which measures the combined 

response of both internal and cell membrane effects 49, whereas we employed PTMR to 

measure intracellular elasticity. Finally, though cell traction force and internal cell 

stiffness are related, the former is not a direct predictor of that latter, owing to stress 

dissipation from the point of cell-matrix attachment through the cell membrane and along 

the cytoskeletal network 73,92. Thus, these studies provide an additional perspective of 

cell-matrix interactions, particularly with respect to cancer cells. 

When compared to an uncoated glass-bottom surface, the collagen coat induced a 

significant reduction in the magnitude of the Brownian motion of tracer beads. This result 

shows that the presence of collagen serves to reduce the effective creep compliance (Fig. 

5.4 B), while inversely increasing the apparent elastic modulus of the intracellular 

environment (not shown). This observation may seem contradictory to previously 

published studies that reported an increase in cellular stiffness when cells were attached 

to glass versus a collagen substrate 213. However, not only are the probe, cell type, and 

substrate chemical identity different in the study reported here, but the stiffness of the 

underlying substrates used here are orders of magnitude lower than those reported 

previously. The notable difference in the intracellular mechanical state invoked by glass 

(which is considered to be infinitely stiff relative to biological gels) 216 highlights the 

importance of examining cellular responses with respect to physiological substrates as 

opposed to cells cultured on glass or tissue culture plastic, which may induce mechanical 

properties that are significantly different from those exhibited in physiological regimes.  

5.3.2 Effect of three-dimensional matrix stiffness 

In contrast to the 2D system, where small changes in matrix stiffness did not lead 

to notable changes in intracellular stiffness, modulation of  with respect to the 3D 
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matrix environment had a marked effect on the intracellular mechanical state. First, the 

magnitude of the ensemble-averaged MSD increased approximately five fold as  

increased by nearly a full order of magnitude (0.16 to 8.73 Pa) (Fig. 5.6 A). Given that 

matrix stiffness is not independent of matrix pore size and ligand availability, average 

matrix pore diameters were measured and found to decrease with increasing matrix 

stiffness (and by extension, with increasing matrix concentration) (Fig. 5.7 A inset). 

Relative ligand density was also quantified and found to increase with increasing matrix 

stiffness (Fig. 5.7 B inset). Since previous studies have also shown that matrix pore size is 

strongly correlated with matrix concentration and that modulating concentration has a 

much greater affect on matrix mechanics than it does on ligand-mediated cell-matrix 

attachment 43,208,217, here the attention is focused on the effect of matrix stiffness 218. The 

change in effective intracellular creep compliance as a function of  is shown in Fig. 5.7 

A at a shear rate of 1 Hz. (  is also shown as a function of both  and matrix pore size in 

Fig. 5.8 A.) Directly proportional to the MSD,  increases as the stiffness of the collagen 

matrix increases. Inversely, the apparent intracellular elastic modulus decreases along 

with increasing  (Fig. 5.7 B and Fig. 5.8 B). Furthermore, actin micrographs (Fig. 5.5 

B) show that cell morphology was unchanged as 3D matrix stiffness was increased. 

Taken together, these results suggest that for 3D environments in the range of elasticity 

examined here, a stiffer, denser ECM may aid in maintaining cell morphology in a 

manner that alleviates the cellular requirement of internal stiffness, thereby yielding a 

more compliant cytoskeletal filament network. Several previous studies 208,211,217,219-220 

suggest that cell morphology depends more on matrix stiffness, matrix dimensionality, 

and cell type than it does on ligand density or matrix pore size. Spherical, amoeboid-like 

cell morphology has been associated with a range of soft matrix environments 208,211,217 
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and with relatively few and less defined actin stress fibers (Fig. 5.5 B) 74 as compared to 

cells associated with matrices of much higher stiffness.   

5.3.3 Effect of matrix architecture 

In addition to the effect of  on intracellular compliance and stiffness, the 3D 

matrix architecture invoked an order of magnitude decrease in the MSD of embedded 

tracer beads, relative to that observed with respect to the 2D environment (Fig. 5.6 A). 

Thus, effective creep compliance observed in 3D (Fig. 5.7 A) is also an order of 

magnitude lower than that observed in 2D (Fig. 5.4 B), while the apparent elastic 

modulus observed in 3D (Fig. 5.7 B) is an order of magnitude higher than that seen in 2D 

(not shown). Furthermore, for cells residing within a 3D matrix, partial blocking of 1 

integrins (denoted by 3DIB) yielded a MSD profile of increased magnitude, relative to 

that observed when cells were placed in a 3D matrix of the same stiffness (and pore size) 

without any integrin blocking (Fig. 5.9 A). Accordingly, the effective creep compliance 

was increased (Fig. 5.9 B), while the apparent elastic modulus was reduced (Fig. 5.9 C) 

when 1 integrins were blocked. Thus, blocking 1 integrins on cells within a 3D matrix 

has effectively shifted the intracellular mechanical state towards that of cells attached to a 

2D matrix.  

5.4 DISCUSSION 

By utilizing PTMR, changes in matrix stiffness and matrix architecture of soft 

gels have been probed to examine their effect on intracellular mechanical properties. 

Results suggest that increasing the collagen concentration of a 2D substrate has little 

influence on intracellular rheology, while employing  identical compositions in a 3D 

environment yields a clear relationship between matrix stiffness and intracellular 

rheology: increasing matrix stiffness was shown to reduce the intracellular apparent 
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elastic modulus and increase the intracellular effective creep compliance. This result may 

seem contrary to previous studies that report increases in cellular stiffness 213, traction 

forces, and extent of malignant transformation 42 with increased matrix rigidity; however, 

some important distinctions exist between previous studies and the ones reported here. 

First, regarding experiments specific to the 3D matrix architecture, previous studies 

examine integrin clustering  and morphology of nonmalignant cell colonies in matrices of 

varying stiffness 42. However, the present studies examine the effect of matrix stiffness 

on malignant cells in isolation (those attached only to matrix and not to other cells) and 

do not examine integrin expression as a function of matrix stiffness. Rigidity of normal 

versus malignant tissues has also been measured using indentation rheometry 42, which 

yields stiffness of bulk tissue specimens. This is outside the intent of these studies, which 

do not compare normal cells to cancer cells or measure bulk tissue properties. Rather, the 

present studies employ PTMR to distinguish internal mechanical properties of cancer 

cells from those of their surrounding matrix; bulk elasticity measurements of tissues do 

not discriminate contributions from the two components. 

Studies performed on 2D substrates have found that integrin clustering and 

traction forces produced by non-malignant cells increase with matrix stiffness and that 

transformed cells exert significantly different magnitudes of traction force as compared to 

their non-malignant counterpart cells on the same substrates 42,214-215. Other studies have 

utilized atomic force microscopy and found that 2D substrate stiffness induces cell 

stiffening 213. However, these experiments do not compare directly to ours. Results 

reported here and several previous studies have established that cells on 2D matrices can 

exhibit drastically different behaviors than cells within 3D matrices 43,219,221, and this is 

what was sought for further investigatation. Additionally, the present examination of 

malignant cells, which are known to exhibit perturbed mechanical homeostasis 52, offers a 
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different insight into the effect of matrix rigidity on cellular stiffness as compared to 

experiments performed on non-malignant cells. A decrease in intracellular compliance is 

indicative of reduced cytoskeletal filament cross-linking 47,218, and/or reduced 

cytoskeletal filament polymerization 197, yielding shorter filaments or fewer total 

filaments. This result may have important implications in cancer, where cells migrate 

through the ECM via a cycle of attachment and forward protrusion following degradation 

of the ECM 102,104, or alternatively, via an amoeboid motion whereby cells migrate by 

flexibly squeezing through pores of the surrounding ECM 222-223. An intracellular 

softening in response to increased 3D matrix stiffness (and reduced matrix pore size) may 

confer a motility advantage to cancer cells exhibiting amoeboid migration, which requires 

cellular deformability and has been associated with diffuse F-actin and diffuse 1 

integrin clustering 74. These results may also explain, in part, the differences observed in 

migration between cells attached to 2D matrices and those embedded within 3D matrices 
43, shedding light on the intricate adhesion and signaling mechanisms that affect cell 

motility 55,214-215. Therefore, the present results do not explicitly oppose the findings of 

previous cellular mechanics studies; in fact, they offer new insights into the relationship 

between extracellular mechanical properties and the intracellular mechanical state in 

cancer.  

In addition to the effect induced within 3D matrices, the 3D matrix environment 

invokes an order of magnitude increase in intracellular stiffness, relative to that observed 

when cells are attached to 2D substrates. This statistically significant increase in 

intracellular stiffness is proposed to result from the increased number of attachments 

between the cell interior and the extracellular matrix. Increased engagement is inherently 

invoked by a 3D surrounding, where a cell is connected to the matrix across its entire 

membrane surface in all directions (Fig. 5.6 C). However, a cell attached to a 2D 
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substrate is only connected across its bottom membrane surface, producing a cell body 

that is partially engaged, but free across the remainder of its surface (Fig. 5.6 B).  In other 

words, for a given cellular state (e.g., concentration of cell-matrix attachments), a 3D 

matrix physically presents a higher total number of possible cell-matrix attachments, 

relative to that presented by a 2D substrate, since the entire cell surface is in contact with 

a 3D matrix, whereas only part of the cell surface is in contact with a 2D substrate. The 

free surface imposed by the 2D environment thus permits the cytoskeletal filament 

network to have a larger degree of freedom, whereas the filament network is more 

constrained (rigid) when cells reside within a 3D matrix.  

It follows that reducing the quantity of cell-matrix attachments should yield a 

relatively less constrained (more compliant) cytoskeletal filament network for a given 

matrix architecture. Results shown in Fig. 5.9 A--C offer convincing evidence of  this 

argument. For cells that reside within a 3D matrix, partial blocking of 1 integrins 

invokes an intracellular mechanical state that is significantly softer (Fig. 5.9 B) than that 

measured when all integrins remain intact for a matrix of the same stiffness (and pore 

size). In other words, switching from a 2D to 3D matrix architecture invokes an order of 

magnitude increase in intracellular stiffness; however, when the ligand-mediated 

interactions that are in part responsible for this increase are partially blocked, the effect of 

switching to a 3D matrix architecture is mitigated, and cells exhibit a significantly 

smaller increase in intracellular stiffness relative to that of cells attached to 2D matrices 

of the same stiffness (Fig. 5.9 C).  

Results obtained from integrin blocking have another important implication; for a 

matrix of given stiffness and pore size, this experiment showed that intracellular 

compliance increased with decreasing ligand binding (compare 3D to 3DIB in Fig. 5.9 B). 

However, the results obtained without integrin blocking found that intracellular 
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compliance increased with increasing matrix stiffness (Fig. 5.7 A), and by extension, with 

increasing ligand availability. Thus, while changing the collagen concentration does 

affect matrix mechanics and ligand density simultaneously, matrix mechanics appear to 

exert the dominant influence on the intracellular mechanical environment and override 

the effect that would otherwise result from varying the ligand availability alone. The 

reduction in intracellular stiffness measured upon integrin blocking (Fig. 5.9 C, compare 

3D to 3DIB) is also consistent with previous studies that associate increased integrin 

expression with increased cell traction forces 42 and with a malignant phenotype 224. 

To summarize, these investigations reveal novel insights into the effect of ECM 

stiffness and architecture on the intracellular mechanical state of individual cancer cells. 

This study is a first of its kind attempt to probe cellular stiffness in gels that are often 

used for 3D cell culture and cell migration studies. These soft gels provide a distinctly 

different perspective of cell-matrix interactions than those observed for gels with much 

higher stiffness. This study provides evidence for two biophysical phenomena that have 

not been previously described in the context of cell matrix interactions and cellular 

rheology. First, the switch from a 2D to 3D matrix environment was observed to induce 

an order of magnitude shift in the effective intracellular compliance and stiffness, and 

second, this study demonstrates and quantifies how ECM stiffness regulates effective 

intracellular compliance and stiffness of cancer cells within a 3D matrix environment. 

The effect of matrix architecture has important implications for the future of cellular 

mechanics experiments. It suggests that some cellular systems, such as endothelial cells 

subjected to a shear flow 141, may be examined in the context of a 2D matrix, whereas 

others, such as solid tumor cells 52 or endothelial cells within an angiogenic environment 
225, may be more appropriately studied within a 3D matrix. Together, these two results 

improve our fundamental understanding of biophysical phenomena that have important 
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implications in both basic and applied cellular mechanics research. The next chapter 

probes the relationship among intracellular mechanics, matrix mechanics, and disease 

progression in breast cancer. 
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5.6 VARIABLES  

Variable Description Units (Experimental)

 

 

matrix elastic modulus Pa 

∆

 

two-dimensional MSD in  plane µm2 

 

bead position along  coordinate 

bead position along  coordinate 

µm 

 

µm 

initial time s 

 

,  

time lag s 

∆

 

van Hove correlation function µm-1 

∆

 

three-dimensional (total) MSD µm2 

∆

 

one-dimensional MSD along  

one-dimensional MSD along  

µm2 

∆

 

µm2 

 

diffusive exponent unitless 

 

intracellular effective creep compliance Pa-1 

 

bead radius µm 

 

thermal energy J 

intracellular apparent elastic modulus Pa 
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Figure 5.1  Collagen matrix pore characterization. (A) Relationship among matrix 
stiffness , matrix pore size, and relative ligand density. (B) Scanning 
electron micrograph of collagen matrix (8.73 Pa shown here). Figure taken 
from Baker et al., 2009 46. 
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Figure 5.2  PC-3 cells attached to 2D collagen matrices. Cells are embedded with 1.0 
µm fluorescent tracer beads. 
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Figure 5.3  Van Hove correlation functions ∆,  for 1 μm tracer beads embedded 
within PC-3 cells attached to glass bottom surfaces. Both  displacements 
(A) and  displacements (B) showed good agreement with Gaussian fits and 
with each other, indicating a mechanically homogeneous mesoscale 
cytoplasmic environment. Similar behavior was observed over all collagen 
matrix conditions. 
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Figure 5.4  Two-dimensional matrix stiffness has little effect on intracellular rheology. 
(A) MSD of 1 μm tracer beads embedded within PC-3 cells that are attached 
to 2D collagen matrices and cell culture glass (○). Adjusting the matrix 
stiffness [0.16 (---), 4.71 (―), or 8.73 (•••) Pa] had little effect on the 
Brownian dynamics of tracer beads, while an uncoated glass bottom dish 
induced a higher MSD over most times (τ ≤ 7 s). Error bars omitted for 
clarity. (B) 2D matrix stiffness has little effect on intracellular effective 
creep compliance . However, the presence of a collagen matrix induces a 
less compliant intracellular environment, relative to that induced by 
uncoated glass (---). All values of  are reported at a time of τ = 1 s. Error 
bars are SEM. (C) MSD of 1 μm tracer beads embedded within PC-3 cells 
that are attached to 2D PA gels. No clear relationship emerges between 2D 
substrate stiffness [50 (---), 200 (―), or 400 (•••) Pa] and intracellular 
rheology; MSD of cells attached to 2D collagen matrices of stiffness 0.16 – 
8.73 Pa (―) shown for reference (cyan).  Inset shows  versus 2D substrate 
stiffness ; collagen matrices are denoted by closed circles (●), whereas PA 
gels are denoted by open circles (○). Error bars omitted for clarity. Figure 
taken from Baker et al., 2009 46. 
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Figure 5.5  Confocal actin micrographs of cells attached to 2D matrices and cells 
embedded within 3D matrices. (A) The actin cytoskeletal architecture of PC-
3 cells does not change as 2D matrix stiffness increases from 0.16 to 8.73 
Pa. (B) Actin architecture of PC-3 cells embedded within 3D matrices is 
fundamentally different than that of PC-3 cells attached to 2D matrices; 
actin fibers are less elongated and defined (inset) in 3D matrices. Results 
suggest that the extent of F-actin polymerization or cross-linking may be 
affected by changes in 3D matrix stiffness. . Figure taken from Baker et al., 
2009 46. 
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Figure 5.6  MSD of 1 μm tracer beads embedded within PC-3 cells that are attached to a 
2D collagen matrix of stiffness 0.16 Pa (○) and embedded within 3D 
collagen matrices. (A) Increasing the 3D matrix stiffness [0.16 (---), 4.71 
(―), or 8.73 (•••) Pa] yielded a clear increase in the magnitude of tracer 
bead Brownian dynamics. Switching from a 2D matrix to a 3D matrix 
architecture induced an order of magnitude reduction in the MSD of 
embedded tracer beads. Error bars omitted for clarity. (B) Schematic of a 
cell attached to a 2D matrix. (C) Schematic of a cell embedded within a 3D 
matrix. The 2D matrix architecture permits an unengaged free surface over 
the top (unattached) side of the cell, whereas the 3D matrix architecture 
engages the cytoskeletal network across the entire cell surface area. Figure 
taken from Baker et al., 2009 46. 
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Figure 5.7  Three-dimensional matrix stiffness influences intracellular rheology. (A) 
Intracellular effective creep compliance  increases as matrix stiffness 
increases and also as pore size decreases (inset). All values of  are 
reported at a time of  = 1 s. Error bars are SEM. (B) Accordingly, relative 
intracellular stiffness  decreases as matrix stiffness increases and also as 
ligand density increases (inset). Error bars are SEM. Figure taken from 
Baker et al., 2009 46. 
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Figure 5.8  Intracellular rheology as a function of matrix stiffness and matrix pore size. 
(A) Intracellular effective creep compliance  increases as matrix stiffness 
increases and also as pore size decreases. All values of  are reported at a 
time of  = 1 sec. (B) Relative intracellular stiffness  decreases as matrix 
stiffness increases and as pore size decreases. Figure taken from Baker et al., 
2009 46. 

  

 99



10-1 100 10110-4

10-3

10-2

10-1

τ (s)

< Δ
r2 ( τ

)>
 ( μ

m
2 )

 

 

α = 1

2D   , 4.71 Pa
3D   , 4.71 Pa
3DIB, 4.71 Pa

A

3D 3D 2D
10-1

100

101

Matrix Architecture

J e (P
a-1

)

B

IB 3D 3D 2D
10-1

100

101

Matrix Architecture

G
' p (P

a)

C

IB

 

Figure 5.9  Integrin blocking influences intracellular rheology of cells that reside within 
a 3D matrix. (A) MSD of 1 μm tracer beads embedded within PC-3 cells that 
are attached to a 2D collagen matrix (---) and embedded within 3D collagen 
matrices with 1 integrin blocking (3DIB) (•••) and without integrin 
blocking (―). Matrix stiffness is fixed at 4.71 Pa. Addition of 4b4 1 
integrin antibody (10 μg/mL) induces an increase in the magnitude of the 
MSD, relative to cells within a 3D matrix without integrin blocking. Error 
bars omitted for clarity. (B) For cells embedded within a 3D matrix, 
effective creep compliance  increases when 1 integrins are partially 
blocked. Error bars are SEM. (C) Accordingly, for cells embedded within a 
3D matrix, apparent stiffness  decreases when 1 integrins are partially 
blocked. Error bars are SEM. Figure taken from Baker et al., 2009 46. 
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Chapter 6: Integrated Effects of Matrix Stiffness and Transforming 
Potential on Intracellular Rheology in Breast Cancer 

While significant advances have been achieved toward revealing the molecular 

mechanisms that influence breast cancer progression, much less is known about the 

associated cellular mechanical properties. To this end, particle-tracking microrheology 

(PTMR) is used to investigate the interplay among intracellular mechanics, three-

dimensional (3D) matrix stiffness, and transforming potential in a mammary epithelial 

cell (MEC) cancer progression series. A well characterized model system is used where 

human-derived MCF10A MECs overexpress either ErbB2, 14-3-3ζ, or both ErbB2 and 

14-3-3ζ, with empty vector as a control. Results show that MECs possessing ErbB2 

transforming potential stiffen in response to elevated matrix stiffness, whereas 

nontransformed MECs or those overexpressing only 14-3-3ζ do no exhibit this response. 

Further observation shows that overexpression of ErbB2 alone is associated with the 

highest degree of intracellular sensitivity to matrix stiffness, and that the effect of 

transforming potential on intracellular stiffness is matrix stiffness-dependent. Moreover, 

these intracellular stiffness measurements parallel cell migration behavior that has been 

previously reported for these MEC sublines. Given the current knowledge base of breast 

cancer mechanobiology, these findings suggest that there may be a positive relationship 

among intracellular stiffness sensitivity, cell motility, and perturbed mechanotransduction 

in breast cancer. 

6.1 INTRODUCTION  

The vast majority of breast cancer-related deaths result from metastasis; therefore, 

understanding the interplay between the cellular microenvironment and breast cancer 

metastatic potential is critical to the development of novel treatments and therapies for 
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this disease. While significant progress has been achieved toward clarifying the 

biochemical mechanisms that influence breast cancer progression 29,41, quantitative 

characterization of the associated cellular mechanical properties remains largely 

incomplete. Breast tumors are stiffer than normal breast tissue 42, and cancer cell motility, 

a key feature of metastasis, is responsive to the stiffness of the extracellular matrix 

(ECM) 43. However, the system-wide relationships among ECM mechanical properties, 

transforming potential, and the intracellular mechanical state of breast cancer cells is 

even less well understood, particularly within the context of biomimetic 3D matrix 

environments. 

Overexpression of both the ErbB2 (HER2/neu) and 14-3-3ζ proteins has been 

correlated with poor prognoses 31,40. ErbB2 is a transmembrane receptor protein that is 

involved in several signaling pathways that modulate cell growth and numerous other 

critical cellular processes 30. Cell cultures that overexpress ErbB2 have been shown to 

exhibit hyperplasia 34, and they have also shown a capacity to overcome apoptotic signals 
226. Strikingly, the ErbB2 protein is overexpressed in approximately 25% of all invasive 

and metastatic breast cancers 31; its role in promoting metastasis of breast and other forms 

of cancer has rendered ErbB2 one of the most studied molecules in the field of cancer and 

a critical target for drug development 35. The 14-3-3ζ protein belongs to a family of 14-3-

3 regulatory proteins that are widely expressed and involved in a variety of cellular 

homeostatic processes, including a general cell survival/anti-apoptotic mechanism 36. 

Recent MEC in vitro studies have shown that 14-3-3ζ confers significant resistance to 

anoikis 38, a specific type of apoptosis that occurs when epithelial cells detach from 

extracellular ligands, thus promoting luminal filling and driving MECs towards 

transformation 39. Overexpression of 14-3-3ζ has additionally been shown to induce 

notable morphological irregularities that are characteristic of progression towards an 
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invasive phenotype 33,38. Furthermore, analyses of patient biopsies indicate that more than 

40% of advanced metastatic breast cancers overexpress the 14-3-3ζ protein 40.  

In spite of their capacities to confer oncogenic properties to nontransformed cells, 

overexpression of either ErbB2 or 14-3-3ζ alone is not sufficient to drive complete 

transformation in vitro 34,38. However, recent investigations have shown that their 

cooperative effect does promote progression from noninvasive carcinoma to invasive and 

metastatic breast cancer 33. Given the identified correlations between breast cancer 

biomarkers and metastatic progression and our current knowledge of cell-matrix 

interactions with respect to the cellular mechanical environment, the following 

fundamental questions remain unanswered for individual MECs in 3D environments: [1] 

Does the intracellular mechanical state adapt to matrix stiffness? [2] Is this adaptability 

related to transforming potential? And [3], is there a relationship between intracellular 

stiffness and transforming potential given a determined matrix environment?  

In this study, these questions are quantitatively investigated by employing PTMR 

to examine the effect of matrix stiffness on the intracellular stiffness of individual MECs 

that are embedded within 3D matrices of varied elastic moduli. PTMR is used to examine 

human-derived MECs of varied transforming potential with respect to matrices 

formulated from Type I collagen, which is the primary structural component of the 

mammary stroma. Additionally, the morphological differences exhibited among these 

MECs within 3D matrices are examined. In total, these studies provide novel insights into 

breast cancer mechanobiology by demonstrating that transforming potential couples with 

matrix stiffness to govern the intracellular mechanical state of MECs. 
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6.2 MATERIALS AND METHODS 

6.2.1 Cell culture 

PTMR experiments were performed on stable sublines that were established as 

described previously 33 from the noncancerous, human-derived MCF10A MEC line 

(provided by Dr. Robert Pauley of the Karmonos Cancer Institute, Detroit, MI). Cell lines 

were maintained in two-dimensional (2D), monolayer culture in DMEM/F12 growth 

media 148 within a humidified incubator at 37ºC, 5% CO2 until the time of 

experimentation.  

6.2.2 Collagen matrix preparation and characterization 

Matrices were formulated from high concentration Type I collagen (BD 

Biosciences, San Jose, CA), which was diluted to three concentrations of 2, 3, and 4 

mg/mL. Equal parts collagen and neutralizing solution (100 mM Hepes in 2X PBS at pH 

7.3) were mixed with a balance of 2 x 105 cells suspended in growth media to achieve the 

final concentration 227. Each matrix solution (1 mL) was then deposited across the surface 

of a 35 mm glass bottom dish (MatTek, Ashland, MA). Matrix solutions were allowed to 

gel for 2 h at 37°C, 5% CO2, upon which 2 mL of growth media was deposited atop the 

3D matrices to provide cells with adequate nutrients during a subsequent 12 h incubation.   

The matrix stiffness was quantified in terms of the bulk elastic modulus of the 

collagen gel ( ). Measurements of  were performed on acellular collagen matrices 

after they were permitted to gel for 2 h at 37 °C, 5% CO2. Four 1 mL samples of each gel 

were measured with a Physica MCR 300 rheometer (Anton Paar, Ashland, VA) operating 

in cone & plate mode and stressed at 0.1 μN·m oscillatory torque over a frequency ( ) 

range of 0.1 – 10 Hz. Measurements of elastic modulus for each gel concentration were 

averaged and then fit to a power-law equation of the form . At  = 10 Hz, 
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we report  as 104, 271, and 391 Pa for collagen gels of concentration 2, 3, and 4 

mg/mL, respectively. While concentration correlates with both ligand density and pore 

size in addition to matrix stiffness, numerous studies have shown that modulating 

concentration has a much greater affect on matrix mechanics-mediated cell responses 

than it does on ligand-mediated cell-matrix interactions 43,46,208,217. Thus, the present 

results are examined with respect to changes in matrix stiffness 218. 

6.2.3 Particle delivery and particle-tracking 

Cell lines were cultured to confluency in a 10 cm dish and then embedded with 

1.0 μm carboxylated, red fluorescent polystyrene tracer beads (Molecular Probes, 

Eugene, OR) as described in Chapter 5, Section 5.2.5. Next, cells were detached and 

resuspended at a concentration of 2 x 105 cells/mL in growth media. Suspended cells 

were mixed with Type I collagen (see Section 6.2.2) and incubated for 12 h (post 

gelation) at 37°C, 5% CO2.  

Following incubation, xy-plane Brownian motions of individual tracer beads were 

imaged within cells in each 3D matrix as described in Chapter 5, Section 5.2.5. A total of 

8-20 tracer beads were imaged in each culture. Only cells that were non-dividing and 

wholly suspended within the 3D matrices (not attached to other cells or the glass bottom 

surface) were selected for imaging. For each cell line, the experiment was performed at 

least three times, yielding an average particle count of  = 40 and an average cell count 

of  = 29 per collagen matrix.  

6.2.4 Intracellular rheology 

Upon tracking the Brownian motions of individual tracer beads, the ensemble-

averaged, time-dependent mean squared displacement (MSD) ∆  was calculated as 

described in Chapter 5, Section 5.2.6. The total ensemble-averaged MSD was then 
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calculated over  and fit to a three-term power law of the form  ∆  

 (average R2 of 0.97). Using the MSD, the intracellular effective creep 

compliance  and the intracellular apparent stiffness  were subsequently calculated. 

Again,  is utilized to describe relative intracellular stiffness as opposed to an absolute 

measure of intracellular elasticity.  

6.2.5 Live cell morphology characterization 

Adherent cells in 2D monolayer culture were stained with Cell Tracker Green 

CMFDA (Molecular Probes, Eugene, OR) and resuspended at a concentration of 5 x 105 

cells/mL within 3D collagen matrices. Following gelation and addition of media as 

described in Section 6.2.2, matrices were further incubated for 12 h at 37°C, 5% CO2 

prior to imaging. Only individual cells that were wholly suspended within the 3D 

matrices were selected for imaging. Three samples of each collagen gel were imaged, 

with 15 cells imaged at random per condition of cell line and matrix stiffness. Confocal 

images of the cells were obtained using the LSM 5 Live (Carl Zeiss, Thornwood, NY). 

The morphology of the cells is quantified in terms of the sphericity , which describes 

the shape of a 3D object relative to that of a sphere. Sphericity is defined as the ratio of 

the surface area of a sphere (with the same volume as the given object) to the surface area 

of the given object; sphericity reaches a maximum value of 1 for a perfect sphere. 

Sphericity was computed using Imaris (Bitplane, St. Paul, MN) iso-surface renderings of 

the reconstructed confocal images (Fig 6.1). 

6.3 RESULTS 

In order to explore the relationship between breast cancer transforming potential 

and the intracellular mechanical environment, a well characterized cancer progression 

series established from the nontransformed, human-derived MCF10A cell line was 
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examined. Four sublines (Fig. 6.2; also see Fig. 1.2) were analyzed, and their extent of 

transforming potential was determined by their growth traits and morphological features 

when permitted to form acinar structures in 3D culture 33. The sublines consisted of [1] 

10A.vec—a nontransformed control cell line, [2] 10A.ErbB2—a hyperplastic, partially 

transformed cell line that overexpressed ErbB2, [3] 10A.14-3-3ζ—a depolarized and 

morphologically abnormal, partially transformed cell line that overexpressed 14-3-3ζ, and 

[4] 10A.ErbB2.ζ—an invasive, fully transformed cell line that overepxressed both ErbB2 

and 14-3-3ζ. 

6.3.1 Effect of ErbB2 transforming potential: intracellular stiffening  

PTMR analyses showed that adjusting the matrix stiffness  had a notable effect 

on the Brownian dynamics of tracer beads embedded within MECs that exhibited the 

ErbB2 transformation profile (10A.ErbB2 and 10A.ErbB2.ζ), relative to control cells 

(10A.vec) and 10A.14-3-3ζ cells. This is illustrated for the 10A.ErbB2.ζ cell line (Fig. 

6.3 A), in which the overall MSD magnitudes decrease as matrix stiffness increases; 

compare to the MSD magnitudes for the 10A.vec line (Fig. 6.3 B), which reveal no clear 

association with matrix stiffness. By extension, increasing the matrix stiffness 

accordingly yields an increase in intracellular apparent stiffness  for MECs that 

possess the ErbB2 transformation profile (Fig. 6.4 B and D), yet increasing the matrix 

stiffness does not invoke a significant intracellular stiffening response in nontransformed 

MECs or those exhibiting the 14-3-3ζ transformation profile alone (Fig. 6.4 A and C). 

Therefore, these results suggest that overexpression of ErbB2, either alone or in 

cooperation with 14-3-3ζ, confers individual MECs with the capacity to adapt their 

intracellular mechanical state to ECM mechanical cues. 
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6.3.2 Effect of ErbB2 transforming potential: stiffness sensitivity 

Further comparative examination of the PTMR data shows that overexpression of 

ErbB2 alone is associated with the highest degree of intracellular mechanical sensitivity 

to matrix stiffness. This sensitivity is mitigated for cells that do not overexpress ErbB2 

(10A.14-3-3ζ), but partially restored for cells that co-overexpress both ErbB2 and 14-3-

3ζ. This is illustrated in Fig. 6.5 (wide bars), which shows the percent increase in 

intracellular apparent stiffness as the matrix stiffness is increased from 104 to 391 Pa for 

the sublines that exhibit transforming potential. In fact, previous analyses of these 

sublines showed a strikingly similar relationship between ErbB2 status and cell motility 

(quantified by transwell migration): 10A.ErbB2 cells exhibited the highest degree of cell 

motility, followed by 10A.ErbB2.ζ cells and then by 10A.14-3-3ζ cells (Fig. 6.5, narrow 

bars) 33. Although the experimental system employed previously to examine motility was 

different than that utilized to investigate intracellular stiffness in the present study, the 

two results suggest that there may be a link between motility and the intracellular 

mechanical state of individual MECs that possess transforming potential. 

6.3.3 Effects of matrix stiffness and transforming potential  

Next, the intracellular mechanical states of MECs with respect to transforming 

potential were compared for a given matrix environment. PTMR results indicate that 

within the softest matrix (Fig. 6.6 A), intracellular apparent stiffness is reduced for 

partially transformed 10A.14-3-3ζ cells and fully transformed 10A.ErbB2.ζ cells (relative 

to 10A.vec cells), while in a matrix of moderate stiffness (Fig. 6.6 B), none of the cell 

sublines show a significant difference in intracellular apparent stiffness. In the stiffest 

matrix (Fig. 6.6 C), however, ErbB2 status is the dominant factor that influences . In 

this matrix environment, cells overexpressing ErbB2 alone exhibit the highest 

intracellular stiffness, followed by cells co-overexpressing both ErbB2 and 14-3-3ζ. A 
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closer anlyasis of this data reveals another important observation: increasing the matrix 

stiffness progressively shifts the difference in intracellular apparent stiffness between 

nontransformed cells (10A.vec) and fully invasive cells (10A.ErbB2.ζ) (Fig. 6.6 D). In 

the softest matrix (104 Pa), nontransformed MECs are notably stiffer than fully invasive 

ones. However, as the matrix stiffness increases to 271 Pa, this differential reverses, 

becomes only slight in magnitude, and becomes statistically insignificant, while in the 

stiffest matrix (391 Pa), the reversed differential becomes more pronounced. To 

summarize, Table 6.1 provides a compilation of the relevant parameters associated with 

the sublines examined here. Overall, these results show that the interplay between 

transforming potential and the intracellular mechanical state of MECs is not a simple, 

singular association. Rather, it is a matrix stiffness-dependent phenomenon that may have 

an important bearing on how we characterize the mechanical state of healthy and 

cancerous breast tissues. 

6.3.4 Effect of 14-3-3ζ transforming potential: morphology 

Previous observation of monolayer cultures have shown that the 2D morphology 

of the present MCF10A sublines is correlated with expression of biomarkers: 

nontransformed (10A.vec) and hyperproliferative (10A.ErbB2) sublines exhibit a 

cobblestone-like morphology, whereas the depolarized and fully invasive cell lines (those 

overexpressing 14-3-3ζ) exhibit an elongated, spindle-like morphology on flat substrates 
33. Similarily, 3D acinar structures for 10A.vec and 10A.ErbB2 cells exhibit a defined 

boundary 33,226, whereas those of 10A.14-3-3ζ and 10A.ErbB2.ζ are characterized by an 

abnormal morphology with a less-defined boundary 33,38. These observations of 

individual MCF10A cell morphology in 3D matrices is consistent with prior findings for 

2D cultures and 3D aggregate structures; individual 10A.vec and 10A.ErbB2 cells exhibit 
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a round, spherical morphology in 3D collagen matrices, whereas individual 10A.14-3-3ζ 

and 10A.ErbB2.ζ cells exhibit an elongated, irregular shape (Fig. 6.7 A-D).  

This morphology is quantified in terms of sphericity , which was found highest 

for 10A.vec cells (nearly  perfectly spherical) and lowest for 10A.ErbB2.ζ cells (Fig. 6.7 

E). Imaging did not show a consistent sphericity dependence on matrix stiffness, which 

may seem contrary to previously published morphological studies of MECs within 3D 

matrices 42,151,158; however, these prior studies examined morphology of cell aggregates, 

and cells were observed over much longer periods of exposure to chronically elevated 

matrix stiffness. The lack of sphericity dependence on matrix stiffness may in part reflect 

cellular matrix metalloproteinase (MMP) secretion, which is similar among the four 

sublines examined here 33. MMP secretion may counter the effect of ECM structural 

barriers that would otherwise be imposed on the cell bodies by increased collagen 

content, thereby allowing the cells to roughly maintain their shape in the presence of 

density-induced matrix stiffness. Given that the cells are permitted to migrate freely 

through the collagen matrix in this experimental design, MMP secretion coupled with the 

amoeboid mode of motility may further enable the cells to maintain their sphericity, even 

as matrix pore size decreases 228-229. 

6.4 DISCUSSION 

The rheological behavior of a single cell is governed by the constituency of its 

cytoplasm 51, the forces exerted on it by the surrounding ECM 52, and the integrins that 

connect its cytoskeleton to the ECM 144. Increasingly, cancer cells are becoming the focus 

of studies that explore the effect of the extracellular environment on cellular homeostasis 
42,230 and cellular viscoelasticity 46,231. While significant progress has been achieved in 

discovering some of the molecular mechanisms and signaling pathways that underlie 
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breast and other cancers 30,36, much less is known about the associated cellular 

mechanical properties. It is has long been established that cancerous breast tissue exhibits 

elevated stiffness compared to healthy mammary tissues 42; however, the relationship 

between the external cellular mechanical environment and the intracellular mechanical 

state of breast cancer is not understood. The mechanical interplay between external and 

internal cellular compartments is further confounded by the stage of breast cancer 

progression and may also have a significant bearing on breast cancer cell migration. In 

order to investigate the interplay among 3D matrix mechanics, the internal cellular 

mechanical state, and transforming potential in breast cancer, utilized PTMR has been 

utilized to gauge the relative intracellular stiffness of MECs within 3D Type I collagen 

matrices. By examining a breast cancer progression series of sublines that derive from a 

single MEC parent line, cell lines of varying transforming potential can be directly 

compared to one another. 

Clarifying breast cancer progression at a fundamental level (the interaction of a 

cell with its surrounding microenvironment) will improve the basis for understanding and 

addressing cancer at the systems level, as evidenced by the recent, growing body of 

single cancer cell investigations 42,46,230,232. The in vivo extracellular microenvironment 

consists of several components, including but not limited to cells, ECM proteins, vessels, 

etc., all of which possess distinct mechanical properties and individual roles in tissue 

homeostasis; the relative balance and significance of these components depend upon the 

extent of cancer progression. This study has focused on probing the intracellular 

mechanical state of MECs that have the capacity to freely navigate the ECM, which is 

physiologically relevant to individual MECs that have invaded their local ductal 

basement membrane and may exhibit motility within the ECM. Single cells that are 

wholly engaged with the matrix (but unattached to other cells) were examined in order to 
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experimentally control the degree and type of cell surface attachment. Accordingly, the 

MECs examined here form cell-matrix attachments via 1 integrins. 

Results suggest that overexpression of the metastatic biomarker ErbB2 (either 

alone or in cooperation with 14-3-3ζ) grants MECs a mechanical adaptability that is not 

displayed by their noncanerous counterparts (10A.vec) or those overexpressing only 14-

3-3ζ. MECs possessing the ErbB2 transformation profile stiffen in response to increased 

3D matrix stiffness (Fig. 2 B and D), whereas the nontransformed control cells and 

10A.14-3-3ζ cells do not show a consistent or significant intracellular stiffening response 

to increased 3D matrix stiffness (Fig. 6.6 A and C). In the mature, resting (non-pregnant 

and non-lactating) in vivo mammary gland, healthy luminal MECs are non-motile and 

line the ductal basement membrane as a cell layer that is surrounded by an outer 

myoepithelial cell layer 233; however, MECs that overexpress ErbB2 exhibit adaptive 

characteristics that drive epithelial to mesenchymal transition (EMT) 234. Overexpression 

of ErbB2 has been associated with cellular depolarization, as well as hyperproliferation-

induced luminal filling 34. A dense lumen inherently transmits a relatively high stress to 

individual MECs 52; nevertheless, MECs at this early stage of breast cancer progression 

are still capable of proliferating and may ultimately migrate through a dense lumen to 

invade the basement membrane. Given their ability to thrive and exert protrusive, 

migratory force in an environment of elevated mechanical stress, it follows that the 

associated sublines examined here (10A.ErbB2 and 10A.ErbB2.ζ) would be capable of 

wielding an internal mechanical state that allows them to resist an increase in ECM 

stress, a phenomenon that has been termed mechanoreciprocity 52.  

Recent investigations have established ErbB2 overexpression as a significant 

effector of mechanotransduction when MECs are exposed to a stiffened extracellular 

collagen matrix. Mammary acini culutured in ribose-induced, cross-linked-stiffened 3D 
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matrices have been shown to exhibit stiffness-induced altered morphology; yet, these 

organoids only developed invasive protrusions into the stiffened matrices once their 

ErbB2 oncogenes were activated 160. Moreover, ErbB2 activation did not induce cellular 

invasiveness when the ECM stiffness was not elevated. The same study determined that 

inhibition of 1 integrin signaling prevented ErbB2-induced invasive behavior within 

stiff matrices, which strongly suggests that ErbB2 cooperates with integrin-sensed 

extracellular mechanical cues to influence cancer progression 160. This notion is 

consistent with the findings of the present study, which show that ErbB2 overexpression 

is associated with increased intracellular stiffness sensitivity to collagen matrix stiffness, 

for which the 1 integrin is the primary mechanosensor. Additionally, studies have 

established that focal adhesion (FA) kinase (FAK), a key regulator of the FA integrin 

clustering site, is critical to ErbB2-associated oncogenic transformation 235-236 and that 

FAK promotes transformation and invasion in response to elevated collagen matrix 

stiffness 158. In conjunction with these prior studies, results of the present study further 

implicate a strong connection between 1 integrins and ErbB2 overexpression for cells 

within mechanically perturbed extracellular environments.  

The lack of intracellular mechanical adaptability observed for noncancerous 

MECs may in part explain their susceptibility to a relatively high stress matrix 

environment. Several studies performed on nontransformed MECs show that prolonged 

exposure to elevated matrix stiffness induces abnormal morphology and acinar 

organization 42,151,158, hyperproliferation 34, and aberrant signaling and gene expression 
158,236-238, all of which drive eventual malignant transformation. On the other hand, 

constitutively activated mechanotransduction that characterizes transformed MECs 52 is 

consistent with the intracellular stiffening that is found of the fully transformed, invasive 

cells in the present study. While the 10A.14-3-3ζ cells did not exhibit an appreciable 
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intracellular mechanical response to changes in matrix stiffness (Fig. 6.6 C), cells that 

overexpressed both 14-3-3ζ and ErbB2 (10A.ErbB2.ζ) did show a significant response 

(Fig. 6.6 D). Therefore, relevance of the 10A.14-3-3ζ cells is two-fold. First, the 

mechanical non-responsiveness of 10A.14-3-3ζ cells serves as a negative control for the 

10A.ErbB2.ζ response, which further implicates ErbB2 as a significant regulator of the 

cellular mechanical environment with regard to cancer progression. Second, the 

mechanical non-responsiveness of 10A.14-3-3ζ cells further demonstrates the distinct 

contributions of 14-3-3ζ and ErbB2 to cancer progression. Previous studies show that 

ErbB2 promotes hyperproliferation 34, while 14-3-3ζ promotes resistance to apoptosis and 

EMT via downregulation of p53 and E-cadherin 33,38. Additionally, the current study now 

suggests that overexpression of ErbB2 confers intracellular mechanical sensitivity to 

matrix rigidity, while overexpression of 14-3-3ζ confers individual cells with 

morphological irregularity that is associated with invasive phenotypes in 3D matrices 
151,158.  

Among the MECs that possess transforming potential, results showed that 

overexpression of ErbB2 alone is associated with the greatest intracellular mechanical 

sensitivity to matrix stiffness. As the matrix stiffness increases from 104 to 391 Pa, the 

percent increase in intracellular stiffness is highest for 10A.ErbB2 cells, followed by 

10A.ErbB2.ζ cells, and then by 10A.14-3-3ζ cells. Owing to prior studies that examined 

migratory propensity of these MCF10A sublines 33, this data suggests that transformation 

profile (overexpression of ErbB2 and/or 14-3-3ζ) may produce a similar effect on both 

cell motility and intracellular stiffness sensitivity (Fig. 6.5). Transwell migration and 2D 

wound healing assays showed that cell motility was found to exhibit a comparable 

relationship with ErbB2 status: motility was highest for cells overexpressing ErbB2 

alone, lowest for cells overexpressing 14-3-3ζ but not ErbB2, and moderate for cells co-



 115

overexpressing both biomarkers 33. This parallel of motility and stiffness sensitivity is 

also consistent with recent investigations that reveal ErbB2 regulation of FA turnover via 

the Src-FAK signaling pathway 236. Given the connection between enhanced EGFR 

signaling and upregulated 1 integrin activity 238, the role of 1 integrins in relaying 

force between ECM collagen fibers and the cytoskeleton 144, and the involvement of FAs 

in cell migration and cell contractility 103, ErbB2 influence on intracellular stiffness 

sensitivity suggests yet another link that relates cell stiffness, cell motility, and matrix 

elasticity to one another. Computational models predict that for a given cell type, cell 

migration speed will gradually increase as 3D matrix stiffness increases and porosity 

decreases, until the matrix stiffness reaches a critical value at which migration speed 

decreases thereafter, due to relatively high cell adhesivity and steric resistance presented 

by matrix ligands 106,239. Future examination of this phenomenon for the cancer 

progression series examined in the current study may provide significant insights into the 

connections among intracellular stiffness, matrix stiffness, and cell motility, and even 

more importantly, how these relationships are influenced by transforming potential with 

respect to a purely 3D extracellular environment. 

Examining single cells within 3D matrices (integrin-mediated attachments) may 

provide insight into the state of cells attached to other cells (cadherin-mediated 

attachments) as well. Epithelial cells that form single cell layers along inner surfaces of 

hollow structures possess a free, unengaged surface; in contrast, cells that form 

attachments around their entire surface, whether mediated by integrins or cadherins, 

experience an inherently more constrained intracellular environment 46. However, given 

that both 1 integrins and cadherins transmit tension through the cytoskeletal network, 

we should expect to see similar trends in intracellular stiffness as a function of matrix 

stiffness when cells form cadherin mediated cell-cell attachments as well. The degree of 
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measured intracellular stiffness sensitivity expected for cells that form cell-cell 

attachments would likely depend, in part, on the extent to which the cells are attached to 

other cells versus ECM. For example, a cell that is attached mostly to other cells and only 

minimally to ECM would likely show a muted sensitivity to matrix stiffness since 

relatively little cell surface area is available for matrix engagement. Alternatively, a cell 

that is attached mostly to ECM and only minimally to other cells may exhibit a higher 

intracellular stiffness sensitivity to matrix stiffness, relative to a cell of the former case. 

While the present study did not show a matrix stiffness-dependent effect on 

single-cell morphology of the MCF10A sublines examined here, analyzing the 

relationship between transforming potential and intracellular stiffness of MECs in 3D 

matrices did yield an important paradigm: this interplay is matrix stiffness-dependent and 

cannot be relegated to a universal association (Table 6.1). PTMR data shows that within 

the softest matrix environment, intracellular stiffness of partially transformed 10A.14-3-

3ζ cells is less than that of nontransformed cells, but that intracellular stiffness is 

recovered to some degree for fully invasive cells (Fig. 6.6 A). Conversely, ErbB2 

expression is the dominating factor that affects intracellular stiffness within the stiffest of 

matrices (Fig. 6.6 C).  

Matrix stiffness also affects the differential in intracellular stiffness between 

noncancerous and fully invasive MECs, whereby noncancerous cells are notably stiffer in 

softer matrices, while this differential reverses in more rigid matrices (Fig. 6.6 D). This 

result is interesting in light of the fact that normal, resting mammary tissue is relatively 

compliant, with a shear modulus that is on the order of 1 x 102 Pa 160. The stiffness of 

mammary ECM adjacent to tumors is elevated, with a modulus that is approximately 

twice (2 x 102 Pa) that of normal tissue, and the modulus of mammary tumor masses 

increases even further to approximately 9 x 102 Pa 160. These studies probe the 
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intracellular mechanical response as the ECM progressively stiffens from a typical, 

resting mechanical state (from 104 to 391 Pa). Results indicate that within a relatively 

normal, soft matrix environment, MECs that possess transforming potential may not be 

capable of fully manifesting the survival advantages (hyperproliferative and antiapoptotic 

mechanisms) that have been associated with perturbed matrix stiffness-induced 

mechanotransduction, as evidenced by their relatively low level of intracellular stiffness 

(Fig. 6.6 A). Yet, within relatively stiffer matrices (Fig. 6.6 B and C), the intracellular 

stiffness of these cells approaches and even exceeds that of nontransformed cells for the 

case of 10A.ErbB2 cells within the stiffest matrix. This again emphasizes the synergism 

among elevated matrix stiffness, FAs, integrins, and increased motility in driving breast 

cancer progression, as all of these elements affect the cytoskeletal organization that 

underlies intracellular stiffness 89.  

In summary, these studies provide novel insights into the subject matter of breast 

cancer mechanobiology by demonstrating that transforming potential couples with matrix 

stiffness to dictate the intracellular mechanical state of MECs. The interactions between 

ErbB2 and 14-3-3ζ are complex, and further clarification of these connections may arise 

from additional future studies that examine their individual and cooperative roles in 3D 

motility and in EMT-related signal transduction. Several, significant earlier investigations 

have shaped the present understanding by examining MEC aggregate morphology within 

3D matrices 151, global mammary tissue stiffness 42, 2D MEC traction forces 42, 2D 

indentation analyses of MECs 146, MEC FA activity 236, and MEC 1 integrin signaling 
224. Via PTMR, the present studies have added to this knowledge base by directly probing 

the intracellular space of MECs embedded within 3D matrices, which have been shown 

to recapitulate fundamental properties of MECs that do not manifest in 2D cultures 
227,238,240. An improved understanding of internal MEC rheology holds wide reaching 
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potential that may eventually influence the design of targeted drug transport as well as 

evolve the systems biology framework of cancer. With continued investigations that 

focus on simulating in vivo environments of MECs, the field of breast cancer biology 

will continue to advance and ultimately reduce the impact of breast cancer on human 

mortality. The interplay between breast cancer progression and matrix mechanics will be 

explored further in Chapter 7; however, Chapter 7 will integrate the feature of cell 

motility in an attempt to create a system-wide perspective of breast cancer mechanics.   
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6.6 VARIABLES 

Va

 

riable Description Units (Experimental)

matrix elastic modulus Pa 

 

 

sphericity unitless 

∆ three-dimensional (total) MSD µm2 

 

 

intracellular effective creep compliance Pa-1 

intracellular apparent elastic modulus Pa 
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6.7 TABLES 
 

Subline  Cancer progression  Sphericity Motility33

(%) 
Stiffness 
sensitivity 
(% increase) 

Stiffness 
differential        

(+/‐) 

10A.vec  nontransformed    0.98  0.26  ‐‐‐‐‐  ‐‐‐‐‐ 

10A.ErbB2  partially transformed    0.97 **  1.00       221 *  ‐‐‐‐‐ 

10A.14‐3‐3ζ  partially transformed    0.90 ***  0.44  33   ‐‐‐‐‐ 

10A.ErbB2.ζ  fully transformed    0.79 ***  0.82      93 † 
‐ for low G′c /     
+ for high G′c 

Table 6.1  Summary of relevant parameters associated with MCF10A cancer 
progression series. Sphericity is that of single cells embedded wholly within 
3D Type I collagen matrices of stiffness 391 Pa. p-values (***, p ≤ 0.001; 
**, p ≤ 0.01) determined from t-tests for unpaired samples; p-values are 
with respect to the sphericity of 10A.vec cells. Motility is normalized by the 
number of migrated 10A.ErbB2 cells counted per field of view, following a 
6 h transwell cell migration assay (data retrieved from Lu et. al., Cancer 
Cell, 200933). Stiffness sensitivity is quantified as % increase in intracellular 
apparent stiffness as matrix stiffness is increased from 104 to 391 Pa. p-
values (*, p ≤ 0.05; †, p ≤ 0.10) determined from t-tests for unpaired 
samples; p-values compare the intracellular stiffness of cells within a matrix 
of stiffness 391 Pa to cells within a matrix of stiffness 104 Pa. Stiffness 
differential, notated as positive (+) or negative (-), is the difference in 
intracellular apparent stiffness between 10A.vec cells and that of 
10A.ErbB2.ζ cells.  
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Figure 6.1 Sphericity  of individual MCF10A cells. Sphericity is defined as the ratio 
of the surface area of a sphere (with the same volume as the given object) to 
the surface area of the given object;  was computed using Imaris iso-
surface renderings (orange) of reconstructed confocal microscopy images.  

  



10A.vec 10A.ErbB2 10A.14‐3‐3ζ 10A.ErbB2.ζ  

Figure 6.2  MCF10A breast cancer progression series. The sublines consist of [1] 
10A.vec—a nontransformed control cell line, [2] 10A.ErbB2—a 
hyperplastic, partially transformed cell line that overexpressed ErbB2, [3] 
10A.14-3-3ζ—a depolarized and morphologically abnormal, partially 
transformed cell line that overexpressed 14-3-3ζ, and [4] 10A.ErbB2.ζ—an 
invasive, fully transformed cell line that overepxressed both ErbB2 and 14-
3-3ζ. 
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Figure 6.3  Matrix stiffness influences Brownian dynamics of tracer beads embedded 
within MECs that possess ErbB2 transforming potential. MSD of 1 μm 
tracer beads embedded within 10A.ErbB2.ζ (A) and 10A.vec (B) cells that 
reside within 3D Type I collagen matrices of stiffness 104 (○), 271(---), and 
391(―) Pa. Error bars omitted for figure clarity. Figure taken from Baker et 
al., 2010 241. 
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Figure 6.4  MECs that possess ErbB2 transforming potential stiffen in response to 
elevated matrix stiffness. Intracellular apparent stiffness  increases as 
matrix stiffness  increases for cell lines that overexpress ErbB2 (B and D) 
but does not significantly increase for 10A.vec (A) or 10A.14-3-3ζ cells (C). 
Error bars represent SEM. p-values (*, p ≤ 0.05; †, p ≤ 0.10) determined 
from t-tests for unpaired samples; p-values are with respect to the lowest 
intracellular stiffness of the given cell line. Figure taken from Baker et al., 
2010 241. 
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Figure 6.5  ErbB2 sensitizes the intracellular mechanical state to matrix stiffness. Wide 
bars (red) represent the % increase in intracellular apparent stiffness  as 
matrix stiffness  is increased from 104 to 391 Pa. p-values (*, p ≤ 0.05; †, 
p ≤ 0.10) determined from t-tests for unpaired samples; p-values reflect the 
significance of the highest intracellular stiffness relative to the lowest 
intracellular stiffness of the given cell line as reported in Figure 2. Thin bars 
33 represent the number of migrated cells counted per field of view, 
following a 6 h transwell cell migration assay. Initial cell seeding count was 
maintained at 1 x 105 cells for all cell lines (migration data retrieved from 
Lu et. al., Cancer Cell, 2009). Error bars represent SEM. Figure taken from 
Baker et al., 2010 241. 
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Figure 6.6  Matrix stiffness affects the relationship between transforming potential and 
intracellular stiffness. Intracellular apparent stiffness  of MCF10A 
sublines for matrices of stiffness 104 (A), 271 (B), and 391 (C) Pa. Error 
bars represent SEM. (D) Difference between  of 10A.vec cells and  of 
10A.ErbB2.ζ cells as a function of matrix stiffness . p-values (*, p ≤ 0.05; 
†, p ≤ 0.10) determined from t-tests for unpaired samples; p-values are with 
respect to intracellular stiffness of 10A.vec cells. Figure taken from Baker et 
al., 2010 241. 
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Figure 6.7  14-3-3ζ alters MCF10A single-cell morphology in 3D matrices. Images of 
live, individual 10A.vec (A), 10A.ErbB2 (B), 10A.14-3-3ζ (C), and 
10A.ErbB2.ζ (D) cells embedded wholly within 3D Type I collagen 
matrices of stiffness 391 Pa. Scale bar = 20 μm. (E) Sphericity  of 
MCF10A sublines embedded wholly within 3D Type I collagen matrices of 
stiffness 391 Pa. Error bars represent SEM. p-values (***, p ≤ 0.001; **, p ≤ 
0.01) determined from t-tests for unpaired samples; p-values are with 
respect to the sphericity of 10A.vec cells. Figure taken from Baker et al., 
2010 241. 
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Chapter 7:  Cell Motility in Experimental Systems 

The previous chapters have been devoted to examining the interplay among 

extracellular (ECM) matrix mechanics, intracellular mechanical behavior, and metastatic 

potential in breast cancer. The final, remaining experimental study will consider the same 

parameters with respect to cell motility; however, before detailing the results of this study 

in Chapter 8, the present chapter will first examine cell migration within the broader 

context of in vivo processes and more widely in experimental systems.  

Cell migration is a general term that describes the movement of a cell from one 

site to another site 242. The term migration encompasses all events involved in this 

process, including cell-matrix adhesion, locomotion, and in the case of cancer cells, 

invasion 242. In addition to cancer cell metastasis, cell migration is involved in a number 

of normal cellular processes and in general may proceed via a variety of physical 

modalities 228. For most cell types (including epithelial cells), migration is limited to 

tissue morphogenesis and ceases with differentiation of an intact tissue. For a few other 

cell types, such as leukocytes, motility is integral to their function and is maintained 

throughout the cellular life span. Furthermore, some cell types migrate only with respect 

to given ECM environments, such as epithelial cells that migrate along basement 

membranes but not within underlying connective tissues. Conversely, leukocytes migrate 

within versatile ECM environments in order to fulfill their roles in wound healing.  

7.1 MODES OF MIGRATION 

In general, cell migration may be classified as either mesenchymal or amoeboid 

(Fig 7.1) and either individual or collective 228. The following characterizations describe 

individual cell motility unless explicitly stated otherwise. 
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7.1.1 Mesenchymal motility 

As described in Chapter 2, Section 2.3.2, mesenchymal migration is exhibited by 

spread cells that possess high levels of cytoskeletal contractility and engage the ECM 

with high strength attachments. A cell initiates a mesenchymal mode of migration by 

extending one of several forms of a leading edge protrusions in the direction of F-actin 

polymerization 144. At focal adhesion (FA) sites (see Fig. 2.5), actin stress fibers generate 

cell traction forces on the ECM (see Fig. 3.4), which enables a cell to pull its rear body 

forward upon detaching its rear body from the matrix. Leading edge extensions may take 

the form of filopodia, lamellipodia, or invadopodia (see Fig. 8.4). Filopodia form thin 

actin-rich, rod-like extensions, while lamellipodia form actin-rich, sheet-like protrusions. 

Invadopodia form thick, tubular protrusions across the ventral cell surface and are 

overexpressed in a variety of malignant cancers; invadopodia consist of an actin-rich core 

that is overlaid with a surface region expressing matrix-degrading proteins 243.  

Mesenchymal migration is readily evident of cells that are cultured atop two-

dimensional (2D) matrices. Within in vivo environments, cells migrate across 2D 

surfaces during re-epithelialization of wound sites or when immune cells scan along 

endothelial surfaces. Two-dimensional mesenchymal migration is characterized by a 

spread cell morphology and an essentially barrier-free migration 228. Within 3D matrices, 

mesenchymal migration is characterized by matrix remodeling as cell traction forces pull 

on ECM fibers and thereby realign them parallel to the direction of cell movement 244; 

this realignment facilitates forward movement by creating a tubular-shaped defect 

surrounding the leading edge of the cell. Migration is further facilitated by cellular 

secretion of matrix metalloproteinases (MMPs), which degrade ECM fibers along the rear 

cell edge and thereby create a void space in which the cell rear body can advance 244.  



 129

7.1.2 Amoeboid motility 

Amoeboid motility refers to the migration of rounded and ellipsoidal cells that 

lack mature focal adhesion (FA) sites and actin stress fibers 74; by definition, amoeboid 

migration is fundamentally a 3D phenomenon. Spherical cells may execute this type of 

motility by exerting a propulsive force that thrusts the cell body through matrix pores, as 

opposed to adhering or pulling on the matrix fibers 228. Alternatively, more elongated 

cells within 3D environments may extend weakly adhesive filopodia at the leading edge 

that assist in forward propulsion. Cells within 3D matrices preferentially utilize filopodia 

to survey their environment, as opposed to lamellipodia 228.  

Cancer cells in particular have been shown to exhibit amoeboid migration as a 

method of compensating for low levels of environmental MMPs that would otherwise 

degrade matrix barriers 74. During this process, cells flexibly alter their shape to squeeze 

through pre-existing matrix pores. The size of matrix pore through which a cell may 

squeeze is limited by the cytoplasmic compliance as well as the size of the nucleus, 

which is the most rigid compartment within a cell. In ECMs characterized by sufficiently 

high density, low levels of MMP-mediated matrix degradation cannot be countered by a 

mesenchymal to amoeboid transition; rather, cell migration becomes arrested as cell 

bodies become stuck within critically small matrix pores. In total, several parameters 

simultaneously govern the mode via which a cell executes migration, including ECM 

density, cell generated traction force, and matrix proteolysis.  

7.1.3 Epithelial-to-mesenchymal transition 

Epithelial-derived cancer cells are notorious for exhibiting a migratory shift called 

epithelial-to-mesenchymal transition (EMT). Normal cells are joined to one another at 

cell-cell junctions via cadherins and integrins (see Chapter 2, Section 2.3). In order to 

metastasize, tumorigenic cells must rapidly turn over cell-cell and cell-matrix adhesion 
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sites as they migrate through the ECM. EMT occurs when normally non-motile epithelial 

cells undergo a series of progressive genetic mutations that render them motile and 

therefore potentially able to invade the local basement membrane. EMT promotes cancer 

invasion and metastasis by facilitating escape of tumor cells from their primary site and is 

largely mediated by the E-cadherin (epithelial cadherin) cell-cell adhesion protein. The 

cadherins are a family of transmembrane proteins that bind cells to one another by 

connecting to the cytoskeleton on their intracellular domain and connecting to another 

cell-linked cadherin on their extracellular domain; thus, E-cadherin normally bestows 

epithelial tissues with mechanical integrity. In fact, downregulation of E-cadherin has 

been shown to promote cell invasion in multiple in vitro cultures and has been correlated 

clinically with increased metastasis of breast and other carcinomas. The studies presented 

in Chapter 8 will demonstrate that downregulation of E-cadherin (linked to 

overexpression of 14-3-3ζ) promotes cell migration within 3D matrices of low stiffness.  

7.1.4 Collective migration 

In addition to cell populations spawning off individual pioneer cells, cells may 

also migrate collectively. Collective cell movement occurs when two or more cells retain 

their cell-cell junctions and migrate together through a 3D matrix or across a 2D surface 
245. Collective migration is essential to many normal cellular processes such as sprouting 

blood vessels during angiogenesis and remodeling complex tissues in response to various 

environmental cues; conversely, it is also a feature of local cell invasion in cancer. 

Collective cell migration proceeds via mechanisms similar to that of individual migration, 

with the exception that cells extend protrusions and exert migratory forces in a 

coordinated manner. During this process, cells may transiently form and disassemble 

cell-cell junctions, forming multicellular streams or tubes that traverse the ECM. 
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Simultaneously, cells along the outer core of the cell aggregate remodel the surrounding 

ECM and degrade rearward ECM, forming a widening track that may accommodate an 

increasing volume of cells 244-245.  

7.2 ENVIRONMENTAL CUES 

Within in vivo environments, macroscale cell migration is directed by chemical 

gradients, ECM contact guidance, and adhesive ligand gradients 242; taxis is the general 

term that describes cellular movement in response to a directed stimulus or a gradient.  

7.2.1 Chemotaxis 

Experimental investigations have shown that cell migration within in vitro 

systems is influenced by several types of extracellular gradients. Chemotaxis is the 

directed motility of cells towards increasing concentrations of soluble factors 246. Growth 

factor-induced chemotaxis is believed to play a critical role in cancer metastasis by 

directing the migration of cancer cells from their primary tumor site to secondary sites in 

the body. Chemotaxis is examined using a variety of experimental assays 247. One of the 

most common systems is the Boyden chamber (also known as a transwell assay), which 

quantifies motility as the number of cells that traverse a filter separating compartments of 

differing soluble factors. This method is heavily exploited due to its relatively 

straightforward setup; however, this method provides only endpoint measurements and 

does not allow examination of migratory paths. Surface analyses, such as wound-healing 

assays, permit cells to traverse flat surfaces; yet, they still provide only endpoint 

measurements 247. In an attempt to overcome the limitations imposed by surface and 

transwell migration assays, several researchers have developed microfluidic chambers 

that generate precise, stable chemical gradients while permitting real-time observation of 

cell migratory paths 246,248-249.  
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7.2.2 Durotaxis and haptotaxis 

Another experimentally-induced gradient to which cells have shown 

responsiveness is that of ECM stiffness. The migration of cells in response to this type of 

gradient is known as durotaxis (or mechanotaxis). Increased matrix stiffness reinforces 

leading edge protrusions of motile cells so that FAs become reinforced by actomyosin 

contractility, which promotes cell spreading, increased traction forces, and elongated cell 

movement 230. On the contrary, soft matrix environments do not promote FA formation 

and cell contractility, which may lead to cell rounding and diminished cell motility. 

Matrix rigidity has been shown to direct cell migration towards regions of greater 

stiffness when cells are attached to 2D matrices 102,250. The final form of gradient-induced 

cell motility is haptotaxis, which describes the migration of cells in response to adhesive 

ligand density 251. Haptotaxis may persist in conjunction with chemotaxis or durotaxis or 

may occur independently. 

7.2.3 Kinesis 

Many studies that examine cell motility do not incorporate extracellular gradients; 

rather, they examine cells within homogeneous environments that may more 

appropriately reflect in vivo situations where cells are simply surveying their local 

landscape 43,74,232,252. The general term used to describe non-directed cell migration within 

environments that are absent extracellular gradients is called kinesis (e.g. chemokinesis, 

haptokinesis, etc.). Studies performed on cells within 3D matrices show that cell motility 

is governed by a balance between cell-generated traction forces, matrix stiffness, and 

ligand availability 43,106,239. Even without the use of environmental gradients, these 

investigations indicate that cell speed may increase due to ECM stiffness and ligand-

mediated reinforcement of FAs as density-induced matrix rigidity increases up to a 

critical stiffness; however, upon encountering a critical level of matrix stiffness, cell 
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speed has been shown to decrease as a result of steric hindrances imposed by 

significantly small matrix pores. Thus, in 3D environments, cell speed can exhibit a bi-

phasic relationship with matrix stiffness that has not been observed for cells attached to 

2D substrates 43,106,239. The experiments presented in Chapter 8 will examine spontaneous 

cell movements within homogeneous 3D matrix environments of differing stiffness and 

atop homogenous 2D substrates.  

7.3 ANALYSIS OF MOTILITY 

Within in vitro systems, cell motility is usually observed via various forms of 

microscopy that permit visualization of cell body movements and/or progressive matrix 

degradation. Cell migration is typically analyzed in terms of cell speed and persistence 
242. Cell speed  is computed as the total cell track length divided by the total time 

interval. The persistence time  is defined as the time traveled by a cell before the cell 

significantly deviates from a straight trajectory and is given by the persistent random 

walk model 253 

2 1 /  (7.1)

where  is the displacement of a cell from its starting point and  is the associated elapsed 

time. The parameter  is also known as the persistence length 242. Cell migration is often 

described qualitatively using a Windrose plot (Fig. 7.2), which shows the migration track 

of each cell within a population, all superimposed on an arbitrary origin (0,0,0); the 

persistence length is given by the radius of a track endpoint from the origin 242. In the 

next chapter, the aforementioned parameters are employed to describe the motility of 

breast cancer cells as a function of matrix mechanics and transforming potential. 
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7.4 VARIABLES  

Variable Description Units (SI) 

 

 

cell speed m/s 

 

persistence time s 

 

cell displacement; persistence length m 

elapsed time s 

 
  



7.5 FIGURES 

 mesenchymal amoeboid

Figure 7.1 Modes of cell migration. Mesenchymal motility is characterized by a spread 
cell morphology and extended cell surface protrusions that assist cell body 
propulsion. Amoeboid motility is characterized by a rounded cell 
morphology and cell squeezing through matrix pores. 
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Figure 7.2 Depiction of a 2D Windrose plot. Each cell track is plotted at an arbitrary 
origin of (0,0). 
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Chapter 8:  Integrated Effects of Matrix Mechanics and Transforming 
Potential on Cell Motility in Breast Cancer 

Significant progress has been achieved toward elucidating the molecular 

mechanisms that underlie breast cancer progression; yet, much less is known about the 

associated cellular biophysical feats. To this end, time-lapsed confocal microscopy has 

been used to investigate the interplay among cell motility, three-dimensional (3D) matrix 

stiffness, matrix architecture, and transforming potential in a mammary epithelial cell 

(MEC) cancer progression series. A well characterized model system has been used 

where human-derived MCF10A MECs overexpress either ErbB2, 14-3-3ζ, or both ErbB2 

and 14-3-3ζ, with empty vector as a control. Results suggest that the 14-3-3ζ protein 

facilitates cell migratory capacity in compliant 3D matrices, as evidenced by cell 

migration speed. Results of this study also indicate that 3D matrices of sufficient stiffness 

may mediate mechanotransduction circuits that significantly hinder migratory ability of 

partially transformed cells but that only moderately hinder the aggressive migratory 

behavior exhibited by fully invasive cells. Cell motility assays performed on cells 

attached to two-dimensional (2D) matrices show that ErbB2-overexpressing cells exhibit 

significantly high migration speeds when cultured atop the 2D matrix architecture, which 

closely resembles the architecture of early stage noninvasive cancer cells in vivo. Finally, 

the present study suggests that a change in matrix architecture may offer an explanation 

as to why the ErbB2 protein is more prevalent in early stage noninvasive cancers than in 

invasive and metastatic breast cancers. Given the current knowledge base of breast cancer 

mechanobiology, these findings suggest that cell motility is governed by a complex 

interplay between matrix mechanics and transforming potential. 
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8.1 INTRODUCTION 

Breast cancer typically progresses from an MEC population that proliferates at 

abnormally high rates; however, it is the cellular metastatic potential that renders the 

progressive cancer growth so life-threatening (see Fig. 1.2). Thus, understanding the 

effect of cellular environmental cues on metastatic capabilities is critical to the 

development of novel breast cancer targeting therapies. Fundamentally, metastasis 

proceeds via the migration of invasive cancer cells through variable extracellular matrix 

(ECM) environments; studies have shown that cell motility is indeed sensitive to matrix 

mechanics 43,102,106,230,250. Yet, the systems level relationships among matrix mechanics, 

disease progression, and cell motility in breast cancer remain unclear, especially with 

respect to physiologically relevant, 3D matrix environments.  

Overexpression of both the ErbB2 (HER2/neu) and 14-3-3ζ proteins has been 

correlated with poor breast cancer prognoses 31,40. Cell cultures that overexpress ErbB2 

have been shown to exhibit hyperplasia 34, and they have also shown a capacity to 

overcome apoptotic signals 226. Markedly, the ErbB2 protein is overexpressed in 

approximately 50 – 60% of noninvasive breast cancers (ductal carcinoma in situ, DCIS) 
32 and approximately 25% of all invasive and metastatic breast cancers 31; its role in 

promoting metastasis of breast and other forms of cancer has rendered it one of the most 

studied molecules in the field of cancer and a critical target for drug development 35. 

Recent MEC in vitro studies have shown that 14-3-3ζ downregulates the E-cadherin cell 

junction protein and confers significant resistance to anoikis 38, a type apoptosis that 

occurs when epithelial cells detach from extracellular ligands, thus promoting luminal 

filling and driving MECs towards transformation 39. Overexpression of 14-3-3ζ has 

additionally been shown to induce notable morphological irregularities that are 

characteristic of progression towards an invasive phenotype 33,38. Clinical studies further 
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indicate that more than 40% of advanced metastatic breast cancers overexpress the 14-3-

3ζ protein 40. In spite of their capacities to confer oncogenic properties to nontransformed 

cells, overexpression of either ErbB2 or 14-3-3ζ alone is not sufficient to drive complete 

transformation in vitro 34,38. However, recent investigations have shown that their 

cooperative effect does promote progression from noninvasive carcinoma to invasive and 

metastatic breast cancer 33.  

Given the identified correlations between breast cancer biomarkers and metastatic 

progression and our current knowledge of substrate-dependent cell motility, the following 

fundamental questions remain unanswered for motile MECs: [1] Is cell motility 

responsive to 3D matrix stiffness? [2] Is this responsiveness related to transforming 

potential? And [3], is there a relationship between cell motility and transforming potential 

given a determined matrix architecture? In this study, these questions have been 

investigated quantitatively by employing time-lapsed confocal microscopy to investigate 

the effect of matrix stiffness on migration speed of individual MECs that are embedded 

within 3D matrices of differing elastic moduli and those that are cultured atop 2D 

matrices. Human-derived MECs of varied transforming potential have been examined 

with respect to matrices formulated from Type I collagen, which is the primary structural 

component of the mammary stroma. In total, this study provides novel insights into breast 

cancer mechanobiology by demonstrating that transforming potential couples with matrix 

stiffness and architecture to affect the migratory ability of MECs. 

8.2 MATERIALS AND METHODS 

8.2.1 Cell culture 

Motility experiments were performed on stable sublines that were established as 

described previously 33 from the noncancerous, human-derived MCF10A MEC line 
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(provided by Dr. Robert Pauley of the Karmonos Cancer Institute, Detroit, MI). Cell lines 

were maintained as described in Chapter 6, Section 6.2.1.  

8.2.2 Collagen matrix preparation and characterization 

Three dimensional matrices were formulated from high concentration Type I 

collagen (BD Biosciences, San Jose, CA), which was diluted to three concentrations of 2, 

3, and 4 mg/mL. Equal parts collagen and neutralizing solution (100 mM Hepes in 2X 

PBS at pH 7.3) were mixed with 20 μL of ethanol-dialized 2.0 μm carboxylated, yellow-

green fluorescent polystyrene tracer beads (Molecular Probes, Carlsbad, CA) and a 

balance of 5 x 105 fluorescently labeled cells suspended in growth media to achieve the 

final concentration (Fig. 8.1 B) 227. (The bead suspension concentration was 

approximately 2% solid.) Each matrix solution (1 mL) was then deposited across the 

surface of a 35 mm glass bottom dish (MatTek, Ashland, MA). Matrix solutions were 

allowed to gel for 90 min at 37°C, 5% CO2, upon which 2 mL of growth media was 

deposited atop the 3D matrices to provide cells with adequate nutrients during a 

subsequent 4.5 h incubation. The matrix stiffness was quantified in terms of the bulk 

elastic modulus of the collagen gel ( ), which is reported as 104 and 391 Pa for collagen 

gels of concentration 2 and 4 mg/mL, respectively, as described in Chapter 6, Section 

6.2.2.  

Two-dimensional substrates were created by diluting high concentration Type 1 

collagen to 2 mg/mL using 20 μL of the bead suspension and a balance of 0.01 M HCl; 

1.5 mL of the solution was then deposited into the well of a 35 mm glass bottom dish and 

allowed to incubate at room temperature for 1 h. Following this period, the solution was 

aspirated, leaving only the bead-impregnated collagen coat that had adhered to the glass 

bottom surface (Fig. 8.1 A). Dishes were then rinsed twice with PBS and stored at 37°C, 
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5% CO2 for 45 min until fluorescently labeled cells were deposited into the dishes (see 

Section 8.2.3). 

Three-dimensional matrices were visualized using scanning electron microscopy 

(SEM). Briefly, following matrix polymerization, gels were fixed and stained using 

tannic acid, gluteraldehyde, and osmium tetroxide (TAGO) fixation. One percent tannic 

acid and 0.8% gluteraldehyde were suspended in 0.2 M cacodylate buffer; 1 mL of this 

solution was used to fix each 1 mL gel sample for 2 h at room temperature. Gels were 

rinsed twice with 500 mL of 0.2 M cacodylate buffer for 15 min each. Each sample was 

then post-fixed with 1 mL of 2% OsO4 prepared in 0.2 M cacodylate buffer for 1 h at 

4°C. Samples were then dehydrated using ethanol exchange; each exchange occurred in 

15 min increments at room temperature using the following gradient: 1 x 50%, 1 x 75%, 

1 x 90%, and 2 x 100% absolute ethanol. Samples were then subjected to HMDS 

exchange; each exchange was performed for 10 mins using the following gradient 

scheme: 2 x 50% ethanol/50% HMDS, 2 x 100% HMDS. Samples were finally sputter 

coated with a 15 nm layer of Pt/Pd and visualized using a Zeiss Supra 40 VP Scanning 

Electron Microscope.  

8.2.3 Cell tracking  

At the time of experimentation, adherent cell cultures were stained with 10 μM 

fluorescent Cell Tracker Orange CMTMR (Molecular Probes) and subsequently detached 

using 0.05% Trypsin/0.53 mM EDTA (Cellgro, Manassas, VA). For the 3D matrix assay, 

cells were imaged following a total incubation period of 6 h within the matrices (see 

Section 8.2.2). Time-lapsed image z-stacks (Fig. 8.1 C) of total thickness 120 – 150 μm 

were collected every 10 min for a total of 4 h at a magnification of 20X using the LSM 5 

Live (Carl Zeiss, Thornwood, NY). Z-stack images were collected at intervals of 1.65 
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μm, as optimally computed by the LSM software. During imaging, cultures were housed 

within a microscope-mounted incubation chamber that was maintained at 37°C, 5% CO2. 

For the 2D matrix assay, 2 x 105 fluorescently labeled cells suspended in 1.5 mL of 

growth media were deposited atop the coated glass bottom dish and incubated for 6 h 

prior to imaging. Time-lapsed image z-stacks of total thickness 25 – 30 μm were 

collected as described for the 3D matrix assay.  

8.2.4 Motility analysis 

Following image collection, cell trajectories and extracellular bead trajectories 

were generated using the spots detection and position tracking features of Imaris image 

analysis software (Bitplane, St. Paul, MN). Extracellular tracer beads were used to track 

overall sample drift during imaging. Cell speed  was calculated as the total cell track 

length divided by the total time over which each cell was recorded in the image field of 

view. At each time interval, the incremental cell trajectory was adjusted by the sample 

drift (computed as the average displacement vector of all tracer beads during the given 

time interval) that occurred during the same time interval. Thus, sample drift is not 

reflected in the reported values of average cell population speed  and population 

persistence time . Population persistence time was determined by fitting the adjusted 

mean squared cell disp c ent ndom walk model  la ements  to the persist ra

2 1 /  (8.1)

where  is elapsed time. The average correlation coefficient for random walk curve fitting 

was  = 0.90. Three-dimensional Windrose plots display cell tracks for each matrix 

condition. The motility assay was performed 3 – 4 times per 3D matrix per condition per 

cell line and twice per cell line for the 2D matrix architecture. An average total of  = 48 

cells were imaged per combination of 3D matrix and cell line, with an average of  = 
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125 tracer beads imaged per experiment; an average total of  = 61 cells were imaged 

per cell line for the 2D matrix architecture, with an average of  = 6 tracer beads imaged 

per experiment. 

8.3 RESULTS 

In order to explore the relationship between breast cancer transforming potential 

and cell motility with respect to matrix mechanics, a well characterized cancer 

progression series established from the nontransformed, human-derived MCF10A cell 

line (see Fig. 1.2) was examined for migratory capacity. As described in Chapter 6, 

Section 6.3, the sublines (see Fig. 6.2) consisted of [1] 10A.vec—a nontransformed 

control cell line, [2] 10A.ErbB2—a hyperplastic, partially transformed cell line that 

overexpressed ErbB2, [3] 10A.14-3-3ζ—a depolarized and morphologically abnormal, 

partially transformed cell line that overexpressed 14-3-3ζ, and [4] 10A.ErbB2.ζ—an 

invasive, fully transformed cell line that overepxressed both ErbB2 and 14-3-3ζ. 

8.3.1 Effects of three-dimensional matrix stiffness and transforming potential 

Cell motility assays showed that transforming potential had a notable effect on 

migration speed  within relatively compliant (104 Pa) 3D matrices. Nontransformed 

MECs (10A.vec) exhibited the slowest speed, whereas fully transformed MECs 

(10A.ErbB2.ζ) exhibited the fastest speed, followed by MECs overexpressing 14-3-3ζ 

alone (Fig. 8.2 A). This behavior is also depicted qualitatively in Windrose plots (Fig. 

8.3). Furthermore, cell speed  in compliant matrices is negatively correlated with the 

cell sphericity  in 3D matrices 241. As shown in Fig. 8.2 A inset,  decreases with  

according to transformation profile. Taken together, these data underscore the results of 

several previous studies that have shown 14-3-3ζ to be a negative effector of E-cadherin. 

Downregulation of E-cadherin has been shown to disrupt cell polarity and morphology, 
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both of which are associated with enhanced cell protrusiveness 37-38 (Fig 8.4) that 

facilitates cell migration. MECs overexpressing ErbB2, although partially transformed, 

did not show a notable change in motility relative to 10A.vec cells (Fig. 8.2 A) in 

compliant 3D matrices. In compliant matrices, cell persistence time  was highest for 

partially transformed cells (10A.ErbB2 and 10A.14-3-3ζ) and lowest for fully invasive 

cells (Fig. 8.2 B), suggesting that fully invasive cells may be more responsive to matrix 

steric effects such that they are better able to survey and navigate their environment upon 

encountering barriers to migration. (Persistence time was undefined for 10A.vec cells due 

to their low degree of motility.) 

In relatively stiff (391 Pa) 3D matrices, cell motility assays revealed a behavior 

significantly different from that observed in compliant matrices. In the stiffer matrix 

environment, nontransformed MECs still exhibited the slowest migration speeds, while 

fully transformed MECs migrated faster than all other sublines (Fig. 8.2 E and Fig. 8.3). 

However, partially transformed cells (10A.ErbB2 and 10A.14-3-3ζ) migrated 

significantly slower than nontransformed cells (as well as fully transformed cells). The 

shift in cell motility between compliant and stiff matrices is further displayed as a percent 

decrease in migration speed according to transformation profile (Fig. 8.2 F); 

nontransformed cells were least affected by the increase in matrix stiffness, as reflected in 

the percent decrease in migration speed. The experimental 3D matrix architecture is most 

relevant to the in vivo environment where genetically altered cells have invaded their 

local basement membrane and advanced into the underlying stroma. Considering this 

analog in conjunction with the genetically altered sublines examined here (10A.ErbB2, 

10A.14-3-3ζ, and 10A.ErbB2.ζ), these results suggest that 3D matrices of sufficient 

stiffness (and steric hindrance) may mediate mechanotransduction circuits that 

significantly hinder the migratory ability of partially transformed cells, but that only 
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moderately hinder the aggressive motility exhibited by fully invasive cells. In the stiffer 

matrix environment, cell persistence diminished the most for sublines overexpressing 

ErbB2 and the least for cells overexpressing only 14-3-3ζ (Fig. 8.2 G). Steric hindrance 

of the matrix is qualitatively reflected in matrix porosity as shown in Fig. 8.2 C-D. 

8.3.2 Effects of two-dimensional matrix architecture and transforming potential 

Cell motility was also assessed with respect to the 2D matrix architecture, which 

is most analogous to the MEC layer that lines the inner surface of the ductal basement 

membrane in vivo. In this environment, MECs overexpressing ErbB2 alone migrated 

with the fastest speed (Fig. 8.5 A and Fig. 8.3). Overexpression of ErbB2 has been shown 

previously to bestow MECs with increased proliferative capacity and motility, and it has 

also been clinically associated with early stage breast cancer (DCIS) 33. In fact, the matrix 

architecture of DCIS more closely resembles that of the 2D environment examined here 

than a traditional 3D matrix environment (see Fig. 3.1). Therefore, it should not be 

surprising that 10A.ErbB2 cells exhibit their characteristic migratory behavior when 

cultured within an environment that mimics their in vivo analog. Nontransformed cells 

exhibited the second highest degree of motility, followed by sublines overexpressing 14-

3-3ζ (Fig. 8.5 A). The fact that 14-3-3ζ-overexpressing sublines show decreased motility 

relative to 10A.ErbB2 cells suggests that downregulation of E-cadherin confers a motility 

advantage to MECs only when optimal matrix conditions can synergistically enhance 

motility as well (Fig. 8.2 A); migration speed of partially transformed and fully 

transformed cells are also consistent with transwell motility behavior that has been 

reported previously: 10A.ErbB2 cells moved with the fastest speeds, followed by 

10A.ErbB2.ζ and then by 10A.14-3-3ζ (see Fig. 6.5) 33. Persistence of nontransformed 

cells is greater than that of all sublines possessing transforming potential (Fig. 8.5 B). 
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This indicates that transforming potential may bestow cells with an increased sensitivity 

to 2D topographical cues, as would be reflected by randomly changing cell trajectories as 

compared to more directed cell movements of nontransformed cells. 

 8.3.3 Effects of matrix architecture and ErbB2 transforming potential 

ErbB2 is overexpressed in approximately 50 – 60% of noninvasive DCIS; yet, it 

is associated with only 25 – 30% of invasive and metastatic breast cancers 33. Given its 

ability to promote transformation (both in vitro and in vivo) and its generally widespread 

prevalence in breast cancer, the relatively reduced prevalence of ErbB2 overexpression in 

invasive and metastatic breast cancer is a perplexing phenomenon. The results from these 

motility assays suggest that a shift in matrix architecture may in part offer an explanation 

of this behavior. When MECs transition from a noninvasive early stage cancer to an 

invasive and then metastatic cancer, they experience a change in matrix architecture: they 

move from atop a 2D basement membrane surface to within a surrounding 3D stroma. 

The 10A.ErbB2 subline experiences a significant 15-fold reduction in motility in 3D 

matrices as compared to that of cells attached to 2D matrices. Fig. 8.5 C depicts this as a 

percent decrease in speed of cells atop 2D matrices as compared to those within 

compliant 3D matrices. Indeed, motility in 3D matrices is significantly reduced for all 

cell sublines examined; however, ErbB2 overexpresssing cells (10A.ErbB2) show the 

greatest sensitivity to matrix architecture and may succumb to this fate in vivo as well. It 

follows that cells exhibiting a significantly diminished stromal migratory ability would be 

less likely to invade their local boundary and further traverse the surrounding stroma to 

later manifest as metastatic breast cancer. Thus, these results show that a motility 

sensitivity to matrix architecture may in part explain why ErbB2 overexpression is 
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observed more in noninvasive early stage breast cancers than invasive and metastatic 

breast cancers. 

8.4 DISCUSSION 

Cell motility is influenced by a number of parameters, including extracellular 

chemical gradients 246, matrix mechanical properties 230, matrix degradation 74, 

intracellular contractility 43, and cell adhesivity 236. Increasingly, cancer cells are 

becoming the focus of studies that explore the effect of the extracellular environment on 

cellular homeostasis 42,230, cellular viscoelasticity 46,231, and cell motility. While 

significant progress has been achieved in uncovering some of the molecular mechanisms 

and signaling pathways that underlie breast and other cancers 30,36, much less is known 

about the associated cellular biophysical capabilities. It has long been established that 

breast cancer metastasis is fundamentally executed by cell migration from a primary 

tumor mass through the underlying stroma and that breast collagen density is correlated 

with breast cancer progression 254. Moreover, cancer cell migratory capability can be 

influenced by the stiffness of the ECM 43; however, the relationship between the external 

cellular mechanical environment and the motility of breast cancer cells is not understood. 

The interplay between these parameters is further confounded by the stage of breast 

cancer progression and may also bear relation to intracellular mechanical properties 241. 

In order to investigate the interplay among matrix mechanics, cell motility, and 

transforming potential in breast cancer, time-lapsed confocal microscopy has been 

utilized to gauge the migration speed and persistence of MECs embedded within 3D 

matrices and those attached to 2D matrices, both comprised of Type I Collagen. By 

examining a breast cancer progression series of sublines that derive from a single MEC 

parent line, cell lines of varying transforming potential are able to be compared directly. 
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The in vivo extracellular microenvironment is a heterogeneous medium that 

consists of several components, with the relative balance and significance of these 

components depending upon the extent of cancer progression. This study has probed the 

migratory capacity of MECs that have the capacity to freely navigate the ECM. For the 

case of 3D matrices, this is physiologically most relevant to individual MECs that have 

invaded their local ductal basement membrane and may exhibit motility within the 

underlying stroma; for the case of 2D matrices, this is most analogous to noncancerous 

MECs and early stage cancer cells that may exhibit enhanced migration along the ductal 

basement membrane. Single cells that are wholly engaged with the matrix (but 

unattached to other cells) were examined in order to experimentally control the degree 

and type of cell surface attachment; thus, the MECs examined here form cell-matrix 

attachments via 1 integrins. 

Results of this study suggest that within relatively compliant 3D matrices (104 

Pa), transforming potential in association with morphological phenotype are the dominant 

factors that influence cell motility. As shown in Fig. 8.2 A, fully transformed cells 

(10A.ErbB2.ζ) migrated with the fastest speed  in this environment, followed by 

morphologically altered 14-3-3ζ-overexpressing cells, and then by rounded cells 

exhibiting partial transforming potential (10A.ErbB2) and noncancerous cells (10A.vec). 

Thus, the role of 14-3-3ζ appears to facilitate motility via promotion of protrusive 

structures (see Chapter 7, Section 7.1.1) that have been shown to enhance cell 

contractility and survey the frontward ECM environment 243. As displayed in Fig. 8.4 

(also see Fig. 6.7 C-D), 3D protrusive structures are evident in both sublines that 

overexpress 14-3-3ζ. Several previous studies indicate that this morphological phenotype 

is mediated by E-cadherin 38, which serves to impart mechanical integrity to epithelial 

tissues by anchoring epithelial cells to one another along the basement membrane. 
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Knockdown of E-cadherin function thereby disrupts cell polarity and characteristic 

morphological phenotype 33,38. Examination of cell persistence  in compliant matrices 

(Fig. 8.2 B) indicate that fully transformed cells navigate their environment in a much 

less directed manner than do cells that only possess partial transforming potential 

(10A.ErbB2 and 10A.14-3-3ζ). Again, this is in agreement with cell morphological 

observations that reveal enhanced cell surface protrusion, which is known to mediate 

surveillance of environmental gradients and barriers imposed by matrix fibers 243 (Fig. 

8.2 C).   

Comparing motility of cells in soft matrices to that of cells in stiffer matrices (391 

Pa) suggests that cell migratory ability is not simply an effect of transforming potential; 

rather, it is governed by a balance of intrinsic cell genetic and biophysical attributes and 

matrix mechanics. Cells that overexpress ErbB2 alone show slight enhancement of thin 

filopodia extensions in stiffer matrices; although subtle, this enhancement may bear 

association to the relatively high stiffness sensing capability that has been previously 

reported of 10A.ErbB2 cells (see Chapter 6, Section 6.3.2) 241. The remaining MEC 

sublines examined here display similar degrees of protrusion in both compliant and stiff 

matrices (Fig. 8.4). Thus, although morphologically relevant features are similar among 

the sublines in matrices of differing stiffness, the system-wide migration speed profiles 

exhibit distinct patterns relative to matrix stiffness (Fig. 8.2 F). In both matrix 

environments, nontransformed MECs migrated with the slowest speeds, while fully 

transformed MECs migrated with the fastest speeds (Fig. 8.2 A and E). However, in the 

stiffer matrices (304 Pa), partially transformed cells (10A.ErbB2 and 10A.14-3-3ζ) 

migrated significantly slower than nontransformed cells. Increased matrix stiffness 

resulted in a decreased migratory ability for fully transformed cells, but this effect was 

even more pronounced for partially transformed cells (Fig. 8.2 F). Therefore, these 
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results in total indicate that the consequences of transformation-mediated cellular 

phenotypes may be mitigated in part by density-induced matrix stiffness. 

The matrix environment of early stage breast cancers (DCIS) more closely 

resembles that of a 2D matrix than it does a traditional 3D matrix (see Fig. 3.1). When 

cultured atop 2D matrices, MECs overexpressing ErbB2 alone migrated with the fastest 

speed (Fig. 8.5 A and Fig. 8.3), which is in agreement with previously reported transwell 

motility assays performed on the same sublines 33. With regard to the three genetically 

altered sublines, the 2D motility pattern observed here is also consistent with these 

transwell motility assays. In 2D matrices, mon-transformed cells exhibited the second 

highest degree of motility, followed by sublines overexpressing 14-3-3ζ (Fig. 8.5 A). 

Given the fact that the 14-3-3ζ-overexpressing sublines show decreased motility relative 

to the other two sublines, it can be presumed that downregulation of E-cadherin yields a 

lesser effect on cells atop 2D matrices than it does on cells within compliant 3D matrices. 

Again, this underscores the interplay between transforming potential and matrix 

mechanics in governing cell motility. High persistence of nontransformed cells relative to 

remaining genetically altered sublines (Fig. 8.2 B) indicates that transforming potential 

may grant a heightened sensitivity to 2D topography, which would be advantageous to 

partially transformed cells that seek to invade a local basement membrane.  

The final result of the present study offers potentially compelling insight into why 

the ErbB2 oncogene is detected with lower frequency in invasive and metastatic breast 

cancer than it is in early stage breast cancers.  In fact, the prevalence of ErbB2 

overexpression in invasive and metastatic breast cancer is only half that of early stage 

cancers 33. The results from these motility assays suggest that a shift in matrix 

architecture may in part offer an explanation of this behavior. When MECs transition 

from a noninvasive early stage cancer to an invasive and then metastatic cancer, they 
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migrate from atop a 2D basement membrane surface to within a surrounding 3D stroma. 

Motility of 10A.ErbB2 cells shows the greatest sensitivity to a shift in matrix architecture 

(Fig. 8.5 C) and may be affected in a similar manner by the same environmental 

transition in vivo. The significantly reduced migration speeds of 10A.ErbB2 cells in 3D 

matrices suggests that these cells may be hindered in navigating mammary stroma, 

relative to fully transformed cells that exhibit both ErbB2 and 14-3-3ζ transforming 

potential.  

In summary, the aforementioned studies provide novel insights into the subject 

matter of breast cancer motility by demonstrating that transforming potential couples 

with matrix stiffness and architecture to influence cell migration speed and persistence. 

The interactions between ErbB2 and 14-3-3ζ are complex (Fig. 8.3 and Fig. 8.5), and 

further explanation of these connections may arise from future investigations that 

examine their roles in motility and mechanotransduction for cells that experience a wider 

variety of in vivo analogs, including matrices consisting of fibronectin and Type IV 

collagen. Numerous previous investigations have significantly contributed to the present 

understanding by examining MEC motility in soluble chemical gradients 246, cancer cell 

migration with respect to ligand availability 43, and motility-induced matrix remodeling 
244. By employing time-lapsed imaging, this study has added to this knowledge base by 

directly measuring the migration speed of MECs both embedded within 3D matrices and 

cultured atop 2D matrices. An improved understanding of MEC-matrix interactions holds 

broad promise that may ultimately direct the development of targeted therapies and 

cancer-focused translational research. In Chapter 9, the experimental results discussed 

thus far will be summarized in appropriate context and further examined for continued, 

potential investigational pursuits.  
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8.6 VARIABLES  

Va

 

riable Description Units (Experimental)

matrix elastic modulus Pa 

 migration speed µm/hr 

 

 

persistence time min 

mean squared displacement µm2 

 

 

elapsed time min 

sphericity unitless 

 
  



8.7 FIGURES 
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Figure 8.1 Experimental systems utilized for cell motility assays. (A) Illustration of 2D 
assay; cells were attached to a Type I collagen coat embedded with tracer 
beads. (B) Illustration of 3D assay; both cells and tracer beads were wholly 
suspended within 3D Type I collagen matrices. (C) Maximum intensity 
projection of confocal z-stack; 10A.ErbB2.ζ cells (orange) and 2 µm tracer 
beads (green) are embedded within a 3D Type I collagen matrix of stiffness 
104 Pa. Tracer beads serve as reference markers to account for global 
sample drift. 
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Figure 8.2  MCF10A cell motility in 3D matrices. (A) Mean cell migration speed  in 
compliant 3D matrices; (inset) cell sphericity . P-value (**, p ≤ 0.01) 
determined from t-tests for unpaired samples; p-values are with respect to 

 of 10A.vec cells.  (B) Cell population persistence time  in compliant 
3D matrices. (C) Scanning electron micrograph of compliant 3D matrix. 
Scale bar is 2 µm. (D) Scanning electron micrograph of stiff 3D matrix. 
Scale bar is 2 µm. (E) Mean cell migration speed  in stiff 3D matrices. P-
values (*,p ≤ 0.05;**, p ≤ 0.01) determined from t-tests for unpaired 
samples; p-values are with respect to  of 10A.vec cells. (F) Percent 
decrease in  of cells within compliant matrices relative to cells in stiff 
matrices; p-values (*,p ≤ 0.05;**, p ≤ 0.01) determined from t-tests for 
unpaired samples; p-values reflect difference in  between cells within 
compliant matrices and those within stiff matrices. (G) Percent decrease in  
of cells within compliant matrices relative to cells in stiff matrices. 
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Figure 8.3  Windrose plots of MCF10A cell migration. Top row lists cell line; Left 
column lists matrix condition. Cells in 2D matrices migrated with the fastest 
speeds, followed by cells within compliant 3D matrices and then by cells 
within stiff 3D matrices. 
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Figure 8.4 Single-slice confocal images of MCF10A cells embedded within 3D Type I 
collagen matrices and cultured atop 2D Type I collagen matrices. Yellow 
carats ( ) indicate filopodia. Green arrows indicate invadopodia ( ). Blue 
brackets (}) indicate lamellipodia.  
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Figure 8.5  MCF10A cell motility atop 2D matrices. (A) Mean migration speed . P-
values (*,p ≤ 0.05;**, p ≤ 0.01) determined from t-tests for unpaired 
samples; p-values are with respect to  of 10A.vec cells.  (B) Population 
persistence time . (C) Percent decrease in  of cells atop 2D matrices 
relative to cells within compliant 3D matrices; p-values (*,p ≤ 0.05;**, p ≤ 
0.01) determined from t-tests for unpaired samples; p-values reflect 
difference in  between cells atop 2D matrices and cells within compliant 
3D matrices.  
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Chapter 9:  Conclusions and Future Work 

The past four decades of biomedical research have yielded a wealth of 

information regarding the disease course and molecular underpinnings of cancer 4. Yet, 

cancer still accounts for a staggering portion of human mortality; in the United States 

alone, cancer is responsible for approximately 25% of all deaths, with prostate and breast 

cancers constituting the highest occurrences among men and women, respectively 1. 

Given that the vast majority of cancers present as mechanically stiffened, epithelial-

derived tumor masses 3, the cellular mechanical environment is now being examined 

closely for its role in carcinoma progression. In order to inform the systems level 

understanding of this vaguely described interface, three extensive experimental studies 

were performed to probe the interplay among the cellular mechanical environment, cell 

motility, and disease progression in cancer. 

9.1  MATRIX STIFFNESS, MATRIX ARCHITECTURE, AND INTRACELLULAR 
RHEOLOGY IN CANCER 

Before exploring the aspect of disease progression within a specific cancer, an 

initial study was carried out to examine the effect of the extracellular environment on 

internal cancer cell mechanics (see Chapter 5). In particular, intracellular stiffness and 

cytoskeletal organization were probed as a function of extracellular matrix (ECM) 

stiffness, ECM architecture, and integrin binding capacity. 

9.1.1 Major contributions 

By utilizing Type I collagen and polyacrylamide to create two-dimensional (2D) 

and three-dimensional (3D) matrices of varying stiffness, several key results were 

obtained. First, this study demonstrated that intracellular stiffness is not significantly 

affected by altering the stiffness of 2D matrices, but that intracellular stiffness does in 
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fact respond to changes in 3D matrix stiffness. Second, this investigation found that a 

marked difference exists in intracellular stiffness and cytoskeletal organization of cells 

attached to 2D matrices versus those embedded within 3D matrices. And finally, this 

study revealed that integrin binding capacity is a key mediator of intracellular stiffness in 

3D matrices. The vast majority of cell mechanics investigations to date have been 

performed on cells attached to 2D substrates (see Fig. 3.1). While some in vivo tissues 

may be adequately mimicked using 2D experimental substrates, the vast majority of in 

vivo ECMs present traditional 3D cellular environments, particularly in cases of disease 

such as metastatic cancer. Results from the present study 46 now serve as a foundational 

investigation for considering the appropriate selection of matrix architecture (2D versus 

3D) when investigating cancer cell mechanics and has been cited by several studies 

regarding synthetic ECM fabrication and cellular biomechanical responses. 

9.1.2 Future investigations 

Experimental design of the present study suggests several future pursuits that may 

further clarify cancer cell-matrix interactions at the systems level. In the present study, 

matrix stiffness was altered by changing the single parameter of a homogeneous ECM 

monomer concentration; some studies have denoted this approach as ‘density-induced’ 

matrix stiffness. Thus, while matrix stiffness changes proportionally to protein 

concentration, so too does ECM ligand availability and matrix porosity. In this manner, 

protein concentration simultaneously influences three parameters in 3D matrices. Newer 

investigations in mechanobiology are beginning to separate 3D matrix stiffness from 

ligand availability by employing cross-linking agents that further bind ECM fibers to one 

another without impacting fiber density (and by extension, ligand availability). Notable 

examples of such cross-linking agents include tissue transglutaminase (tTG) 255, lysyl 
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oxidase (LOX), and ribose. Altered expression of tTG has been associated with prostate 

and other cancers 256, and LOX and ribose have been exploited in carrying out mammary 

epithelial cell (MEC) biophysical investigations 160. Varying solution pH during matrix 

polymerization has also been shown to alter matrix elasticity 159. Preliminary studies 

performed by our laboratory have verified the effect of tTG on matrix stiffness (Fig. 9.1), 

and measuring intracellular mechanical properties within tTG-stiffened matrices may 

further confirm or expand the conclusions of the present study.  

Another parameter that may be further explored is cellular viscosity. Analyses of 

the present study focused on the behavior of cells as elastic solids; however, several 

studies indicate that when deformed at low frequencies, cells may also be modeled as 

viscous liquids. Based on preliminary analyses of tracer bead displacements within the 

cancer cells studied here, a system-wide analysis may be performed further to 

approximate intracellular diffusivity as a function of matrix mechanics by fitting van 

Hove correlation functions to tracer bead displacements (see Fig. 5.3). Knowledge of 

intracellular transport phenomena may potentially be useful in guiding the design of new 

drug carriers for the treatment of cancer and other diseases.  

9.2  MATRIX STIFFNESS, TRANSFORMING POTENTIAL, AND INTRACELLULAR 
RHEOLOGY IN BREAST CANCER 

After performing a systems level study of intracellular rheology as a function of 

matrix stiffness, the same experimental approaches were utilized to examine the multi-

faceted relationships among 3D matrix stiffness, intracellular stiffness, and disease 

progression, specifically within breast cancer. 
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9.2.1 Major contributions 

By utilizing a MEC progression series and Type I collagen to generate 3D 

matrices of varying stiffness, a second study revealed several important insights into 

breast cancer mechanobiology 241. The first major result of this study showed that ErbB2 

overexpression sensitizes MECs to matrix stiffness, and that this behavior parallels 

transwell migration of the same sublines. The next important result of this study indicated 

that the relationship between intracellular stiffness and matrix stiffness cannot be 

relegated to a singular association; rather, it is a complex interaction that depends upon 

transforming potential. Lastly, this investigation showed that overexpression of 14-3-3ζ 

promotes MEC morphology defects within 3D matrices. ErbB2 has become one of the 

most studied molecules in the field of cancer, and by assessing its association with 

intracellular rheology, this study has revealed a stiffness sensing phenomenon that further 

implicates the 1 integrin in perturbed breast cancer mechanotransduction.  Moreover, 

these results inform the broader field of systems biology by directly associating the 

ErbB2 and 14-3-3ζ proteins with detectable cellular biophysical parameters as a function 

of extracellular environmental cues. 

9.2.2 Future investigations 

As the 1 integrin appears to connect results of the present study with several 

previous investigations regarding breast cancer mechanotransduction, examining it more 

closely may provide stronger evidence to support or expand the present experimental 

conclusions 144. Specifically, measuring intracellular stiffness while blocking integrin 

expression on ErbB2 over-expressing MECs within 3D matrices of varying stiffness 

should provide key insights into whether or not these integrins are in part responsible for 

the high mechanical sensitivity imparted ErbB2. Additionally, in conjunction with further 

visualization of the actin cytoskeleton within ECMs of varying stiffness, this 
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investigation may also reveal some association of cytoskeletal organization with stiffness 

sensitivity, since integrins connect to the actin cytoskeleton on their intracellular 

domains. 

A second set of parameters that may enhance the present study is that of matrix 

characteristics. As shown in the first experimental study, intracellular stiffness on 2D 

matrices is different than that in 3D matrices; since the present study examined 

noncancerous and early stage cancer mimicking cell lines (in addition to invasive cancer 

cells), the former cells may show a dissimilar response on 2D matrices, which more 

resemble the in vivo matrix architecture of noncancerous and early stage cancer cells. 

Finally, the intracellular stiffness of noncancerous and early stage cancer cell lines may 

also be examined with respect to matrices of Type IV collagen, which is the primary 

protein constituent of the basement membrane. Cellular mechanical responses to 

basement membrane matrix versus stromal matrix could provide additional clues into the 

mechanisms of MEC invasion, which occurs at the interface of the basement membrane 

and the surrounding stroma (see Fig. 6.2 (10A.ErbB2.ζ)).  

9.3  MATRIX MECHANICS, TRANSFORMING POTENTIAL, AND CELL MOTILITY IN 
BREAST CANCER 

Following examination of breast cancer cell rheology, experiments were 

performed on the same cell sublines to examine the relationships among 3D matrix 

stiffness, matrix architecture, disease progression, and cell motility in breast cancer. 

9.3.1 Major contributions 

In examining transforming potential along with collagen matrices of varied 

stiffness and architecture, the final study demonstrated that MEC motility is a function of 

several parameters. The first result revealed that cell migration and cell sphericity are 
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negatively correlated according to transformation profile within compliant 3D matrices. 

The second result showed that 3D matrix stiffness significantly hinders the migratory 

capability of partially transformed cells, but that it has a much lesser effect on the 

motility of fully invasive cells. And last, a notable final result showed that ErbB2 

overexpressing cells exhibit a marked sensitivity to matrix architecture. Taken together, 

these results suggest that the effect of transforming potential on cell motility may be 

significantly limited by matrix mechanics. This study also offers a potential explanation 

as to why ErbB2 overexpression is detected more frequently in early stage breast cancers 

than it is in late stage invasive and metastatic breast cancers, a phenomenon that has 

evaded comprehension to date. By showing that ErbB2 overexpressing cells migrate 

significantly slower in 3D matrices than atop 2D matrices, this study directly implicates 

cell migratory capability in reduced detection of the ErbB2 protein in invasive and 

metastatic cancer.     

 9.3.2 Future investigations 

Examining breast cancer cell motility with respect to Type I collagen matrices 

provides a relevant biomimetic extracellular environment. However, utilizing additional 

matrix constituents may offer additional insights into motility based cell-matrix 

interactions in breast cancer. In particular, incorporating fibronectin into the ECMs may 

further reveal adhesion-mediated trends that associate with both matrix stiffness and 

matrix constituency. A broadened experimental design that systematically examines the 

effect of mechanically characterized collagen-fibronectin matrices (Fig. 9.2) on cell 

migration speed may potentially increase the understanding of breast cancer metastasis 

with respect to the cellular microenvironment and reveal the effects of a combined matrix 

constituency on matrix mechanical properties.  
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Cell motility may be additionally explored using computational models that 

simulate cell migration within ECMs of varied chemotactic gradients, fiber stiffness, 

fiber density, and fiber orientation. Preliminary models utilizing the boundary integral 

method show that within a linear protein concentration field, protein concentration at the 

cell surface decreases as ECM fiber density increases (Fig. 9.3 A-C). Going forward, this 

model may be expanded to simulate cell movement as a function of cell surface tension, 

cell stiffness, and ECM fiber stiffness within similar concentration fields (Fig. 9.3 D).  

9.4 CLOSING REMARKS  

In summary, our investigations have revealed novel insights into mechanobiology 

by examining the integrated roles of mechanics, motility, and disease progression in 

cancer. These studies demonstrate that matrix architecture is a primary determinant of 

intracellular stiffness, that transformation profile significantly affects intracellular 

stiffness sensitivity, and that matrix mechanics can mitigate the effects of transforming 

potential on cell motility. 
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Figure 9.1 Tissue transglutaminase (tTG) stiffened collagen matrices. Measurements of 
matrix elastic modulus  collected by J. Srivastava using cone & plate 
rheometry (data curve fitting and figure generation performed by E. Baker). 
Collagen concentration was fixed at 2 mg/mL; increasing tTG 
monotonically increased .  
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Figure 9.2 Dual constituency synthetic matrices. A broadened experimental design 
utilizing variable concentrations of collagen-fibronectin matrices may reveal 
adhesion-mediated motility trends that depend on both matrix stiffness and 
matrix constituency. 
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Figure 9.3  Computational modeling of cell migration. (A) Boundary integral model of 
cell within an ECM fiber field of determined protein concentration. (B) 
Discretization of the model. (C) Preliminary results show that cell surface 
protein concentration decreases as ECM fiber density increases. (D) 
Schematic of expanded model to simulate cell movement within an ECM of 
determined fiber attributes. 
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