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ABSTRACT 

The mechanical properties of cells influence their function in the way they differentiate, 

proliferate, migrate, adhere, and sense their local microenvironment. In disease, these 

properties are significantly altered and are hallmarks of disease onset and progression. 

Cancer cells, particularly, have been shown to be softer than normal tissue, and the 

changes in mechanical properties are linked to tumor formation and metastatic potential. 

The study of mechanical properties of different cells and their diseased counterparts can 

therefore provide insight into both the normal development of tissue and the 

pathophysiology of disease and may aid in the development of novel diagnostic 

techniques and treatments.  

 

Cancer metastasis is one of the deadliest aspects of the disease. Metastatic cells break 

away from their primary tumor and invade the surrounding tissue, traveling though the 

stroma into the vasculature or lymph before settling onto a secondary site and forming 

new tumors. Along this journey, cancer cells must migrate though vastly different tissues 

with varied properties, namely stiffness, which can change by factors up to 20 for breast 

cancer. Observing how cells migrate through diverse stiffness matrices is therefore 

crucial to understanding the process of metastasis. Though there are many different 

matrices used for in vitro studies of cell migration, stiffness variation is often achieved 

though the change of other material properties, such as ligand density. This makes it 

difficult to separate the effect of stiffness from the effect of these other properties. In this 

work, a novel method for the functionalization of collagen I gels with glycidyl 



 

xii 
 

methacrylate (GMA), using lithium acylphosphinate as a photoinitiator of GMA cross-

linking, is tested in migration assays. This method allows for matrix stiffness to be tuned 

via timed exposure to UV light independent of ligand density. Metastatic breast cells 

embedded in the gels survived and migrated, proving these matrices viable for migration 

study. 

 

Cell division, which is often deregulated in cancer, involves the complete remodeling and 

restructuring of the cell, from its interior components to the cytoskeleton, in addition to 

the morphological changes as the cell divides into two daughter cells.  During mitosis, 

cells round up as microtubules form the mitotic spindle responsible for chromosomal 

segregation, elongate as the chromosomes separate along the spindle, and furrow, or 

pinch off, into two new cells via constriction of a contractile actin ring along the equator. 

Morphology and cytoskeletal structure often determine cellular mechanical properties, 

which would therefore be expected to change throughout the process of cell division. In 

this work, the Young’s modulus, a measure of stiffness, is measured with an atomic force 

microscope for synchronized normal human mammary epithelial cells, HMECs, as they 

divide. The stiffness is found to increase 4-fold, peaking shortly after the onset of 

furrowing, before softening as the cell finishes dividing. This work provides a baseline 

for comparison to different grades of breast cancer, which could provide insight into the 

altered mechanisms of cancer cell growth and proliferation. 
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CHAPTER 1 

 

INTRODUCTION 

 

Melissa L. F. Pashayan 
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Introduction 

The mechanical properties of a material are defined as the way the material responds to 

mechanical changes: how it deforms or resists deformation when stressed and how this 

deformation changes with time [1,2]. One measure of mechanical properties is the elastic 

modulus, which relates applied stress and the resulting strain  [1]. Briefly, stress, σ, 

measures force per unit area and strain, ε, measures the deformation per unit length, as 

depicted in Figure 1(a). For soft materials, like cells, the relationship between stress and 

strain falls into two regimes: linear for small strains and non-linear for larger strains, as 

shown in Figure 1(b). In the linear regime, the ratio of stress to strain defines the elastic 

modulus of the material, which in general can be thought of as a measure of “stiffness” or 

“softness”; large moduli represent stiff materials that deform little under high stress, like 

steel, and small moduli represent soft materials that deform greatly under low stress, like 

rubber. The Young’s modulus specifically relates tensile or compressive stress and axial 

strain in the linear regime, given by the equation, 

  𝜎𝜎 = 𝐸𝐸𝐸𝐸 (1) 

 

where σ is the stress, ε is the strain, and E is the Young’s modulus, measured in Pascals 

(Pa) [1]. In a biophysical context, cells are relatively soft materials with bulk elasticities 

ranging from 17 Pa for fat to 950 kPa for cartilage [3]. The mechanical properties of a 

cell play an important role in the processes through which a cell proliferates, migrates, 

interacts with its environment, and eventually dies  [2,4–6], and changes to these 

properties give insight to mechanical processes and can be linked to disease progression 

and diagnosis.  
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Figure 1: (a) Definition of stress as force per unit area and strain as deformation per unit length. 
(b) Stress vs. strain curve for soft material, such as a cell. The stress-strain relationship is linear 
for small strains and becomes nonlinear as strain increases. Adapted from “Cell mechanics: 
principles, practices, and prospects.” by Moeendarbary, E. and Harris, A.R. (2014) with 
permission from the publisher  [1]. 

 

Cellular Mechanics and Disease 

To maintain homeostasis, cells adjust their mechanical properties in response to 

environmental, biochemical, or biomechanical cues and can in turn change the 

mechanical properties of the surrounding microenvironment [7,8]. By reorganizing the 

cytoskeleton, increasing cellular tension via actomyosin contraction, and altering 

transmembrane receptors, a cell is able to exert its own force to balance external stress in 

a reciprocal manner [7–9]. Through the process of mechanotransduction, these changing 

properties activate downstream signaling pathways that regulate cell morphology, 

differentiation, gene expression, adhesion, migration, and microenvironment 

remodeling [7–10]. Loss of this mechanical reciprocity that maintains homeostasis 

between cells and their surroundings can contribute to disease and promote progression, 

creating a positive feedback loop between abnormal cell mechanics and the properties 

and composition of their microenvironment [7].  

(a) (b) 
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Disruption to the normal mechanics of the cell have been linked to various diseases 

including cancer [11], osteoarthritis [12], malaria [13], and asthma [14].  In each of these 

diseases, cells taken from patients have shown drastically different mechanical properties 

compared to their normal counterparts; cancer cells tend to be softer, while diseased 

chondrocytes (arthritis), erythrocytes (malaria), and airway smooth-muscle cells (asthma) 

show significant stiffening when compared to their healthy counterparts. Understanding 

these changes could lead to novel detection and diagnostic techniques, e.g. using stiffness 

as a marker for phenotyping or a way to separate and enrich diseased cells from healthy 

cells for testing [11], or as a means of diagnosis for disease such as cancer [15,16]. For 

instance, Lin et. al. used a microfluidic device  to separate softer cancer cells from 

leukocytes based on size and deformability to aid in enrichment and detection of 

circulating tumor cells in blood, capable of detecting even small numbers of cancer 

cells [17]. Lekka et. al. measured the distribution of Young’s modulus across cancerous 

tissue sections and found that they could distinguish the cancerous tissue from the non-

neoplastic tissue at the margins [15]. The modulus distributions and corresponding 

histological staining are shown in Figure 2 for three different tissue types: endometrium 

and endometrioid carcinoma tissue (a), nonneoplastic and cancerous breast tissue (b), and 

nonneoplastic and vulvar cancer tissues (c).  
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Figure 2: Stiffness distributions in normal (gray columns) and cancerous (black columns) tissue 
sections, with corresponding histological staining (hematoxylin-eosin, 400x) for (a) endometrium 
and endometrioid carcinoma, (b) breast and ductal carcinoma, and (c) nonneoplastic and 
cancerous vulvar tissue. Adapted from “Cancer cell detection in tissue sections using AFM” by 
M. Lekka et. al. (2012) with permission from the publisher  [15]. 
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These distributions show clear and distinguishable histograms for the normal and 

cancerous cells, indicating viability as a diagnostic technique. Cross et. al. found similar 

results within the pleural fluids of patients with lung, breast, and pancreatic cancer, 

showing that the distribution of cell stiffness of live metastatic cells to be more than 70% 

softer and with a standard deviation more than five times smaller than the normal cells, 

resulting in distinct peaks in the stiffness distribution despite the similar size and 

shape [18]. Biotech company ARTIDIS uses nanomechanical sensors to measure 

mechanical properties of  tissues and claim their technology can “differentiate between 

benign and malignant tissue in under three hours,” and “define the aggressiveness of the 

tumor with very high accuracy” [19], further highlighting the utility of quantifying 

mechanical properties for disease diagnosis. 

 

Purpose 

The mechanical properties of a cell are linked to both normal and diseased cell processes, 

and measurement of these properties is crucial for understanding disease onset and 

progression. Cancer, which was the leading cause of death worldwide in 2020 [20], is 

associated with mechanical changes for both the cell and its environment (e.g. cell 

softening and tumor stiffening), resulting in tumor growth via unchecked cellular 

proliferation and metastasis in highly invasive cancers [10]. Both processes, cell 

softening and tumor stiffening, require extensive mechanical changes and are thus 

interesting processes to study in the biophysical context of cellular mechanics and 

disease. 
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The purpose of this work is to investigate two of these mechanical processes, cell 

migration and mitosis. Chapter 3, describes a migration assay that was performed on 

collagen I gels functionalized with glycidyl methacrylate (GMA) and stiffened via UV-

activated cross-linking, resulting in gels with tunable stiffness without altering other 

physical factors like ligand density or pore size, which could allow for stiffness pattern 

creation via photomasks. The assays performed are meant as a proof of concept for the 

migration and survival of metastatic breast cells and results were compared with 

migration on unfunctionalized collagen I gels. In Chapter 4, the mechanical properties of 

a dividing normal breast cell are measured between metaphase and cytokinesis using 

atomic force microscopy, and elasticity changes are observed as a function of mitotic 

phase. Future work comparing the properties of normal mitotic mammary cells and 

cancerous mitotic mammary cells could provide new insights into how the disease 

progresses. 

 

Migration and Metastasis 

Most cancer death is caused when highly invasive cancer cells break away from the 

primary tumor and form new tumors in other locations of the body in a process called 

metastasis, illustrated in Figure 3 [21]. First, tumor cells invade the extracellular matrix 

(ECM) to which they are adhered, called the basement membrane, migrate through the 

ECM, then breach the vascular or lymphatic basement membrane to enter the 

bloodstream or lymph vessels [9,21]. Once in the blood or lymph vessel, they circulate 

through the body before extravasating back into the tissue, settling and growing into a 
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new secondary site. This journey requires the metastatic cells to travel through a variety 

of microenvironments with differing mechanical properties [22]. For breast tumors, the 

stiffness of tumor and stromal tissues have been measured to be five to twenty times 

stiffer than normal tissue of the mammary gland  [23], and metastatic cells have to 

interact and navigate through these stiffness gradients in order to spread. Therefore, 

studying how cells migrate through different stiffness matrices could lead to better 

understanding of metastasis.  

 

 

To study the effect of stiffness on cell migration in vitro, synthetic and natural 

biopolymers are used to mimic the ECM environment with variable mechanical 

 

Figure 3: The process of tumor metastasis. 
Adapted from “Biomechanics approaches to 
studying human diseases” by G.Y. Lee and 
C. T. Lim (2007) with permission from the 
publisher  [21]. 
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properties. Collagen I is one of the most common matrix proteins in mammalian tissue 

and can be used to culture cells in near physiological conditions, but often other factors, 

such as collagen fibril diameter, density, pore size or cross-linking ligand density, are 

modulated along with the stiffness of the matrix, making it difficult to isolate cellular 

behavior due solely to altered stiffness  [24–26]. However, collagen I gels functionalized 

with the organic cross-linker glycidyl methacrylate and initiated by the photoactivation of 

lithium acylphosphinate (LAP) with UV light, discussed in Chapter 3, allow for tunable 

changes in matrix stiffness by adjusting UV exposure time while maintaining constant 

ligand concentration and provide a novel system for investigating cell migration. 

 

Cell Cycle and Mitosis  

The life of a cell is described by a sequence of growth and division known as the cell 

cycle. Typically the cell cycle is divided into two regimes, interphase and mitosis  [27]. 

In interphase the cell’s DNA replicates as the cell grows in three phases: G1 phase, where 

the cell gathers resources and energy needed to copy DNA, S phase, where DNA is 

replicated into two identical copies, called sister chromatids, and G2 phase, where the cell 

reorganizes its cytoskeleton, duplicates organelles, and again gathers resources and 

energy to ready for division. In mitosis the cell segregates, separating the organelles and 

replicating DNA into two identical daughter cells. This is accomplished in six steps, 

summarized in Figure 4. During the first step, prophase, the nuclear envelope disappears, 

organelles move toward the edges, and microtubules begin to form the mitotic spindle. 

Next, in prometaphase, chromosomes begin to condense, and sister chromatids attach to 

the spindle. In metaphase, chromosomes finish condensing, lining up in the center of the 
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cell along the equator. The sister chromatids are separated and pulled toward the 

periphery in anaphase, and in telophase the duplicated chromosomes reach their 

respective poles and the spindle begins to break down. Finally, the cell membrane 

pinches off, forming the two identical daughter cells during cytokinesis. This separation 

is accomplished with the aid of the contractile ring, a bundle of actin filaments located at 

the equator that contract the cell until the cell is completely cleaved in half.  

 

 

Figure 4: Visual summary of thee six stages of mitosis: prophase, prometaphase, metaphase, 
anaphase, telophase, and cytokinesis. Adapted from "Mitosis". Encyclopedia Britannica, 5 Feb. 
2020, https://www.britannica.com/science/mitosis. Accessed 11 March 2021 

. 

Throughout the process of division, the cytoskeleton goes through extensive 

rearrangement and remodeling, shown in Figure 5 through immunofluorescent images of 

https://www.britannica.com/science/mitosis.%20Accessed%2011%20March%202021
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tubulin and actin in HeLa cells for the different stages of mitosis [28]. Tubulin 

disassembles into short microtubules in prophase before forming the bipolar mitotic 

spindle responsible for chromosome segregation [29,30].  At the same time, the actin 

cortex becomes thinner as cells round up in preparation for division and provides support 

for the mitotic spindle as sister chromatids are pulled along the microtubule spindle. In 

anaphase, actin is redirected to the cell equator to form the contractile ring that will 

eventually cleave the dividing cell in cytokinesis. Since the structure of the cytoskeleton 

helps determine the mechanical properties of the cell  [31], the extensive change that 

occur during mitosis should, theoretically, match with corresponding stiffness changes of 

the cell. This relationship is explored in Chapter 4 for normal human mammary epithelial 

cells measured using atomic force microscopy. 

 

 

Figure 5: Immunofluorescent images of cytoskeletal proteins tubulin (top panel) and actin 
(bottom panel) of HeLa cells at different stages of mitosis. Between interphase and metaphase, 
tubulin remodels into the mitotic spindle before pulling apart sister chromatids and then cleaving 
in cytokinesis. Actin breaks down into smaller fibers but remains distributed through the cortex 
during metaphase to provide support for the mitotic spindle. In anaphase, actin collects along the 
equator, forming a band that will allow the daughter cells to separate in cytokinesis. Adapted 
from “Actin cytoskeleton dynamics and the cell division cycle,” by Y.-W. Heng and C.-G. Koh, 
(2010), with permission from the publisher  [28]. 
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1 Tunable Collagen I Matrices for Cellular Migration Assay 

1.1 Migration Assay 

Metastatic breast cancer MDA-MB-231 cells were obtained from the American Type 

Culture Collection (ATCC, Manassas, VA). Between 100,000 and 200,000 cells were 

seeded onto thin collagen I or collagen I-GMA gels placed on a 50 mm glass-bottom 

culture dish () and kept in mammary epithelial growth medium (MEGM) supplemented 

with bovine pituitary extract (0.4% by volume), human epidermal growth factor (hEGF, 

10 ng/mL), GA-1000 (30 μg/mL gentamicin and 15 ng/mL amphotericin-B), 

Hydrocortisone 0.5 (0.1% by volume), and insulin (0.1% by volume) (Lonza, 

Walkerville, MD). Cells were then stained with CellTracker Green CMFDA and imaged 

under 20X magnification for 20 hours with a Nikon Eclipse Ti inverted epifluorescence 

microscope. The microscope was contained in an environmental chamber to maintain a 

constant temperature of 37°C and constant 5% CO2. Images were taken every 10 minutes 

with a CMOS camera (pco.edge, PCO, Kelheim, Germany). 

 

1.2 Image Analysis and Cell Tracking 

Images were first passed through a bandpass filter using image analysis software ImageJ 

(NIH) to filter structures that are either smaller or larger than the cells to be tracked, as 

shown in Figure  for one of the six experimental runs as an example. Then images were 

loaded into bioimaging analysis software, Icy (Qualitative Image Analysis Unit, Institut 

Pasteur and France-BioImaging), for further analysis and tracking. Contrast-limited 

adaptive histogram equalization was performed with 255 bins, a window half size of 
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100x100, and a slope of 2 to improve contrast between fluorescent cells and the 

background and account for photobleaching, shown in Figure 2. 

 

 

Figure 1: Images before (left) and after (right) bandpass filter, shown on first image of an 
example run. 

 

 

 

Figure 2: Images before (left) and after (right) adaptive histogram, shown for image 37 (6 
hours and 10 minutes into experiment) of an example run to highlight photobleaching. 
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The Icy Active Contours plugin was used to track cells. This plugin is a segmentation and 

tracking tool that finds the outlines of cells and tracks the outlines over time  [1,2]. Initial 

contours, either user drawn or generated via other plugins, are snapped around the cell’s 

border automatically which is then used as the initial position to segment the following 

frame and define a new contour and the position of the center of the contour is tracked 

through time. For this experiment, user defined regions of interest were drawn around ten 

to twenty individual cells, excluding floating cells and cells that disappeared from the 

field of view over the course of the experiment. Figure 3 shows the outlines generated by 

Active Contours on the first image of the series, as well as the tracks generated. 

 

Figure 3: Active Contours outlines on selected cells (left), and corresponding tracks 
(right) for an example run. 

 

The coordinates of the center of the contours between consecutive frames were used to 

calculate the average speed, 

 𝑆𝑆̅ =
∑ �(𝑥𝑥𝑛𝑛+1−𝑥𝑥𝑛𝑛)+(𝑦𝑦𝑛𝑛+1−𝑦𝑦𝑛𝑛)

𝑡𝑡𝑛𝑛+1−𝑡𝑡𝑛𝑛
𝑁𝑁
𝑛𝑛=1

𝑁𝑁−1
t (1) 
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where xn and yn are the coordinates of the center of the contour for image number n, tn is 

the time when image n was taken, and N is the total number of images over which the 

cell was tracked. The average speeds in all experiments were averaged together for the 

three collagen I and three collagen I-GMA gel experiments done.  

 

2 Mechanical Properties of Mitotic Mammary Cells 

2.1 Cell Culture 

Normal human mammary epithelial cells (HMECs) were obtained from Lonza 

(Walkerville, MD) and cultured in mammary epithelial growth medium (MEGM) 

supplemented with bovine pituitary extract (0.4% by volume), human epidermal growth 

factor (hEGF, 10 ng/mL), GA-1000 (30 μg/mL gentamicin and 15 ng/mL amphotericin-

B), Hydrocortisone 0.5 (0.1% by volume), and insulin (0.1% by volume) (Lonza, 

Walkerville, MD). Cells were cultured at 37°C with 5% CO2. Five to seven days before 

experiments cells were plated in 50-mm glass-bottom dishes (World Precision 

Instruments, Sarasota, FL) coated with a 200 μL mixture of 67 μg/mL laminin 

(Engelbreth-HolmSwarm murine sarcoma, Sigma-Aldrich, St. Louis, MO) and 33 μg/mL 

collagen type IV (BD Biosciences, Franklin Lakes, NJ) to mimic the cells’ basement 

membrane.  Cells were plated with 2 mL MEGM. To help visualize the cells’ 

chromosomes, cells were transfected with 10 μL CellLight Histone 2B-RFP, BacMam 

2.0 reagent (Invitrogen, Carlsbad, CA), a red fluorescent dye which has been shown to be 

a reliable way to track chromosome separation during mitosis [3]. 
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2.2 Cell Synchronization  

Cells were synchronized via EGF-receptor blockage, as outlined by Stampfer et. al. [4]. 

Briefly, activation of the EGF-receptor signaling pathway affects cell migration, 

proliferation, and survival [5], and by preventing its activation cell growth can be 

stopped. For some cell types, removal of EGF is enough to arrest cell growth [6], but 

other cell types, like epithelia, produce the ligand transforming growth factor α (TGF- α) 

which binds to the EGF-receptor and signals the cascade leading to continued cell 

growth [4,7]. In order to prevent proliferation in HMECs, the antibody MAb225 can be 

used to competitively inhibit other ligands from binding to the EGF-receptor and arrest 

the cells in the G1 phase of the cell cycle [4]. This effect can be reversed by addition of 

EGF to the cell growth medium. Stampfer et. al. found that it took 48 hours after the 

addition of the antibody to achieve a maximal number of HMECs in G1 arrest and 18 

hours after re-exposure of EGF for peak DNA synthesis to occur followed by cell 

division [4]. Implementing this protocol allowed for many cells (~25% of cells observed 

in this work) to be found in metaphase of mitosis approximately 20 hours after EGF re-

exposure. 

 

To arrest cells in the G1 phase of the cell cycle, media was removed from the dishes and 

cells were rinsed two times with sterile Dulbecco’s Phosphate Buffer Saline (dPBS) 

(Lonza, Walkerville, MD) 68 hours prior to experiment. Deprivation media, made of 

MEGM growth media with all additives listed in section 2.1 except hEGF and 
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supplemented with MAb225 (5 μg/mL, Human TNF RI/TNFRSF1A Antibody, 

Monoclonal Mouse IgG1 Clone # 16803, R&D Systems, Minneapolis, MN) was then 

added to the dish. To restart the cell cycle, media was again removed, and cells were 

rinsed two times with sterile dPBS 20 hours before experiment. The deprivation media 

was replaced with MEGM supplemented with five times the normal hEGF concentration 

(50 ng/mL) and 10 μL CellLight Histone 2B-RFP, BacMam 2.0 reagent. Immediately 

prior to experiment, HEPES buffer (Lonza, Walkerville, MD) is added to a concentration 

of 30 mM for pH stability [8].  

 

2.3 Atomic Force Microscopy 

 

Figure 4: (a) AFM Schematic showing laser, cantilever, photodiode, stage and sample. (b) 
Schematic of AFM cantilever and probe during indentation. The cantilever is lowered a 
distance z and the probe indents the sample by δ and deflects the cantilever by x. (c) Image of 
cantilever and spherical probe under fluorescence. 

 

An atomic force microscope (AFM) is primarily made up of a small probe attached to a 

thin cantilever that is lowered onto a sample. A laser is reflected off the back of the 

cantilever onto a photodiode. As the cantilever is lowered and the probe is pushed into 
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the sample, the cantilever bends and deflects causing the position of the laser on the 

photodiode to move. This movement is interpreted by the photodiode as a voltage change 

which is then converted to a distance. Figure 4 shows (a) cartoon schematic of a typical 

AFM setup, (b) the relationship between the distance the cantilever is lowered, z, the 

amount the cantilever is deflected, x, and the amount the sample is indented by the probe, 

δ, and (c) an image of a cantilever with spherical probe attached as used in this 

experiment. 

 

The AFM records deflection versus z for the approach and retraction of the cantilever, 

shown in red and blue, respectively, in Figure 5(a). The measured deflection is converted 

into force using Hooke’s Law, 

 |𝐹𝐹| = 𝑘𝑘|𝑥𝑥| (2) 

 

where F is the force, k is the spring constant of the cantilever, and x is the deflection. The 

force versus indentation curve, as shown in Figure 5(b), is then fit using to the Hertz 

model, 

 𝐹𝐹 = 4
3

𝐸𝐸
(1−𝜈𝜈2)

𝑅𝑅1 2�  𝛿𝛿3 2�  (3) 

 

where F is force, E is Young’s Modulus, ν is the Poisson’s ratio of the sample, R is the 

radius of the spherical probe, and δ is the indentation depth of the probe into the 

sample [9]. This model makes several assumptions: both the probe and the sample are 

isotropic and homogeneous, the sample is a linearly elastic infinite half space, the 

deformation of the sample is small, and there is no friction between the contact 
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surfaces [10]. While most of these assumptions do not hold for cells, the Hertz model has 

been shown to be sufficient as long as deformations are small [10,11] and the radius of 

the probe is much smaller than the size of the cell [12]. 

 

Figure 5: (a) An example deflection vs. Z curve with cartoon depiction of cell, cantilever, and 
laser. As the cantilever is lowered the probe touches the sample, bending the cantilever and 
changing the laser’s reflection, as shown in the illustration. The probe first touches the sample 
at the dotted line. (b) An example force vs. indentation curve (red) with fit (--). 

 

An MFP-3D-BIO AFM (Asylum) was used to collect data. A 5.3±0.1 μm polystyrene 

bead (Microspheres-Nanospheres, Cold Spring, NY) was glued to a tipless silicon 

cantilever (AppNano) with marine epoxy (Loctite, Westlake, OH), shown in Figure 4(c) 

under fluorescence to highlight the bead. Prior to adding the bead, the Sader method, 

(a) 

(b) 
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which uses the cantilever’s resonance frequency under thermal oscillations in air, was 

used to calculate the spring constant of the cantilever, 

 𝑘𝑘 = 0.1906𝜌𝜌𝑓𝑓𝑏𝑏2𝐿𝐿𝑄𝑄𝑓𝑓𝛤𝛤𝑖𝑖(𝜔𝜔𝑓𝑓)𝜔𝜔𝑓𝑓2 (4) 

 

where ρf is the density of air, b is the width and L is the length of the cantilever, Qf is the 

quality factor of the fundamental mode of the cantilever in the air, Γi(ωf) is the imaginary 

component of the hydrodynamic function, and ωf is the fundamental mode resonant 

frequency [47]. All cantilevers used over the course of this experiment had a spring 

constant of approximately 50 pN/nm, as determined by the Sader method. The cantilever 

sensitivity, used to convert the voltage signal from the photodiode to a deflection 

distance, was determined by indenting the glass bottom of the dish in the medium, based 

on the slope of the contact portion of the indentation curve and the spring constant of the 

cantilever. The force distance was set to 1 μm, velocity to 1 μm/s, and the trigger voltage 

to 1 V. Force versus indentation curves were then fit using the Hertz model (eq. 1) with 

the assumption that the sample Poisson value ν = 0.5. The uncertainty in the Young’s 

modulus value was found by varying the bead size in the fitting software by ±0.1 μm, 

which accounts for the largest source of error in the system  [13], and was found to be 

negligible (<1%). Data was taken every 1-5 minutes, and images of the cells were taken 

immediately after each indentation and time was recorded.  

2.4 Time of Furrowing, t0 

To match different cells to the same phase of mitosis, the time of the formation of the 

cleavage furrow was defined as a critical time point, t0, and was numerically calculated 

by analyzing the radius of curvature of the cell boundary along the midline. The position 
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of the midline is initially defined along the line of condensed chromosomes in metaphase, 

illustrated in Figure 6, perpendicular to the mitotic spindle and where the furrow 

eventually forms, shown by the red dotted line in Figure 6. As the cell divides, the edge 

along the midline will start to flatten before pinching in, thus the radius of curvature 

should approach infinity as the edge goes flat then change sign as furrowing begins. 

Determining the time at which this sign change occurs would define t0. 

 

Images were loaded into ImageJ (NIH), and brightness/contrast was adjusted to ensure 

cell boundaries were clear when the cantilever was over the cell, as shown in the inset of 

Figure 7(a). The image properties were inspected to obtain the time at which the images 

were taken. To find the radius of curvature, three points are selected along the cell border 

around the midline, shown by the yellow dots and red dotted line, respectively, in Figure 

 

Figure 6: Drawing of the different phases of mitosis. The initial position of the midline falls 
along the line of condensed chromosomes in metaphase, highlighted in yellow. The midline 
stays in the center of the cell, perpendicular to the spindle (gray), and is the axis of furrowing 
in anaphase and telophase, shown by the red dotted line. 
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7(a). These three points are then fit to a circle using an ImageJ macro written by Peter 

Haub [14], and the radius of the circle is recorded. This process is repeated for the other 

side of the cell border along the midline. The resulting circles are shown in Figure 7(b).  

(a)                                                                  (b) 

 

Figure 7: (a, inset) Example image of a cell with cantilever above with brightness adjusted to see 
cell borders. (a) Example image of a cell with midline shown in red. The yellow dots represent 
the three points chosen along the border of the cell around the midline (six points total for both 
sides). (b) Resulting circles fit to the three yellow points defined in (a). 

 

A series of representative images of a single dividing cell is shown in Figure 8 (a)-(e) 

with the edge-fitted circles shown in (f)-(j). The radius was defined to have a positive 

value when the fitted circle contained all or part of the cell in the interior, like in Figure 

8(f)-(h), and negative otherwise, as in Figure 8(i) and (j). Radius values were averaged 

for each image, and average radius values were plotted versus time as shown in Figure 9. 

Note that the designation of t=0 represents the time since the first image was taken and 

has no physical significance. 
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The radius versus time curves were fit to the equation, 

 𝑟𝑟 = 𝐴𝐴
𝑡𝑡−𝑡𝑡0

 (5)  

 

where r is the average radius of curvature, t is time, A is a fitting parameter, and t0 is the 

time of furrowing. Fitting was done by utilizing the Excel Solver function, which finds an 

optimal minimum or maximum value for a formula in an objective cell by adjusting the 

values in defined variable cells to satisfy any limits or constraints [15]. Values of A and t0 

were varied in Solver to minimize the residual sum of squares between the recorded 

radius versus time values and those calculated using Equation 5. The residual sum or 

squares is defined as, 

 𝑅𝑅𝑅𝑅𝑅𝑅 =  ∑ (𝑟𝑟𝑛𝑛 − 𝑟𝑟′𝑛𝑛)2𝑁𝑁
𝑛𝑛=1  (6) 

 

  

where N is the total number of images, rn is the measured average radius for the nth 

image, and r’n is the value of r calculated by Equation 5. Results of the fit are shown in 

Figure 9. 
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Figure 8: A selection of images of the 
same cell at different stages in mitosis (a-
e) with circles defining the edges of the 
cell along the midline (f-j). Images (f) and 
(g) show fits with positively defined radii 
of curvature and images (i) and (j) show 
fits with negative radii of curvature. The 
time of furrowing, t0, occurs sometime 
between (c) and (d).  
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Figure 9: Radius of Curvature versus Time (●) with fit (○). The radius of curvature was 
averaged for each image and measured in pixels. The time was found by inspecting the 
image properties and calculating the time since the first image was taken. 
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1 Matrix Stiffness Regulates Cell Behavior 

The stiffness of cell matrices is an important consideration in tumor cell studies because 

human tissues exhibit a wide range of characteristic stiffnesses, or elasticities, according 

to type; neurons experience an elastic modulus less than 100 Pa, but osteoblasts 

experience an elastic modulus of 20,000 Pa [1]. Similarly, normal and diseased states of 

the same tissue type confer a significant difference in stiffness, for example in breast 

tumors. While the elastic modulus of normal breast tissue ranges in the low hundreds of 

Pascals, average breast tumor stiffness is ~4000 Pa [2]. A cancer cell leaving a tumor is 

thus descending a stiffness gradient. A few reasons for this higher stiffness in tumors 

have been suggested. Breast tumor development is accompanied by increased 

extracellular matrix (ECM) deposition, and particularly, an increase in collagen V content 

from less than 0.1% to 10% of stromal collagens [3, 4]. Proliferation of mutated cells in 

acinus lumens and an increase in interstitial fluid from leaky vasculature in tumors also 

increase pressure [1]. Furthermore, cells respond to variations in ECM stiffness. When 

mammary epithelial cells (MECs) were cultured on polyacrylamide of varying stiffnesses 

cross-linked with ECM, they retained a polarized, acinar structure on stiffnesses 

comparable to normal breast tissue, but this structure was lost at higher stiffnesses 

comparable to breast tumor tissue (Fig. 1) [2]. Vidi et al. demonstrated that polarized 

tissue architecture regulates the maintenance of genome integrity in MECs, suggesting 

that the properties of a cell’s microenvironment affect processes in the nucleus and the 

genome [5]. 
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A remarkable demonstration of the degree to which ECM stiffness can regulate gene 

expression was the observation that mesenchymal stem cells differentiated into entirely 

different cell types, neurons vs. osteoblasts, when cultured on soft and stiff substrates, 

respectively [6]. The substrate used in this experiment was polyacrylamide coated with 

collagen I; the stiffness was adjusted by altering the concentrations of acrylamide and 

bis-acrylamide cross-linker. In this way biochemical signals (e.g. ligand density, growth 

factors) were kept constant while the stiffness was varied, demonstrating that the 

mechanical property was responsible for the change. 

 

ECM stiffness is conveyed into the cell as a force across integrins into focal adhesions, 

which can convert force into a biochemical signal and cellular response. Integrins 

themselves respond to force by clustering and conformational changes. Other 

mechanotransducers in focal adhesions, such as α-actinin, vinculin, talin, and p130Cas 
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respond to forces to, for example, allow binding of signaling molecules, like MAPK1   

[7, 8]. The folded up p130Cas substrate domain demonstrates a striking example of one 

way a mechanical force can be converted to a biochemical signal; cell stretching unfolds 

it, exposing phosphorylation sites for Src family kinases and leading to activation of other 

signaling molecules [9]. Forces transduced via integrins can also signal a contractile 

response in the actomyosin cytoskeletal network via ERK and ROCK activation [2]. 

     

It has been suggested that cells have “tensional homeostasis”, or respond to the stiffness 

of their surroundings by altering their internal mechanics in response to the mechanics of 

their microenvironment [2]. One effort to provide evidence for this hypothesis used a 

model system of MEC cell lines transformed by overexpression of ErbB2, a breast cancer 

biomarker, and/or 14-3-3ζ, which confers resistance to apoptosis upon extracellular 

ligand detachment. These were seeded on collagen I gels of increasing concentration, and 

thus stiffness. The effective G’, or stiffness, within cells was measured by passive particle 

tracking microrheology. The G’ of cells overexpressing ErbB2 appeared to increase when 

cultured on collagen I gels of increased stiffness [10]. However, because ligand density, 

and not just stiffness, increases with increasing collagen I concentration, the effect could 

have been the result of either property. 

 

2 Ideal Properties of a Stiffness Model 

Many cell culture models have been developed with variable stiffness for determining 

cell responses. Some of these are synthetic (polyacrylamide, PEG-diacrylate), and some 
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are based on extracellular matrix proteins. Ideally, a 3D cell culture model for assessing 

cell responses to microenvironment stiffness should allow for (1) cell integrin binding, 

(2) cell migration in 3D, and (3) tunable stiffness (independent of ligand density). Cell 

culture matrices ought to represent an optimal balance between physiological relevance 

and simplicity. The natural cell microenvironment is too complex to recreate exactly at 

this point and have full control of relevant biochemical and physical variables. Figure 2 

shows the normal histology of breast tissue. Epithelial cells form a mammary duct, or 

acinus, which is lined by myoepithelial cells and the basal lamina [11]. The basal lamina 

is composed primarily of laminin and collagen IV [12]. A number of proteins make up 

the breast stromal tissue, including collagens I, III, and V, proteoglycans, glycoproteins, 

and fibronectin [3, 12, 13]. Metastastic cells from an acinus en route to nearby arterioles, 

for example, would traverse this matrix.  
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Collagen I, one of the fibrillar collagens (fibrillar collagens include I, II, III, V, XI, 

XXIV, and XXVII), is the most abundant protein in interstitial and stromal tissues. As 

such, it is a physiologically relevant choice of matrix for studying invasive behaviors of 

breast cancer cells.  

 

3 Collagen I Structure and Mechanics 

Collagen I fibrils form porous matrices in vivo that mechanically support tissue structure. 

The basic unit of a collagen I fibril is a right-handed triple helix composed of three left-

handed polypeptide helices, two α1 and one α2, held together by hydrogen bonds 

between prolines and glycines. These triple helices, called tropocollagens, are secreted by 

cells and then self-assemble into staggered bundles with 4–5 tropocollagens per cross-

section, to form microfibrils. Microfibrils are cross-linked with each other via the 

oxidation of lysines by lysyl oxidase to form fibrils which are hundreds of nanometers in 

diameter [14]. To use collagen matrices for cell culture, the cross-links in native collagen 

are broken down by acid extraction to produce monomeric, soluble collagen [15]. Upon 

neutralization of this solution at 37 °C, fibrils reform in vitro. Temperature, pH, ionic 

strength of the solution, and collagen concentration all affect the kinetics of fibril 

formation as well as the fibril diameters [16–18]. Confocal reflectance microscopy 

images of 2 mg/ml collagen gels formed at 32, 27, and 22 °C show pore size increases 

from 7 to 12 μm, and fibril diameter increases from 51 to 65 nm with decreasing 

temperature [17]. Pore sizes of collagen matrices at 1.2 mg/ml and 2.4 mg/ml 

concentrations were approximately 3 μm and 2 μm, respectively, when measured from 
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reconstructed CRM images [19]. Based on this data, the predicted pore size for the 8.8 

mg/ml collagen gels in this work would be less than 1 μm. 

 

The compressive elastic modulus of individual collagen I fibrils ranges from 2 to 

200 MPa, depending on pH and ionic strength of the buffer in which they are measured 

[20, 21]. These numbers are 3–4 orders of magnitude larger than the compressive 

elastic moduli of collagen gels determined by indentation. These moduli range 

from 300–3000 Pa, depending on collagen concentration (3–9 mg/ml) [22]. 

 

4 Stiffening Collagen I Matrices 

Although collagen I matrices are frequently used in cell culture, in vitro they have a 

limited range of stiffness and unstable mechanical properties, which lead to inconsistent 

reproducibility. Compression of collagen I has been used to increase its elasticity and 

mechanical stability, but this also results in increased cell-collagen ligand density [23]. 

Collagen I matrices have also been stiffened by mixing with agarose, but agarose fills the 

pores between collagen fibrils and thus slows cell invasion [24]. A number of chemical 

and enzymatic methods for cross-linking collagen I have been used, including EDC/NHS, 

methacrylate, glutaraldehyde, genipin, riboflavin, and transglutaminase [25–30]. 

Synthetic matrices like polyacrylamide and PEG hydrogels have more easily tunable 

elasticity, and can be cross-linked with ECM proteins for integrin binding. 

Polyacrylamide gels can be tuned to E values, or stiffnesses, ranging from the low 
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hundreds to hundreds of thousands of Pascals simply by changing the concentrations of 

acrylamide and bis-acrylamide, making them particularly suitable for mimicking tissue 

stiffnesses [31]. One well-established protocol for 3D culture is to seed cells on 

polyacrylamide coated with ECM proteins, then overlay with a layer of collagen I [32, 

33]. A disadvantage of this system is that it is mechanically non-homogeneous above and 

below cells, and ligand density-independent tuning of the stiffness of the matrix is only 

possible in the layer below the cells. 

 

For 3D culture matrices, cross-linkers also should be cytocompatible before and during 

matrix cross-linking, since the cells are usually embedded in the matrix prior to the cross-

linking process. Glutaraldehyde, for example, is cytotoxic and thus not ideal for cross-

linking collagen matrices after embedding cells. Genipin, naturally found in gardenia 

fruit extract, is less cytotoxic but must be used at low concentrations (<5 mM) if cells are 

embedded in the gel during cross-linking. Genipin cross-linked collagen also turns a dark 

purple color, and fluoresces when excited with 590 nm light with intensities dependent on 

the degree of cross-linking [27]. 

 

Some of the above cross-linking methods, riboflavin and methacrylate, are 

photoactivatable with UV light. One advantage of photoactivation is the capability for 

post hoc stiffness tuning, as well as the possibility for precise patterning of varying 

stiffnesses within gels. Photomasks could potentially be designed to create stiffness 

gradients for studying durotaxis, for example. One potential disadvantage includes 
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cytotoxicity of the photoinitiators, which form free radicals upon photoactivation. 

Riboflavin generates superoxide radicals in the presence of 465 nm light, and the 

photoactivated riboflavin and superoxide radicals both enable cross-linking of collagen 

[34]. Tronci et al. functionalized collagen I with the organic cross-linkers glycidyl 

methacrylate (GMA) and 4-vinylbenzyl chloride (4VBC) [35]. A nucleophilic reaction 

functionalized the methacrylate or vinylbenzyl groups to the ε-amino groups of collagen 

lysines. Functional groups on lysines of neighboring collagen molecules are linked 

together when they interact with free radicals produced by photoactivation of Irgacure 

2959® (I2959) with UV light. Any free radical-forming initiator can be used in this 

system to form cross-links between the functional groups. 

 

5 Measuring Stiffness with Atomic Force Microscopy (AFM) 

Although there are a number of methods for determining mechanical properties of 

collagen, atomic force microscopy is one that can be used to determine the compressive 

elastic modulus of a material at the approximate scale that a cell would be exerting force. 

The primary components of an atomic force microscope (AFM) include a cantilever with 

a probe (which can vary in shape and size), a laser which reflects off the top of the 

cantilever at an angle determined by the extent of cantilever deflection, and a photodiode 

which registers a voltage based on the extent of deflection of the laser (Fig. 3). The 

voltage is converted back to units of deflection using the calibrated sensor response in 

nm/V for each cantilever. 
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The deflection vs. indentation curve can then be converted to a force vs. indentation 

curve using the cantilever spring constant, and this curve is fitted using the Hertz model, 

 𝐹𝐹 = 3
4

𝐸𝐸
(1−𝜈𝜈2)

𝑅𝑅1 2⁄ 𝑑𝑑3 2⁄   (1) 

where F is force, E is the Young’s modulus (elastic modulus), ν is the Poisson’s ratio of 

the material, R is the radius of the spherical probe on the cantilever, and d is the 

indentation depth of the sphere in the material [36]. The Hertz model assumes that the 

medium is elastic and fills an infinitely large half-space, the contact surfaces are “even”, 

and the surfaces are frictionless [37].  

 

Neither collagen I nor polyacrylamide is a purely elastic material, but the Hertz model 

still fits their force vs. indentation curves well [38, 39]. Furthermore, because the 

contribution of the viscous component depends on the relaxation time of the gel, if the 

indentation curves are acquired at the same indentation speed for all measurements, 
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comparison of these elastic moduli is still valid. Adhesion is also an issue when indenting 

collagen I, particularly, but probes can be coated to reduce this effect. 

 

6 Method for Tuning Collagen I Stiffness 

6.1 Functionalization of Collagen I 

To functionalize rat tail collagen I (Corning Life Sciences, Inc) with 4-vinylbenzyl 

chloride or glycidyl methacrylate, high concentration collagen I in 0.02 M acetic acid was 

diluted to 0.25 wt% in deionized water, stirred on ice, and neutralized with 1 M NaOH. 

Based on a trinitrobenzene sulfonic acid (TNBS) assay it was previously determined 

there were 6 x 10−4 mol lysines per gram of collagen I. This is a reasonable result given 

a tenuous theoretical value of 4 x 10−4 mol lysines per gram (~91 lysines in triple helix 

of MW ~250 kDa), calculated from the amino acid composition of the alpha-1 and alpha-

2 chains of collagen I from Rattus norvegicus, for which 11% of amino acids are 

unspecified [40]. Either 4-vinylbenzyl chloride or glycidyl methacrylate was added at a 

75 molar ratio relative to the collagen lysines. Triethylamine was added as a catalyst for 

the substitution reaction at an amount equimolar with the cross-linker, and 1% Tween-20 

was added to solubilize the cross-linker in solution. The reaction mixture was stirred at 

RT overnight. The functionalized collagen was precipitated out of solution by stirring in 

at least 10 volumes of 200 proof ethanol overnight, then centrifuging at 5000 rpm for 30 

min in a Sorvall RC-5B Superspeed Refrigerated Centrifuge. The ethanol was decanted, 

and pellets were re-dissolved in 0.02 M acetic acid. Re-dissolved functionalized collagen 

I was dialyzed in at least 10 volumes of 0.02 M acetic acid overnight to dilute out any 
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remaining ethanol, then lyophilized. Lyophilized collagen I-GMA or -4VBC was re-

dissolved in 0.02 M acetic acid at 8–13 mg/ml as needed for use. 

 

To determine the concentration of re-dissolved, functionalized collagen I, the 

Bicinchoninic Acid (BCA) Protein Assay (Pierce) was used because it yielded more 

consistent absorbance readings between repeats and more linear standard curves than the 

Bradford Protein Assay (Bio-Rad). Absorbances of the functionalized collagen I 

solutions at 280 nm were not used for concentration determination because one of the 

cross-linkers, 4VBC, contains a benzene ring, which would absorb at this wavelength. 

 

The concentration of stock collagen I used for producing standard curve dilutions had 

been determined by pyrochemiluminescence by Corning® and was reported on the 

product label. The Pierce protocol for the BCA assay was followed with the major 

modification being the addition of 0.0035% sodium dodecyl sulfate (SDS) to the BCA 

reagent. SDS was added based on work by López et al. which showed that the addition of 

0.0035% SDS increased the sensitivity of the Bradford assay to collagen relative to non-

collagen proteins, possibly by altering conformational structure of collagen molecules to 

increase their binding capacity [41]. 

 

The trinitrobenzene sulfonic acid (TNBS) colorimetric assay for determination of free ε-

amino groups was used to determine the percentage of collagen lysines that were 
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functionalized with cross-linker [35, 42]. The percent functionalization was determined 

from the moles of free lysine per gram collagen for functionalized and non-functionalized 

collagen samples as follows: 

 %𝐹𝐹 = 1 − 𝑚𝑚𝑚𝑚𝑚𝑚(𝐿𝐿𝐿𝐿𝐿𝐿)𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹.  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐹𝐹

𝑚𝑚𝑚𝑚𝑚𝑚(𝐿𝐿𝐿𝐿𝐿𝐿)𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐹𝐹
 (2) 

 

In initial experiments, functionalization of collagen with GMA was achieved by addition 

of GMA at a molar ratio of 50 relative to collagen lysines. The percent lysine 

functionalization for these batches varied between 20–60%. The final batch, however, 

was made using a GMA/lysine molar ratio of 75, and percent functionalization increased 

to 80%. The percent functionalization achieved with 4VBC was generally lower, ranging 

between 4 and 30%, even when the molar ratio of 4VBC relative to collagen lysines was 

increased from 50 to 75. 

 

6.2 Photoinitiator Synthesis 

Initially, Irgacure® 2959, or 2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-

propanone, was used as a photoinitiator for cross-linking of functionalized collagen, since 

it is commonly used for biological applications [35]. The molar absorptivity of I2959 at 

365 nm was not sufficient to induce cross-linking by irradiation with 8 W bulbs in a UVP 

transilluminator for up to 1 h. Even at 302 nm, for which its molar absorptivity is higher, 

sufficient cross-linking required at least 30 minutes of irradiation. Collagen I-GMA 

solutions of approximately 5 mg/ml (determined by Bradford, rather than BCA Assay) 
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were mixed with 1.0% I2959 by irradiating 30, 60, and 90 min at 302 nm, and the elastic 

moduli of resulting gels were determined by AFM. The elastic moduli averaged 480 ± 93 

Pa, 908 ± 200 Pa, and 1024 ± 203 Pa, respectively. 

 

These times required for adequate cross-linking (30–90 min) were too long for 3D culture 

applications with cells embedded in gels, because cell exposure to UV light should be 

minimal. Additionally, the shorter wavelength required for cross-linking, 302 nm, is more 

likely to induce DNA damage than 365 nm UV. In a cytotoxicity experiment, 30 min of 

irradiation at 302 nm resulted in less than 50% survival of breast cancer (MDA-MB-231) 

cells (no collagen, no photoinitiator), when inspected using Trypan Blue exclusion dye 

three days later. 

For these reasons, an alternative photoinitiator was tested. Fairbanks et al. showed that 

lithium acylphospinate (LAP) had a higher efficiency as a photoinitiator than I2959 when 

PEG-diacrylate was irradiated with 365 nm UV light (2009). The use of this longer 

wavelength UV light for irradiation is advantageous because it reduces the potential for 

DNA damage in cells that may be embedded in the collagen gels during cross-linking. 

LAP was synthesized according to the literature [43, 44]. The crystallized, washed 

lithium acylphosphinate was dissolved in deionized water at 4 mM to acquire an 

absorption spectrum and determine if it showed peak absorption near 365 nm as 

expected. Figure 4a shows the confirming absorption spectrum. In a direct comparison 

between 2.2 mM (0.07%) LAP, 2.2 mM (0.05%) I2959, and water as a control, the 

collagen I-GMA gel (3.8 mg/ml) with LAP remained flat and intact when tipped after 10 
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min of irradiation (365 nm), but the I2959 and control gels did not. LAP was a more 

efficient photoinitiator for cross-linking collagen I with 365 nm irradiation, and was used 

in subsequent experiments. 

 

6.3 Photoactivation of Cross-Links in Collagen 

Photo-crosslinkable collagen gels were made by mixing functionalized collagen with 

NaOH and 10X Dulbecco’s Phosphate Buffered Saline (DPBS) for neutralization, phenol 

red for confirmation of neutralization, and LAP for photoactivation. Collagen I-4VBC 

differed from collagen I-GMA in that it gelled rapidly upon neutralization, interfering 

with thorough mixing, so it was mixed only with LAP and was cross-linked at acidic pH. 

A positive displacement pipet (Gilson) was used for pipetting high concentration 

functionalized collagen, to prevent loss of sample due to adhesion within the tip. After 

mixing by pipetting ~20X, the mixture was briefly centrifuged to remove air bubbles. 

This mixture (20 μL) was added to a 5 × 5 well cut out of 0.5 mm thick cell culture grade 

silicone sheet (Electron Microscopy Sciences) in a glass-bottom culture dish coated with 

3-aminopropyltriethoxysilane and glutaraldehyde for protein adhesion. Coverslips coated 

with Rain-X were placed on top to flatten the gel surface. 
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Once the mixture was formed in the dish, it was placed in an N2 environment for 

at least 2 min to prevent formation of reactive oxygen species (ROS) that could 

interfere with the cross-linking reaction (Fig. 4b). It was then irradiated by a Blak-Ray 

® B-100A High Intensity UV lamp (100 W, 365 nm) for 60–120 s. The intensity 

of irradiation was 4.4 mW/cm2. Gels were stored in DPBS or cell culture 

medium. 

 

6.4 Calibrating the AFM for Stiffness Measurements 

To ascertain the precision and accuracy of elastic measurements made with a new AFM, 

polyacrylamide gels, which are well-characterized in the literature in the appropriate 

range of stiffness, were used as a standard. Polyacrylamide gels were made to target an 

elastic modulus of 6000 Pa, which is near the high end of the range of elastic moduli 

relevant to this study [1]. The weight percents of acrylamide and bis-acrylamide were 

chosen based on work by Yeung et al. showing how the elastic shear modulus, G’, varies 

with these amounts [31]. We assumed G’ is related to the Young’s modulus, E, by a ratio 

of 1/3, because the Poisson’s ratio (ν) of polyacrylamide gels is ~0.5 [45, 46], and 

because, 

 𝐸𝐸 = 2𝐺𝐺(1 + 𝜈𝜈)  (3) 

To make the polyacrylamide gels, 7.5% acrylamide was mixed with 0.08% bis-

acrylamide, 0.1% ammonium persulfate, and 0.003% N,N,N′,N′-
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tetramethylethylenediamine. Thick gels were made by pipetting mixtures into cylindrical 

molds with radii of 6 mm and heights of 5 mm on glass-bottom dishes coated with 3-

aminopropyltriethoxysilane and glutaraldehyde for adhesion. Rain-X®-coated coverslips 

and 50 g weights were placed on top to ensure flat surfaces. Thin gels were made by 

pipetting into 10 x 10 x 1 mm square silicone wells. Gels were stored in PBS and 

transported the same day for measurement on the AFM. 

 

An MFP-3D-BIO AFM (Asylum Research) was used to acquire force vs. indentation 

curves. Silicon cantilevers were gold-coated and tipless (AppNano). A 6 μm carboxylate-

coated polystyrene bead (PolyBead®) was glued to the end of the cantilever with marine 

epoxy (Loctite®). The beads were subsequently coated with poly-L-lysine-PEG (PLL-

PEG, SuSos) or Rain-X to reduce adherence to the substrate. Cantilever spring constants 

were determined by the Sader method in air [47]. The Sader method uses the cantilever’s 

resonance frequency, which is determined by recording the cantilever’s thermal 

oscillations in air. From these thermal oscillations, the angular resonance frequency, ω0, 

and quality factor, Q, were calculated by the software to determine the spring constant as 

follows: 

 𝑘𝑘 = 0.1906𝜌𝜌𝑓𝑓𝑥𝑥2𝐿𝐿𝐿𝐿Γ(𝜔𝜔0)𝜔𝜔0
2 (4) 

where ρf is the density of the medium (air), b and L are the width and length of the 

cantilever, and Γ(ω0) is the hydrodynamic function [47]. Using this method, the spring 

constant of the cantilever used for the calibration experiments was determined to be ~55 

pN/nm. The cantilever sensitivity (nm/V) was determined by indenting a glass coverslip 
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in water or buffer; from a linear fit of this deflection vs. indentation curve and from the 

spring constant, the sensitivity could be calculated by the software. For measurements of 

polyacrylamide, the force distance used was 1 μm, velocity was 1 μm/s, and the trigger 

voltage was 1 V. The resulting force vs. indentation curves were fit with the Hertz model 

(Eq. 1). 

 

The same polyacrylamide gels were also measured by an ElectroForce indenter (Bose®) 

to confirm the AFM measurements. The indenter system determines the elastic modulus 

by compression, like the AFM, but at a larger scale and with a more direct readout. The 

gel is compressed at a user-determined rate of displacement between two flat platens 

(larger in diameter than the gel) as shown in Fig. 5a, and a load cell in line with one of 

the platens yields a force readout. Platens were coated with dodecane to reduce the 

adherence of gels to the platen for unconfined compression. 

 

True stress, σ, and true strain, ε, were determined as follows, 

 𝜎𝜎 = 𝐹𝐹(𝐻𝐻0−Δ𝐻𝐻)

𝜋𝜋�𝑑𝑑2�
2
𝐻𝐻0

 (5) 

 𝜀𝜀 = 𝑙𝑙𝑙𝑙 �𝐻𝐻0−Δ𝐻𝐻
𝐻𝐻0

� (6) 

where σ is true stress, ε is true strain, F is the force exerted on the gel, H0 is the initial 

height of the gel, ΔH is the resulting change in height after a given time interval, and d is 

the initial diameter of the gel [48]. True stress and true strain differ from engineering 
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stress and strain by accounting for the increasing diameter of the material as it is 

compressed. The elastic modulus, E, was determined as the slope of the linear fit of true 

stress plotted against true strain, according to the relation, 

 𝜎𝜎 = 𝐸𝐸𝜀𝜀 (7) 

On separate days, three polyacrylamide gels were made up with the same composition 

targeting 6 kPa, and on the same day each was made it was measured twice at each of 

three random locations by AFM. The average elastic modulus for the three gels was 9.11 

± 0.87 kPa, 9.39 ± 0.55 kPa, and 8.84 ± 0.16 kPa, which shows good consistency despite 

differences in thickness (1 and 5 mm), as there was no significant difference between 

average elastic moduli of these gels by the ANOVA test, p = 0.31. These elastic moduli 

are higher than expected according to the literature, so one gel was made and measured 

on the AFM, then measured on the macroscale indenter on the same day. The average 

modulus for this gel as measured by the AFM was 8.99 ± 0.12 kPa, and by the indenter 

was 8.53 ± 0.37 kPa. Example data for the indenter and AFM are shown in Fig. 5b, c, 

respectively. 

The agreement between measurements from the two different instruments supports the 

accuracy of both. The expected modulus from the literature, however, was much lower, 

which could be explained by differences in storage time prior to measurement. When a 

gel was made according to the same method but stored in PBS for 4 days prior to 

measurement, the average elastic modulus was 5.92 ± 0.58 kPa, in agreement with the 

literature, so it is possible that swelling by storage in buffer could be responsible for the 

difference. Polyacrylamide gel swelling over time by storage in water causes Poisson’s 
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Ratio to drop from 0.50 to 0.26, indicating that storage conditions affect their mechanical 
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properties [46]. These results demonstrate the consistency of the measurements made 

using the atomic force microscope and the described cantilever calibration method. The 

good agreement with measurements made by the macroscale indenter supports their 

accuracy. The discrepancy with literature values could be explained by different degrees 

of swelling.  

 

6.5 Collagen I-GMA Spanned the Range of Breast Cancer-Relevant 

Stiffnesses 

The elastic moduli of 6.5 mg/ml collagen-GMA gels irradiated for durations from 5 to 

120 s increased from ~300 Pa (5 s) to ~1000 Pa (90 s). When irradiated for 120 s, the 

modulus dropped back to 500 Pa. These results demonstrate that the elastic moduli of 

collagen I-GMA gels cross-linked using LAP increase with irradiation time, up to a 

maximum. The maximum elastic modulus here, ~1000 Pa, was achieved after 90 s, 

whereas the original protocol using I2959 required 90 min of irradiation. Collagen I-

4VBC gels (6.5 mg/ml) had higher elastic moduli than collagen I-GMA for up to 30 s of 

irradiation, which was expected since 4VBC is a shorter cross-linker [49]. For both cross-

linkers, elastic moduli of gels appeared to drop when irradiation times were prolonged 

beyond a certain time. This drop in modulus could be due to alteration of collagen 

structure by the accumulation of superoxide radicals [50]. Additionally, the peak time 

could be changed; gels made from a different batch of collagen I-GMA and at higher 

concentrations had higher moduli at longer irradiation times. This change in irradiation 

time for the peak modulus could be explained by the higher percent functionalization in 

the second batch.  
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Work with collagen I-4VBC was discontinued because elastic moduli of these gels cross-

linked at neutral pH were inconsistent. These solutions gelled inconsistently because, 

unlike collagen I-GMA, they formed fibrils rapidly upon neutralization, which impeded 

proper mixing. For example, a gel mixed at acidic pH had an elastic modulus of 757 ± 54 

Pa, but for another gel mixed at neutral pH, the elastic modulus had a much higher 

standard deviation, 682 ± 319 Pa. Another cause for inconsistency in these functionalized 

collagen gels may have been degradation of the functionalized collagen stock over time. 

For example, 5 mg/ml collagen I-4VBC gels made 3 months apart from the same stock 

had elastic moduli of 1307 ± 51 Pa versus 675 ± 372 Pa. 

 

To stiffen collagen gels further to suitably represent tumorous breast tissue, collagen I-

GMA gels were prepared at a higher concentration of collagen I-GMA (8.8 m/gml vs. 6.5 

m/gml) and a lower concentration of LAP (1.1 mM vs. 2.2 mM). To represent normal 

breast tissue, non-functionalized collagen I gels were mixed according to the same recipe, 

except without LAP, then allowed to gel for 2–3 h in a 37 °C, 5% CO2 incubator. All 

collagen gels were stored in DPBS overnight prior to measurement of elastic moduli. 

 

Figure 6 shows the elastic moduli of 8.8 mg/ml collagen I-GMA gels irradiated for 60 

and 120 s compared to the elastic modulus of 8.8 mg/ml non-functionalized collagen. The 

elastic modulus of 8.8 mg/ml collagen I-GMA gels is higher than non-functionalized 

collagen gelled by neutralization and 37 °C temperature. These high concentration cross-

linked collagen I- GMA gels can be tuned to stiffnesses ranging from the stiffness of 
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normal breast tissue to the stiffnesses of breast tumors by irradiating gels with 365 nm 

UV for 2 min. or less. 

 

7 Matrix Stiffness Affects Invasive Behavior 

Certain cell types respond to the stiffness of their environments by altering their 

migration. Lo et al. demonstrated that 3T3 fibroblasts preferentially migrate toward the 

stiff end of a stiffness gradient [51]. This behavior is termed “durotaxis”. Vascular 

smooth muscle cells also undergo durotaxis in 2D on collagen-coated polyacrylamide 

[52]. Raab et al. observed durotaxis in mesenchymal stem cells in a semi-3D system; 

cells were seeded on collagen I-coated polyacrylamide with a stiffness gradient ranging 

from 1 to 34 kPa, and then after adherence, cells were overlaid with more collagen I [33]. 

Ovarian cancer cells, on the other hand, tend to metastasize to soft tissues, so different 

cell types may respond differently to environment stiffness. McGrail et al. compared 

metastatic characteristics between these cells on soft and hard substrates and 

demonstrated that they migrate more, have higher traction stress, elongate to the 

mesenchymal phenotype, and express lower levels of cytokeratin on the soft substrates 

[53]. 

 

Increased breast tissue stiffness does not seem to be solely an effect of cancer, as was 

described in section 1, but may also contribute to its progression. Increased stiffness and 

mammographic density, which correlates with increased stromal collagen content relative 

to fat, are also risk factors for breast cancer [54–57]. Furthermore, cross-linking of 



56 
 

collagen in mammary fat pads of mice by injecting fibroblasts with heightened lysyl 

oxidase expression led to breast tumor progression. In vitro, stiffening by addition of 

ribose (150 Pa vs 110 Pa) led to clustering of cell integrins and increased invasion in a 

model breast cancer cell line [58]. On the other hand, Fenner et al. observed that more 

metastases occurred after cutting out compliant tumors from mice than occurred after 

cutting out stiff tumors [59]. Thus, the effect of stiffness on the invasiveness of breast 

cancer cells is not yet clear. Collagen I matrices tuned by GMA cross-linking provide a 

ligand density-controlled, biomimetic system with an appropriate stiffness range for 

determining the effect of stiffness on breast cancer cell migration. The MDA-MB-231 

breast cancer cell line survived and migrated on these gels and can be assayed by 

measuring speeds of individual cells. The following work is a proof of concept for 

conducting such experiments. 
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8 Migration Assay on Stiffness-Tuned Collagen I 

Collagen I and collagen I-GMA gels (8.8 mg/ml) were prepared according to the method 

described in section 6.5, but as thin layers (≤90 μm). Polystyrene beads (90 μm) were 

mixed into the collagen, and 10 μL of mixture was added to the center of a delrin ring on 

a 50 mm glass-bottom dish that was coated with APTES and glutaraldehyde for gel 

adherence. A delrin piston with a Rain-X®-coated coverslip glued to the end was 

dropped onto the droplet to make a thin gel with a flat surface (Fig. 7). Collagen I-GMA 

gels were irradiated with 365 nm UV for 120 s, with an intensity of 4.4 mW/cm2. 

 

MDA-MB-231 cells (100,000–200,000) were seeded on the surface of the gels in 

complete mammary epithelial growth medium (MEGM) with bovine pituitary extract 

(BPE), and 1–3 days later, stained with CellTracker™ Green CMFDA. Fluorescent cells 

were imaged with a 20X objective for 20 h with a Nikon Eclipse Ti inverted 

epifluorescence microscope equipped with a FITC fluorescence cube, while maintained 

at 37 °C and 5% CO2 atmosphere. A scientific CMOS camera (pco.edge, PCO, Kelheim, 

Germany, 6.5 μm × 6.5 μm pixel size) acquired one image every 10 min. An automated 

shutter (Uniblitz VS25, Vincent Associates) in the fluorescence excitation path prevented 

bleaching of the fluorophore between images. 
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An ImageJ bandpass filter was applied to images to eliminate features larger or smaller 

than cells for ease of tracking. Contrast-limited adaptive histogram equalization was 

performed with a window half size of 100 × 100, and slope of 2. Icy bioimage analysis 

software (Quantitative Image Analysis Unit, Institut Pasteur) was used for tracking cell 

migration. The Active Contours plug-in was used to outline the cells and track these over 

time; it allows user-defined ROI to be drawn around individual cells, then the borders 

snap on to the outline of the cell automatically. Ten to twenty isolated cells were selected 

for each gel, avoiding those that appeared to be floating or likely to be difficult to track. 

Track manager yielded the center coordinates each frame. Figure 8 shows the initial 

image of a video with Active Contours outlines and tracks. 
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Average frame-to-frame speed (μm/h) was acquired for each cell track from the 

coordinates of the centers of the cells as follows: 

 �̅�𝑠 =
∑

�(𝑥𝑥𝑛𝑛+1−𝑥𝑥𝑛𝑛)2+(𝑦𝑦𝑛𝑛+1−𝑦𝑦𝑛𝑛)2

𝑡𝑡𝑛𝑛+1−𝑡𝑡𝑛𝑛
𝑁𝑁
𝑛𝑛=1

𝑁𝑁−1
 (8) 

where N is the total number of images in the track, xn and yn are the coordinates of the 

centers of the cell in each image, and t is the time when each image was taken, 0.17 h (10 

min) apart. The average frame-to-frame speeds of all cell tracks were averaged together 

for three collagen I gels and for three collagen I-GMA gels. 

 

MDA-MB-231 s survived on both collagen I and collagen I-GMA gels. The average 

frame-to-frame speed of cells seeded on non-functionalized collagen I was 0.88 μm/h, 

and on collagen I-GMA irradiated for 120 s was 0.67 μm/h. None of the cells on the 

cross-linked gels had average speeds that exceeded 2.5 μm/h, while some reached nearly 

4 μm/h on regular collagen I. Because the seeding densities were not controlled across 

these two stiffness conditions, it is not possible to conclude from these data whether 

stiffness or seeding density is responsible for these differences. These results demonstrate 

the feasibility of future migration experiments and analysis, in which cell seeding density 

will be controlled. 
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9 Conclusions 

Photoactivated cross-linking of collagen I-GMA using LAP as a photoinitiator provides a 

way to tune collagen I stiffnesses from 1 to 6 kPa, matching that of normal breast tissue 

and that of breast tumors, without changing the concentration of collagen I. This provides 

a way to assess whether breast tumor cells respond to stiffness in their environment 

independently of ligand density and fibril alignment. Photoactivation also provides the 

potential for creation of stiffness gradients and patterns by using easily produced 

photomasks. The concentration of collagen I-GMA necessary to achieve this range in 

these studies, however, is higher than ideal for invasion studies with embedded tumor 

cells in 3D culture. Migration of MDA-MB-231 cells in collagen I matrices of density 5 

mg/ml or higher is significantly impeded (private communication, Dr. Nicholas 

Kurniawan). In future, development of less dense collagen I gels with equivalent 

stiffnesses, and lower doses of UV would be beneficial to development of invasion assays 

in 3D. 

 

However, MDA-MB-231 cells survive and migrate on the surface of these collagen I-

GMA gels. Average migration speeds for cells on both non-functionalized collagen I and 

UV-crosslinked, collagen I-GMA gels were less than 1 μm/h. The methods here provide a 

way to determine whether matrix stiffness, independently of ligand density, influences 

speeds of MDA-MB-231 cells in 2D. In combination with photomasks, it may be 

possible to create stiffness gradients for durotaxis assays within these UV-crosslinked 

collagen I gels. Stiffness gradients have already been made in synthetic hydrogels by 

using photoactivated cross-linking; Yeung et al. and Sunyer et al. used transparency 
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masks with printed gradients and a sliding mask, respectively, to create stiffness gradients 

[31, 61]. Although stiffness gradients in collagen and gelatin matrices have also been 

achieved by non-photoactivating methods, the use of photoactivation in conjunction with 

patterned photomasks may open the door for precise and varied stiffness patterns that 

would not be feasible using these other methods [62, 63]. 

 

As a final note for future work toward development of 3D tumor models and invasion 

assays, in early experiments cross-linking 3.8 mg/ml collagen I-GMA, MDA-MB-231 

cells were embedded into the gels by mixing them into the collagen mixture prior to 

irradiation. Irgacure 2959® was used as a photoinitiator, and a UVP transilluminator was 

used to irradiate gels at 302 nm for 5 min. Cells were stained with calcein AM and 

fluoresced, indicating they survived the irradiation and cross-linking of collagen. 

Furthermore, they visibly migrated inside the gel. These results suggest the potential for 

using collagen I-GMA gels for performing durotaxis assays inside 3D matrices, not just 

by tracking the motion of cells on the surface of these gels. 
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1 Introduction 

The physical properties of a cell change dramatically through its lifetime as the it 

proliferates, migrates, interacts with its environment, and eventually dies [1–3]. Each of 

these changes is associated with a sequence of rearrangements within the cell’s interior 

and exterior structures. Mitosis, for example, involves dramatic morphological changes 

as well as cytoskeletal alterations as the cell rounds up and separates into two new 

identical cells [4–9]. This complex reorganization must be tightly controlled to avoid the 

mis-segregation of chromosomes which could lead to cell death, an abnormal number of 

chromosomes [5,10,11], as seen in genetic disorders such as Down syndrome, Patau 

syndrome, and Edwards syndrome [12], and could be a possible cause of 

tumorigenesis [13,14].  These physical changes will likely manifest as changes in 

mechanical properties (cell stiffness, for example), and these altered mechanical 

properties may aid the cell in the ultimate goals of mitosis [6,7], which include the 

division a mother cell into two daughter cells and the displacement of the daughter cells 

with respect to one another. 

 

During mitosis, two main things occur that could change the mechanical properties of the 

cell. First, the cell experiences extreme morphological changes, transitioning from a flat 

cell to a rounded-up cell then elongating and furrowing before splitting and driving the 

two new cells apart. Second, the structure of cytoskeletal proteins, which give the cell its 

shape and strength, completely rearrange, disassembling as the cells round up then 

reorganizing to form the mitotic spindle which will separate the chromosomes and the 

contractile ring which will constrict to divide the cell [6,7,9,15,16]. The regulation of 
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these events is critical to the life of a cell and even minute changes during the process of 

division can lead to abnormalities and disease, making mitosis an interesting topic of 

study [17]. In fact, mitosis and the mitotic spindle have been examined as both 

biomarkers of cancer [3] and as targets for chemotherapy drugs [18]. 

 

The American Cancer Society estimates that in 2021 breast cancer will account for 30% 

of new cancer diagnoses for women, representing nearly 300,000 women in the United 

States alone being newly diagnosed, and will lead to the deaths of 44,000 women [19]. It 

is one of the four most deadly cancers and incidence rates have continually risen by 0.5% 

yearly, though mortality rates have been slowly declining due to earlier detection and 

better treatment options. Worldwide, breast cancer is expected to be the most commonly 

diagnosed cancer, with 2.3 million new cases, and have a death toll of 685,000 in the year 

2021 alone [20]. Understanding the mechanics and physical properties of breast cancer 

cells and how they differ from their normal counterparts could lead to better diagnostics 

and treatments. However, in order to utilize these properties, the mechanics of normal 

cells must first be characterized [21]. In this experiment the stiffness changes in normal 

human mammary epithelial (HME) cells are examined as the cells pass through mitosis.   

 

2 Methods 

Low passage number (<5) normal human mammary epithelial (HME) cells (Lonza, 

Walkerville, MD) were cultured in mammary epithelial growth medium, MEGM (Lonza, 

Walkerville, MD), at 37°C with 5% CO2, before being plated into 50-mm glass-bottom 
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dishes (World Precision Instruments, Sarasota, FL) coated with a 2:1 mixture of laminin 

(Engelbreth-HolmSwarm murine sarcoma, Sigma-Aldrich, St. Louis, MO) and collagen 

type IV (BD Biosciences, Franklin Lakes, NJ). Cells were synchronized via EFG-

receptor blockage as described in Chapter 2 section 2.2, which arrested the cells in the G1 

phase of the cell cycle. The cell cycle was restarted using media with a high 

concentration of EGF. Chromosomes were fluorescently labeled using CellLight Histone 

2B-RFP, BacMam 2.0 reagent (Invitrogen, Carlsbad, CA). Prior to AFM manipulation, 

HEPES buffer solution (Lonza, Walkerville, MD) was added to cell media at a 

concentration of 30 mM in order to control the media pH in the absence of CO2.  

 

HME cells adhered to the tissue culture dishes in the medium were manipulated by an 

MFP-3D-BIO AFM (Asylum Research) at 37°C. The AFM was combined with an 

Olympus IX73 inverted fluorescence microscope to observe the chromosomes and 

determine the cell cycle phase. The AFM generated force versus indentation curves, as in 

Figure 1, which were fit using the Hertz model, 

 𝐹𝐹 = 4
3

𝐸𝐸
(1−𝜈𝜈2)

𝑅𝑅1 2�  𝛿𝛿3 2�  (1) 

where F is force, E is Young’s Modulus, ν is the Poisson’s ratio of the sample, R is the 

radius of the spherical probe, and δ is the indentation depth of the probe into the sample  

to extract the Young’s Modulus [22]. 
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Figure 1: Example force versus indentation curve (red) with Hertz model fit (--) 

 

Seven HME cells undergoing mitosis were analyzed. Because the presence of adjacent 

cells has been shown to affect the mechanical properties of breast cells [8–10], only 

isolated cells were considered so as to limit the measured mechanical changes to the 

process of mitosis. Mitotic cells were identified by their rounded shape and presence of 

chromosome condensation, verified by fluorescence, as in Figure 2(a) and (g). AFM 

indentation experiments were performed on the center of the cell along the equator. This 

position is initially chosen using the visible chromatin line as a guide. Position was 

adjusted as needed over time as the cell began dividing and the centerline shifted with the 

deformation of the mitotic cell, shown in Figure 2(a)-(f). During metaphase and anaphase 

(Figure 4(a)-(c)), the center was found using the position of the equator line as described 

above and during telophase and cytokinesis (Figure 4(d)-(f)) the line of the furrow was 

used to determine the center. 
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Figure 2: Example cell images. (a)-(f) DIC images with a red dot representing the position of the 
AFM probe. (g)-(l) DIC images overlaid with fluorescent images of chromosomes. The cell starts 
in metaphase (a), indicated by the condensation of chromosomes along the equator (g), then 
moves into anaphase, (c)-(d), evidenced by the spreading of the chromatids toward the spindles  
(h)-(i). Furrowing occurs between (c) and (d), where the cell surface begins to pinch in 
preparation for division, and the chromatids begin to settle in what will be the center of the new 
daughter cells (j). The cell enters telophase (d)-(e),(j)-(k), indicated by continued furrowing and 
further separation of the chromatids, before completing division into two new daughter cells, 
shown by the completely divided cytoplasm around each daughter cell (f) and reformation of the 
nuclear envelope around the decondensing chromosomes (l).  

 

Modulus values were collected approximately every five minutes during metaphase and 

early anaphase. This time step is appropriate as these stages took the longest to complete 

with little variation in the Young’s Modulus between time points. Additionally, the 

cantilever was moved off the cell in between time points in order to take both DIC and 

fluorescent images of the cell. This was accomplished using the “nudge” function on the 

AFM which moves the head a small specified distance in the plane of the cell thereby 

allowing the head to move back to the exact previous spot. During late anaphase, 

telophase, and cytokinesis, data was collected approximately every minute. This time step 

was the shortest achievable due to the time required for indentation and retraction of the 

AFM head in addition to the time required to make minor position corrections to stay on 

the center of the cell. Images were also taken after every time step without moving the 

(a) (b) (c) (d) (e) (f) 

(g) (h) (i) (j) (k) (l) 
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cantilever; because the cantilever is semi-transparent, the cell outline is still visible (see 

Chapter 2 section 2.4). 

 

3 Results 

Young’s Modulus vs. Time curves were generated for each cell and compared. Because 

data for each cell was gathered from different starting points during metaphase or early 

anaphase, the universal physical feature of the formation of the cleavage furrow, 

indicated by a “pinching in” of the cell membrane along the centerline between anaphase 

and telophase as seen in Figure 2(d), was used to match the mitotic phase to the time axis. 

This onset of furrowing was used to define a critical time point, time-zero (t0). Setting 

t0=0 for each run allowed for modulus comparison between different cells in the same 

phase of mitosis. This time was calculated by analyzing the curvature of the cell on the 

sides of the equator and identifying the time when the curvature changes sign to indicate 

the formation of the furrow (see Chapter 2, section 2.4). 

 

To look at the overall behavior of the modulus as the cell progresses through mitosis, the 

modulus curve for each run was normalized by peak height, then averaged over all 7 

runs. Three-point smoothing was then used, and the final average curve is shown in 

Figure 3(a) along with an example of three runs before normalization in Figure 3(b). 

These three runs were chosen to show the variation in time of the peak modulus values. 

From this average, the cells overall begin to stiffen in the center as they go through 

metaphase to anaphase, peak shortly after the furrow forms and the cells proceed into  
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telophase, then softens as they finish dividing. 

 

Once curves aligned by setting t0 = 0, the value of the maximum modulus (Emax) was 

found along with the time it occurred relative to t0. The minimum modulus (Emin) for the 

cell was also recorded, and a ratio of Emax/Emin was calculated, as summarized in Table 1. 

Uncertainty in the modulus for each run was found by varying the bead size in the 

 

Figure 3: Young’s Modulus versus Time curves. (a) Average Young’s Modulus for 7 
normalized cells. t = 0 min indicates the beginning of telophase, defined by the 
furrowing of the equator of the cell, and is shown by the red dotted line. For t < 0 min, 
the cell is in metaphase and begins to stiffen during anaphase and early telophase. For t 
> 0 min, the cell reaches peak stiffness and then softens again during late telophase, 
continuing to soften through cytokinesis. On average the stiffness is maximal at t = 2.3 
min (see Table 1). The gray band represents the standard deviation of the mean. (b) 
Example Young’s Modulus graphs for three cells (cell ID 1, 5, and 7, defined in Table 
1). 

(b) 

(a) 
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Asylum Software and comparing the software’s calculated modulus values, as the bead 

size is the largest source of error [23]. A summary of the data for the seven cells can be 

found in Table 1, with standard error of the mean (SEM) reported according to the 

equation 

 𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜎𝜎
√𝑛𝑛

       (2) 

where n is the number of data points and σ is the standard deviation, defined as  

 𝜎𝜎 = �∑(𝑥𝑥−�̅�𝑥)2

𝑛𝑛−1
 (3) 

where x is the data point, �̅�𝑥 is the average value of x, and n is the number of data points. 

 

The data show an average minimum Young’s Modulus of 1.12±0.15 kPa, an average 

maximum Young’s Modulus of 4.24±0.47 kPa, showing a 4.11±0.55-fold increase in 

 

Table 1:Summary of Young's Modulus data for each cell with standard error reported. Cells 
had an average minimum modulus of 1.12±0.16 kPa, an average maximum modulus of 
4.24±0.47, giving an average 4-fold increase in stiffness. The average stiffness peak occurred 
2.4±1.1 minutes after the onset of telophase 
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stiffness as the cell undergoes mitosis. The data also show the stiffness of the cells peak 

about 2 minutes after the onset of furrowing, confirming the behavior seen in .  

 

4 Discussion 

Experiments investigating the stiffness changes of a cell during the cell cycle have been 

done for many cell types, including human T lymphocyte (Jurkat T) cells [4], MCF-7 

breast cancer cells [5], epithelial-like normal rat kidney (NRK) and potorous tridactylus 

kidney (PtK1/PtK2) cells [7], Drodopjila SR+ cells [8], HeLa cells [24,25], MC3T3-E1 

osteoblast cells [26], and bovine embryo skeletal muscle (BESM) cells [27]. Each study 

observed similar behavior: an increase in stiffness at the equator of the cell as it proceeds 

from metaphase followed by a decrease sometime during anaphase or cytokinesis, though 

the timing of the decrease differed between cell type and the experimental procedures of 

the studies. Among these studies, the prevailing theory for this behavior hinges on the 

actin restructuring that occurs in the cell cytoplasm to assist in the various phases of 

mitosis, particularly in the formation of the contractile ring at the cleavage furrow. 

However, Kelly et. al., who compared MC3T3-E1 osteoblast cells in G1 phase, which 

occurs after mitosis, and S phase, when DNA replication occurs, hypothesize actin 

expression alone is not enough to explain the stiffness changes observed [26]. Because 

they observed an increase in cell height as well as an increase in actin concentration, they 

posit that the cell volume also increased, and thus the overall actin concentration 

remained constant. Guo et. al. found that coupling cell height and elasticity together, 

using cell height as a “weight factor”, led to a better characterization of the entire cell’s 

elasticity for human aortic endothelial cells on substrates with differing stiffness, while 
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also observing that the cytoskeletal structure largely correlates to the local stiffness of the 

cell  [28]. Both studies indicate that the overall mechanical properties of a cell, rather 

than the local properties, rely on actin concentration and height.  

 

Additional studies on cells have shown that the structure of actin in the cytoskeleton 

greatly effects the mechanical properties of cells [29–36], namely, the greater the actin 

concentration the stiffer the region, while intermediate filaments [37] and 

microtubules [38] only minimally contribute. Kasas et. al. compared AFM data for 

monkey fibroblast cells treated with either actin or microtubule poisons to finite element 

models of the cytoskeleton, and found that actin depolymerization effected the stiffness 

of the periphery of the cell, which is the region of interest for this experiment, while 

microtubule depolymerization affected the stiffness of the inner regions of the cells while 

maintaining their peripheral stiffness  [39]. Gavara et. al. found a nearly linear 

relationship between the concentration of actin stress fibers and cell stiffness, and, 

contrary to Kelly and Guo’s findings, found no correlation between cell area and cell 

stiffness in cells allowed to spread unconstrained, concluding that “altering cell gross 

morphology appears to be insufficient to affect cell stiffness, if these modifications do not 

lead to actual changes in the actomyosin composition of the cytoskeleton”  [29]. Further, 

Fischer-Friedrich et. al. found that the mechanical properties of mitotic cells are 

dominated by the actin cortex rather than the interior structure [24].  
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It is therefore easy to infer that the observed mechanical changes observed in this 

experiment could be a result of actin restructurization within the cell cortex. Heng et. al. 

imaged the tubulin and actin structure in HeLa cells during different phases of mitosis, 

seen in Figure 4 [40]. Even though HeLa cells are both cancerous and from a different 

origin than HME cells, they exhibit epithelial morphology and have long been considered 

a standard cell line [41], making them a good cell type for qualitative comparison. In 

their experiment, HeLa cells were collected at different stages of mitosis and 

immunostained with anti-α-tubulin antibodies and phalloidin to image tubulin and F-

actin, respectively, with results shown in Figure 4  [40]. The actin structure around the 

center of the cell in Figure 4 shows that cortical actin starts gathering along the furrow, 

most noticably in anaphase, after furrowing has begun. As actin concentration, 

represented by the brightness in the images, begins to increase, the stiffness of the cell in 

that region should increase as well; our data, which shows a peak stiffness value 

sometime after furrow ingression, is qualitatively consistent with this hypothesis.  
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Figure 4: Immunofluorescent images of cytoskeletal proteins tubulin (top panel) and actin 
(bottom panel) of HeLa cells at different stages of mitosis. Adapted from “Actin 
cytoskeleton dynamics and the cell division cycle,” by Y.-W. Heng and C.-G. Koh, 
(2010), with permission from the publisher [40]. 

 

4 Conclusions 

Studying the mechanical properties of cells during different stages of their life cycle 

gives us great insight into how cells migrate, proliferate, and die. Mitosis, the process by 

which a cell reproduces and divides, is an interesting physical process that requires 

extreme changes to the cell’s structure, both internally and externally; cells need to be 

strong enough to round up against confinement and make room for the new daughter 

cells, but plastic enough to completely change geometry while dividing. These structural 

changes are likely to lead to mechanical changes, namely in the Young’s Modulus, which 

we sought to quantify in this experiment.   

 

The Young’s Modulus, a measure of stiffness, of synchronized mitotic Human mammary 

epithelial (HME) cells was measured using atomic force microscopy (AFM). Beginning 



84 
 

in metaphase, cells began to stiffen 4-fold, peaking approximately two minutes after the 

formation of the furrow that eventually cleaves the cell into its two daughter cells. 

Qualitative comparison with published confocal images of fluorescently labeled actin 

structures within mitotic HeLa cells shows this peak likely corresponds with the 

increasing concentration of actin along the midbody as the cell furrows and divides. 
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Understanding the mechanical properties of cells, their extracellular environment, and 

how these properties are modulated by disease can provide insight into how and why 

different diseases start and progress. Quantifying the differences in mechanical properties 

of normal and diseased cells paves the way for novel diagnostic techniques, where 

differences are used to detect disease sooner or predict disease progression, and for drug 

testing, where observing the changes in mechanical properties after the addition of a new 

drug could indicate whether the drug has the desired effect. With this in mind, this work 

focuses on two processes important for cancer: migration/metastasis and mitosis. 

 

In the first project of this work, a novel collagen I matrix was tested for in vitro studies of 

cell migration. Collagen I gels were functionalized with glycyl methacrylate (GMA), 

initiated by photoactivation of lithium acylphosphinate (LAP) through UV light 

exposure. In this system, matrix stiffness is controlled only by UV exposure time, 

independent of GMA concentration, with modulus values between 1 to 6 kPa for 60s to 

120s of UV light exposure. Metastatic breast cancer cells, MDA-MB-231, were seeded 

onto collagen I-GMA gels and unfunctionalized collagen I gels, both with collagen 

concentrations of 8.8 mg/mL, and cells migrated and survived on both types of gel. 

Unfortunately, unfunctionalized collagen I gels were much stiffer than collagen I-GMA 

gels, so comparison of migration rates could not be completed independent of gel 

stiffness. However, the migration assays performed in this work provide a proof-of-

concept for the use of photoactivated cross-linked collagen I-GMA using LAP as a 

photoinitiator in migration studies. These gels obtained modulus values comparable to 

normal and tumorous breast tissue independent of ligand density and would allow for 
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comparison of migration rates due to stiffness alone without the confounding of other 

variables. In future work, this functionalization method could be combined with 

photomasks to create stiffness gradients or patterns not often achievable in other methods 

of gel formation to gain insight into the mechanical processes behind cell migration and 

cancer metastasis. 

 

In the second project, the Young’s modulus of normal HME cells was measured as cells 

divided, and moduli were compared for 7 cells. Modulus values were matched to mitotic 

phase using the ingression of furrowing as the relative time-zero. Average modulus 

versus time graphs showed that cells stiffened 4-fold as they progressed from metaphase 

to anaphase, reaching peak stiffness approximately two minutes after furrowing, before 

softening again as division completed. In future work, actin and microtubule images 

should be obtained for comparison with observed stiffness changes. Additionally, 

experiments should be performed on cells dividing in colonies, as cell-cell interactions 

have been shown to alter mechanical properties. Finally, similar studies on different 

grades of breast cancer should be conducted to investigate how, if at all, the mechanical 

properties of cancer, hallmarked by their altered cytoskeleton and softer modulus, differ 

as they divide, possibly providing insight into the mechanisms of cancer proliferation.  
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