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ABSTRACT 

Unlike their normal counterparts, breast cancer cells break free from epithelia and invade 

the underlying stroma, leading to deadly metastases. Cell migration requires mechanical 

interactions between the intracellular cytoskeleton and the extracellular matrix. The goals 

of this work were to compare mechanical properties of metastatic and non-metastatic 

cells, and to develop a method for testing the effect of microenvironment elasticity on 

cancer cell migration.  

One method for measuring the mechanical properties of cells is passive particle tracking 

microrheology, which acquires the viscoelastic modulus, G*, from mean-square 

displacements of intracellular particles undergoing Brownian motion. Advantages of this 

method are that it minimally perturbs the cell, and it requires minimal specialized 

equipment. One difficulty with the method is that intracellular particle motion is not 

purely Brownian; ATP-dependent cellular processes contribute to their random motion, 

confounding measurements of G*. When normal, tumorigenic, and metastatic cells were 

treated with blebbistatin or sodium azide and 2-deoxy-D-glucose, the ATP-dependent 

motions of peroxisomes were reduced in a dose-dependent manner.  Mean-square 

displacements of peroxisomes in ATP-depleted cells were used to calculate viscoelastic 

moduli. These agreed with those acquired by active microrheology in similar cell lines. 

Moreover, the viscoelastic moduli of metastatic breast cells (MDA-MB-231) were 

significantly (p <0.005) lower than those of normal mammary epithelial cells, by 

approximately half. This result supports the hypothesis that the invasive potential of 

breast cells correlates with deformability. 
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Elasticity of the microenvironment could also influence the migration of breast cancer 

cells. Testing the effect of elasticity on breast cancer cell migration requires a matrix that 

has the integrin binding sites of the stroma, but for which elasticity can be tuned 

independently of the density of these binding sites. Combining the work of Tronci et al. 

(2013) and Fairbanks et al. (2009), collagen I matrices were tuned to a breast cancer- 

relevant range of elasticities (1 to 6 kPa) by functionalizing collagen I with glycidyl 

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

cross-linking. The above range of elasticities was obtained by irradiating the gels at 365 

nm for 2 min or less (4.4 mW/cm
2
). MDA-MB-231 cells survived and migrated on these 

matrices. 
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CHAPTER ONE 

INTRODUCTION: ROLES OF CELL AND MATRIX ELASTICITY IN CANCER  

 

Cells both respond to their environment and bring about changes to their environment. 

This causal circularity presents a puzzle for understanding aberrant cell behavior. Is 

aberrant behavior caused by factors inside or outside the cell, or both? Cancer, for 

example, is partially caused by genetic alterations that change a cell’s interactions with its 

microenvironment, but changing properties of the microenvironment also alters gene 

expression. This project demonstrates ways to explore the role of a property of cells and 

their microenvironments — elasticity —  in cell behavior. 

In 1975, Mintz and Illmensee injected teratocarcinoma cells into mice embryos, and, after 

development, tissues derived from these cells functioned normally. They concluded that 

cell commitment to malignancy depends on tissue organization, not just genetics. Bissell 

et al. later proposed that the extracellular matrix (ECM) affects not only the morphology 

but also the gene expression and function of cells. Mammary epithelial cells (MECs) 

grown on plastic adopted a fibroblast-like morphology, but when cultured on floating 

collagen, took on the cuboidal morphology of the pregnant phenotype (Bissell et al. 

1982). When embedded in 3D collagen, murine MECs remained differentiated for up to a 

month and synthesized casein. Some arranged themselves into structures resembling 

acini, as they would in vivo. By contrast, when grown on plastic in the same culture 

medium, they grew as epithelial sheets and dedifferentiated (Emerman and Pitelka 1977).  

Although these responses can be attributed to biochemical signals propagated by integrin 

and non-integrin interactions with ECM components, more recent experiments have 
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demonstrated the importance of the stiffness of the microenvironment on cell phenotype, 

as distinct from biochemical signals.   

 

Mechanical signals are relevant to cell invasion because human tissues exhibit a wide 

range of characteristic elasticities according to type; neurons experience an elastic 

modulus less than 100 Pa, but osteoblasts experience an elastic modulus of 20,000 Pa 

(Fig. 1)(Butcher et al. 2009). Similarly, normal and diseased states of the same tissue type 

confer a significant difference in stiffness, for example in breast tumors. While normal 

breast tissue has an elastic modulus in the low hundreds of pascals, average breast tumor 

stiffness is ~4,000 Pa (Paszek et al. 2005).  

Cells respond to these variations in ECM stiffness. MECs were cultured on 

polyacrylamide of varying stiffnesses cross-linked with ECM, and although they retained 

a polarized, acinar structure when the substrate stiffness was comparable to normal breast 

Figure 1. Cells are tuned to the stiffness of their matrix (Butcher et al. 2009). 
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tissue, this structure was lost when the stiffness was comparable to tumor tissue (Fig. 2) 

(Paszek et al. 2005). Moreover, 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 (2012). 

Perhaps the most 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 (Engler et al. 2006). 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. This substrate kept 

biochemical signals (e.g. ligand density, growth factors) 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 

respond to forces to, for example, allow binding of signaling molecules, like MAPK1 

Figure 2. Matrix 

stiffness modulates 

integrin adhesions to 

regulate MEC 

growth and behavior 

(Pazsek et al. 2005). 
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(Holle et al. 2013; Janoštiak et al. 2014). The folded up p130Cas substrate domain 

demonstrates a striking example of one way a mechanical force can be converted to a 

biochemical signal; when it is stretched out in response to cell stretching, 

phosphorylation sites for Src family kinases are exposed, leading to activation of other 

signaling molecules (Sawada et al. 2006). Forces transduced via integrins can also signal 

a contractile response in the actomyosin cytoskeletal network via ERK and ROCK 

activation (Paszek et al. 2005).   

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 (Paszek et al. 2005). 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 

stiffness. By tracking the Brownian motion of beads injected into cells, the intracellular 

viscoelastic properties of each cell type on each stiffness were compared. The effective 

G’, or stiffness, 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 (Baker et al. 2010). However, this work did not control at least two variables for 

such a conclusion to be confirmed: 1) ATP-dependent motions of intracellular particles 

can confound calculations of G’, or stiffness, that use passive particle tracking 

microrheology, and 2) ligand density, and not just stiffness, increases with increasing 

collagen I concentration. The work presented here addresses ways to control these two 
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variables that could otherwise confound results of studies of intracellular mechanics and 

cell responses to environment mechanics.  

The first project, presented in chapter 2, expands on previous work suppressing ATP-

dependent particle motion via inhibitors (Van Citters et al. 2006; Hoffman and Crocker 

2009). It shows that the reduction in particle motion is dose-dependent, and uses the 

suppressed particle motions to compare viscoelasticity between normal, tumorigenic, and 

metastatic breast cell cytoplasms. It also shows that values of viscosity and elasticity  

 

obtained by this method agree with those from active microrheology in similar cell lines. 

Our hypothesis is that a decrease in the viscosity and elasticity of the cell’s cytoplasm 

correlates with an invasive phenotype, because the cell needs to exert less force on its 

surroundings to deform and migrate through a constricted space, as illustrated in Figure 

3. This first project assumed that genetic differences would be the cause of any 

differences in viscoelasticity. Studies of multiple cell types and using multiple methods 

Normal 
epithelial 
cells 

Metastatic cell 5000 Pa 
Pa 

500 Pa 

F F 

Basement Membrane 
Stroma 

STIFF SOFT 

Figure 3. Schematic of less elastic metastatic cell deforming as it 

invades epithelial layer into stromal tissue. 
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of measurement have already shown that in many cases, cancer cells are softer than their 

normal counterparts (Suresh 2007; Swaminathan et al. 2011; Gal and Weihs 2012; Xu et 

al. 2012; Physical Sciences - Oncology Centers Network et al. 2013; Guo et al. 2014). So 

while this work does not stand alone in supporting this hypothesis, it demonstrates that 

the passive particle tracking method can provide valid measurements of viscoelastic 

moduli, if ATP-dependent motions of particles are suppressed.  

The second project, described in chapters 3-5, develops a method for tuning collagen I 

stiffness without altering ligand density. This system can be used to investigate whether 

matrix stiffness affects the invasive behavior of breast cancer cells. This question is 

relevant because breast cancer cells experience a decrease in stiffness by up to a factor of 

5 upon leaving a breast tumor and invading normal breast tissue (Fig. 1) (Butcher et al. 

2009). Chapter 3 describes a method for tuning collagen I stiffness via UV-activated 

cross-linking and demonstrates the efficiency of lithium acylphosphinate as a 

photoinitiator in this system. The advantage of photoactivatable cross-linking is that it 

provides the possibility of creating stiffness gradients and patterns in gels, by using 

photomasks. Chapter 4 describes methods for determining the elastic modulus of 

resultant gels, and demonstrates that they can be tuned to stiffnesses comparable to 

normal breast tissue and breast tumors. Chapter 5 serves as a proof of concept for 

performing cell migration assays on these gels.  
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1 Introduction  

Cells’ mechanical properties influence how they deform, adhere, and sense the 

mechanical properties of their microenvironment. A better understanding of cell 

mechanics and migration may lead to novel treatments of diseases, such as metastatic 

cancer (Suresh 2007; Butcher et al. 2009; Schedin and Keely 2011). Breast cells are an 

attractive model for mechanics studies because mammary gland formation and function 

depend on dynamic microenvironment mechanics, and normal cells from primary human 

breast tissue and well-characterized, transformed cancerous breast cells are both readily 

available (Elenbaas et al. 2001; Paszek et al. 2005; Nagaraja et al. 2006; Butcher et al. 

2009; Schedin and Keely 2011). The primary question addressed in this paper is “Do the 

shear moduli G*, G’ and G” of normal human breast cells differ from the moduli of 

cancerous breast cell types that are in progressive stages of neoplastic transformation?”  

These experiments were designed to compare the interior mechanical properties of 

normal, tumorigenic, and metastatic breast cells. For “normal breast cells”, human 

mammary epithelial (HME) cells were used at low passage number. To represent non-

metastatic, “tumorigenic breast cells”, we acquired HME cells that were stably 

transfected with hTERT, oncogenic H-rasV12, and the SV40 large-T oncogene (Elenbaas 

et al. 2001). The hTERT gene encodes a telomerase subunit which maintains telomeres 

for indefinite cell division, the SV40 large-T oncogene inactivates the p53 and pRB 

tumor suppressor pathways, and H-rasV12 provides constitutive mitogenic signaling 

(Elenbaas et al. 2001). Notably, oncogenic Ras also leads to the disruption of stress fibers 

(Choi and Helfman 2013). Finally, the MDA-MB-231 cell line was selected to represent 

breast cells with high metastastic potential, hereafter “metastatic breast cells”. For 
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convenience, we refer collectively to the tumorigenic and metastatic cells as “cancerous 

breast cells” throughout the remainder of the paper. 

Several techniques are being used to determine the moduli E, G*, G’, and G” of cells, 

where E refers to the Young’s modulus. Techniques that probe from the outside, 

including atomic force microscopy, micropipette aspiration, and magnetic twisting 

cytometry, appear to measure the modulus of the cell cortex, which is composed 

primarily of actin fibers (Hoffman et al. 2006). By contrast, active and passive particle-

tracking microrheology measure the moduli of the cell interior (Hoffman et al. 2006; 

Bursac et al. 2005; Gal and Weihs 2012; Wirtz 2009; Bertseva et al. 2012; Guo et al. 

2013). Within the context of a poroelastic model (Moeendarbary et al. 2013) the external 

probes measure the mechanical properties of the porous elastic solid phase, while 

microrheology measures the moduli of the crowded interstitial fluid and its smaller 

cytoskeletal components, which are the poroelastic fluid phase. The moduli determined 

by the two experimental approaches differ by several orders of magnitude because they 

measure the mechanical properties of different components of the cell. The experiments 

presented here use passive microrheology to determine the mechanical properties of the 

interstitial fluid phase within normal and metastatic breast cells.  

The passive probes used in these experiments were fluorescently labeled peroxisomes. 

These ubiquitous organelles are involved in fatty acid catabolism and neutralization of 

harmful cellular by-products such as hydrogen peroxide. They were labeled by 

transducing cells with a construct whose expression generates GFP fused to a 

peroxisomal targeting sequence (Invitrogen). Peroxisomes have several advantageous 

features as rheological probes: they are endogenous, thus minimizing cell perturbation; 
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are approximately spherical, which simplifies the analysis; have a relatively narrow size 

distribution; are rarely actively transported, which would violate assumptions of the 

analysis; and are rich in antioxidant enzymes, which may reduce photobleaching of the 

GFP.  

Three sources of peroxisome motion have been identified in cells: a) directed, ATP-

driven motion, b) ATP-driven random motion, and c) thermally driven random motion. 

Figure 1a, b, and c show these three processes pictorially. Only a small fraction (5-15%) 

of peroxisomes experience “saltatory, fast directional movement” (Wiemer et al. 1997; 

Schrader et al. 2000; Schrader et al. 2003). Such fast directional motion (Fig. 1a) is 

caused by kinesin or dynein driven transport of the peroxisomes along microtubules 

(Rapp et al. 1996; Wiemer et al. 1997; Schrader et al. 2000; Schrader et al. 2003; Kural et 

al. 2005). Random peroxisome motion, on the other hand, can arise from ATP-driven 

a b c

Fig. 1 Three sources of peroxisome motion. (a) Directed motion occurs when ATP-

powered kinesin or dynein motors pull the peroxisomes along microtubules. (b) ATP-

driven but random motion leads to cytoskeletal filament motion which indirectly 

contributes to peroxisome motion. Myosin II activity between actin filaments is shown; 

(c) Thermally-driven random motion is the sole source of random peroxisome motion 

if all direct and indirect ATP-powered processes can be shut down.   
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cytoskeletal motion (Fig. 1b) or by thermal energy (true Brownian motion, Fig. 

1c)(Hoffman et al. 2006; Bursac et al. 2005; Van Citters et al. 2006; Bursac et al. 2007; 

Mizuno et al. 2007; Brangwynne et al. 2008; Brangwynne et al. 2009; Gallet et al. 2009).  

A number of experimental and data-processing approaches have been developed to 

determine whether a track, or a segment of a track, is type a, b, or c. For peroxisomes in 

breast cells, type a motion is rare and obvious to the eye, so such tracks can be manually 

identified or detected by image-processing. However, separation of type b from type c 

motions is difficult and controversial, because both types are random in direction. One 

approach is to treat cells with sodium azide and 2-deoxy-D-glucose. Sodium azide 

inhibits the enzymes necessary for oxidative phosphorylation (Ishikawa et al. 2006), and 

2-deoxy-D-glucose inhibits glycolysis (Wick et al. 1957). Used together, cellular ATP 

levels can be reduced to 1-8% of normal in breast cells. If active cellular processes are 

sufficiently suppressed by such treatment, the remaining random peroxisome motion is 

due primarily to thermal energy (Bursac et al. 2005; Hoffman et al. 2006; Gallet et al. 

2009; Guo et al. 2014). In this case, the viscoelastic modulus of the cytoplasm can be 

determined from the MSDs and the Generalized Stokes-Einstein equation (Mason 2000; 

Squires and Mason 2010).  

Use of the GSE equation to determine G’ and G” of live cells in this way is controversial. 

The major criticism has been that treatment of cells with sodium azide or blebbistatin 

cannot possibly remove all non-thermal contributions to the MSD without causing 

significant damage to the cells (Gal et al. 2013). We addressed this concern in three ways. 

First, we measured the effects of two azide concentrations and three blebbistatin 

concentrations on the MSDs and apparent G* values. Second, we used the convergence 
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of the MSDs of peroxisomes in treated and untreated cells at high frequencies as a test of 

whether cell damage was significant (Mizuno et al, 2007; Guo et al 2014). If the MSDs 

converged, we used the GSE equation to evaluate G*, G’, and G” by GSE for that cell 

line. If the MSDs did not converge, the GSE equation was not applied. Third, where 

published data are available, we have compared our moduli to moduli obtained by active 

microrheology, which does not depend on the use of GSE or drug treatment. Although 

agreement is not perfect, it is close, given that the cell lines are not identical. Our view is 

that useful data can be obtained from GSE analysis in this way.  

2 Methods  

2.1 Cell culture  

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

(Walkersville, MD). Tumorigenic non-metastatic human mammary epithelial (HMLER) 

cells developed in the Weinberg laboratory (Elenbaas et al. 2001) were provided by Karin 

Scarpinato. Metastatic human mammary epithelial (MDA-MB-231) cells were obtained 

from the American Type Culture Collection (ATCC, Manassas, VA). Normal, 

tumorigenic, and metastatic breast cells were cultured in mammary epithelial growth 

medium (MEGM) supplemented with 0.4% bovine pituitary extract (Lonza) at 37°C with 

5% CO2. Two or three days before imaging, either 80,000 (normal and metastatic) or 

160,000 (tumorigenic) cells were plated in 35-mm glass-bottom dishes (WillCo Wells, 

Amsterdam). The dishes were coated with 100 μl of a 33 μg/ml collagen type IV (BD 

Biosciences, Franklin Lakes, NJ), 67 μg/ml laminin mixture (Engelbreth-HolmSwarm 

murine sarcoma, Sigma-Aldrich, St Louis, MO) to mimic the composition of a basement 
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membrane. To fluorescently label peroxisomes 

with GFP, 10 μl BacMam 2.0 peroxisome-GFP 

reagent (Life Technologies, Carlsbad, CA) was 

added to each dish 1 day before imaging. Figure 

2 shows the morphologies of individual normal, 

tumorigenic and metastatic cells and the 

distribution of GFP-labeled peroxisomes.  

2.2 Myosin II inhibition and ATP depletion 

To test for the presence of ATP-driven motion in 

the mean-square displacements (MSDs) of 

peroxisomes, cells were treated on imaging days 

with either (-)-blebbistatin (Sigma-Aldrich), a 

specific inhibitor of myosin II (Limouze et al. 

2004; Kovacs et al. 2004; Allingham et al. 2005) 

or sodium azide (Sigma-Aldrich) and 2-deoxy-

D-glucose (Sigma-Aldrich), which together 

inhibit cellular ATP production by inhibiting 

enzymes necessary for oxidative phosphorylation 

a

b

c

Fig. 2 Overlay of DIC and fluorescence images to show cell morphologies and 

peroxisome distribution in (a) normal, (b) tumorigenic, and (c) metastatic breast 

cells, all grown on laminin-collagen coated glass surfaces. The DIC images 

(grayscale) show an entire cell and several of its neighbors; the edge of the cell is 

labeled with a blue line. GFP labeled peroxisomes appear as punctate green spots 

in the overlaid fluorescence image.  The scale bar shown in (a) applies to (b) and 

(c) as well 
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(Ishikawa et al. 2006) and glycolysis (Wick et al. 1957), respectively. Blebbistatin was 

dissolved in dimethylsulfoxide (DMSO, Sigma-Aldrich) at a concentration of 2.5 mM, 

then diluted into MEGM so that final cell treatment concentrations were 2.5, 5, and 10 

μM in 0.1, 0.2, and 0.4% DMSO, respectively. Control cells were treated with 0.4% 

DMSO. Blebbistatin-treated cells were imaged 15 min to 1 h after treatment. For ATP 

depletion experiments, other cells were treated with media or one of two concentrations 

of sodium azide and 2-deoxy-d-glucose 3-6 hours before imaging. Cells were either 

treated with 2 mM sodium azide and 2 mM 2 deoxy-D-glucose (hereafter, “low azide”) 

or 8 mM sodium azide and 50 mM 2-deoxy-D-glucose (“high azide”), since both of these 

concentrations have been used for ATP depletion in previous studies of active 

cytoskeletal motion (Bursac et al. 2005; Hoffman et al. 2006). The morphologies of 

normal cells appeared unaffected by sodium azide and 2-deoxy-D-glucose. The 

tumorigenic cells appeared more rounded when treated with high azide. Similarly, the 

metastatic cells rounded up in high azide.  

2.3 Fluorescence videomicroscopy  

Cells were maintained at 37°C and 5% CO2 while being imaged by a Nikon Eclipse Ti 

inverted epifluorescence microscope using a 60  NA 1.4 oil-immersion objective. DIC 

images were acquired using the same objective, and the condenser for these was NA 0.9 

(WI). Illumination was provided by an X-Cite 120 mercury arc lamp with a FITC 

fluorescence cube. Three fields of view were imaged per dish of cells. To reduce GFP 

photobleaching but still acquire images over 100 s, an automated shutter (Uniblitz VS25, 

Vincent Associates) was inserted into the fluorescence excitation light path, so that the 

dish was illuminated in ten 1 s bursts separated by nine 9 s dark intervals. A high-speed 
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scientific CMOS camera (pco.edge, PCO, Kelheim, Germany, 6.5 μm x 6.5 μm pixel 

size) was synchronized with the shutter by two linked Tektronix 5101 Arbitrary Function 

Generators to acquire 100 images during each 1 s burst. This shuttering scheme gave 

MSDs with  values between 0.01 and 1 s and between 10 s and 90 s but left a gap 

between 1 and 10 s.  

2.4 Peroxisome tracking to determine MSD and modulus  

Individual peroxisomes were tracked to subpixel precision, using Video Spot Tracker 

software (CISSM, University of North Carolina, Chapel Hill, NC). Online Resource* 1 is 

a short movie showing random motion of several peroxisomes and the software’s ability 

to track one of them. The coordinates were then processed by customized MATLAB 

software (The Mathworks, Natick, MA) to remove stage drift and/or cell migration 

artifacts from peroxisome tracks, and then determine the mean MSDs of each 

peroxisome. For drift removal, the mean x- and y- coordinates of all peroxisomes in a 

field of view or migrating group of cells was subtracted from the raw peroxisome 

coordinates, for each frame. Time-averaged MSDs, Δr
2
 (τ), were determined from these 

drift-corrected tracks, as follows: 

∆𝑟2(𝜏) = 〈[𝑥(𝑡 + 𝜏) − 𝑥(𝑡)]2 + [𝑦(𝑡 + 𝜏) − 𝑦(𝑡)]2 〉    (1)  

where τ is 0.01 to 90 s. Peroxisome MSDs from sodium azide or blebbistatin-treated cells 

were used to determine |G*|, the magnitude of the viscoelastic modulus (G*), using 

Mason and Weitz’s generalization of the Stokes-Einstein equation (GSE) as follows: 

*Online Resources are provided in the Appendix 
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|𝐺∗(𝜔)| =
2𝑘𝐵𝑇

3𝜋𝑅𝛥𝑟2(
1

𝜔
)𝛤[𝛼(𝜔)+1]

     (2)  

where kB is Boltzmann’s constant, T is temperature in K, R is the radius of the 

peroxisome, ω is the angular frequency 2π/τ, α is the slope of the log-log plot of the 

average MSDs vs. τ, and  is the gamma function (Mason 2000; Squires and Mason 

2010). This equation employs a Laplace transform that converts the MSD time domain 

range of 0.01-90 s to a frequency domain range of 0.126-628 rad/s for computed values 

of G*. The value of the peroxisome radius was determined by fitting a 2D symmetrical 

Gaussian to the fluorescent intensities, I(x,y), of individual peroxisomes (Online 

Resource* 2) as follows:  

𝐼(𝑥, 𝑦) = 𝐴𝑒
− 

(𝑥0−𝑥)2+(𝑦0−𝑦)2

2𝜎2 − 𝑏     (3)  

where x0 and y0 locate the center of the Gaussian, σ is the width of the Gaussian, A is its 

amplitude, and b is its baseline. The width of the Gaussian, σ, was assumed to be a good 

approximation for R. The average radius determined from 240 peroxisomes was 191 ± 42 

nm; there was no significant difference between the average radii of peroxisomes in 

different cell types, nor between cells subjected to different treatments. Since this radius 

was less than the wavelength of light, we checked whether it might have a significant 

systematic error due to the point spread function (PSF) of the objective lens. The width of 

a Gaussian approximation to the PSF of a 60X NA 1.4 wide-field objective collecting 

509 nm light is 80 nm (Zhang et al 2007). It is shown in Online Resource* 3 that 

correcting the measured size of peroxisomes for this PSF decreases the mean size from 

191 to 179 nm, a change of 7%. This correction was ignored because of its small value. 

*Online Resources are provided in the Appendix 
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The elastic (G’) and viscous (G”) components of the viscoelastic modulus were 

determined as follows (Mason 2000):  

𝐺′(𝜔) = |𝐺∗(𝜔)|𝑐𝑜𝑠(
𝜋

2
𝛼(𝜔))    (4)  

𝐺"(𝜔) = |𝐺∗(𝜔)|𝑠𝑖𝑛(
𝜋

2
𝛼(𝜔))    (5)  

Software to evaluate G*, G’, and G” for each peroxisome from measured values of and R 

(Eq. 2) was written in MATLAB.  

2.5 ATP assay  

Normal, tumorigenic, and metastatic breast cells were incubated for 3 hours in either 

phenol redfree MEGM (Lonza) as the control condition, or with low azide (2 mM sodium 

azide and 2 mM deoxy-D-glucose) or high azide (8 mM sodium azide and 50 mM 2-

deoxy-D-glucose) added to this MEGM medium. Cells were trypsinized, resuspended in 

the same media, and assayed in a white 96-well plate (Corning, Corning, NY) using the 

Adenosine 5’-triphosphate bioluminescent somatic cell assay kit (Sigma-Aldrich cat. no. 

FLASC). Cell samples were read using a well integration time of 10 s in a Perkin Elmer 

Enspire 2300 luminometer within 10 min of luciferase/luciferin assay mix addition. The 

percentage of ATP remaining in low and high azide treated samples was determined from 

a ratio of their averaged relative luminescence units (RLU) 9 compared to those of 

control samples. Each cell type and treatment combination was assayed in technical 

triplicate, and for normal and tumorigenic cells, biological duplicate as well. After high 

azide treatment of the cells on poly-D-lysine-coated flasks, normal cells appeared to have 

ruffled lamellipodia, and normal, tumorigenic, and metastatic cells did not round up 
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normally upon trypsinization, but peeled off the flask surface retaining their spread 

morphology.  

2.6 Error analysis  

2.6.1 Statistical error  

For each peroxisome track, a time-averaged MSD was acquired for time intervals τ 

ranging from 0.01 s to 90 s. These time-averaged MSDs were then ensemble-averaged 

over 94-587 peroxisome tracks. To assure representative sampling, the tracks were 

acquired from peroxisomes in 21-51 cells over 3 different experiment days for most 

conditions. The resultant time and ensemble-averaged MSDs and viscoelastic moduli are 

shown in Figs. 3-7. Error bars shown in these figures are standard error of the mean,  

𝑆𝐸 =  
𝜎

√𝑛
      (6)  

where σ is the ensemble-averaged standard deviation of peroxisome MSDs or moduli at a 

given value of τ or frequency for a given condition, and n is the number of peroxisomes 

analyzed. The distribution function for the MSD of a particle executing Brownian motion 

is not a normal distribution (Saxton 1997; Grebenkov 2011). Examination of the 

distributions of the measured MSDs generated by different peroxisomes in a given cell 

type and treatment showed pronounced skewness and curtosis; examples are given in 

Online Resource* 5. As a consequence, the statistical significance of differences in the 

mean MSDs of the three cell types could not be evaluated by the usual Student’s t-test, 

which requires normal distributions. However, a two-sample rank procedure such as the  

*Online Resources are provided in the Appendix 
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Mann-Whitney U test does not require that the data be normally distributed in order to 

assign a p-value (Pratt and Gibbons 1981). The Mann-Whitney procedure in SPSS 

software (IBM, Armonk, New York) was applied to pairs of MSD distributions to 

determine whether they were statistically indistinguishable (p > 0.05) or significantly 

different (p < 0.05). In addition, bihistograms of the MSDs (Online Resource* 5) were 

generated to assess whether the distributions were of similar shape. Because they were 

similar, the Mann-Whitney test was also used to evaluate whether the medians of the 

MSDs of cell lines were significantly different.  

2.6.2 Systematic errors in MSD, G*, G’, and G”  

Inspection of Eqs 2-5 identifies additional possible sources of experimental errors. To 

evaluate the MSD, one needs a conversion factor between camera pixels and sample xy 

space. This was determined to three figures with a stage micrometer. Time was 

determined from frame number and frame rate; frame rate was 100 frames/s; the error 

was less than 1 frame/s, 1%. Thus errors in MSD were largely statistical and were 

reduced by averaging hundreds of MSDs. Inspection of Eq 2 shows that the error in G* is 

determined by errors in the MSD and in α, the slope of a log-log plot of MSD vs τ. For a 

single-particle MSD, the value of α fluctuated unphysically from one value of  to the 

next. The unphysical oscillations were eliminated by averaging the MSDs of many 

particles and then smoothing the averaged MSD with a cubic smoothing spline 

(MATLAB). These averaged and smoothed values of α were used to obtain G* from Eq 2  

*Online Resources are provided in the Appendix 
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as well as G’ and G” from Eqs 4 and 5. An additional test of our methods, especially 

software, was provided by tracking the Brownian motion of beads in water, then 

analyzing the data by our GSE code to check whether the well-documented viscosity of 

water was recovered. The viscosity was determined from 0.40 μm diameter Fluoresbrite 

Carboxylate YG polystyrene microspheres (Polysciences, Warrington, PA) suspended in 

PIPES buffer (80 mM 1,4-piperazinediethanesulfonic acid) supplemented with 7.8% KCl 

to match the microsphere density. The measured viscoelastic moduli obtained for beads 

in buffer matched the values of G* computed from the handbook value of the viscosity of 

water at 20 ºC (η = 1.00 x 10-3 Pa·s) (Lemmon). Figure R4 in Online Resource* 4 shows 

the results. The excellent agreement between our experimental method and the well-

documented Handbook value is additional evidence that our implementation of particle 

tracking and GSE works properly in simple systems.  

2.6.3 Noise floor  

To ensure that the measured MSDs were not contaminated by microscope stage motion 

or vibration of the detector chip, the noise floor of the system was determined by imaging 

negatively charged 0.40 μm carboxylate-modified fluorescent beads adhered to the 

surface of a positively charged aminopropyltriethoxysilane-coated glass bottom dish. The 

measured MSD, shown in Fig 3, was 1.0 x 10-4 µm 2 independent of . This noise 

amplitude fell well below the measured MSDs computed from peroxisome position 

(roughly 10-3 to 100 µm 2 for all ) and thus noise from stage and detector vibration 

contributed minimally to these measurements.  

*Online Resources are provided in the Appendix 
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3 Results  

3.1 ATP depletion reduced the MSDs of peroxisomes at long timescales  

Normal and cancerous breast cells were treated with 0, 2, or 8 mM sodium azide plus 0, 

2, or 50 mM 2-deoxy-D-glucose. As described in Materials and Methods, images of the 

cells were acquired, and peroxisomes in the images were tracked using Video Spot 

Tracker; tracks exhibiting fast directional movement were discarded. MSDs were 

calculated from the remaining tracks using Equation 1, with time interval  ranging 

between 0.01 and 90 s. Figure 3 shows the 11 MSDs for the three cell types and three 

conditions after averaging data from 94 to 519 peroxisomes for each condition. MSDs for 

the normal cells are shown in Fig. 3a. At τ = 0.01 s, the MSD is approximately 8 x 10
-4

 

μm
2
 regardless of the sodium azide and 2-deoxy-D-glucose concentration. This shows 

that the observed MSD was largely of thermal origin at τ = 0.01 s. In contrast, at longer 

time intervals, e.g., when τ = 90 s, the MSD dropped from 8 x 10
-1

 to 6 x 10
-3

 µm
2
 with 

increasing sodium azide and 2-deoxy-D-glucose concentration (Fig. 3a; Online 

Resource* 6). This means that at large values of τ, the MSDs of peroxisomes in control 

cells were dominated by ATP-driven processes. A similar result is shown for metastatic 

cells (Fig. 3c). A luciferase-based ATP assay showed that ATP levels in the cells treated 

with high azide were only 1-8% of those of controls. However, ATP levels for low azide-

treated cells were 81-130% of control ATP levels, which was higher than anticipated. It 

has been shown that the high azide treatment leads to rearrangement of the actin 

cytoskeleton in monkey kidney epithelial cells (Van Citters et al. 2006). On the other 

hand, the MSDs of peroxisomes in ATP-depleted normal HME cells converged around 

*Online Resources are provided in the Appendix  
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 = 0.1s (Fig 3a). This is evidence that the cytoskeleton of these cells was not altered by 

the treatment with low or high azide (Mizuno et al, 2007; Guo et al 2014). Peroxisomes 

in metastatic cells behaved similarly (Fig 3c). However, peroxisomes in tumorigenic cells 

(Fig 3b) behaved differently; the MSD did not converge at small values of . This 

suggests that azide treatment caused substantial changes to the cytoskeleton of our 

tumorigenic cells.  

 

Fig. 3 The effect of ATP depletion on the MSDs of peroxisomes in (a) normal, (b) 

tumorigenic, and (c) metastatic cells. Cells were either untreated controls (solid line), 

treated with low azide (2 mM sodium azide + 2 mM 2-deoxy-D-glucose, long dashed 

line) or treated with high azide (8 mM sodium azide + 50 mM 2-deoxy-D- glucose, short 

dashed line) in MEGM for 3-6 h. The MSD noise floor was determined by tracking 0.40 

μm diameter fluorescent beads adhered to the bottom of a dish. Error bars represent 

standard error of the mean (Eq. 6), where n is the number of peroxisomes (94-519) 

analyzed for each condition 
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3.2 Myosin II motor inhibition reduced peroxisome MSDs at long timescales  

It has been suggested that active peroxisome motion arises from motions of the actin 

cytoskeleton, and that these motions arise from ATP-powered myosin II motors (Van 

Citters et al. 2006; Gallet et al. 2009; Brangwynne et al. 2009). To test this hypothesis, 

we treated all three breast cell types with blebbistatin, a specific inhibitor of myosin II. A 

dose-dependent decrease in peroxisome MSDs was evident in all three (Fig. 4), 

supporting the hypothesis that myosin II-driven movement of the actin cytoskeleton is a 

source of peroxisome motion. As observed with sodium azide and 2-deoxy-D-glucose 

treatment, blebbistatin did not reduce the MSDs of normal and metastatic cells at short 

values of τ.  

Fig. 4 The dose-dependent effect of myosin II inhibition by blebbistatin on peroxisome 

MSDs in (a) normal, (b) tumorigenic, (c) metastatic cells. Cells were treated for 15 min - 

1 h with one of the following in MEGM: 1) 0.4% dimethylsulfoxide (DMSO) vehicle 

(solid line), 2) 2.5 μM (-)-blebbistatin (long dashed line), 3) 5 μM (-)-blebbistatin (dash-

dot), or 4) 10 μM (-)-blebbistatin (short dashed line). Error bars represent standard error 

of the mean (Eq. 6), where n is the number of peroxisomes (177-587) analyzed for each 

condition 
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3.3 After inhibition of active processes, peroxisome MSDs were significantly larger in 

cancerous breast cells than in normal breast cells at long timescales  

Figure 5 and Table 1 compare the MSDs of the three cell types treated with azide and 

blebbistatin at a particular time interval, τ = 90 s. Because the distributions of the MSDs 

are broad and asymmetric, the Mann-Whitney U test was used to test for significant 

differences between normal and tumorigenic cells, and between normal and metastatic 

cells. The results of the Mann-Whitney test are comparable to the impression given by 

the standard error bars in Fig. 5. In the absence of sodium azide and 2-deoxy-D-glucose 

treatment, there was no significant difference between MSD distributions in the three cell 

types (Fig. 5a). These control MSDs are the sum of thermal and ATP-driven 

contributions. In the presence of low azide, MSDs were reduced in all three cell types, 

and the difference between MSDs in normal and cancerous cells was statistically 

significant (p < 0.005). In the presence of high azide, MSDs were reduced more 

dramatically, but remained significantly higher (p < 0.005) in metastatic cells than in 

normal cells (Table 1). The fact that peroxisome MSDs were significantly higher in 

metastatic cells than in normal cells when active intracellular processes were reduced by 

ATP depletion suggests that these cells have differences in cytoplasmic mechanical 

properties, not just differences in motor activity. Specifically, peroxisome motion was 

less hindered by the cytoplasm in metastatic cells. In Fig. 5b, the contribution from 

myosin II activity to the MSDs (the difference between control and 10 µM blebbistatin 

bars) was larger for the tumorigenic cells than for normal or metastatic cells. 
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a

b

*
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*

*

Fig. 5 Comparison of ensemble 

average peroxisome MSDs for τ = 

90 s in normal (checkered), 

tumorigenic (striped), and 

metastatic (solid) cells. (a) The 

three groups show MSDs in 

control cells, cells treated with low 

azide (2 mM sodium azide + 2 

mM 2-deoxy-D-glucose), and cells 

treated with high azide (8 mM 

sodium azide + 50 mM 2-deoxy-

D-glucose).  (b) The two groups 

show the MSDs in control cells 

(with DMSO) and in cells treated 

with 10 μM (-)-blebbistatin. Error 

bars represent standard error of the 

mean (Eq. 6).  The * represents a 

significant difference (p < 0.005) 

 Treatment Median MSD (µm
2
) for   (1) p-value 

for 

distributions 

(2) p-

value for 

medians 
Normal Tumorigenic Metastatic 

  
  
  
  
  
 F

ig
. 
5
a 

Control 

 

0.2730 0.3126  0.278 0.457 

0.2730  0.3257 0.483 0.273 

Low Azide 

 

0.0190 0.1626  <0.005 <0.005 

0.0190  0.1888 <0.005 <0.005 

High Azide 0.0022 0.0025  0.480 0.420 

0.0022  0.0074 <0.005 <0.005 

  
  
  

F
ig

. 
5
b
 Control 

(DMSO) 

0.1640 0.5061  <0.005 <0.005 

0.1640  0.3985 <0.005 <0.005 

10 µM Bleb 0.0291 0.1236  <0.005 <0.005 

0.0291  0.2743 <0.005 <0.005 

 
Table 1  p-value results of the Mann-Whitney U test for differences between the MSD 

distributions of normal and tumorigenic cells, and of normal and metastatic cells, at τ = 

90 s. The last two columns in the table give (1) p-values for comparing the distributions 

of MSDs for each pair of cell types, and (2) p-values for comparing the median MSDs for 

each pair of cell types. 
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Such heightened motor activity in tumorigenic cells has also been observed in MCF-7 

cells, another tumorigenic breast cell line (Guo et al. 2014). In addition, there was a 

significant increase (p < 0.005) in myosin II-independent motion (10 µM blebbistatin 

bars) from normal to tumorigenic and from normal to metastatic cells (Table 1).  

3.4 The viscoelastic moduli of metastatic breast cells were lower than those in normal 

breast cells  

To address the hypothesis that cancerous breast epithelial cells have lower viscoelastic 

moduli than their normal counterparts, peroxisome MSDs from normal and metastatic 

ATP-reduced cells were used to determine apparent moduli |AM*| and viscoelastic 

moduli |G*| from Eq. 2, the generalized Stokes-Einstein equation. Use of Eq. 2 requires 

that the MSDs of endogenous particles of ATP-reduced cells are dominated by thermally 

driven motion and that the cytoskeletal structure of the cells is not changed by the drug 

treatment. It has been suggested that convergence of the MSDs from drug-treated and 

untreated cells is evidence that drug treatment has not altered the cytoskeleton (Mizuno et 

al. 2007; Guo et al. 2014). The MSDs of high-azide treated and untreated cells did 

converge at small  for the normal cells and the metastatic cells, but not for the 

tumorigenic cells (Fig 3). In addition, the large reduction in ATP concentrations after 

high azide treatment suggested that non-equilibrium peroxisome motions are largely  
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suppressed in high azide. For these reasons, we have applied GSE analysis to the high-

azide MSD data, obtaining the mechanical modulus G* (Figure 6d). For the purpose of 

comparison, the MSDs in control, blebbistatin, and low azide conditions were used to 

determine apparent moduli even though peroxisome motion in these conditions was still 

driven, to varying degrees, by ATP-powered processes. To avoid confusion with G*, we 

use the symbol AM*.  

Fig. 6 Viscoelastic moduli (|G*|) and apparent moduli (|AM*|) of normal (solid line) 

and metastatic (short dashed line) breast cells determined from peroxisome MSDs. 

Cells were either (a) untreated, (b) treated with 10 μM (-)-blebbistatin for 15 min – 1 h, 

(c) treated with low azide (2 mM sodium azide + 2 mM 2-deoxy-D-glucose) for 3-6 h, 

or (d) treated with high azide (8 mM sodium azide + 50 mM 2-deoxy-D-glucose) for 3-

6 h. Error bars show standard error of the mean (Eq. 6) 
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Figure 6 shows plots of |G*| and |AM*| for the normal and metastatic cell types and three 

treatments, as well as controls, for frequencies between 0.126 and 628 rad/s. The 

viscoelastic moduli increased from low shear frequencies to high shear frequencies in all 

cases. Treatment with azide or blebbistatin increased the apparent moduli by several 

orders of magnitude at low shear frequencies, flattening the curves. After treatment with 

high azide, curves for G* were nearly flat. After partial inhibition of active processes 

(Fig. 6b and c), the apparent viscoelastic moduli of the metastatic cells were 

approximately an order of magnitude smaller than those of normal cells at low shear 

frequencies (e.g., ω = 0.126 rad/s). The viscoelastic moduli of metastatic cells were 

approximately half those of normal cells at high shear frequencies (e.g., ω = 628.32 

rad/s). After treatment with high azide, the viscoelastic modulus of metastatic cells at ω = 

0.126 rad/s was half that of normal cells, and at ω = 628.32 rad/s, still less than normal 

cells by more than the standard error. Thus, the intracellular viscoelastic moduli of 

metastatic cells were lower than normal cells, at all shear frequencies from 0.126 to 628 

rad/s.  
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Figures 7 and 8 show the elastic and viscous moduli of AM*, and G* for normal and 

metastatic cells, respectively. In the presence of blebbistatin and low azide, AM’ and 

AM” showed strong dependence on  for both cell types. For cells treated with high 

azide, however, the curves for G’ and G” were flatter and the elastic modulus dominated 

over the viscous modulus at nearly all frequencies. The absolute values of G’ and G” 

were slightly lower for metastatic cells than for normal cells, confirming conclusions  

Fig. 7  Elastic ( solid line) and viscous (dashed line) components of  |AM*| and |G*| 

for normal breast cells treated with (a) 10 μM (-)-blebbistatin(b) low azide (c) high 

azide. The circles (○)  and triangles (Δ) are measurements of G’ and G” by active 

microrheology for beads in benign MCF-10A cells (Guo et al 2014). Error bars show 

the standard error of the mean. 
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reached from the MSD curves. As a test for the validity of our results, which required 

application of the GSE equation and ATP depletion, we added to Figs 7 and 8 values of 

G’ and G” determined by active microrheology in two cell lines similar to our normal and 

metastatic cells (Guo et al. 2014). These measurements do not use the GSE equation or 

drug treatment. We have converted Guo et al’s values of the cytoplasmic spring constants 

K’ and K” to G’ and G” using the Stokes relation K=6πGR, where R is the bead radius. 

Fig. 8 Elastic (solid line) and viscous (dashed line) components of AM* and G* for 

metastatic breast cells treated with (a) 10 μM (-)-blebbistatin, (b) low azide, or (c) 

high azide. The circles (○) and triangles (Δ) are measurements of G’ and G” by active 

microrheology of beads in malignant MCF-7 breast cells (Guo et al 2014).  Error bars 

show the standard error of the mean.  
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The similarity of the values of G’ and G” obtained by active and passive microrheology 

supports the reliability of the mechanical properties we have measured.  

4 Discussion  

Peroxisome MSDs in untreated cells determined here are comparable to MSDs in 

previous studies of similar cell types (Table 2). The effects of a variety of drug treatments  

 
a
peroxisomes, 

b
lipid granules 

Table 2 Comparison of MSDs of Particles in Untreated Breast Cells.  

 

on MSDs of particles in the interior of breast cells have also been studied previously 

(Goldstein et al. 2013). The purpose of that study was to understand mechanisms of 

particle transport; viscoelastic moduli were not reported.  

Breast Cell 
Type Author Probe Size 

Probe Introduction 
Method 

Tau 
Range (s) 

MSD Range 
(μm

2
) 

HMEC 
(benign, not 
immortalized) THIS WORK ~400 nm Endogenous

a
 0.01-90 0.0008-0.7 

MCF-10A 
(benign) Guo et al., 2014a 500 nm Microinjection 0.01-20 0.002-0.02 

  Agus et al., 2013 100 nm Ballistic Injection 0.03-10 0.0004-0.05 

  Gal and Weihs, 2012 200 nm Endocytosis 0.02-60 0.00002-0.1 

  Li et al., 2009 ≈500 nm Endogenous
b
 0.04-9 0.001-0.009 

    200 nm Ballistic injection 0.04-20 0.0007-0.03 

HMLER 
(tumorigenic) THIS WORK ~400 nm Endogenous

a
 0.01-90 0.001-0.7 

MCF-7 
(tumorigenic) Guo et al., 2014 500 nm Microinjection 0.01-20 0.002-0.07 

  Li et al., 2009 ≈500 nm Endogenous
b
 0.04-7 0.002-0.2 

    200 nm Ballistic injection 0.04-20 0.002-0.6 

MDA-MB-468 
(low 
metastatic) Goldstein et al., 2013 200 nm Endocytosis 0.02-60 0.00003-0.2 

  Gal and Weihs, 2012 200 nm Endocytosis 0.02-60 0.00003-0.2 

MDA-MB-231 
(high 
metastatic) Agus et al., 2013 100 nm Ballistic Injection 0.03-10 0.0004-0.2 

  Goldstein et al., 2013 200 nm Endocytosis 0.02-60 0.0001-0.7 

  Gal and Weihs, 2012 200 nm Endocytosis 0.01-60 0.0001-1 

  THIS WORK ~400 nm Endogenous
a
 0.01-90 0.001-0.8 



35 

 

A recent study by Guo et al uses active microrheology to determine the mechanical 

properties of several cell lines (Guo et al. 2014). Laser tweezers are used to oscillate 

microinjected 500 nm beads in the cytoplasm. The responses of the beads allow the 

calculation of G’ and G” without invoking the GSE equation. The values of G’ and G” 

obtained for MCF-10A (benign) and MCF- 7 (malignant) breast cells are shown in 

figures 7 and 8. The log-log slopes of G’ for our normal and metastatic cells, 0.10 and 

0.12, are similar to those in the MCF-10A and MCF-7 cells, 0.19 and 0.20. Noting that 

the cell lines are not identical, the agreement between G’ and G” measurements acquired 

by passive microrheology in ATP-depleted cells and active microrheology in untreated 

cells supports the validity of our use of passive microrheology and the GSE equation if 

ATP-depletion is carefully executed.  

While our MSDs are comparable to MSDs previously determined by particle tracking 

experiments in breast cells, our values of G are several orders of magnitude smaller than 

measurements by atomic force microscopy (AFM) indentation (500 – 2,000 Pa) even on 

the same cell types (Li et al 2008; Lee et al 2012; Agus et al 2013; Guo et al 2014b). The 

discrepancy probably arises because these techniques probe distinct structures within the 

cell. The poroelastic model of cell mechanics provides one way to bring the two results 

together into a single “two-phase” model. In this model, particle-tracking microrheology 

measures the properties of the viscoelastic fluid phase which can flow between 

interconnected pores within the elastic cytoskeletal mesh phase. Atomic force 

microscopy and magnetic twisting cytometry, which indent or displace the cell membrane 

from outside the cell, measure the modulus of the mesh phase. Confocal and electron 

microscopy images of cells show a mesh of closely spaced actin fibers close to the cell 
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membrane (Heuser and Kirschner 1980; Burnette et al. 2014). Projection confocal images 

of our MDA-MB-231 cells showed an average spacing of approximately 0.9 μm between 

fluorescently labeled actin stress fibers (L. McDonald and G. Holzwarth, unpublished), 

whereas the diameter of peroxisomes in these cells was ~0.4 μm. This suggests that 

peroxisomes are small enough to move through the pores between the stiff actin fibers, 

which behave like an elastic solid.  

The slopes of our log MSD vs log  curves (Figs. 3 and 4) were close to 0 for small 

values of  but increased to 1 for large values of . Such behavior is common in 

concentrated solutions of high MW polymers and is explained by constraint release (Doi 

and Edwards 1988), that is, at short times, polymer chains are entangled with one 

another, so they behave like a crosslinked elastic solid. However, over long times the 

chains can reptate around one another, releasing the entanglement restraints and thus 

allowing an increase in diffusion for a suspended probe particle. The mesh of stiff 

cytoskeletal fibers may behave similarly, trapping the peroxisome on a short time scale, 

but releasing the peroxisome from its trap of cytoskeletal fibers over longer times. The 

data for normal cells (Fig. 7) suggests that the constraint release time is roughly 0.1 s. 

The ATP- and myosin II-dependent random motion of particles within cells is usually 

explained as an indirect result of ATP- and myosin II-dependent cytoskeletal motions 

(Bursac et al. 2005; Hoffman et al. 2006; Van Citters et al. 2006; Bursac et al. 2007; 

Brangwynne et al. 2008; Gallet et al. 2009; Brangwynne et al. 2009). An alternative 

hypothesis is that such motion, especially for endogenous particles such as peroxisomes, 

is the direct result of multiple competing myosins attaching each peroxisome to multiple 

actin filaments with different orientations, with the result that the peroxisome is pulled in 
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different directions at different times (D. Lyles, personal communication, 2014). 

Whichever explanation is true, if active intracellular processes contribute to probe MSDs, 

a central assumption of GSE analysis is violated. In control, low azide, or blebbistatin 

conditions, the average peroxisome MSD of tumorigenic cells at the longest value of τ 

(90 s) was higher than that of normal cells. This suggests that one or more of the 3 genes 

hTERT, oncogenic H-rasV12, and the SV40 large-T oncogene transfected into HME 

cells to transform them into HMLERs led to increased peroxisome motion. Because the 

peroxisome MSDs for untreated and treated tumorigenic cells did not converge, this 

increased motion could be explained at least partly by increased motor activity, as 

compared to 21 normal cells. This conclusion is supported by Figure 5a, which shows 

that the average peroxisome MSD in tumorigenic cells was not significantly higher than 

that of normal cells when both were treated with high azide. Of the three genes 

transfected into the HMLERs, HRasV12 would be the most likely candidate responsible 

for increased motor activity because it is upstream of MLCK, which activates myosin 

binding to actin. Experiments comparing peroxisome motion in breast cells differing only 

in Ras activity would need to be performed to confirm this hypothesis. One difficulty in 

attempting to reduce the effect of active intracellular processes on peroxisome MSD 

measurements is the fact that depleting cells of ATP using sodium azide and 2-deoxy-D-

glucose could lead to rearrangements of the actin (Atkinson et al. 2004; Van Citters et al. 

2006; Mizuno et al. 2007; Guo et al. 2014). Because perfect inhibition of active processes 

and preservation of the cytoskeleton are difficult to simultaneously achieve in cells, the 

optimal balance may be to titrate active process inhibitors until changes in mechanics 

become just detectable. Toward this end, we have explored two levels of ATP inhibition 
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(low and high azide) as well as multiple levels of the motor-specific inhibitor, 

blebbistatin. Blebbistatin only partially reduced ATP-driven motion in our cells. 

Treatment with low azide, while sufficient to reduce ATP levels to 2-7% of controls in 

HASM cells (Bursac et al. 2005), did not reduce ATP levels in the breast epithelial cells 

studied here nearly as much (81-130% of controls). Treatment with high azide, on the 

other hand, reduced ATP levels to 1-8% in our cells. While cells undergoing this 

treatment did round up, average peroxisome MSDs converged to those of untreated cells 

at short values of τ, suggesting that any cytoskeletal changes that may have occurred did 

not affect peroxisome motion.  

5 Conclusions  

The elastic and viscous shear moduli (G’, G”) of interior regions of live normal and 

metastatic breast cells were determined by passive microrheology for shear rates between 

0.126 and 628 rad/s. The moduli were computed from mean-squared displacements 

(MSDs) of peroxisomes in the cells, following careful reduction of non-thermal, ATP- or 

myosin-dependent motions by treatment of the cells with sodium azide and deoxyglucose 

or blebbistatin. The shear moduli measured in this way were significantly reduced for 

metastatic cells as compared to normal cells, especially at low shear rates. The elastic 

modulus was almost always significantly larger than the loss modulus. Both the shear 

modulus for the cell interior, as reported here, and the elastic modulus of the actin cortex, 

which is commonly measured by AFM, determine the rate of stress relaxation following 

indentation of cells (Moeendarbary et al. 2013). For this reason, the measured values 

reported here for the interior viscoelastic regions of normal and metastatic breast cells, 
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define key parameters for the development of quantitative mechanical models of cell 

deformation during metastasis. 

 

 

Online Resources for the above manuscript are provided in the Appendix. 
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CHAPTER THREE 

 STIFFENING COLLAGEN GELS WITH PHOTOACTIVATABLE CROSSLINKS 

 

Amanda M. Smelser, Scott Smyre, Manuel Gomez, Xinyi Guo, Paul Jones, Jed C. 
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1 Introduction 

A second area in which mechanics plays a role in cell invasion is the mechanics of the  

microenvironment around an invading cell. As discussed in chapter one, not only do 

different human tissue types have highly variant characteristic stiffnesses, but also some 

cell types respond to these stiffnesses by altering their morphology and migration 

behavior. These observations could be relevant to breast cancer because of the increased 

stiffness of tumor tissue relative to normal tissues of the same type. To determine 

whether breast cancer cell invasion is affected by tissue stiffness, many cell culture 

models have been developed with variable stiffness for determining cell responses. Some 

of these are synthetic (polyacrylamide, PEG-diacrylate), and some 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 1 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, which is 

composed primarily of laminin and collagen IV (Wilson 2006; Maller et al. 2010). A 

number of proteins make up the breast stromal tissue, including collagens I,III, and V, 

proteoglycans, glycoproteins, and fibronectin (Barsky et al. 1982; Maller et al. 2010; Lu 

et al. 2012). Metastastic cells from an acinus en route to nearby arterioles, for example, 

would traverse this matrix.  Collagen I, one of the fibrillar collagens (other fibrillar 
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include collagens 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.  

For this reason, collagen I matrices are frequently used in cell culture, but 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 results in increased cell-collagen ligand 

density in addition to stiffness (Hadjipanayi et al. 2009). Collagen I matrices have also 

been stiffened by mixing with agarose, but agarose fills the pores between collagen fibrils 

and thus slows cell invasion (Ulrich et al. 2010). A number of chemical and enzymatic 

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

glutaraldehyde, genipin, riboflavin, and transglutaminase (Orban et al. 2004; Ibusuki et 

al. 2007; Sundararaghavan et al. 2008; Nichol et al. 2010; Haugh et al. 2011; Mullen et 

al. 2015). Synthetic matrices like polyacrylamide and PEG hydrogels have more easily 

Figure 1. Normal histology of breast tissue. Stromal collagen is stained pink. (Wilson 

2006) 



49 

 

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 

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 (Yeung et al. 2005). 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 (Tse and Engler 2010; Raab et al. 2012). 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, an additional criterion for cross-linkers is cytocompatibility 

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 (Sundararaghavan et al. 2008).  

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 using photomasks, for example, a stiffness gradient for studying 

durotaxis. One potential disadvantage includes cytotoxicity of the photoinitiators, which 

form free radicals upon photoactivation. Riboflavin generates superoxide radicals in the 
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presence of 465 nm light, and the photoactivated riboflavin and superoxide radicals both 

enable cross-linking of collagen (Rich et al. 2014). Tronci et al functionalized collagen I 

with the organic cross-linkers glycidyl methacrylate (GMA) and 4-vinylbenzyl chloride 

(4VBC) (2013). A nucleophilic reaction functionalized the methacrylate or vinylbenzyl 

groups to the ε-amino groups of collagen lysines. These functional groups cross-linked 

collagen by interacting 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.  

The original goal for our work was to embed cells in a 3D collagen I matrix with a linear 

stiffness gradient. We sought to combine GMA/4VBC functionalization of collagen, 

lithium acylphosphinate (LAP) as a photoinitiator, and a gradient mask with UV light to 

create this matrix. 

2 Method 

2.1 Collagen Functionalization 

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

chloride or glycidyl methacylate, 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 (see section 2.3 for method). 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 
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which 11% of amino acids are unspecified (Bolboaca and Jäntschi 2007). 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 5,000 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 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. 

2.2 Collagen Concentration Determination 

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 BCA assay is a modification of the Lowry and Biuret assays, and involves the 

reduction of Cu
2+

 to Cu
1+

 when it forms a complex with the peptide bonds of a protein in 
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a basic solution. BCA is sensitive and specific in chelating the resulting Cu
1+

, yielding 

the purple color measured at 562 nm (Fig. 2) (Smith et al. 1985).  

 

The BCA standard curve was generated using non-functionalized collagen I dilutions at 

0, 0.2, 0.4, 0.6, 0.8, and 1.0 mg/ml. The BCA-Cu
1+

 complex absorbs nearly linearly at 

562 nm for protein concentrations in this range (0.2-2 mg/ml)(Pierce Biotechnology 

2015). 

 The concentration of stock collagen I used for producing these dilutions had been 

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

label. For the remainder of the BCA assay, the general Pierce protocol 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 (1993). At least 3 repeats each of 

collagen standard solutions and unknowns were incubated with the BCA reagent in a 

Figure 2. Formation of 

purple complex with 

BCA and cuprous ion 

generated from the 

biuret reaction (Smith 

et al. 1985). 
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37ºC water bath for 30 minutes, then absorbances of all samples were determined at 562 

nm within 10 minutes of each other. Concentrations of unknowns were determined from 

substituting in their absorbances into a linear equation fit to the standard curve. If 

necessary, collagen samples were concentrated using Microcon® centrifugal filter 

devices (50,000 MWCO). 

2.3 Determination of % Functionalization 

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 

functionalized with cross-linker (Bubnis and Ofner 1992; Tronci et al. 2013). When 

TNBS binds to free ε-amino groups on collagen lysines, the result is a yellow solution 

which absorbs at 346 nm; the ratio of the absorbances of TNBS-reacted solutions of 

functionalized vs. non-functionalized collagen thus yields percent functionalization of the 

lysines, since lysines bound to cross-linker will not bind TNBS. Collagen in 0.02 M 

acetic acid (1 mg) was neutralized with 1 ml 4% sodium bicarbonate (pH 8.7) and reacted 

with 1 ml 0.5% TNBS at 40ºC for 4 hours. The reaction was stopped by addition of 3 ml 

6 N HCl, and then autoclaved at 121 ºC and 15-17 psi for 45 min to dissolve any 

insoluble particles. TNBS-bound collagen was extracted three times with ethyl ether, then 

diluted. After ethyl ether was evaporated off, the absorbance at 346 nm was measured 

with a Cary 50 UV-Visible light spectrophotometer. The blanks used for these assays 

were 0.02 M acetic acid with no added collagen I, reacted and processed as were the 

other samples. The average absorbance of the blanks was subtracted from all other 

measured absorbances prior to determination of moles lysine per gram of collagen. Moles 

lysine per gram of collagen was determined using the following equation: 
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𝑚𝑜𝑙

𝑔
=  

2 ×𝐴𝑏𝑠346×𝑉

𝜀×𝑙×𝑚
     (1) 

where V is the volume of the diluted sample, ε is the extinction coefficient of TNBS-

reacted collagen (1.46 x 10
4
 L· mol

-1
·cm

-1
), l is the cuvette path length (1 cm), and m is 

the mass of collagen in the sample (0.001 g)(Tronci et al. 2013). 

The percent functionalization was determined from the moles lysine per gram collagen 

for functionalized and non-functionalized collagen samples as follows: 

% 𝐹 = 1 −  
𝑚𝑜𝑙(𝐿𝑦𝑠)𝐹𝑢𝑛𝑐𝑡.  𝐶𝑜𝑙𝑙𝑎𝑔𝑒𝑛

𝑚𝑜𝑙(𝐿𝑦𝑠)𝐶𝑜𝑙𝑙𝑎𝑔𝑒𝑛
     (2) 

 

2.4 Photoinitiator Synthesis 

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

propanone, was used in this work as a photoinitiator for cross-linking of functionalized 

collagen, since it is commonly used for biological applications. The molar absorptivity of 

I2959 at 365 nm was not sufficient to induce cross-linking by irradiation with 8W 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. Fairbanks et 

al showed that lithium acylphospinate (LAP) had a higher efficiency as a photoinitiator 

than I2959 when irradiated with 365 nm UV light. The use of this longer wavelength UV 

light for irradiation is advantageous because it reduces the potential for DNA damage in 

cells embedded in the collagen gels during cross-linking. As LAP is not commercially 

available, the Anseth laboratory kindly provided us an initial amount. Upon promising 
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results from this sample, Dr. Paul Jones (WFU Chemistry Department) helped us 

synthesize more LAP using the method summarized in the literature (Majima et al. 1991; 

Fairbanks et al. 2009). An equimolar amount of 2,4,6-trimethylbenzoyl chloride was 

added dropwise to dimethylphenylphosponite, and then stirred under argon overnight at 

RT. This Michaelis-Arbuzov reaction produced methylphenyl-2,4,6-

trimethylbenzoylphosphinate and methyl chloride. The methylphenyl-2,4,6-

trimethylbenzoylphosphinate was then reacted with a four-fold excess of lithium bromide 

in 2-butanone at 50ºC for 10 min for solvolysis of the ester, or replacement of a methyl 

group with the lithium ion. The crystallized product, lithium phenyl-2,4,6-

trimethylbenzoylphosphinate, or lithium acylphosphinate (LAP), was cooled and allowed 

to rest, then washed and filtered with 2-butanone to remove unreacted lithium. Excess 

solvent was removed by vacuum.  

2.5 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 x 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 
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3-aminopropyltriethoxysilane and glutaraldehyde for protein adhesion. Coverslips coated 

with Rain-X were placed on top to flatten the gel surface.  

 

Once the mixture was formed in the dish, it was placed in an N2 environment for at least 

2 minutes to prevent formation of reactive oxygen species (ROS) that could interfere with 

the cross-linking reaction (Fig. 3). 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/cm
2
. Gels were stored in DPBS or cell culture medium. 

3 Results 

3.1 Collagen Concentration Determination 

A representative standard curve with linear regression for collagen I is shown (Fig. 4) for 

the BCA assays with 0.0035% SDS. From this particular assay, the unknown collagen I 

sample was determined to be 13.1 mg/ml.  

N
2

 

365 nm  

Collagen 
mixture 

Coverslip 
w/ Rain-

0.5 
mm 

Silicone 
mold 

Glass 
bottom 
of dish 

5 mm 

Blow N
2 
into 

chamber for ≥ 2 min 
prior to irradiation 

Figure 3. Setup for cross-linking of functionalized collagen gels 
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Figure 4. Linear regression of concentration of collagen I vs. absorbance at 346 nm, used 

as a BCA assay standard for determination of the unknown concentration of a collagen I 

sample. Cuvette path length = 1 cm 

 

 

3.2 Percent Lysine Functionalization 

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. 
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3.3 LAP Synthesis 

The crystallized, washed lithium acylphospinate 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 5 shows the confirming absorption spectrum. Additionally, 

Dr. Paul Jones, in the WFU Chemistry Department, confirmed the structure of the 

product by 
13

C NMR. 

 

Figure 5. Absorbance spectrum 

of 4 mM lithium 

acylphosphinate from 300 to 

600 nm, confirming a peak in 

absorbance near 365 nm. 

Cuvette path length is 1 cm. 

 

 

 

3.4 LAP is a more efficient photoinitiator for collagen-GMA cross-linking than I2959 

In initial cross-linking experiments, I2959 (0.7-1.0%) was used as a photoinitiator, in 

accordance with the work by Tronci et al (2013). The UV source used during these 

experiments was a UVP transilluminator with 8W bulbs, with options for irradiation at 

254, 302 or 365 nm. Use of 365 nm UV resulted in no apparent cross-linking of collagen 

I-GMA even after 1 hr of irradiation. Use of 302 nm UV, however, did appear to result in 

cross-linking by 20 min of irradiation. Collagen I-GMA gels of approximately 5 mg/ml 

(determined by Bradford, rather than BCA Assay) were subsequently made by irradiating 
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30, 60, and 90 min at 302 nm, and their elastic moduli were determined by AFM (Xinyi 

Guo). The resulting elastic moduli are shown in Figure 6. 

 

Figure 6. Elastic moduli of collagen-GMA gels (~5 mg/ml) cross-linked by addition of 

1% I2959 and irradiation with 302 nm UV (UVP transilluminator, 8W bulbs). Error bars 

represent standard deviation of 10 measurements made on each gel. 

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

application with gels containing embedded cells, for which UV exposure should be 

limited. 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 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. 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 min of 
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irradiation (365 nm), but the I2959 and control gels did not. Therefore, LAP was a more 

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

subsequent experiments. 

Even so, after 27 min of irradiation the gels cross-linked with LAP did not remain intact 

when touched. To increase the rate of cross-linking, the method was further modified by 

flooding the gel with N2 to prevent formation of ROS which interfered with cross-linking. 

Additionally, the UV source was changed to the 100 W Blak-Ray lamp. Figure 7 shows 

the elastic moduli of 6.5 mg/ml collagen-GMA gels irradiated for 5, 15, 30, 60, 75, 90, 

and 120 s. These results demonstrate that the elastic moduli of collagen I-GMA gels 

cross-linked using LAP increase with irradiation time. For the conditions used, the elastic 

modulus continued to increase for irradiation times up to 90 s, reaching a maximum 
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Figure 7. Elastic moduli of 6.5 mg/ml collagen I-GMA (solid) and collagen I-4VBC 
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elastic modulus of 1 kPa, which was only achieved in the original protocol after 90 min. 

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

to 30 s of irradiation (Fig. 7), which was expected since 4VBC is a shorter cross-linker. 

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 (Greenwald and Moy, 

1979). 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 (see chapter 4). This change in irradiation time for the peak modulus could be 

explained by the higher percent functionalization in the second batch. 

4 Conclusions 

The percent functionalization of collagen I lysines with GMA and 4VBC varied batch-to-

batch, with ranges of 20-60% and 4-30%, respectively, when added at a molar ratio (MR) 

of 50. These ranges, though large, agree with results by Tronci et al, which were 54±4% 

and 34±4%, respectively. Further, when GMA was added at a MR of 75, lysine 

functionalization reached 80%, showing MR dependence consistent with the literature 

(Tronci et al. 2015). Results of cross-linking experiments demonstrate that LAP is a more 

efficient photoinitiator for collagen-GMA cross-linking than I2959, which is consistent 

with results in the Anseth lab comparing the two photoinitiators for use with PEG-

diacrylate gels (Fairbanks et al. 2009). Further, by using the method described here, the 

elastic modulus of a 6.5 mg/ml collagen I-GMA gel can be tuned between 200 and 1000 

Pa by varying irradiation times up to 90 s, and between 700 and 1600 Pa by varying 

irradiation times up to 30 s, for 6.5 mg/ml collagen I-4VBC. 
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1 Introduction 

1.1  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 (Fig. 1). 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 (Shoulders and Raines 2009).  

 

 

Figure 1. 

Biosynthetic route 

to collagen fibers 

(Shoulders and 

Raines 2009). 
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To use collagen matrices for cell culture, the cross-links in native collagen are broken 

down by acid extraction to produce monomeric, soluble collagen (Chandrakasan et al. 

1976). Upon neutralization of this solution at 37ºC, 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 (Williams et al. 1978; Yang et al. 2009; 

Achilli and Mantovani 2010). Figure 2 shows the temperature dependence of collagen 

pore size and fibril diameter. Pore sizes of 1.2 and 2.4 mg/ml collagen I matrices were 2-

3 μm, when measured from reconstructed CRM images (Lang et al. 2013). Based on 

these data, the predicted pore size for the 8.8 mg/ml collagen gels in this work would be 

less than 1μm.   

 

The compressive elastic modulus of individual collagen I fibrils ranges from 2-200 MPa, 

depending on pH and ionic strength of the buffer in which they are measured (Grant et al. 

2009; Baldwin et al. 2014). These numbers are 3-4 orders of magnitude larger than the 

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

Figure 2. Confocal reflectance microscopy images of 2 mg/ml collagen gels formed at 

different temperatures. Pore size increases from 7 to 12 μm and fibril diameter increases 

from 51 to 65 nm with decreasing temperature. Note that confocal reflectance 

microscopy does not show fibrils that are not parallel with the focal plane, so these 

appear less dense than reality. Each image shows a region that is ~123 μm in width. 

Adapted from Yang et al. 2009. 



69 

 

range from 300-3000 Pa, depending on collagen concentration (3-9 mg/ml)(Raub et al. 

2010).  

1.2 Atomic Force Microscopy (AFM) 

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

collagen, one advantage of atomic force microscopy is that it 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. 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,  

Figure 3. Schematic of contact 

atomic force microscopy (AFM) for 

determination of the elastic modulus 

of a sample. Adapted from 

(Wikipedia, 2015) 
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𝐹 =
3

4

𝐸

(1−𝜈2)
𝑅1/2𝑑3/2       (1) 

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

is the radius of the spherical probe on the cantilever, and d is the indentation depth of the 

sphere in the material (Popov and Heß 2014). 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 (Popov 2010). 

Neither collagen I nor polyacrylamide, which we used for calibration of the AFM, is a 

purely elastic material, but the Hertz model still fits their force vs. indentation curves well 

(Xu et al. 2013; Abidine et al. 2013). 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, 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. 

2 Methods 

2.1 AFM Calibration 

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

in the WFU Department of Biomedical Engineering, 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 (Butcher et al. 

2009).  The weight percents acrylamide and bis-acrylamide were chosen based on work 

by Yeung et al. showing how the elastic shear modulus, G’, varies with these amounts 
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(2005). 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 (Takigawa et al. 1996; Pritchard et 

al. 2013), and since,  

𝐸 = 2𝐺(1 + 𝜈)      (2) 

 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’-

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 (Sader et al. 1999). 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 contant as follows: 
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2 2

0 0 0.1906 ( ) fk b LQ          (3) 

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 (Sader et al. 1999). 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 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 Figure 4, 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.  
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True stress, σ, and true strain, ε, were determined as follows,  

𝜎 =  
𝐹(𝐻0−∆𝐻)

𝜋(
𝑑

2
)2𝐻0

       (4) 

𝜀 = ln (
𝐻0−∆𝐻

𝐻0
)      (5) 

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 (Normand et al 2000). True stress and true strain differ from 

engineering 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, 

𝜎 = 𝐸𝜀       (6) 

 

 

Figure 4. Compression of elastic gel with macroscale indenter 

H
0
 

d 
ΔH 

F 

Gel 

Platen 
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2.2 Collagen gelation and cross-linking 

Collagen I-GMA gels (0.5 mm thick) were prepared as described in section 2.5 of chapter 

3. The gels used in this chapter had a higher concentration of collagen I-GMA (8.8 vs. 6.5 

m/gml) and a lower concentration of LAP (1.1 vs. 2.2 mM) than those in chapter 3. Non-

functionalized collagen I gels were mixed according to the same recipe, except without 

LAP, then allowed to gel for 2-3 hours in a 37ºC, 5% CO2 incubator. All collagen gels 

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

3 Results 

3.1 AFM cantilever calibration and confirmation by macroscale indentation 

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 (Table 1). 

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 each instrument are shown in 

Figure 5.  
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The agreement between measurements from the two different instruments supports the 

accuracy of both. The expected modulus from the literature, however, was much lower,  
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Figure 5. Representative raw data and fits from AFM and macroscale indentation 

of polyacrylamide gels. (a) AFM force vs. indentation curves for polyacrylamide 

(0.75% acrylamide, 0.08% bis-acrylamide), showing extension curve (squares), 

retraction curve (circles), and Hertz model fit (line). The retraction curve dips 

below the extension curve, indicating some adhesion between probe and substrate. 

(b) Bose® macroscale indenter true stress vs. true strain curve (circles) with linear 

regression fit (line) for the same polyacrylamide gel as shown in (a). Slope of 

linear regression is the elastic modulus. 
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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 (Table 2). Polyacrylamide gel swelling over time by storage in water causes 

Poisson’s Ratio to drop from 0.50 to 0.26, indicating that storage conditions affect their 

mechanical properties (Pritchard et al. 2013). These results demonstrate the consistency 

Location Gel 1  Gel 2  Gel 3  

1a 8.84 (0.114)* 9.83 (0.177)* 9.00 (4.441) 

1b 9.69 (0.836) 10.11 (0.091) 8.65 (1.808) 

2a 7.64 (0.063) 9.16 (0.199) 8.63 (0.432) 

2b 8.83 (0.410) 9.60 (0.710) 8.87 (0.143) 

3a 9.69 (0.935) 8.91 (0.466) 8.92 (0.901) 

3b 9.99 (0.042) 8.72 (0.923) 8.96 (0.313) 

Avg ± std dev 9.11±0.87 9.39±0.55 8.84±0.16 

Thickness 5 mm  1 mm 5 mm 

Location Gel 4  

1a 5.86 (2.270) 

1b 5.88 (1.912) 

2a 5.16 (0.598) 

2b 5.81 (1.658) 

3a 5.87 (0.143) 

3b 6.95 (0.007) 

Avg± std dev 5.92±0.58 

Table 1. Elastic moduli of three polyacrylamide gels (7.5% 

acrylamide, 0.08% bis-acrylamide) made on different days. Gels were 

measured in PBS by atomic force microscopy on the same day they 

were polymerized. Each gel was indented at three random locations, 

and duplicate measurements were taken at each location. Reduced χ
2 

values are shown in parentheses, and asterisks indicate indentation 

velocity of 2 μm/s. 

Table 2. Elastic modulus of a 

polyacrylamide gel (7.5% acrylamide, 

0.08% bis-acrylamide) measured after 

storage at 4ºC for 4 days in PBS. 

Measurements were taken in duplicate at 

three random locations. Reduced χ
2 

values 

are shown in parentheses. 
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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. 

3.2 Collagen I-GMA spans the range of breast cancer- relevant stiffnesses 

After confirming the cantilever calibration method, the AFM was used to determine the 

elastic modulus of non-functionalized and GMA-functionalized collagen I. 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.  

Work proceeded with collagen I-GMA, alone. 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 37ºC 

temperature. These high concentration cross-linked collagen I- GMA gels can be tuned to 
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stiffnesses ranging from the stiffness of normal breast tissue to the stiffnesses of breast 

tumors by irradiating gels with 365 nm UV for 2 min. or less. 

 

 

 

 

4 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 cancer 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. One example of a The concentration of collagen I-GMA necessary to 
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achieve this range in these studies, however, is higher than ideal for embedding cells in 

3D culture. Migration of breast cancer (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 stiffness 

gradients in 3D. 
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CHAPTER 5 

 BREAST CANCER CELL MIGRATION ON CROSS-LINKED COLLAGEN 

 

 

Amanda M. Smelser, Melissa Pashayan, Manuel Gomez, Jed C. Macosko, George 

Holzwarth 

 

 

Amanda Smelser performed migration experiments and Melissa Pashayan tracked and 

analyzed cell migration. Manuel Gomez embedded cells in 3D collagen-GMA. Jed 

Macosko and George Holzwarth acted in an advisory capacity. 
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1 Introduction 

Certain cell types respond to the stiffness of their environments, not just by altering gene 

expression and morphology but also by altering their migration. Lo et al. demonstrated 

that 3T3 fibroblasts preferentially migrate toward the stiff end of a stiffness gradient (Lo 

et al. 2000). This behavior is termed “durotaxis”. Vascular smooth muscle cells also 

undergo durotaxis in 2D on collagen-coated polyacrylamide (Wong et al. 2003).  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 (Raab et al. 2012). 

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 

(McGrail et al. 2014). 

The effect of microenvironment stiffness on cell migration is relevant to breast cancer 

cells, because breast tumors, as discussed in chapter 1, are ~5 times as stiff as normal 

breast tissue. 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 ECM deposition, and particularly, an increase 

in collagen V content from less than 0.1% to 10% of stromal collagens (Barsky et al. 

1982; Schedin and Keely 2011). Proliferation of mutated cells in acinus lumens and an 
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increase in interstitial fluid from leaky vasculature in tumors also increase pressure (Fig. 

1) (Butcher et al. 2009).  

 

But breast tissue stiffness does not seem to be simply an effect of cancer; increased 

mammographic density and stiffness are also risk factors for breast cancer (McCormack 

and Silva 2006; Boyd et al. 2011). Increased stromal collagen vs. fat content correlates 

with this increased density (Huo et al. 2015; Pang et al. 2015). Furthermore, cross-linking 

of 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 (Levental et al. 2009). On the other hand, Fenner et al 

observed that more metastases occurred after cutting out compliant tumors from mice 

Figure 1. Transformed 

cells (blue) proliferate 

and fill lumen of 

mammary acinus to 

exert outward force on a 

stiffened stroma. 

Interstitial fluid from 

leaky vasculature 

increases resistance 

against this force. 

Factors excreted by the 

proliferating mass of 

mutated cells recruit 

fibroblasts. Fibroblasts 

transdifferentiate to  

myofibroblasts and align 

matrix fibers to promote 

invasion. (Butcher et al. 

2009) 
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than occurred after cutting out stiff tumors (Fenner et al. 2014). 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. 

2 Methods 

2.1 Gel formation 

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

described in chapter 3, section 2.5, 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 

 

Figure 2. Schematic of setup for making thin collagen gels (Kreutzfeldt 2014) 

Delrin piston

Delrin ring

culture dish 
coverslips

bead

collagen 

mixture



87 

 

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. 2). 

Collagen I-GMA gels were irradiated with 365 nm UV for 120 s, with an intensity of 4.4 

mW/cm
2
. 

2.2 Migration Assay 

MDA-MB-231 cells (100,000-200,000) were seeded on the surface of ~90 μm gels in 

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

(BPE), and 1-3 days later, stained with CellTracker
TM

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

Germany, 6.5 μm x 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. 

2.3 Cell Tracking 

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 100x100, 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 
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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 3 shows the initial 

image of a video with Active Contours outlines and tracks.  

 

Average frame-to-frame speed (μm/h) was acquired for each cell track from the 

coordinates of the centers of the cells as follows: 

�̅� =
∑

√(𝑥𝑛+1−𝑥𝑛)2+(𝑦𝑛+1−𝑦𝑛)2

𝑡𝑛+1−𝑡𝑛

𝑁
𝑛=1

𝑁−1
     (1) 

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. 

a b

Figure 3. Bandpass-filtered fluorescence images of MDA-MB-231 cells seeded on 

thin layers of collagen I (8.8 mg/ml). Figure also shows Icy software Active Contours 

outlines (multi-colored) and tracks (yellow). Scale bar is 100 μm. (a) is non-

functionalized collagen I, and (b) is collagen I-GMA cross-linked by irradiation for 

120 s. 
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3 Results  

MDA-MB-231s 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.  

For each condition, distributions 

(histograms) of frame-to-frame 

speeds are shown in Figure 4. 

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 show the feasibility of future migration experiments 

and analysis, in which cell seeding density will be controlled. 

Conclusions 

MDA-MB-231 cells survive and migrate on collagen I-GMA gels. Average migration 

speeds for cells on both non-functionalized collagen I and UV-crosslinked, collagen I-
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Figure 4. Distributions of average frame-to-

frame speeds for cells on 8.8 mg/ml  (a) 

collagen I and (b) collagen I-GMA. Cells were 

tracked on 3 gels of each type. 
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GMA gels were less than 1 μm/h. Methods described in this and preceding chapters 

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; Sunyer et al. (2012) and Yeung et al. (2005) used a 

sliding mask and transparency masks with printed gradients, respectively, to create 

stiffness gradients. 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 (Gorgone et al. 2004, 

Sundararaghavan et al. 2009).

 

Figure 5. MDA-MB-

231 cells embedded in 

collagen I-GMA. 

MDA-MB-231 cells 

were stained with 

Calcein AM, 

indicating their 

survival. Collagen I-

GMA is 3.8 mg/ml, 

and was cross-linked 

with Irgacure 2959® 

and irradiation at 302 

nm for 5 min. 
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As a final note for future work toward development of 3D 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 (Fig. 6). 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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APPENDIX 

The following supplemental material for chapter 2 was published online in Biomechanics 

and Modeling in Mechanobiology, 2015. 
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RESOURCE 1:  MOVIE OF PEROXISOME MOTION IN AN UNTREATED, 

NORMAL HUMAN MAMMARY EPITHELIAL CELL (Online Resource: filename =: 

Smelser_OnlineResource_1). The movie shows five consecutive 1 s bursts of 100 frames 

each. Bursts are separated by 9 s gaps due to shuttering; the total elapsed time is 41s. The 

cross-hairs show the location of a peroxisome as determined by Video Spot Tracker 

software. Although the VST software determines the location to subpixel accuracy, the 

cross-hairs’ location can only be displayed to the nearest pixel.  
 

RESOURCE 2:   3D mesh plots of fluorescent intensities of peroxisomes. 
 

 

Fig. R2 3D mesh plots of (a) fluorescent intensities in a region of interest around a 

tracked peroxisome (center peak), and (b) a Gaussian fitted to fluorescent intensities in 

panel (a). Peroxisome radii were determined to be 191 ± 42 nm from the width of fitted 

Gaussians as shown above. 

a b

x (pixels) x (pixels)
y (pixels) y (pixels)
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RESOURCE 3:  The effect of the Point Spread Function (PSF) on the determination of 

peroxisome radius 

Diffraction causes a systematic error when a microscope is used to determine particle 

size. Because of diffraction,  the image of a point object in the microscope is an Airy 

disk, not a point. because of diffraction. The Airy disk has a strong central lobe 

surrounded by low intensity rings. The intensity in the central lobe is well approximated 

by a Gaussian. The width of the Gaussian is given by:     

   𝜎𝑝𝑠𝑓 =
1

𝑛𝑘𝑒𝑚
⌈

4−7𝑐𝑜𝑠
3

2⁄ +3𝑐𝑜𝑠
7

2⁄ 

7(1−𝑐𝑜𝑠
3

2⁄ )
⌉

1/2

≈ 0.22
𝜆𝑒𝑚

𝑁𝐴
  

where kem = 2πn/λem, , λem is the wavelength of the emitted light, n is the refractive index 

of the medium in contact with the microscope objective,  is the maximal convergence 

semiangle of the objective ( α = sin
-1

(NA/n)),  and NA is the numerical aperture of the 

objective (Zhang et al (2007)). Inserting λem= 0.509 m as the emission wavelength of 

GFP, NA = 1.4 for our Nikon 60x objective, and n = 1.51 for the refractive index of the 

oil used with our objective, one obtains  σpsf = 0.080 μm.  

For epifluorescence imaging with a wide-field microscope and CCD camera, the size of 

the error is determined by the PSF of the microscope objective and by the pixel size of 

the camera. We will assume that the pixels are small enough to digitize the PSF without 

degradation.   

The images of small objects such as peroxisomes and beads are also broadened by 

diffraction. The broadened particle image is the convolution of the PSF with the true 

particle image.  If the PSF, the observed image, and the true image are all approximated 

by Gaussians, the variance of the convolved image is the sum of the variances of the PSF 

and the true image. The width of each Gaussian is then the square root of the respective 

variance.  Calling the width of the true image σ0,  the width of the convolved image σconv 

was evaluated for 0.023 ≤ σ0 ≤ 0.60 μm while keeping σpsf  = 0.080 μm. The broadening 

effects of diffraction  are shown in Fig R3.  The figure shows that diffraction has a 

relatively small effect on particles of radius 0.15 m or greater. 
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Figure R3 shows that the measured radius of peroxisomes, 0.191 ± 0.042 μm, falls above 

the PSF and into the zone where beads can be sized.  If the measured peroxisome radius 

was corrected for PSF effects using Fig R3, the mean peroxisome radius would be 

reduced to 0.179 μm, a change of 7%. Peroxisome radii were not corrected for this effect 

because the change was small. 

 We have tested whether our microscope/camera system could distinguish between 

fluorescent beads of diameter 0.2, 0.4, 0.5, and 1 m. The results are also shown in Fig 

R3. The measured Gaussian widths are approximately as predicted by the theory.  

  

Fig. R3 The width σconv of a Gaussian fluorescent object of true width σ0 after 

broadening by a PSF of width 0.080 µm.  The width of the broadened Gaussian is given 

by the heavy line.  The straight diagonal dashed line is a reference line for σconv when 

there is no diffraction.  Blue circles (  ) mark the measured width of fluorescent 

polystyrene beads of known radius R. The red square (■) marks the measured mean 

radius of the peroxisomes. Error bars are ± one standard deviation. In several cases for 

bead data, the error bars fall within the symbols.  
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RESOURCE 4: Demonstration that the tracking of beads undergoing Brownian motion in 

water, followed by GSE analysis, leads to the correct (Handbook) viscoelastic modulus of 

water. 

 

Fig. R4 Experimentally determined viscoelastic modulus of water (long dash, filled 

diamonds) and 2 mg/mL xanthan (short dash, open diamonds) compared to expected 

viscoelastic moduli of water as determined from the CRC Handbook (solid red line)(1). 

Fluorescent polystyrene beads (diameter = 0.40 μm) were suspended in 80 mM PIPES 

with 7.8% KCl, or 2 mg/mL xanthan in 80 mM PIPES with 7.8% KCl, and imaged at 100 

fps in a microfluidic chamber with inner dimensions x, y, z = 8 mm, 18 mm, 70 μm. 

________________________________________________________________________ 
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RESOURCE 5: Bihistograms of the MSDs of normal, tumorigenic, and metastatic cells. 

Fig. R5 Bihistograms of the MSDs of normal, tumorigenic and metastatic cells in 8 mM 

sodium azide + 50 mM 2-deoxy-D-glucose (τ = 20 s).   

The observed histograms are not normally distributed, nor is a normal distribution 

expected (Grebenkov, 2011).  The expected distribution function also differs from a log-

normal function. Because the histograms are not normally distributed, the usual Student’s 

t-test for significant differences between distributions cannot be applied.  Non-parametric 

rank-based tests, such as Mann-Whitney, have been developed to address this problem. 

 

RESOURCE 6: Diagram showing the relative sizes of peroxisome tracks, peroxisomes, 

and noise. 

 

1 μm

Control   Low azide High azide Noise

Peroxisome

(Approx. 

Size)

Step size (τ) = 10 s, total path duration = 90 s
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Fig. R6 Tracks of single peroxisomes in normal human mammary epithelial cells 

incubated in MEGM,  MEGM with low azide (2 mM sodium azide + 2 mM 2-deoxy-D-

glucose) or MEGM with high azide (8 mM sodium azide + 50 mM 2-deoxy-D-glucose). 

Tracks with MSDs within 10% of the average peroxisome MSD for each condition 

(control, low azide, high azide) were chosen to be representative for that condition. The 

“noise” track was determined by imaging the motion of 0.40 μm fluorescent polystyrene 

beads adhered to the bottom of a dish. Each vertex in the path represents the location of 

the particle 10 s after the previous location was determined, and the total path duration is 

90 s. The average peroxisome size relative to these tracks is shown in the bottom right 

hand corner. 
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