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ABSTRACT 

Cancer metastasis, or the formation of a secondary tumor at a site distant from the 

primary tumor, is known to be an inefficient process. Historically, it was believed that the shear 

stresses and forces experienced by cancer cells traveling through the circulatory system are major 

limiting factors to their metastatic potential and viability. High levels of fluid shear stress are 

known to be capable of destroying tumor cells. However, more recent research has shown that 

cancer cells survive migration through the circulatory system and extravasation into distant 

tissues with a high degree of efficiency, indicating that hemodynamic forces are not primarily 

responsible for metastatic cancer cell death. A current subject of investigation is the 

biomechanical effect of fluid shear stress on cancer cells – how do cancer cells react to the fluidic 

forces and stresses they experience in circulation? This study focused on quantifying the elastic 

modulus and rupture behavior of prostate cancer and prostate epithelial cells, with and without 

exposure to fluid shear stress. Micropipette aspiration was the means of inducing deformation and 

rupture of the cell membrane. Images obtained through micropipette aspiration were analyzed to 

calculate elastic modulus and to quantify local stresses along the aspirated cell membrane. An 

axisymmetric stress model of the aspirated cell membrane was solved using MATLAB; the trends 

for direction and relative magnitude of stresses were confirmed by an Abaqus finite element 

model.  

Results of the micropipette aspiration included statistically significant differences in 

elastic modulus and rupture pressure between experimental groups. The elastic modulus of 

epithelial cells exposed to shear stress was significantly higher than that of the cancer cell groups, 

both exposed and unexposed to shear stress. There was no difference in elastic modulus between 

cancer cells exposed to shear stress and unexposed to shear stress. This is contrary to the findings 

of a previous study; prostate cancer cells have been observed to stiffen after exposure to shear 

stress. It has also been well documented that epithelial cells exhibit higher elastic moduli than 
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cancer cells; however, no difference was observed in this study in the comparison of elastic 

moduli of cancer and epithelial cells that were unexposed to shear stress. The rupture pressure of 

the cancer cells unexposed to shear stress was significantly lower than any other group. This 

suggests a strengthening reaction of the cancer cell membrane in response to shear stress 

exposure. This effect was observed to be transient; the increase in rupture pressure disappeared 

by an hour after the shear stress exposure. The epithelial cells did not exhibit any change in 

rupture pressure after exposure to shear stress. There was no correlation between elastic modulus 

and rupture pressure; the stiffness of the cells did not indicate how likely they were to rupture.  

The MATLAB and Abaqus models agreed well for trends of principal stresses and von 

Mises stress. The MATLAB model was quite sensitive to the curvature of the spline fitted to the 

membrane edge, resulting in irregular patterns and some extreme values of stress and making the 

results difficult to interpret. The maximum stress did tend to increase with increased aspiration 

pressure. The location of the maximum stress along the membrane did not reliably correspond to 

the location of rupture during micropipette aspiration. This model may be improved by 

automating the process of fitting a spline to the edge of the membrane to reduce user error in 

plotting individual points.  

Further studies to characterize the effects of fluid shear stress on cancer cell mechanics 

will be useful to confirm differences in elastic modulus and rupture pressure and to investigate 

the effect of time, temperature, cancer cell line, culture medium, and other variables on cancer 

cell properties.   
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PUBLIC ABSTRACT 

Cancer cells experience unique fluidic stresses and forces while traveling through the 

bloodstream during metastasis. Recent research has shown that these forces do not play a major 

role in metastatic inefficiency, but that cancer cells navigate the circulatory system and 

extravasate into distant tissue with a high rate of survival. It has also been demonstrated that 

cancer cells exposed to fluid shear stress exhibit a change in mechanical properties such as the 

elastic modulus. This study used micropipette aspiration to investigate the effect of fluid shear 

stress exposure on the elastic modulus and rupture pressure of prostate cancer and epithelial cells. 

Cancer cell rupture behavior is a relatively new area of investigation, and was quantified in this 

study by the aspiration pressure at which the membrane ruptures. A computational model was 

also constructed to quantify local stresses along the membrane of the cell undergoing 

micropipette aspiration.  

The results of the study partially agree with previously published data; the cancer cells 

exhibited an adaptive response to the fluid shear stress by an increase in their rupture pressure. 

However, the increased stiffness of cancer cells after exposure to shear stress seen in other studies 

was not detected in this investigation. It may be concluded that cancer cells react to shear stress 

by strengthening their membranes in a way that does not increase their stiffness, while epithelial 

cells do not exhibit any significant reaction to shear stress in either stiffness or failure strength.   
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CHAPTER 1:  INTRODUCTION 

1.1  Background in Cancer Cell Mechanics 

 Cancer is an often-deadly disease affecting hundreds of thousands of people per year in 

the United States alone. Some of the most common cancer sites include the lung, breast, prostate, 

and colon, for a combined incidence rate of 339 per 100,000 people and combined mortality rate 

of about 100 per 100,000 people (United States Cancer Statistics: 1999-2014 Incidence and 

Mortality Web-based Report, 2017). The mortality rate is much higher when considering global 

cancer trends; the World Health Organization estimates that one in six deaths is attributable to 

cancer worldwide (WHO, 2018). Cancer has many causes and risk factors, including obesity, 

tobacco use, alcohol abuse, poor diet, low physical activity, exposure to asbestos, exposure to 

radiation, HPV or HIV infection, genetic predisposition (family history), and aging (Forouzanfar 

et al., 2016). The mechanism of cancer development is the accumulation of DNA mutations due 

to these risk factors; the mutations alter the cell’s normal processes of growth, replication, and 

death. Cancer cells do not self-destruct when they get old and damaged, as a normal cell would. 

Instead, they replicate faster than normal and stay alive longer, creating a mass of cancer tissue 

called a malignant tumor. Tumors can avoid detection and destruction by the immune system, 

induce blood vessel growth to meet their metabolic needs, and spread to other tissues and organs 

in the body. Cancer metastasis is the process of cancer cells migrating to other areas of the body 

and creating new tumors; this advanced stage is referred to as stage four cancer and is often fatal.  

 Cancer cells typically migrate through the vascular and lymphatic systems. Although a 

huge quantity of cells may be released into these channels daily, only a tiny fraction of them 

successfully form a secondary tumor (Fidler, 1970; Luzzi et al., 1998). One historical theory 

postulated that metastatic inefficiency is due to the destruction of cancer cells by the 

hemodynamic forces they experience as they travel through the circulatory system (Weiss, Orr, & 

Honn, 1989). This hypothesis has been challenged by more recent research. One mechanism of 
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the proposed hemodynamic destruction is the pressure gradient across a cell when it is wedged 

into a capillary smaller than the cell’s diameter (Weiss, Dimitrov, & Angelova, 1985). The 

occlusion of blood flow in the capillary increases the pressure gradient across the cell, potentially 

leading to membrane failure. This hypothesis seems unlikely; micropipette and microfluidic 

experiments can apply high pressure gradients across cancer cells without causing membrane 

failure (Chivukula et al., 2015). The highly parallel nature of capillary beds is also a protection 

against large pressure buildup due to occlusion. Another proposed mechanism of destruction is 

the fluid shear stress imposed on the cancer cell as it traverses the bloodstream (Regmi, Fu, & 

Luo, 2017). In this study by Regmi, breast cancer cells were subjected to shear stress in a 

microfluidic system. The lowest level of applied shear stress reported in the study was a normal 

value for a human artery at rest. The cells experienced continuous shear stress for a minimum of 

two hours before being tested for viability. The findings were that high levels of shear stress for 

prolonged periods of time can destroy cancer cells. However, the test conditions applied 

significantly higher stresses for a much longer time than cells are likely to experience in vivo. For 

the lowest shear and time exposure group, about 90% of injected cells remained viable.  

Recent research has found evidence that cancer cells are not as susceptible to 

hemodynamic destruction as previously thought. Studies by Barnes and Mitchell found that 

cancer cells are more resistant to destruction by fluid shear stress than normal cells (Barnes, 

Nauseef, & Henry, 2012; Mitchell et al., 2015). Both studies briefly exposed cancer cells to high 

levels of fluid shear stress and measured percent viability. Both found that, though a significant 

amount of cell death occurred from the shear stress exposure, cancer cells had significantly higher 

viability after exposure than epithelial cells, potentially indicating a protective mechanism. Other 

groups have challenged the hemodynamic destruction theory and concluded that cancer cell 

survival during flow through the circulation and extravasation into a distant tissue is remarkably 

efficient (Chambers, Naumov, Vantyghem, & Tuck, 2000; MacDonald, Groom, & Chambers, 
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2002). This group used real-time microscopy observation to study cell survival and metastasis 

efficiency after injection of murine melanoma cells into the vasculature of chick embryos or mice 

(Cameron et al., 2000; Koop et al., 1995; Luzzi et al., 1998). The studies concluded that only 

about 10-15% of cells were lost in the microcirculation; the remaining cells successfully migrated 

out of the bloodstream, though only a small percentage of cells formed metastases. This indicates 

that cell survival and growth after extravasation are greater contributors to the inefficiency of the 

metastatic process than hemodynamic destruction.  

It has been clearly shown that high levels of fluid shear stress are capable of destroying 

cancer cells, but it has not been demonstrated that this plays a significant role in limiting the rate 

of metastasis in the human body. We do know that cancer cells do not respond to shear stress the 

same way that non-cancerous cells do. It has already been discussed that cancer cells have higher 

viability rates after fluid shear stress exposure. It has also been shown that cancer cells exhibit 

different mechanical properties compared to non-cancerous cells before and after exposure to 

shear stress (Chivukula et al., 2015). Before exposure to shear stress, the elastic modulus of 

epithelial cells in this study was about 2.4 times that of the cancer cells. The elastic modulus of 

the cancer cells increased significantly after exposure to shear stress, while the epithelial cells’ 

elastic modulus remained unchanged. These findings suggest that cancer cells have an adaptive 

response to fluid shear stress, which may protect them against hemodynamic destruction.  

An enormous amount of resources is poured into research of the mechanical properties of 

cancer cells compared to their normal counterparts, including elastic modulus, cortical tension, 

deformability, viscosity, relaxation, and adhesion. It is hoped that knowledge of these properties 

will be useful in the identification and treatment of the disease. The effect of fluid shear stress on 

these mechanical properties is just beginning to be uncovered. However, very little research has 

been done to investigate the failure strength of cancer cell membranes. Are the pressures and 

stresses experienced in the circulatory system enough to rupture the cells? Does the increased 
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stiffness after shear stress exposure demonstrated by Chivukula indicate that cancer cells are less 

likely to rupture after shear exposure (Chivukula et al., 2015)? Does membrane rupture correlate 

with a high localized membrane tension?  

The goal of this study is to explore these questions. Micropipette aspiration experiments 

were employed to mechanically deform cells to a rupture point, with and without exposure to 

fluid shear stress. Cancerous and epithelial prostate cells were used in the experiments. 

Computational models were built to characterize local stresses in the aspirated membrane. 

Outcome variables included rupture pressure, elastic modulus, and membrane stress.  

1.2  Cell Characterization Techniques 

Mechanical properties of individual cells, such as elastic modulus, deformability, cortical 

tension, and viscoelasticity, may be characterized by several cell manipulation techniques. 

Among the most widely used are atomic force microscopy, optical tweezers, deformability 

cytometry, and micropipette aspiration.  

Atomic force microscopy measures the deformability of a cell by applying an indentation 

force to the membrane. A cantilever with a blunt probing tip applies a point force to the cell, 

while a laser focused on the end of the cantilever is reflected onto a photodetector. Vertical 

displacement of the cantilever is captured by the deflection of the laser beam, creating measurable 

photocurrents in the detector (Lekka, 2016). The arrangement is illustrated in Figure 1. The 

indentation force F between the sample and the probing tip can be calculated by Hooke’s law: 

𝐹 = 𝑘𝐶𝐷𝐶             (1) 

where kC is the spring constant of the cantilever and DC is the vertical displacement of the 

cantilever. If the stiffness of the tip is much larger than that of the sample, the deformation of the 

tip can be assumed to be negligible, and the elastic modulus of the sample, Es, is related to its 

stiffness by the following equation: 
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𝑘𝑠 = 2𝑎 (
𝐸𝑠

1 − 𝜈𝑠
2

)                    (2) 

where ks is the stiffness of the sample, a is the contact radius, and νs is the Poisson’s ratio of the 

sample (Butt, Cappella, & Kappl, 2005). Alternatively, the elastic modulus can be calculated by 

fitting the force-displacement data to the Hertz model: 

𝐹 =
3𝐸 ∙ 𝑡𝑎𝑛(𝛼)𝛿2

4(1 − 𝜈2)
                    (3) 

where F is the indentation force, E is the elastic modulus of the cell, α is the probing tip half 

angle, δ is the vertical displacement of the cantilever, and ν is the Poisson’s ratio of the cell 

(MacKay J.L., 2012). AFM results are quite sensitive to vibration, temperature fluctuation, and 

interactions between the cell and the substrate surface; because of this uncertainty, elastic 

modulus values are sometimes reported as ratios rather than absolute values (Lekka, 2016). AFM 

requires the cell to be adhered to a substrate during testing, which changes the biomechanical 

Figure 1: Atomic force microscopy illustration, (Fielden, 

2017). 
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properties of the cell. A significant amount of preparation time is involved, reducing the ability of 

an AFM experiment to test for more transient biomechanical effects.  

 Optical tweezers employ a focused laser to trap dielectric microparticles such as 

individual molecules, silica beads, or single cells. The interaction between the photons and the 

particle changes the direction of the photon’s path. This change in direction results in a 

momentum transfer to the particle, displacing it slightly. The particle moves toward the center of 

the laser beam, where the light intensity is greatest, to minimize its energy and balance the forces 

between the light and the particle (Dholakia & Reece, 2006; Neuman & Block, 2004). This is 

referred to as trapping; at its lowest energy state, the particle is held stationary in three 

dimensions. The forces holding the particle in the trap are generally on the order of piconewtons, 

and depend on the stiffness of the trap (related to the light intensity of the laser) and the size of 

the particle (H. Zhang & Liu, 2008). Biological cells are often too large to hold securely in an 

optical trap, and the photons from the laser can impart thermal damage to the cell (H. Zhang & 

Liu, 2008). For this reason, silica microbeads are often attached to the cell membrane and used as 

handles to manipulate the cell, avoiding direct irradiation of the cell with photons. A typical 

configuration includes a bead fixed to a stage, with a cell attached to the bead. Another bead is 

attached to the other side of the cell and trapped in the laser beam. Either the stage or the laser 

Figure 2: Optical tweezers. Silica beads are attached to a red blood cell; 

movement of one of the beads stretches the cell axially. Reproduced 

without permission from (Lim, Dao, Suresh, Sow, & Chew, 2004). 
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beam may be displaced, stretching the cell between them. This process is illustrated in Figure 2. 

The optical tweezer method can be used to quantify cell rotation speed, membrane shear stress, 

shear modulus, and viscoelasticity (Bronkhorst et al., 1995; Guck et al., 2005; Henon, 

Lenormand, Richert, & Gallet, 1999; Lim et al., 2004). However, the forces generated by this 

method are usually not strong enough to rupture the cell membrane; the beads detach from the 

membrane before it tears, making optical tweezers insufficient to study the failure strength of cell 

membranes.  

Microfluidic deformability cytometry is used to study whole-cell deformability by 

passing cells in solution through microfluidic channels. An example of a microfluidic cytometry 

channel is shown in Figure 3. This method allows the calculation of the size and deformation of 

hundreds or thousands of cells per second, making it easily the highest throughput option for 

determining cell characteristics. Cells are modeled as elastic shells or elastic solids, and assumed 

Figure 3: Microfluidic deformability cytometry. 

Panc-1 cancer cell moves through PMDS channel. 

Reproduced without permission from (Suresh, 2007). 
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to be homogeneous and incompressible. Simultaneous fluorescence measurements can also 

provide information about cell biochemical properties. The size of the channel relative to the 

diameter of the cell will influence the flow characteristics and the relevant measurements. For 

channels larger than the cell diameter, the fluid shear stress imposed on the cells causes a shape 

change related to the cell stiffness. The cell does not contact the channel walls or other cells, so 

the only forces acting on it are the pressure gradient and fluid shear stress (Gossett et al., 2012). 

For channels smaller than the cell diameter, measurements include the time required for the cell to 

completely enter the constriction, transit time through the channel, and elongation of the cell 

(Lange et al., 2015). These measures are used to calculate cell strain, stiffness, elastic modulus 

and viscosity (Gossett et al., 2012; Huang, Bow, Diez-Silva, & Han, 2011; Mietke et al., 2015). 

 Micropipette aspiration (MPA) is a single-cell manipulation technique developed by 

Mitchison and Swann (Mitchison & Swann, 1954). A small glass pipette filled with water, with a 

diameter roughly half the diameter of the cell, interacts with a cell in solution on a glass slide 

under a microscope. The pipette, controlled by a micromanipulator, is connected through a 

continuous series of tubing to a water column which can be raised and lowered to change the 

Figure 4: Micropipette aspiration illustration. Figure 5: Parameters measured during 

micropipette aspiration. Reproduced without 

permission from (Chivukula, Krog, Nauseef, 

Henry, & Vigmostad, 2015) 
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hydrostatic pressure at the tip of the pipette. The system is illustrated in Figure 4. This method has 

been used to investigate cell-substrate adhesive forces (Hogan, Babataheri, Hwang, Barakat, & 

Husson, 2015); cell-cell adhesive forces (Biro & Maitre, 2015); and whole-cell elastic modulus 

(Hochmuth, Mohandas, & Blackshear Jr., 1973; Jones, 1999), cortical tension (Hochmuth, Ting-

Beall, Beaty, Needham, & Tran-Son-Tay, 1993; Lam, Herant, Dembo, & Heinrich, 2009), 

viscosity (E. A. Evans, Yeung, A., 1989), and viscoelasticity (Chien, Sung, Skalak, Usami, & 

Tozeren, 1978). Commonly measured parameters of the MPA experiment include the length of 

the membrane projection inside the pipette, the diameter of the pipette, the total area of the cell, 

and the time of relaxation of the cell, illustrated in Figure 5. The assay does not require cell 

adherence to a surface, preparation time is minimal, and membrane rupture can be achieved and 

easily observed, making micropipette aspiration a suitable option for this analysis. 

1.3  Cancer Cell Mechanical Properties 

The methods discussed in the previous section have been used to characterize the 

mechanical properties of many types of cells under various conditions. Table 1 presents the 

findings of several studies using these methods to characterize cancer cells. To summarize their 

findings, it is commonly discovered that cancer cells have a lower baseline elastic modulus and 

cortical tension than non-cancerous cells. Methods used in the studies included atomic force 

microscopy, deformability cytometry, micropipette aspiration, and optical tweezers.  

1.4  Objectives 

 The purpose of this study was to characterize the mechanical properties of cancer cells, to 

document how these properties change after exposure to a high level of fluid shear stress, and to 

develop a computational model to describe local stresses in the cell membrane. The variables 

studied were elastic modulus and rupture pressure during micropipette aspiration. The cell lines 

used were prostate epithelial cells (PrEC) and transformed prostate cancer cells (PC-3).  
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Table 1: Mechanical properties of cancer cells compared to non-cancerous cells. 

Tissue Cell Line Experiment Mechanical properties Results Reference 

Bladder Hu609, Hu456 Atomic force microscopy Elastic modulus E(Hu609) = 9.7 kPa, 

E(Hu456) = 0.3 kPa 

(Lekka et al., 1999) 

Bladder HCV29, HTB-9 Atomic force microscopy Elastic modulus E(HCV29) = 10-50 kPa, 

E(HTB-9) = 5-15 kPa 

(Ramos, Pabijan, Garcia, 

& Lekka, 2014) 

Prostate BPH, PC-3 Atomic force microscopy Elastic modulus E(BPH) = 2.80 kPa, 

E(PC-3) = 1.40 kPa 

(Faria et al., 2008) 

Prostate PZHPV-7, PC-3, DU145 Atomic force microscopy Elastic modulus E(PZHPV) = 3.09 kPa, 

E(PC-3) = 1.95 kPa, 

E(DU145) = 1.36 kPa 

(Lekka et al., 2012) 

Prostate Vero, DU145 Atomic force microscopy Elastic modulus E(Vero) = 1.3 kPa, 

E(DU145) = 0.60 kPa 

(Efremov et al., 2015) 

Bladder RT4 Deformability cytometry Cortical tension CT(RT4) = 185 μN/m (Guo, Park, & Ma, 2012) 

Breast MCF-7, MDA-MB-231 Deformability cytometry Elastic modulus E(MCF-7) = 2.1 kPa, 

E(MDA) = 0.80 kPa 

(Nyberg et al., 2017) 

Breast, 

Leukemia 

MDA-MB-231, K296 Deformability cytometry Elastic modulus E(MDA) = 575 Pa, 

E(K296) = 296 Pa 

(Lange et al., 2015) 

Leukemia HL60 Deformability cytometry Elastic modulus E(HL60) = 1.48 kPa (Mietke et al., 2015) 
Leukemia Jurkat Micropipette aspiration Viscoelastic 

coefficients 

K₁(Jurkat) = 83.2 N/m², 

μ(Jurkat) = 4.1 Pa·s 

(Chen et al., 2004) 

Liver HTC, HCC (SMMC 7721) Micropipette aspiration Viscoelastic 

coefficients 

K₁(HTC) = 87.5 N/m², 

K₁(HCC) = 103.6 N/m², 

μ(HTC) = 5.9 Pa·s, 

μ(HCC) = 4.5 Pa·s 

(G. Zhang, Long, Wu, & 

Yu, 2002) 

Prostate PrEC LH, PC-3 Micropipette aspiration Elastic modulus, 

cortical tension 

E(PrEC) = 47.7 Pa,  

E(PC-3) = 20.0 Pa, 

CT(PrEC) = 346 μN/m, 

CT(PC-3) = 135 μN/m 

(Chivukula et al., 2015) 

Breast MCF-7, MDA-MB-231 Optical stretching Optical deformability OD(MCF-7) = 21.4%, 

OD(MDA) = 33.7% 

(Guck et al., 2005) 

Breast MCF-7, MDA-MB-231 Optical stretching Elastic modulus E(MCF-7) = 31.6 Pa, 

E(MDA) = 12.6 Pa 

(Yousafzai, 2016) 
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CHAPTER 2:  MATERIALS AND METHODS 

2.1  Cell Culture 

Experiments were performed using transformed prostate cancer cells (PC-3), obtained 

from the American Type Culture Collection, and immortalized, non-transformed prostate 

epithelial cells (PrEC), obtained from Dr. William Hahn (Dana-Farber Cancer Institute). PC-3 

cells were cultured in DMEM/F12 medium with 10% fetal bovine serum, while PrEC cells were 

cultured in Lonza’s PrEGM medium, according to recommended guidelines. Cells were released 

from plates using 0.25% trypsin and resuspended in medium to a concentration of about 5·105 

cells/mL immediately prior to experimentation.  

2.2  Micropipette Fabrication 

 Borosilicate glass pipettes (OD 1.0 mm, ID 0.75 mm) were obtained from World 

Precision Instruments. The pipettes were pulled to a fine, tapered end by using Sutter 

Instruments’ P-30 Vertical Micropipette Puller (Figure 6). The operation of the pipette puller is 

simple: a pipette is held in place at the top end and fixed to a weight at the bottom end, with the 

center of the pipette passing through a Nichrome filament. When the puller is activated, the 

filament heats up, heating the glass pipette to a softening point. The soft glass stretches under the 

force of gravity until it triggers a switch that turns off the heat and pulls the pipette down, 

creating a clean break between the two halves of the pipette ("P-30 Micropipette Puller Operation 

Manual," 2013). The pipettes pulled in this manner had very narrow tips, so further processing 

was needed. The glass pipettes were cut to the correct tip diameter using a Narishige MF-900 

Microforge (Figure 7). A glass bead surrounds a heating filament; the entire assembly can be 

adjusted in three dimensions. The pipette is positioned next to the glass bead; when the filament 

is activated, the heat causes the glass pipette to briefly fuse with the bead. The heat is then 

released, and the pipette is pulled sharply away from the bead. If performed correctly, the end of 

the pipette is cut cleanly at the desired diameter. A ruler is set into the eyepiece to measure the 
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width of the pipette tip. Pipettes were cut to approximately 7-8 μm inner diameter and stored in a 

closed container to reduce risk of contamination or fracture. 

2.3  Fluid Shear Stress Assay 

 Cells were exposed to fluid shear stress by infusing the cells in solution through a small-

bore needle, replicating the method used by Chivukula (Chivukula et al., 2015). After the cells 

were deplated, they were diluted to approximately 5·105 cells/mL. An infusion pump (Harvard 

Apparatus, PHD 2000 Infusion/Withdraw Pump, Figure 8) was set to infuse 250 μL/s through a 

30-gauge needle, exposing the cells to fluid shear stress. The cells were subjected to ten passages 

through the needle immediately before the micropipette aspiration experiment. The maximum 

shear stress experienced by the cells can be estimated by the Poiseuille equation, which assumes 

axisymmetric, laminar flow and a Newtonian fluid: 

𝜏 =
4𝑄𝜇

𝜋𝑅3
                    (4) 

Figure 6: Sutter Instruments pipette puller, 

("P-30 Vertical Micropipette Puller," 2012). 

Figure 7: Narishige microforge, ("MF-900 

Microforge," 2018). 
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where τ is the wall shear stress, Q is the flow rate, μ is the dynamic viscosity of the medium (0.01 

dyn·s/cm2), and R is the radius of the needle. Characterization of flow as laminar or turbulent is 

determined by the Reynold’s number, which can be calculated by the following equation, 

𝑅𝑒 =
4𝑄𝜌

𝜋𝐷𝜇
≅ 210                    (5) 

where ρ is the density of the fluid (1.0 g/mL) and D is the inner diameter of the needle (0.16 mm). 

Even using conservative estimates of dynamic viscosity and density for the culture medium, the 

Reynold’s number is well under the critical value of 2000, which supports the use of Poiseuille 

flow to describe the shear stress experienced by the cells in the assay. The maximum shear stress, 

calculated to be 6200 dyne/cm2, is experienced by cells near the wall of the needle. Shear stress 

decreases linearly with distance from the wall, with the cells traveling near the centerline 

experiencing the minimum shear stress.  

𝜏 =
𝜏𝑤𝑟

𝑅
                    (6) 

In this equation, τ is the shear stress at location r, which is the radial distance from the centerline; 

τw is the maximum shear stress at the wall; and R is the total radius of the channel. To calculate 

Figure 8: Harvard Apparatus syringe pump, 

("Standard Infuse/Withdraw PHD ULTRA™ 

Syringe Pumps," 2018) 
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the minimum shear stress experienced by cells traveling at the centerline of the needle, the radius 

of the cell is substituted for r (average 10 μm). This results in a minimum shear stress of 775 

dyne/cm2.  

2.4  Micropipette Aspiration 

To determine the cells’ mechanical properties, micropipette aspiration was performed on 

PC-3 and PrEC cells. A micropipette was filled with PBS and connected to a series of Tygon 

tubing filled with distilled water, which was connected to the water column. Care was taken to 

avoid air bubbles in any part of the pipette or tubing, as these would interfere with the hydrostatic 

pressure applied by the water column. The pipette was calibrated to a zero pressure point by 

adding or removing water from the column. Positive or negative pressure could be clearly 

observed by placing a few drops of a solution containing polyethylene beads under the Nikon 

Diaphot 300 microscope (Figure 9); the beads flowed away from or toward the open end of the 

pipette under positive or negative pressure, respectively. Water was added to or removed from the 

water column until there was no motion observed from the beads near the tip of the pipette. After 

Figure 9: Nikon Diaphot 300 microscope, ("Nikon 

DIAPHOT-300 Research-Grade Biotech Inverted 

Microscope," 2015). 

Figure 10: Scientifica LBM-7 

micromanipulator, ("LBM-7 Manual 

Manipulator," 2015). 
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cells were deplated, they were diluted in medium, and a few drops of the solution were placed on 

a glass slide under the microscope. Using a Scientifica LBM-7 micromanipulator (Figure 10), the 

pipette was positioned almost horizontally near a target cell. Individual target cells were chosen 

based on size and appearance; the size of the cell should be at least twice the diameter of the 

pipette, and the cell’s texture should appear healthy and normal. The pressure was reduced in the 

pipette by lowering the water column by 5 mm in order to suck the cell against the pipette 

opening, forming a seal. The cell was then lifted off the surface of the slide. The cell was allowed 

to equilibrate to the applied negative pressure. An image was then captured using Allied Vision’s 

Stingray F080C microscope camera (Figure 11) and SmartView software, and the pressure was 

lowered again by another 5-mm increment. This continued until the cell membrane ruptured or 

the maximum lowering distance of the water column was reached (50 mm). The pressure was 

then raised to zero, and the cell was allowed to detach from the pipette. Recalibration of the water 

column was sometimes required to reset the zero pressure point before picking up a new cell.  

In some cases, the suction pressure in the pipette was increased past 50 mmH2O by 

removing water from the water column. The inner diameter of the syringe containing the water 

column was reported as 26.7 mm (Harvardapparatus.com); the volume of water to be removed 

from the water column was therefore calculated to be 2.8 mL for a 5-mm decrease in height. A 

syringe was used to remove water from the column to decrease the pressure further past 50 

mmH2O. The upper limit of this method was 100 mmH2O negative pressure. The precision of this 

method is admittedly lower than using the micrometer; the volume of water removed by the 

syringe can be measured to within 0.2 mL, corresponding to a height difference of about 0.4 mm. 

Figure 11: Allied Vision Stingray microscope camera, 

("Stingray F-080,"). 



 
16  

 

The micrometer is accurate to 0.01 mm. However, this method proved useful to determine how 

close the cells were to rupturing at 50 mmH2O, as well as confirming the continued linear 

relationship between applied pressure and projection length at higher pressure levels.  

2.5  ImageJ Analysis 

 ImageJ software was used for post-processing the images gathered during MPA. The tool 

allows the user to measure distances and coordinates of plotted points. This was the method used 

to determine the diameter of the cell, the diameter of the pipette, the projection length of the cell, 

the height of the projection cap, and the points plotted along the membrane cap.  

2.6  Elastic Modulus 

The whole-cell elastic modulus was calculated using the model developed by Theret et 

al., which assumes that the cell is a homogeneous elastic material (Theret, Levesque, Sato, 

Nerem, & Wheeler, 1988). Continuum models for biological materials are generally acceptable 

when the length scale of interest is significantly larger than the dimensions of the cytoskeletal 

elements (Mofrad & Kamm, 2006). For whole cell manipulation such as micropipette aspiration 

or microfluidic deformation, continuum models are appropriate. Theret evaluated two membrane 

displacement models for cells undergoing micropipette aspiration, the punch model and the force 

model, which differ in their boundary conditions. It was assumed that there was no friction 

between the cell and the pipette walls and that the deformation of the cell membrane was linear. 

The study concluded that the punch model more accurately describes the displacement of the cell 

membrane under an applied stress. The equation for elastic modulus was derived as: 

𝐸 =
3∆𝑃𝑅𝑝

2𝜋𝐿𝑝
𝛷                    (7) 

where ΔP is the difference in pressure across the cell, Rp is the radius of the pipette, Lp is the 

length of the projection aspirated into the pipette, and Φ is the wall function. The wall function is 
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a function of the wall parameter—the ratio of the pipette wall thickness to the pipette inner 

radius—and was solved for both the punch model and the force model. The punch model has a 

relatively consistent wall function over a range of wall parameters, reported as 2.1, which is 

commonly used to calculate elastic modulus (Chivukula et al., 2015; Hochmuth, 2000; Jones, 

1999).  

2.7  Projection Cap Shape 

 It has been postulated in a previous study that differences in rupture pressure between 

cancer and epithelial cells is due to the change in shape of the cell projection as it is drawn into 

the pipette (Wu, 2017). The shape of the projection cap (the rounded tip of the aspirated cell 

projection) does affect the stress distribution along the membrane; a rounder, regularly-shaped 

projection cap will have more evenly distributed stress than an irregular or flattened cap. Stress 

concentrations are likely to contribute to the rupture pressure and location of rupture along the 

membrane. This cap shape hypothesis was investigated in this study by using ImageJ to measure 

the height of the projection cap inside the pipette. Height was defined as the vertical distance 

between the apex of the projection and the intersection of the membrane with the pipette wall. 

This distance was normalized by the pipette radius. Normalized cap height values close to 1.0 

should represent cells with rounder, more spherical projection caps. Cap heights were measured 

at multiple pressure levels for a subset of cells in each experimental group undergoing 

micropipette aspiration.  

2.8  Membrane Stress Analysis: MATLAB 

 During micropipette aspiration, a pressure difference is created across the cell, causing a 

portion of the membrane to be aspirated into the pipette. The cell membrane stretches and distorts 

as it is pulled into the narrow pipette, creating stress in the membrane. The mechanical stress in 

the projection cap can be solved for by computationally modeling the curvature of the membrane 
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at a known applied pressure. A MATLAB model, first developed by Wu, was modified and 

extended for use in this analysis (Wu, 2017). 

 The stress model used in this analysis has several assumptions to be declared. The cell 

membrane is assumed to have a negligible bending modulus and constant cortical tension. The 

projection cap is also assumed to be axisymmetric. Boundary conditions were applied at both 

ends of the curve: the curve is horizontal at the apex and vertical where it meets the pipette wall.  

ImageJ software was used to place points marking the edge of the cell membrane using 

the images recorded at different aspiration pressures during MPA. An example of this procedure 

is shown in Figure 12. The x-y cartesian coordinates of these points were imported into 

MATLAB and normalized to place the apex at x=0 and the pipette wall at x=1. A 2-piece, 3rd-

order polynomial spline was fitted to the points, using the “splinefit” function authored by 

Lundgren (Lundgren, 2011). The spline is described by two parametric equations that are 

functions of the arclength, s, of the curve.  

Figure 12: Points plotted along membrane curve 

in ImageJ. 
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𝑥𝑖(𝑠) = 𝐶𝑋1(𝑠𝑖 − 𝑏)3 + 𝐶𝑋2(𝑠𝑖 − 𝑏)2 + 𝐶𝑋3(𝑠𝑖 − 𝑏) + 𝐶𝑋4                    (8) 

𝑦𝑖(𝑠) = 𝐶𝑌1(𝑠𝑖 − 𝑏)3 + 𝐶𝑌2(𝑠𝑖 − 𝑏)2 + 𝐶𝑌3(𝑠𝑖 − 𝑏) + 𝐶𝑌4                    (9) 

 In these equations, C refers to the polynomial coefficients of the spline, s is the arclength, 

and b is the location of the closest previous break point. The break point marks the boundary 

between each piece in the spline. The derivatives of these functions, with respect to arclength, 

were calculated using both MATLAB’s “diff” function, which calculates the true derivative of the 

polynomial equation, and the central difference method, which calculates the local derivative 

based on surrounding points on the curve. The central difference method is defined as: 

(
𝑑𝑥

𝑑𝑠
)

𝑖
=

𝑥𝑖+1 − 𝑥𝑖−1

𝑠𝑖+1 − 𝑠𝑖−1
                    (10) 

(
𝑑𝑦

𝑑𝑠
)

𝑖
=

𝑦𝑖+1 − 𝑦𝑖−1

𝑠𝑖+1 − 𝑠𝑖−1
                    (11) 

(
𝑑2𝑥

𝑑𝑠2)
𝑖

=
𝑥𝑖+1 − 2𝑥𝑖 + 𝑥𝑖−1

∆𝑠2
                    (12) 

(
𝑑2𝑦

𝑑𝑠2)
𝑖

=
𝑦𝑖+1 − 2𝑦𝑖 + 𝑦𝑖−1

∆𝑠2
                    (13) 

where Δs is the average arclength distance between adjacent points. It was found that there was a 

negligible difference between the two methods used to calculate the derivatives, so the “diff” 

function was chosen based on speed of computation.  

 The local meridional and circumferential curvatures were then calculated from the x- and 

y-derivatives with respect to arclength. The equations to define these curvatures are: 

𝑘𝑀 =
𝑥′𝑦′′ − 𝑦′𝑥′′

(𝑥′2 + 𝑦′2)1.5
                    (14) 

𝑘𝐶 =
sin (𝑎𝑟𝑐𝑡𝑎𝑛 (|

𝑦′

𝑥′|))

𝑟
                    (15) 
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where kM is the meridional curvature, kC is the circumferential curvature, and r is the horizontal 

distance to the centerline of the axisymmetric curve. The prime notations x’ and x’’ refer to the 

first and second derivatives with respect to arclength, respectively. The two curvatures must be 

equal at the apex of the curve. The curvatures were then used to calculate principal stresses T1 

and T2:  

𝑇1 =
∆𝑃

2𝑘𝐶
                    (16) 

𝑇2 = ∆𝑃 (
2𝑘𝐶 − 𝑘𝑀

2𝑘𝐶
2 )                    (17) 

where ΔP is the applied negative pressure from the pipette (E. A. Evans, 1973). These stresses are 

illustrated in Figure 13. The pressure is calculated by the hydrostatic pressure equation: 

∆𝑃 = 𝜌𝑔∆ℎ                    (18) 

Where ρ is the density of the fluid (1.0 g/mL), g is the acceleration of gravity, and Δh is the 

difference in height between the surface of the water column and the microscope stage.  

Figure 13: Principal stresses of hemispherical membrane. T1 is the 

principal stress in the meridional direction. T2 is the principal stress 

in the circumferential direction.  
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 The principal stresses can be used to calculate von Mises stress by the following 

equation: 

𝑣𝑜𝑛 𝑀𝑖𝑠𝑒𝑠 =  √𝑇1
2 − 𝑇1𝑇2 + 𝑇2

2                    (19) 

The use of von Mises stress requires the assumption that the material is incompressible, which is 

a generally accepted assumption for biological materials. This study will focus on the 

development of principal stresses and von Mises stress in the cell membrane. 

2.9  Membrane Stress Validation: Abaqus 

 To validate the results of the MATLAB model of the max/min locations and relative 

amplitudes of the membrane stress, a finite element model was constructed using Abaqus 6.14 

software to represent the cell membrane during micropipette aspiration. Axisymmetric, linear 

membrane elements were used to represent the spline fitted to the data by MATLAB. The 

thickness of the membrane was assigned to be 1 unit (total horizontal length of the curve was 100 

units), and the Poisson’s ratio was set to 0.49. The membrane was modeled as a Neo-Hookean, 

isotropic, hyper-elastic material. The bulk and shear moduli were set to arbitrarily high values to 

limit deformation of the membrane (1.0·106 units and 1.0·104 units, respectively), because the 

fitted spline represents the already deformed membrane during MPA. The non-linear geometry 

option was activated, and boundary conditions were implemented at the end nodes to restrict 

displacement. The apex node was constrained in the x-direction, and the base node at the wall 

was constrained in the x- and y-directions. A small body force load was applied to the cap portion 

of the membrane in the positive y-direction to simulate the negative pressure applied to the 

membrane during MPA. Figure 14 illustrates the Abaqus model with loading and boundary 

conditions.  
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Figure 14: Abaqus model of projection cap of PC-3 cell during micropipette 

aspiration. Model employed axisymmetric membrane elements with applied body 

force (yellow arrows) to simulate negative pressure during aspiration. Orange 

arrows at the endpoints represent displacement boundary conditions. 
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CHAPTER 3:  RESULTS 

3.1  Micropipette Aspiration 

 Data were gathered for rupture pressure, elastic modulus, and dimensions of cells 

undergoing micropipette aspiration. The delay time was also recorded for each cell. For 

unsheared cells, delay time was defined as the time elapsed between removing the cells from the 

culture dish and lifting an individual cell off the microscope slide to begin the MPA experiment; 

for sheared cells, delay time was defined as the time elapsed between the end of the fluid shear 

stress assay and lifting the cell off the microscope slide for MPA. The total numbers of cells used 

for the micropipette aspiration experiments in each group are presented in Table 2. Example 

images of a PC-3 cell during MPA are presented in Figure 15.  

Table 2: Numbers of cells used in each experimental group. 
 PC-3 PrEC 

Unsheared 62 16 

Sheared 30 15 

 

3.1.1  Confounding Variables 

It is a general rule to only use cells in a micropipette experiment within an hour after they 

are removed from the culture dish. For this reason, the elastic modulus and rupture pressure were 

evaluated for differences between measurements taken within 60 minutes of delay time and 

outside 60 minutes of delay time. Significant differences were found for rupture pressure between 

the time categories (unpaired t-test, all experimental groups pooled, p-value = 0.0072), but not for 

elastic modulus (Figure 16 and Figure 17). When the data were further split into groups by 

exposure to shear stress, there was still no difference in elastic modulus between sheared and 

unsheared cells in the different time groups (Figure 18), but it was observed that the change in 

rupture pressure with time is only evident in the cells exposed to shear stress (Figure 19). There 

was no change with time for the cells that were not exposed to shear stress. Of the cells that were 

exposed to shear stress, the rupture pressure was significantly higher for the cells measured 
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within 60 minutes of delay time. This difference was detected by a one-way ANOVA with the 

Tukey test to correct for multiple comparisons. The shear stress group tested within 60 minutes 

delay time had a significantly higher rupture pressure from every other group. When the sheared 

cells were further grouped by cell type, it was observed that the PrEC cells continued the pattern 

of decreased rupture pressure with time. There were too few sheared PC-3 cells measured after 60 

minutes delay time to make a similar comparison for that experimental group. This data is 

presented in the Appendix, Figure A.1. It was decided to limit the experimental findings to data 

gathered within 60 minutes delay time, to remove time as a confounding variable.  

Other confounding variables were tested, including cell diameter and ratio of cell 

diameter to pipette size (Dc/Dp). All experimental groups were pooled together to test for a 

correlation between cell diameter or Dc/Dp versus rupture pressure or elastic modulus. The results 

Figure 15: Micropipette aspiration example images, unsheared PC-3. A: 10 mmH₂O, B: 

15 mmH₂O, C: 20 mmH₂O, D: Cell membrane ruptured at 25 mmH₂O. 
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are presented in Table 3. Two significant correlations were found among the comparisons of the 

pooled data. Cell diameter was negatively correlated with rupture pressure, indicating that larger 

cells tended to rupture at lower pressures, and Dc/Dp was negatively correlated with elastic 

modulus, indicating that the measured elastic modulus was higher for cells that were smaller in 

relation to the pipette size. When the data were split by cell type and analyzed again, cell 

diameter and Dc/Dp were found to be negatively correlated with elastic modulus for PrEC cells, 

Figure 16: Elastic modulus measured within 

60 minutes delay time and after 60 minutes 

delay time. Comparison was not significant 

(p = 0.0946). Error bars represent 95% 

confidence interval for the mean. 

Figure 17: Rupture pressure measured 

within 60 minutes delay time and after 60 

minutes delay time. Comparison was 

significant (p = 0.0072). Error bars represent 

95% confidence interval for the mean. 

Figure 18: Elastic modulus measured within 60 minutes delay time and after 60 

minutes delay time, grouped by exposure to shear stress. No significant differences 

between groups. Error bars represent 95% confidence interval for the mean.  
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indicating that larger PrEC cells tended to be less stiff. These correlation results are shown in 

Table 4. Physical explanations for this cell behavior are not immediately apparent. Other results 

and analyses were not restricted in any way to account or correct for these correlations between 

the cells’ physical dimensions and material properties. 

 
 

Table 3: Correlation results for pooled cell data. NS: Not Significant.  

R value indicates direction of correlation. 

 Rupture Pressure Elastic Modulus 

Cell Diameter R=-0.2521, p=0.0280 NS, p=0.1699 

Dc/Dp NS, p=0.0847 R=-0.2173, p=0.0344 

 

Table 4: Correlation results for data grouped by cell type. NS: Not Significant. R value indicates 

direction of correlation. 

 Rupture Pressure Elastic Modulus 
 PC-3 PrEC PC-3 PrEC 

Cell Diameter NS, p=0.1282 NS, p=0.2139 NS, p=0.8848 R=-0.6056, p=0.0028 

Dc/Dp NS, p=0.0802 NS, p=0.2065 NS, p=0.2320 R=-0.5194, p=0.0132 

 

Figure 19: Rupture pressure measured within 60 minutes delay time and after 60 

minutes delay time, grouped by exposure to shear stress. Significant differences 

between group exposed to shear stress and measured within 60 minutes and each 

other experimental group. Error bars represent 95% confidence interval for the 

mean. 
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3.1.2  Elastic Modulus 

An example of the calculation of elastic modulus for a PC-3 cell and a PrEC cell is 

presented in Figure 20. The length of the projection and diameter of the pipette were measured at 

several pressure points for a single cell; the pressure level was then plotted versus the ratio of 

projection length to pipette radius (Lp/Rp). Linear regression was applied to fit a line to the data; 

the slope of this line was used to calculate elastic modulus, using the Theret model described by 

Equation 7. This relationship between pressure and normalized projection length is remarkably 

linear; R-squared values were commonly between 0.95 and 0.99. Two values of elastic modulus 

were found to be statistical outliers by Grubb’s test. Each value was an outlier in its individual 

experimental group (sheared PC-3’s and unsheared PrEC’s), and both were therefore excluded 

from the analysis. Average elastic modulus (values for each group are presented in the Appendix, 

Table A.1) was compared between groups using a one-way ANOVA with Tukey’s test to correct 

for multiple comparisons. The results of this comparison, representing only cells measured within 

60 minutes of delay time, are presented in Figure 21. There were significant differences for the 

means of elastic modulus between PC-3 unsheared versus PrEC sheared (p = 0.0161) and PC-3 

sheared versus PrEC sheared (p = 0.0172). A histogram of elastic modulus for all groups at all 

Figure 20: Example of calculation of elastic modulus. Linear 

regression is used to calculate the slope of the best fit line. Slope is 

then used to calculate elastic modulus.  

y(PC-3) = 319x – 267 

R2 = 0.991 

y(PrEC) = 152x + 13.7 

R2 = 0.998 
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time points is presented in Figure 22. The elastic modulus of cells that ruptured within 15 

mmH₂O was sometimes impossible to calculate; the cell projection typically had not extended far 

enough into the pipette for the length to be reliably measured. This restricted the size of the 

experimental groups to a subset of the total number of cells used for MPA. 

Figure 21: Elastic modulus assessed by micropipette aspiration. Significant 

differences between PrEC sheared group and both PC-3 experimental groups. 

Error bars represent 95% confidence interval for the mean. 

Figure 22: Histogram of elastic modulus for all experimental groups at all time points. 
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3.1.3  Rupture Pressure 

 Rupture pressure was recorded for each cell group during micropipette aspiration. A 

histogram of rupture pressure for each group is presented in Figure 23. As stated previously, only 

a portion of the cells ruptured within the maximum aspiration pressure applied during MPA. For 

earlier experiments, the max pressure was 50 mmH2O, while for later experiments, 100 mmH2O 

was reached. This makes the results somewhat difficult to interpret. Survival curves for each cell 

group (not accounting for delay time of the experiment) are presented in Figure 24. These curves 

were compared using the Log-rank test and the Gehan-Breslow-Wilcoxon test with Bonferroni’s 

correction for multiple comparisons. These statistical tests account for censored subjects, or cells 

that did not reach a rupture point during the experiment. A significant difference was found 

between the survival curves for PC-3 unsheared vs PC-3 sheared cells (p = 0.0050). Median 

survival pressures (pressure at which 50% of the cells have ruptured) are presented in the 

Appendix, Table A.2.  

 The relative risk of rupture within 50 mmH2O was also calculated for each group. The 

percentage of cells in each group that ruptured within 50 mmH2O is presented in a graphical 

format in Figure 25. There were no significant comparisons in relative risk of rupture, though the 

Figure 23: Histogram of rupture pressure for all experimental groups at all time points. 
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comparison between unsheared and sheared PC-3 cells was trending toward significance, with a 

relative risk of 0.68 and a p-value of 0.0962. This indicates that sheared PC-3 cells have 0.68 

times the risk of rupturing within 50 mmH2O as sheared PC-3 cells; in other words, the sheared 

cells survive higher pressures on average, though this difference was not found to be significant. 

Figure 25: Percentage of cells within each experimental group that 

ruptured within an aspiration pressure of 50 mmH₂O. 

Figure 24: Rupture pressure survival curves. Significant difference between PC-3 unsheared and 

PC-3 sheared curves.  
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It is worth noting that the unsheared PC-3 group resembles the sheared PrEC group, and that the 

sheared PC-3 group resembles the unsheared PrEC group in their rupture behavior. This is 

somewhat corroborated by the rupture survival curves in Figure 24; there is better overlap 

between the sheared PC-3 and unsheared PrEC curves, and between the unsheared PC-3 and 

sheared PrEC curves. However, especially for the PrEC groups, the low numbers of cells used in 

the experiments limit the ability of the tests to detect significant differences. Average rupture 

pressure between experimental groups was also analyzed using a one-way ANOVA with Tukey’s 

test to correct for multiple comparisons, presented in Figure 26 (representing cells measured 

within 60 minutes delay time). It must be remembered, however, that these data represent only 

the cells that successfully ruptured during micropipette aspiration, and do not represent the cells 

that were not brought to a failure point. There were significant comparisons between several 

groups: PC-3 unsheared versus PC-3 sheared (p = 0.0004), PC-3 unsheared versus PrEC 

unsheared (p = 0.0305), and PC-3 unsheared versus PrEC sheared (p = 0.0027). Average values 

for rupture pressure are presented in the Appendix, Table A.2.  

Figure 26: Rupture pressure between experimental groups. Significant differences 

between PC-3 unsheared versus PC-3 sheared, PC-3 unsheared versus PrEC unsheared, 

and PC-3 unsheared versus PrEC sheared groups. Error bars represent 95% confidence 

interval for the mean. 
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 It was also investigated whether rupture pressure was related to elastic modulus. There 

was no correlation between rupture pressure and elastic modulus (p = 0.4385). Elastic modulus 

values were then split into groups based on whether the cell had ruptured within 50 mmH2O. 

Using an unpaired t-test, no significant difference was found between groups (p = 0.0659). When 

elastic modulus values were categorized by cell type, exposure to shear stress, and successful 

rupture within 50 mmH₂O, two significant comparisons were found (One-way ANOVA with 

Tukey comparison). Sheared PrEC cells that did not rupture with 50 mmH₂O had a significantly 

higher elastic modulus than both sheared and unsheared PC-3 cells that did successfully rupture 

within 50 mmH₂O. Graphs of these results are presented in the Appendix, Figure A.2 and Figure 

A.3. 

3.1.4  Projection Cap Shape 

 The height of the projection cap between groups was measured using ImageJ and 

analyzed. Cap heights were averaged between multiple pressure levels of individual cells and 

categorized by experimental group. The cap height at the pressure level just before rupture was 

also analyzed between experimental groups. No differences were found in either of these analyses 

(One-way ANOVA with Tukey comparison). Figures of these comparisons are presented in the 

Appendix, Figure A.4 and Figure A.5. A correlation analysis was also done for each group, to 

determine if the height of the projection cap significantly changes as pressure increases. These 

results are presented in Figure 27, along with linear regression lines to indicate the direction and 

magnitude of the correlation. Each marker in this figure represents the projection cap height of an 

individual cell at that pressure level; multiple data points were collected from each cell. There 

was a significant positive correlation between cap height and pressure for both of the sheared cell 

groups (PC-3, p = 0.0306; PrEC, p = 0.0421), indicating that the projection cap becomes taller or 

more rounded at higher pressures. However, the slope of the linear regression lines, while 
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significantly non-zero, is still very small. There is no evidence to indicate that there is a 

difference in the shape of the projection cap between PC-3 and PrEC cells.  

3.2  MATLAB Stress Analysis 

 The MATLAB model was applied to many of the cells that ruptured during micropipette 

aspiration. Some of the recorded images were not of high enough quality to be able to plot points 

along the membrane edge confidently and precisely; these cells were not included in the 

MATLAB analysis. The model fitted a 2-piece spline to the imported coordinates, then calculated 

the circumferential and meridional curvature, principal stresses, and von Mises stress along the 

membrane curve. Examples of these results are presented in Figure 28, Figure 29, and Figure 30. 

In Figure 28, the solid markers represent the points placed along the edge of the membrane using 

ImageJ, and the axes represent a simple cartesian coordinate system. The x-axes in Figure 29 and 

Figure 30 represent arclength along the spline modeling the axisymmetric membrane. An 

arclength of zero represents the apex of the curve, and an arclength of one represents the 

Figure 27: Projection cap heights for cells in each experimental group at the pressure level 

applied by MPA. Lines represent linear regression fits for the data. 



 
34  

 

intersection of the membrane with the pipette wall. There were no clear trends in principal 

stresses or von Mises stress common to the majority of cells studied. Locations for the maxima 

and minima of the calculated stresses were quite variable, indicating variation in the local 

curvature of the splines used to fit the data. There was also no clear correlation between the 

location of rupture observed during MPA and the location of the maximum stress calculated by 

the MATLAB model. 

 In general, the maximum stress along the membrane curve did tend to increase with 

increased pressure levels, as indicated in Figure 31. This figure represents cells from each 

experimental group and various pressure levels before rupture. The variability of the calculated 

stress is higher at higher pressure levels, where fewer cells were analyzed. This trend of 

increasing stress with increasing pressure was also evident for principal stress T2 and von Mises 

stress, which is an expected and reasonable result. 

Figure 28: 2-Piece splines fitted to imported coordinates by the MATLAB 

model. Cell was an unsheared PC-3 that ruptured at 25 mmH₂O. 
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Figure 29: Examples of stresses calculated with the MATLAB model. Cell was an 

unsheared PC-3 that ruptured at 25 mmH₂O. 
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Figure 30: Examples of stresses calculated with the MATLAB model. Cell was a sheared 

PrEC that ruptured at 70 mmH₂O. 
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3.3  Abaqus Stress Validation 

 The Abaqus model was solved for three different pressure levels of one of the unsheared 

PC-3 cells. Solutions converged within a minute of computation time, and the deformation of the 

geometry was minimal. Principal stresses and von Mises stress were extracted from the model 

and plotted alongside the MATLAB results to look for continuity in the trends of the stresses. In 

some cases, the Abaqus results needed to be scaled up by a factor of 10 or 20 to be able to easily 

compare the trends. A comparison of the results for the cell at the 10 mmH2O pressure level is 

presented in Figure 32, Figure 33, and Figure 34 for principal stress T1, principal stress T2, and 

von Mises stress, respectively.  

 

 

 

Figure 31: Maximum stress calculated by MATLAB 

versus pressure level. 
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Figure 32: Comparison of results between MATLAB and Abaqus for principal 

stress T1. Arclength is normalized to place the intersection between the 

membrane and the pipette wall at 100.  

Figure 33: Comparison of results between MATLAB and Abaqus for principal 

stress T2. Arclength is normalized to place the intersection between the 

membrane and the pipette wall at 100. 
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Figure 34: Comparison of results between MATLAB and Abaqus for von 

Mises stress. Arclength is normalized to place the intersection between the 

membrane and the pipette wall at 100. 
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CHAPTER 4:  DISCUSSION 

4.1  Micropipette Aspiration 

 There was a significant change in rupture pressure with delay time, but only in cells 

exposed to shear stress, indicating that the cells have some dynamic mechanical response to the 

shear stress. When the sheared cells were further grouped by cell type, it was observed that the 

PrEC cells continued to demonstrate the same decrease in rupture pressure with time. There were 

too few sheared PC-3 cells measured after 60 minutes delay time to draw any conclusions about 

the PC-3 group. In general, cells exposed to shear stress could withstand a higher pressure before 

rupture during micropipette aspiration, but the effect was transient; after 60 minutes delay time 

following the shear stress assay, the rupture pressure of the cells fell to essentially the same level 

as that of the unexposed group. This indicates a transient response to shear stress that increases 

the failure strength of the cell membrane. There is an immediate reaction by the cell to protect 

itself and mitigate the effects of the shear stress. This also may indicate that the cells that survive 

shear stress exposure are not just the inherently strong cells, but that there is an adaptive response 

to shear stress to increase the strength of the membrane, and that this response seems to be short-

lived. The mechanism for this increase in membrane strength is not currently known, though it 

may be hypothesized to be due to a combination of cytoskeletal structures, membrane proteins, 

and the lipid bilayer itself. There was no change in elastic modulus with time. Any remodeling or 

repair of the cytoskeleton or extracellular matrix after detachment from the culture dish and the 

shear stress assay did not significantly contribute to change in cell stiffness within the time frame 

of the experiments. 

 There were some significant correlations between elastic modulus or rupture pressure and 

cell size parameters, as shown in Table 3 and Table 4. Because these correlations were not 

consistent between the different ways of grouping the data, they were ignored. The effect of cell 
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size on material properties is unlikely to be a clinically interesting question. It may also be that 

the significant correlations are false positives, the result of random variation in the MPA data. 

4.1.1  Elastic Modulus 

 Elastic modulus of each experimental group was roughly Gaussian, as demonstrated by 

the histogram in Figure 22. The average elastic modulus calculated for each experimental group 

(measured within 60 minutes delay time) was presented in Figure 21. The PC-3 cells’ elastic 

modulus was unchanged by exposure to shear stress. This is in contradiction to the study by 

Chivukula, which found that PC-3 cells exposed to shear stress became stiffer (Chivukula et al., 

2015). The low numbers of cells in the PrEC group prevented the detection of a significant 

difference between the sheared and unsheared groups. However, the sheared PrEC group had a 

significantly higher elastic modulus compared to both PC-3 groups.  

 Previous studies (see Table 1) have found that cancer cells have a significantly lower 

elastic modulus compared to their untransformed counterparts. This was not seen in this study; 

the average elastic moduli of the unsheared PC-3 and PrEC cells were not significantly different. 

This study also found a trend toward increasing elastic modulus with shear stress exposure for the 

PrEC group, which was not seen in the Chivukula study (Chivukula et al., 2015). However, the 

low number of cells in the PrEC experimental group certainly limits the power of the study to 

detect differences in elastic modulus.  

A power analysis may be performed to determine whether the experiments in this study 

had adequate sample sizes. If the differences in elastic modulus between cell types and shear 

groups seen by Chivukula represent the true means and standard deviations of the populations, 

power calculations may be used to determine the minimum sample size for an experiment to be 

likely to detect that difference (Chivukula et al., 2015). The sample size calculation is presented 

in Equations 20 and 21: 
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𝑛 = 2 (
𝑍1−𝛼/2 + 𝑍1−𝛽

𝐸𝑆
)

2

              (20) 

𝐸𝑆 =
|𝜇1 − 𝜇2|

𝜎
              (21) 

where n is the sample size of each experimental group, Z is a statistical factor that depends on the 

significance and power levels desired for the calculation, ES is the effect size, μi is the mean of an 

experimental group, and σ is the pooled standard deviation of the groups. To have a 90% chance 

of finding a significant difference between the elastic modulus of unsheared and sheared PC-3 

cells (assuming Chivukula’s results represent the true means of the populations), the sample sizes 

of each group should be at least 11 cells. This calculation uses a significance value (α) of 0.05 

and power (1 – β) of 90%. Using the same parameters with the difference in elastic modulus 

between unsheared PC-3 and unsheared PrEC cells, the minimum sample size of each group was 

found to be 10 cells. The sample sizes of the PC-3 groups in this study were adequate, but no 

difference was found in elastic modulus between the PC-3 groups. The unsheared PrEC group 

was underpowered in this study; the sample size was too small to have a good chance of detecting 

a significant difference between the groups. In future studies, the sample size of the PrEC groups 

should be increased. 

4.1.2  Rupture Pressure 

 Rupture pressure of most of the experimental groups displayed a Gaussian distribution, as 

seen in Figure 23, with the unsheared PrEC cells exhibiting higher variability. The rupture 

survival curves between experimental groups, as shown in Figure 24, displayed some interesting 

differences. There was a significant difference between the survival curves for unsheared PC-3 vs 

sheared PC-3 cells. After exposure to shear stress, the PC-3 cells showed an adaptive 

strengthening response and could endure a higher aspiration pressure before rupture. The PrEC 

cells seemed to exhibit little change in their rupture behavior in response to the shear stress, 

indicating that the PrEC cells may not have the same adaptive ability to strengthen their 
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membranes after exposure to shear stress. This behavior is evident in the plot of rupture pressure 

between experimental groups in Figure 26. There was a significant increase in rupture pressure 

between the unsheared and sheared PC-3 groups. However, there was no significant difference in 

rupture pressure between unsheared and sheared PrEC cells. It must be remembered that Figure 

26 contains only cells that successfully ruptured during the MPA experiment and that were 

measured within 60 minutes delay time, which places limits on the representative ability of data.  

These findings may indicate a cancer-specific adaptive mechanism to shear stress to 

decrease the likelihood of a cancer cell rupturing while traveling through the circulatory system. 

Plenty of cells did lyse during the shear stress assay (the cell survival percentage during the shear 

stress assay was not quantified in this study); this was indicated by cell fragments observed in the 

culture medium during MPA. The cancer cells that survived, however, seemed to change the 

rupture strength of their membranes in response to the treatment. This change in rupture pressure 

after shear stress exposure was not related to a change in elastic modulus, however, or to the 

shape or curvature of the projection cap. It is possible that rupture is more dependent on 

biochemical aspects of the cell membrane than on whole-cell biomechanical properties. 

4.1.3  Projection Cap Shape 

 The height of the projection cap did not exhibit significant differences between any of the 

experimental groups, comparing both the average projection height across several pressure levels 

and the projection height immediately preceding rupture. The positive correlation between 

pressure and projection height for the sheared PC-3 and sheared PrEC cells, shown in Figure 27, 

indicates that the projection caps of the cells exposed to shear stress tend to become rounder as 

they are aspirated into the pipette. While significantly non-zero, the slope of this relationship is 

small enough to be considered clinically insignificant. In any case, there is no evidence to suggest 

that there is a difference in the shape of the projection cap that may lead to different patterns of 

rupture between PrEC and PC-3 cells. The shape of the membrane does contribute to stress 
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distribution, but there seems to be no correlation between cell type and membrane curvature 

patterns. 

4.2  Membrane Stress Analysis 

 The principal stresses and von Mises stress calculated by the MATLAB code were 

corroborated by the Abaqus model for direction and relative magnitude of the trends. The two 

types of models often agreed well. However, there seemed to be no correlation between the 

location of the maximum stresses calculated by the model and the location of rupture observed 

during MPA. The accuracy of the MATLAB model was limited by the quality of the images 

collected during MPA and the simplicity of the stress model. The stress model does not account 

for bending stresses and assumes axisymmetry. The inconsistency of the trends for stress along 

the membrane indicated changing curvature between pressure levels and between cells, which 

may be correlated with rupture behavior or may be the result of poor placement of points along 

the membrane in ImageJ. Each cell analysis investigated the three pressure levels immediately 

preceding rupture. If lower pressure levels were also evaluated for stress, patterns might emerge 

in the curvature change of the projection cap during the MPA experiment. Expanding the analysis 

to include more cells and more pressure levels may reveal patterns in stress distribution or 

changes in curvature that are not now evident. 

 One issue noticed during the MATLAB image processing was the sensitivity of the stress 

model to small changes in curvature in the fitted spline. The spline function was not overly 

sensitive to the coordinates of the points along the membrane; in fact, the 2-piece spline 

sometimes did not capture the curvature adequately for more irregularly-shaped membranes. The 

use of 3-piece or 4-piece splines often better approximated the membrane curvature, but the 

curvature of the spline was of necessity much more variable. This variable curvature resulted in 

wildly irregular and difficult to interpret stress results. For this reason, the simpler 2-piece spline 

was considered to be the optimal option for the stress model. 



 
45  

 

 The accuracy and consistency of the stress model results may be improved by obtaining 

better quality images during the MPA experiments. This could be accomplished by using a higher 

quality microscope or controlling the vibration in the room through a vibration table. Using larger 

diameter pipettes (and therefore larger cells) also tended to produce clearer images. Finally, an 

automated tool to place points along the membrane curve or to construct a best-fit spline may 

introduce less user error or bias and make the stress results more consistent. The creation of an 

image processing algorithm was not the focus of this study, but may be useful in future 

investigations.  
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CHAPTER 5:  LIMITATIONS AND FUTURE DIRECTIONS 

 Further studies investigating the effect of fluid shear stress on cancer cells are needed to 

confirm the hypothesis that shear stress induces a mechanical response in the rupture strength of 

the cell membranes. Varying the levels of shear stress, such as in the study by Chivukula, will 

also be helpful in determining if the change in rupture pressure for cancer cells is a graded 

response (Chivukula et al., 2015). It must also be confirmed whether there is a difference in 

elastic modulus between cancer and epithelial prostate cells, which has been previously 

demonstrated but was not seen in this study. Larger sample sizes for the PrEC groups may 

provide more conclusive results for these measures. Studies with other cancer cell lines can 

determine if this behavior generalizes to multiple cancer types. Other experimental variables of 

interest may include temperature of the sample, time of day, culture medium, or long-term 

exposure to shear stress. 

 One assumption to declare in relation to the micropipette aspiration experiment is the 

observation of membrane rupture. The formation of a bleb on the surface of the aspirated 

membrane is assumed to be a rupture event, with the cell’s membrane splitting open and cell 

contents spilling out. It is possible that this observation is actually a ballooning of the cell 

membrane, similar to a blood vessel aneurysm, in which the membrane stretches but remains 

intact. In this case, the stresses in the membrane at the point of bleb formation would be 

representative of the yield stress of the membrane instead of the failure strength. 

 The biochemical changes taking place in the cancer cells in response to fluid shear stress 

are currently unknown. Biomechanical studies are useful to identify macroscopic behavioral 

changes in cells, but their underlying causes are on the molecular level and are more difficult to 

identify. The mechanism by which cancer cells resist rupture after exposure to shear stress may 

be biochemical in nature; if this mechanism can be disrupted, a treatment to reduce the metastatic 

potential of tumor cells may be created. Prevention of metastasis would be an enormous step 
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forward for cancer treatment; most metastasis-prevention strategies are still in research and trial 

phases.  

 Further refinement of the computational model for membrane curvature and stress would 

also be helpful to determine true membrane stresses and to relate stress to rupture location along 

the membrane. It may improve the consistency of the results to create an image processing tool to 

automatically identify points along the membrane curve. This would remove some of the human 

error in manually determining coordinates using ImageJ. This would require the creation of image 

processing and edge detection tools, which was not the focus of this project. Modeling the entire 

membrane, rather than assuming axisymmetry, would improve the accuracy of the results; 

however, this would require the use of different and more complicated analytical models for 

curvature and stress. This would dramatically increase the complexity and computation time of 

the model.   
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APPENDIX 

 

Table A.1: Average elastic modulus for each experimental group. 

 Average Elastic Modulus (Pa) n 

PC-3 
Unsheared 33.40 23 

Sheared 33.85 25 

PrEC 
Unsheared 38.52 5 

Sheared 59.88 7 

 

 

Table A.2: Average and median rupture pressure for each experimental group. 

 

 

 

 

 Rupture Pressure (mmH₂O) 

Average n Median n 

PC-3 
Unsheared 24.35 23 35 62 

Sheared 46.0 15 70 30 

PrEC 
Unsheared 42.86 7 50 16 

Sheared 50.0 6 40 15 

Figure A.1: Rupture pressure of sheared cells measured within 60 minutes delay time and after 

60 minutes delay time. Significant difference between PC-3 within 60 minutes and PrEC after 

60 minutes (p = 0.0341) and between PrEC within 60 minutes and PrEC after 60 minutes (p = 

0.0350). Error bars represent 95% confidence interval for the mean. 
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Figure A.2: Elastic modulus data grouped by rupture within 50 

mmH₂O. No significant difference in elastic modulus between 

groups (unpaired t-test, p = 0.0659). Error bars represent 95% 

confidence interval for the mean. 

Figure A.3: Elastic modulus data grouped by rupture within 50 mmH₂O, and further divided 

cell type and shear stress exposure. Significant differences between PC-3 unsheared and 

ruptured within 50 mmH₂O group and PrEC sheared and unruptured within 50 mmH₂O group 

(p = 0.0318), and between PC-3 sheared and ruptured within 50 mmH₂O group and PrEC 

sheared and unruptured within 50 mmH₂O group (p = 0.0270). Error bars represent 95% 

confidence interval for the mean.  
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Figure A.4: Average projection cap height. No significant differences between groups. 

Error bars represent 95% confidence interval for the mean. 

Figure A.5: Projection cap height immediately preceding cell rupture during 

MPA. No significant differences between groups. Error bars represent 95% 

confidence interval for the mean. 
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