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Abstract

Over 90% of cancer deaths result not from primary tumor development, but from metastatic 

tumors that arise after cancer cells circulate to distal sites via the circulatory system. While it is 

known that metastasis is an inefficient process, the effect of hemodynamic parameters such as 

fluid shear stress (FSS) on the viability and efficacy of metastasis is not well understood. Recent 

work has shown that select cancer cells may be able to survive and possibly even adapt to FSS in 

vitro. The current research seeks to characterize the effect of FSS on the mechanical properties of 

suspended cancer cells in vitro. Nontransformed prostate epithelial cells (PrEC LH) and 

transformed prostate cancer cells (PC-3) were used in this study. The Young’s modulus was 

determined using micropipette aspiration. We examined cells in suspension but not exposed to 

FSS (unsheared) and immediately after exposure to high (6,400 dyn/cm2) and low (510 dyn/cm2) 

FSS. The PrEC LH cells were ~140% stiffer than the PC-3 cells not exposed to FSS. Post-FSS 

exposure, there was an increase of ~77% in Young’s modulus after exposure to high FSS and a 

~47% increase in Young’s modulus after exposure to low FSS for the PC-3 cells. There was no 

significant change in the Young’s modulus of PrEC LH cells post-FSS exposure. Our findings 

indicate that cancer cells adapt to FSS, with an increased Young’s modulus being one of the 

adaptive responses, and that this adaptation is specific only to PC-3 cells and is not seen in PrEC 

LH cells. Moreover, this adaptation appears to be graded in response to the magnitude of FSS 

experienced by the cancer cells. This is the first study investigating the effect of FSS on the 

mechanical properties of cancer cells in suspension, and may provide significant insights into the 

mechanism by which some select cancer cells may survive in the circulation, ultimately leading to 
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metastasis at distal sites. Our findings suggest that biomechanical analysis of cancer cells could 

aid in identifying and diagnosing cancer in the future.
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Introduction

Cancer is a lethal disease often due to its ability to spread (metastasize) to secondary 

locations through the process of metastasis. Over 90% of cancer deaths are due to metastasis 

rather than primary tumor growth.1 Once a cancer is initiated at a primary site, various 

mechanisms are set into motion that lead to its growth, proliferation, and ultimate spread to 

secondary locations. The major steps in cancer metastasis are as follows: a tumor grows at a 

primary site; new blood vessels are created to supply nutrients to the tumor (angiogenesis); 

detachment of cancer cells from the primary tumor and invasion of the cells into the blood 

circulation and lymphatic circulation; spread of cancer cells to various parts of the body 

through the aforementioned circulatory systems; adherence or lodging of the circulating 

tumor cells in the lumen of the circulatory vessels in preparation for extravasation; 

extravasation of the tumor cells to secondary sites; and establishment of a viable 

microenvironment to support tumor growth at the secondary sites.2 While tumors at primary 

sites are generally treated using chemotherapy and targeted therapies, the onset of metastasis 

makes the disease very difficult to treat.1–4 Metastasis is known to be an inefficient process 

where a small percentage of the cancer cells that enter the circulation successfully form new 

tumors; the harsh hemodynamic environment is thought to mechanically destroy some 

cancer cells and thereby contribute to metastatic inefficiency. Specifically, fluid shear stress 

(FSS) is considered to be an important factor that influences circulating tumor cells.1,2,5–7 In 

their paper, Wirtz et al state that shear flow influences circulating tumor cells; however, very 

little is known about the effect of shear flow on the viability and proliferation of circulating 

tumor cells.1 One of the aims of this research was to investigate the effect of FSS on the 

mechanical properties of cancer cells. As described briefly in a paper on the force journey of 

a cancer cell, the authors5 mention that the cancer cell is subjected to FSS among other 

forces when in the circulation. This exposure of a new set of mechanical forces hitherto 

unknown by the cancer cell could possibly effect a change in the mechanical and 

biochemical properties of the cell. Basson and Thamilselvan investigated the effect of 

nonlaminar shear stress on the adhesive ability of cancer cells and found that shear stress 

and turbulence may stimulate the adhesion of malignant cells shed by colon cancers by a 

mechanism that requires both actin-cytoskeletal reorganization and independent physical 

force activation of Src kinase.8 The same research group also investigated the effect of 

pressure on the adhesion of cancer cells and noticed similar behavior.9 A similar study 

undertaken by Haier et al also found that FSS can enhance activation of focal adhesion 

kinase in colon carcinoma cells, thereby leading to increased adhesion of those cells.10 A 

recent study by our group found a biphasic loss of cell viability in transformed cells, but not 

immortalized, nontransformed epithelial cells, when exposed to repeated brief pulses of high 

level FSS.11 In that study, the data indicated that cancer cells may “adapt” to a fluid shear 
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environment, thereby increasing survival upon repeated exposure to FSS. This brings to 

light an important point that mechanical stimuli leads to mechanical changes in the cell 

structure which in turn dictate the behavior of the cell.

In recent years, biomechanical properties of cells, especially cell deformability and 

elasticity, have been linked to disease.12–15 Multiple methods to investigate mechanical 

properties for cells have been developed, such as atomic force microscopy (AFM), optical 

tweezers, and micropipette aspiration.14,16

In AFM,17,18 the cell surface is depressed (indented) by a probe that moves with a constant 

velocity, thereby providing an increasing force. This force is proportional to the deflection 

of a beam that is very stiff when compared with the apparent stiffness of the cell that is 

being deformed. This method is usually restricted to measuring forces around 50 pN; 

however, advancement of technology is enabling the application of larger forces.

Using optical tweezers (also known as optical trap), a small bead is captured in an optical 

trap (laser beam) which is then made to contact a cell surface. Once contacted, the bead is 

made to move slowly away from its initial position using the laser, thereby extending the 

surface of the cell where contact has been made.19,20 The force of extension is measured by 

the deflection of the bead in the trap based on its location from the optical axis. The optical 

tweezers method is very complicated to implement and is quite unstable with respect to bead 

positioning and laser positioning.

Micropipette aspiration was developed by Mitchison and Swan in 1950 to measure the 

elastic properties of sea urchin eggs and has become popular due to its versatility, range of 

applicable forces, and relative simplicity.21,22 In micropipette aspiration, a micropipette is 

manipulated toward a cell, usually in suspension, and a small suction pressure is applied, 

partially aspirating the cell inside the micropipette. Upon increasing the suction pressure, the 

cell deforms and either completely flows into the micropipette or increases the length of 

projection of the aspirated portion. This deformation is then analyzed to determine the 

elastic property of the cell, ie, Young’s modulus. The micropipette aspiration technique can 

be used to apply forces over a range of three orders of magnitude from 10 pN to 1 nN.23 

Micropipette aspiration has been extensively used by researchers to study the mechanical 

properties of various cells, including the red cell membrane,22 chondrocytes,24 

neutrophils,25 and others. Cancer cell mechanical properties have been studied thus far 

primarily using AFM. Studies by Cross et al,26,27 Rebelo et al,28 and Faria et al29 found that 

metastatic cancer cells were softer than benign cells, with a standard deviation of elastic 

moduli for cancer cells far smaller than that of benign cells. However, the effect of fluid 

shear on the mechanical properties of cancer cells is still poorly understood.

Previous work by our group determined that cancer cells adapt to FSS.11 The physiological 

ranges of FSS varies from ~15 dyn/cm2 in the bulk arterial circulation to as much as 3,000 

dyn/cm2 during turbulent flow in the heart, near the walls of large vessels and vessel 

bifurcations, and localized shear from cell–cell interactions.30,31 The current study seeks to 

characterize the effect of FSS on the mechanical properties of cancer cells. Specifically, we 

seek to determine if cancer cells can change their mechanical properties when exposed to 
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FSS and if the change (if present) is a cancer cell-only phenomenon. To this end, we 

designed a micropipette aspiration procedure/experiment to examine the effects on FSS on 

the elasticity, ie, Young’s modulus of cells.

As mentioned above, micropipette aspiration enables the application of a wide range of 

forces on a cell. More importantly, micropipette aspiration also possesses the advantage of 

being able to measure the properties of cells in suspension, which is uniquely suited to the 

task of investigating the effect of FSS on cancer cells undergoing metastasis. This is unlike 

most other methods which require the cell to be adhered to a substratum. Due to the 

simplicity and the ability to measure the properties of cells in suspension, the micropipette 

aspiration technique was chosen for investigating the effect of fluid shear on the mechanical 

properties of cancer cells.

Materials and methods

Cells

Transformed prostate cancer cells (PC-3) and immortalized, nontransformed prostate 

epithelial cells (PrEC LH) were used in this study. The cancer cell line was obtained from 

American Type Culture Collection (Manassas, VA, USA) and cultured in the recommended 

prescribed manner. The nontransformed prostate epithelial cells were obtained from Dr 

William Hahn of the Dana-Farber Cancer Institute (Boston, MA, USA) and cultured as 

recommended. More details can be found in our previous work.11

Fluid shear stress exposure

The FSS exposure protocol used is described in detail in our previous work.11 Briefly, a 

dilute suspension of cells of concentration up to 5×105 cells/mL was slowly filled into a 

syringe and then passed through a 30 G needle (average internal radius 7.94×10−3 cm). A 

syringe pump (Harvard Apparatus PHD-2000 Infuse/withdraw pump) was used to achieve 

controlled flow rates in the needle of 20 μL/sec (“low shear”) and 250 μL/sec (“high shear”). 

The cell suspension was passed through the needle up to ten times. The volume fraction of 

the cell suspension was <0.2%, thereby facilitating the use of Poiseuille flow relationships in 

order to estimate the FSS. Based on Poiseuille’s equation,

(1)

where τ is the wall shear stress in dyn/cm2, Q is the flow rate in cm3/sec, η is the dynamic 

viscosity of the medium (0.01 dyn-s/cm2), and R is the radius of the needle, the maximum 

shear stress occurs at the wall of the needle. The maximum FSS was 510 dyn/cm2 for the 

low shear case and 6,400 dyn/cm2 for the high shear case. According to Poiseuille’s 

relationship, the minimum FSS occurs at the center of the needle and is proportional to the 

radius of the cells. The minimum FSS experienced by the cells was ~800 dyn/cm2 for the 

high shear case. The flow rates and corresponding FSS values and transit times through the 

needle are shown in Table 1, and a schematic of the FSS exposure experiment is shown in 

Figure 1A.
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Micropipette aspiration

Micropipette aspiration apparatus—The apparatus used for the micropipette aspiration 

procedure consisted of a micropipette puller (Sutter Instruments P-97, Sutter Instruments, 

Novato, CA, USA), a microforge (Narishige MF-900, Narishige Group, Tokyo, Japan), a 

micromanipulator (Scientifica LBM-7, Scientifica, Sussex, UK), thin-walled glass 

capillaries (TW150-3, World Precision Instruments Incorporated, Sarasota, FL, USA), a 

microscope (Nikon TE-300, Nikon Corporation, Tokyo, Japan), and a camera (Stingray, 

Allied Vision Technologies GmbH, Stadtroda, Germany). Preliminary pipettes were pulled 

on the micropipette puller and cut using the microforge. The average internal diameter of the 

micropipette was approximately 5–8 μm. The micropipette was filled with the appropriate 

medium using a microfilling needle (MicroFil, World Precision Instruments Incorporated). 

Tygon® tubing connected the micropipette to a fluid reservoir mounted on a linear scale. 

The resolution of the linear scale used to change the height of the reservoir was 0.5 mm (4.9 

Pa). The micropipette was maneuvered into position just above the cover glass on the 

microscope platform using the micromanipulator. A schematic of the experimental setup is 

shown in Figure 1B.

Micropipette aspiration experiments—Once the micropipette was positioned, a small 

sample of the cell suspension was deposited on the cover slip. All experiments were 

performed at room temperature. The pressure applied to the tip of the micropipette was 

controlled by raising and lowering the reservoir in reference to the height of the microscope 

stage. The tip of the micropipette was further positioned near a cell using the 

micromanipulator. A small suction pressure was used (~20 Pa) to attract a cell toward the 

micropipette (Figure 2A). Care was taken to ensure that the cell was completely suspended 

in the sample prior to starting the experiment. This methodology is in contrast with AFM 

where the cells are adherent to a slide during the measurements. Once a cell was attracted to 

the micropipette tip, the reservoir was lowered to apply increasing amounts of suction 

pressure at the tip of the micropipette, to aspirate a part of the cell inside the micropipette 

(Figure 2B). Suction pressures were applied in increments of ~50 Pa with typical maxima of 

~300 Pa. Images were taken at regular intervals of ~4 minutes, noting the height of the 

reservoir (and thereby the applied suction pressure) for every cell. The suction pressures 

were increased until the aspirated portion of the cell began to lose coherence. The 

micropipette aspiration experiments were performed on cells in suspension in order to 

establish a reference (control) value of the Young’s modulus for comparison with the 

sheared cells.

Deformation analysis to determine Young’s modulus

For each cell, images captured at several recorded suction pressures (ΔP) and the projection 

length (Lp) were analyzed using an elastic model first formulated in 1988 by Theret et al.32 

The model can be used to determine the Young’s modulus of a cell based on the applied 

suction pressure and the length of projection of the cell inside the pipette (Figure 2B). 

Mathematically, the model is expressed as:
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(2)

In Equation 2, E is the Young’s modulus for the homogeneous solid and ϕ is a term that 

depends on the ratio of the thickness of the pipette wall to the radius of the pipette; a typical 

value for ϕ~2.132 Lp is the length of projection of the cell into the pipette and Rp is the 

radius of the pipette. ΔP is the applied suction pressure. This simplified model has been used 

to study endothelial cells32 and to investigate chondrocytes.24 The Young’s modulus was 

obtained from the slope of the linear relationship between the suction pressure ΔP and the 

normalized projection length Lp/Rp.

Hochmuth classified cells into solid-like or liquid-like based on their behavior when 

aspirated into a micropipette.23 Based on the aforementioned classification, cells that 

“flowed” into the micropipette when the suction pressure was increased beyond a particular 

threshold were classified as liquid, ie, cells containing a liquid interior enclosed by a 

membrane. One of the parameters determined for liquid-like cells was the cortical tension of 

the membrane. Cells that did not flow into the micropipette when the suction pressure was 

increased but rather continued to elongate into the micropipette were classified as a solid, ie, 

having a homogeneous mechanical property. The key parameter for solid cells was the 

Young’s modulus calculated using Equation 2. Hochmuth also proposed a formula to 

calculate the equivalent cortical tension of a solid cell to compare against common liquid-

like cells, such as red blood cells and neutrophils.23 Mathematically, the equivalent cortical 

tension for solid cells is calculated as:

(3)

Using Equation 3, a value of cortical tension for a solid cell was calculated to compare the 

deformability with other cells classified as liquids and are present in the circulatory system, 

such as neutrophils.

Statistical analysis

The Young’s modulus and the equivalent cortical tension for both PC-3 and PrEC LH cells 

are presented in the format of mean ± standard deviation for all tests performed. An 

unpaired, two-tailed Student’s t-test was performed to determine whether the PC-3 and PrEC 

LH cells (or cells at rest and cells after FSS exposure) were significantly different.

Results

Young’s modulus calculation

The cancer cells exhibited solid-like behavior and hence the elastic model described in the 

Equation (2) was chosen for analysis.23 The images collected for the PC-3 and PrEC LH 

cells without FSS exposure were analyzed to determine the projection length Lp and the 
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radius of the pipette Rp. A typical image sequence collected for an experiment is shown in 

Figure 3. Typical response curves for the projection length versus the applied suction 

pressure are shown in Figure 4. A linear relationship exists between the suction pressure ΔP 

and the projection length Lp.

Young’s modulus of cells in suspension (unexposed to FSS)

A suspension of PC-3 cells and PrEC LH cells were each prepared and tested for their 

respective mechanical properties at rest (ie, without FSS exposure). The Young’s moduli of 

the PC-3 and the PrEC LH cells were found to be 19.95±6.77 Pa (n=54) and 47.72±25.7 Pa 

(n=47), respectively.

Young’s modulus of cells after exposure to high shear

The transformed and nontransformed cells were exposed to the high flow rate (250 μL/sec), 

which was considered to be the high shear protocol. As mentioned above in the micropipette 

aspiration experiments section, the cell suspension was passed ten times through this 

syringe. The micropipette aspiration experiments were conducted immediately following the 

ten passes through the syringe at high FSS. The Young’s moduli for the PC-3 and PrEC LH 

cells after exposure to high FSS were determined to be 35.37±13.99 Pa (n=58) and 

43.56±20.99 Pa (n=47), respectively. Figure 5 shows a comparison of the Young’s modulus 

measured for both cell types at rest and after high shear exposure.

Young’s modulus of cells after exposure to low shear

Transformed PC-3 cells were also subjected to ten passes at the previously described low 

flow rate (25 μL/sec), which was considered to be exposure to low shear, to determine 

whether any change in elastic modulus was evident after exposure to low FSS. The Young’s 

modulus for the PC-3 cells after exposure to low FSS was 29.25±10.49 Pa (n=45).

Young’s modulus of cells after single exposure to high shear

The FSS protocol included passing the suspension of cells through the syringe for ten 

passes. After observing the above results, an additional experiment was performed to 

examine how PC-3 cells responded after a single passage at high FSS. The Young’s 

modulus of PC-3 cells after a single passage at high FSS was found to be 27.49±10.14 Pa 

(n=45). A plot summarizing the Young’s moduli measured for PC-3 cells in response to 

various conditions is shown in Figure 6, and all the Young’s modulus measurements are 

tabulated in Table 2.

Equivalent cortical tension

The equivalent cortical tension of all the cells under investigation was determined using 

Equation 3. The equivalent cortical tension for the unsheared PC-3 cells was 134.78±51.82 

μN/m (n=54) and for the PC-3 cells exposed to ten passes at high shear was 213.71±102.65 

μN/m (n=58). The equivalent cortical tension for the unsheared and high FSS-exposed PrEC 

LH cells was found to be 346.43±210.18 μN/m (n=47) and 300.82±158.34 μN/m (n=47), 

respectively. A summary of the results of all the aforementioned experiments for both PC-3 

and PrEC LH cells are tabulated in Table 3.
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Discussion

The micropipette aspiration technique was successfully applied to investigate the behavior 

of PC-3 cells and PrEC LH cells both at rest and after being exposed to FSS. The use of 

micropipette aspiration is important in that it is one of the few methods in which the 

mechanical properties of the cell can be investigated when the cell is in suspension. This is 

very pertinent to the current research, where the goal was to determine the effect of FSS on 

PC-3 cells during hematogenic metastasis as cells migrate from a primary tumor to a 

secondary site via the circulatory system. The range of FSS to which the PC-3 cells were 

exposed is the physiological range that can be expected in the systemic circulation.11,31 

Moreover, the biphasic viability displayed by the PC cells indicates that they have an 

adaptive response to FSS exposure, while PrEC LH cells do not exhibit any such 

adaptations.

Our study found that the Young’s modulus of PrEC LH at rest was ~140% stiffer than for 

PC-3 cells, with the standard deviation of the PrEC LH cells being much wider than that for 

PC-3 cells. This is comparable with other studies that have used AFM to determine the 

Young’s modulus and found that nontransformed or benign cells were stiffer than 

transformed or metastatic cells and that the distribution of the nontransformed cells was 

larger that of the transformed cells.26–28,33,34 Interestingly, our data indicate that reduced 

stiffness may be an intrinsic property of transformed cells, and not dependent on their 

adhesion to a substratum.

Until now, the impact of FSS exposure on the mechanical properties of cancer cells has not 

been investigated. Using micropipette aspiration, we examined how FSS exposure impacts 

the cell’s mechanical property, ie, Young’s modulus of cells. We found that the average 

Young’s modulus of transformed (PC-3) cells exposed to high FSS for ten passages was 

significantly higher than for PC-3 cells at rest (35.37 Pa versus 19.95 Pa, respectively) 

corresponding to an increase of ~77% post high FSS exposure. After exposing the PC-3 

cells to low FSS for ten passages, we found the average Young’s modulus to be ~47% 

higher than the resting value, ie, still significantly higher, but only half that of the cells 

exposed to high FSS. The Young’s modulus of the PC-3 cells after exposure to a single 

passage at high FSS was found to be very similar to the Young’s modulus after ten passages 

at low FSS. This indicates that the PC-3 cells seem to display a graded response to the 

magnitude of FSS. The change in stiffness of the PC-3 cells was dependent on the level of 

FSS exposure, with increasing exposure resulting in a higher Young’s modulus. In contrast, 

there was no significant change in the Young’s modulus of PrEC LH cells upon shear 

exposure, indicating that the stiffening is a phenomenon only present in transformed cells.

Interestingly, previous work showed that the change in viability of PC-3 cells after exposure 

to FSS was shear-dependent,11 so that at low FSS exposure, most of the PC-3 cells (~90%) 

survived after ten passages through the syringe, whereas at high FSS exposure only ~55% of 

cells were still viable after ten passages. In addition, the survival and Young’s modulus of 

PC-3 cells after one passage at high FSS (corresponding to a flow rate of 250 μL/sec) were 

similar to the survival and Young’s modulus of PC-3 cells after ten passages at low FSS 

(corresponding to a flow rate of 20 μL/sec). One implication of our finding in the current 
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work is that the degree of stiffness per se is not an absolute determinant of resistance to FSS; 

PrEC LH cells are stiffer than PC-3 cells, yet less viable in the face of FSS. This implies that 

either there is an optimal level of stiffness to survive FSS exposure between the Young’s 

modulus values for FSS-naïve PC-3 and PrEC LH cells, and/or that other mechanisms 

influence the survival of cancer cells in response to FSS.

The flow rates used for the low FSS were about one-tenth that of the flow rates used for the 

high shear runs. Interestingly, the Young’s modulus for the PC-3 cells exposed to ten passes 

at low shear overlap very closely with the Young’s modulus for the PC-3 cells exposed to 

one pass at high shear. These results have led us to propose that PC-3 cells exhibit not only 

an acquired response (in the form of a change in Young’s modulus) to FSS, but that the 

response is cumulative based on the magnitude and exposure time of FSS. While the results 

from the studies on the change in Young’s modulus as a function of exposure to FSS 

presented here support this hypothesis,11 additional investigation is necessary to support 

this.

The histogram of the Young’s modulus of the PC-3 in Figure 7 indicates a much wider 

range of Young’s modulus measurements for the PC-3 cells exposed to FSS as opposed to 

the resting group. Based on the aforementioned hypothesis in which the magnitude of FSS, 

coupled with exposure time, is responsible for the higher Young’s modulus after FSS 

exposure, this broad range of measurements may be explained in several ways. One 

possibility is that not all of the cells are exposed to the same magnitude of FSS upon passage 

through the needle, a result of the likely parabolic (Poiseuille) flow profile, and thus cells 

traveling through the needle near the needle wall would experience the maximum FSS, 

while cells nearer to the center of the needle are exposed to the lowest FSS. While flow is 

expected to be laminar, cells that are passed ten times are likely to be exposed to a different 

FSS magnitude during each passage. It could be that there is a minimum level of FSS 

exposure necessary to elicit changes in Young’s modulus. Another possibility could be that 

different cells adapt at different rates, based on genetic heterogeneity or a physiological 

parameter such as cell cycle progression, leading to an uneven response to FSS. However, 

our prior study indicated that neither pre-existing genetic heterogeneity nor differences in 

the cell cycle profile made a substantial contribution to FSS resistance.11

Because of their behavior during aspiration, cancer cells, much like chondrocytes and 

endothelial cells, are classified not as membrane-contained liquids but instead as 

homogeneous solids. This distinction can most easily be made when the cell is aspirated 

beyond one radius of the pipette inner diameter, where the aspirated portion of the cell forms 

a hemispherical shape within the pipette.23 When the suction pressure increases beyond this 

point, “liquid” cells will flow into the pipette. However, as can be seen in Figure 3, the 

cancer cells instead continue to resist suction beyond this point, hence the solid 

classification was adopted. In addition to measuring the cells’ Young’s modulus, the 

equivalent cortical tension for these cells was calculated, based on Hochmuth’s calculations 

for cells treated like homogeneous elastic solids.23 This provides a means to compare the 

deformability against more fluid-like cells. The cortical tension for the PC-3 cells at rest was 

almost four times that of neutrophils.25 As the PC-3 cells stiffened upon FSS exposure, the 

cortical tension of PC-3 cells after high FSS exposure was almost six times that of a 
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neutrophil. The cortical tension of the PrEC LH cells was almost ten times that of 

neutrophils, both before and after FSS exposure. Endothelial cells, on the other hand, have a 

cortical tension ~100 times greater than neutrophils, indicating that both of the prostatic 

epithelial cell types currently under investigation exhibit equivalent cortical tension values 

within the range of physiologic, solid-like cells that have been studied in the past.24,32 Since 

one goal of this work is to understand how these cells behave during hematogenous 

metastasis, the values of cortical tension obtained in this study could shed light on how PC-3 

cells behave in the circulation in comparison with other circulating cells like neutrophils and 

red blood cells.

It has been recognized that not all the cancer cells that enter the bloodstream will actually 

contribute toward metastatic growth.35 This metastatic inefficiency coupled with the death 

of a majority of the circulating tumor cells within a few hours of entering the circulation has 

been a well documented phenomenon.2,35–37 It is also known that cancer cells undergo 

extensive modifications in their cytoskeleton prior to intravasation into the circulatory 

system.38–40 In their review on the physics of cancer metastasis, Wirtz et al point out that 

FSS is a possible factor influencing the distal metastasis site.1 However, they acknowledge 

that information regarding the behavior of cancer cells in response to FSS is still extremely 

limited. The current study, in combination with past work by our group, seeks to add to the 

limited body of literature around fluid stresses and their impact on cancer cells in the 

bloodstream.11 Nevertheless, many questions still remain unanswered, such as the cellular 

mechanism responsible for changes in cell stiffness, which is the focus of ongoing 

investigation.

Conclusion

The current study is the first to investigate the effect of FSS on the mechanical properties of 

cancer cells using the micropipette aspiration technique. The importance of this technique is 

underscored by the fact that during metastasis, cancer cells enter the circulation and are in a 

suspended state until they extravasate to a secondary site. Thus, the findings of this study are 

highly relevant to cancer metastasis. We have determined that PC-3 cells exhibit a change in 

stiffness after FSS exposure. Moreover, this stiffness appears to be a function of the FSS 

magnitude and exposure time (ie, single pass versus ten passages). We have also shown that 

this change in stiffness in response to FSS exposure appears to be limited to cancer cells, as 

the nontransformed cells did not exhibit any difference in Young’s modulus after FSS 

exposure. This observation, coupled with our earlier studies on cell viability, indicate that 

PrEC LH cells, while sensitive to FSS, do not change in response to the shear 

environment.11 As reported previously, PC-3 cells exhibit a biphasic viability, in which they 

become increasingly resistant to FSS exposure upon repeated passages through the 

syringe.11 This indicates that the ability of PC-3 cells to change their mechanical properties 

in response to FSS is either a protective mechanism or the byproduct of a protective 

mechanism unique to transformed cells. While further studies need to be performed to 

determine how, specifically, these cells are increasing in stiffness, in the long-term this 

observation could have important clinical implications, either as a diagnostic tool or for 

targeted therapeutics.
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The circulatory system is an unusual environment for epithelial cancer cells where they are 

exposed to FSS in a manner unlike in their tissue of origin.5 Our study sought to investigate 

the effect of FSS on the mechanical properties of cancer cells by subjecting them to FSS 

ranging from 500 dyn/cm2 to 6,400 dyn/cm2. While the average or bulk FSS in a typical 

arterial circulation is ~15 dyn/cm2, the local FSS can be as high as 3,000 dyn/cm2 near the 

walls of large vessels, turbulent blood flow, near the presence of mechanical prostheses and 

in the proximity of atherosclerotic plaque build-up.30,31 Our study found that PC-3 cells 

adapt to FSS by becoming ~77% stiffer after exposure to FSS. While the stiffening of cells 

could be one of the manifestations of a cellular level response to FSS, this could enable the 

survival of a select few cancer cells which then go on to metastasize. Thus, our study on 

elastic property change could represent a new direction in diagnosing cancer metastasis, 

along with other mechanical properties such as viscoelasticity.28
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Figure 1. 
Schematic of experimental apparatus to perform fluid shear stress exposure and micropipette 

aspiration experiments.

Notes: (A) Schematic of fluid shear stress exposure apparatus using a syringe pump and 30 

G needle, with a schematic of the flow inside the needle shown inset with parabolic velocity 

profile. (B) Schematic of experimental apparatus for performing micropipette aspiration 

experiments. The pressure apparatus consists of a fluid reservoir mounted on a linear scale 

functioning like a u-tube manometer which results in a pressure differential based on raising 

or lowering of the fluid level in comparison with the level of the microscope stage. The 

reservoir is connected to an in-house fabricated micropipette mounted on a 

micromanipulator to manipulate the micropipette toward individual cells. The cell 

suspension is deposited on a cover slip mounted on an inverted microscope and imaged by a 

camera connected to a computer. The red and black arrows indicate the direction of flow.

Abbreviations: Q, flow rate; sec, second; G, gauge.
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Figure 2. 
Schematic of micropipette aspiration experiment.

Notes: (A) A micropipette is manipulated toward a cell and a small suction pressure is 

applied to attract the cell. (B) The cell is partially aspirated into the micropipette and 

measurements are taken at different suction pressures, ΔP. Relevant measurements are 

shown. The red arrows indicate the direction of suction pressure.

Abbreviation: ΔP, suction pressure.
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Figure 3. 
Image sequence for a typical micropipette aspiration experiment (A–F).

Note: The suction pressures are shown on the top left of every image; the images are taken 

3–4 minutes apart.
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Figure 4. 
Typical results for relationship of suction pressure and length of projection of the cell inside 

the pipette.

Notes: The length of projection is normalized by the radius of the pipette. The Young’s 

modulus is obtained from the slope of the linear fits.

Abbreviations: PC-3, transformed prostate cancer cells; PrEC LH, immortalized, non-

transformed prostate epithelial cells; Lp/Rpm normalized projection length.

Chivukula et al. Page 17

Cell Health Cytoskelet. Author manuscript; available in PMC 2015 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Comparison of Young’s modulus for transformed prostate cancer cells (PC-3) and 

nontransformed prostate epithelial cells (PrEC LH) not exposed to FSS (unsheared) and 

after exposure to high FSS.

Note: There is a ~77% increase in the Young’s modulus of transformed cells after being 

exposed to high shear, but no discernible change can be seen for the nontransformed cells. 

*P<0.05.

Abbreviation: FSS, fluid shear stress.
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Figure 6. 
Comparison of Young’s modulus for transformed prostate cancer cells (PC-3) not exposed 

to FSS (unsheared), after exposure to ten passages at high FSS, after exposure to ten 

passages at low FSS, and after exposure to a single pass at high FSS, respectively. There 

appears to be a graded response to the level of FSS that the cancer cells are exposed to. 

*P<0.05.

Abbreviation: FSS, fluid shear stress.
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Figure 7. 
Comparison of histogram of Young’s modulus for unexposed (unsheared) and sheared PC-3 

and PrEC LH cells (A–D).

Notes: The different distributions of data can be clearly seen. The standard deviation of the 

PC-3 unsheared cells is over six times smaller than that of the unsheared PrEC LH cells.

Abbreviations: PC-3, transformed prostate cancer cells; PrEC LH, immortalized, non-

transformed prostate epithelial cells.
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Table 1

Maximum FSS and transit times through the 30 G needle at the flow rates used in the current study

Flow rate (μL/sec) FSS maximum (dyn/cm2) Transit time (msec)

20 510 11.2

250 6,400 0.89

Note: FSS is calculated using the classical Poiseuille flow relationship between the volumetric fluid flow rate, fluid viscosity and radius of the 
needle.

Abbreviation: FSS, fluid shear stress.
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Table 2

Young’s modulus for all cells considered in the current study exposed to various FSS levels

Cell type (description) Elastic modulus (Pa)
Percent difference versus unsheared
*P<0.05

PrEC LH (unsheared) 47.72±25.7 (n=47) N/A

PrEC LH (ten passes, high shear) 43.56±20.99 (n=47) 8.71% decrease

PC-3 (unsheared) 19.95±6.77 (n=54) N/A

PC-3 (low shear) 29.25±10.49 (n=45) 46.61% increase*

PC-3 (single pass, high shear) 27.49±10.14 (n=45) 37.79% increase*

PC-3 (ten passes, high shear) 35.37±13.99 (n=58) 77.29% increase*

Notes: Unsheared, no FSS exposure; high shear, FSS exposure at flow rate of 250 μL/sec (corresponding to a maximum FSS of 6400 dyn/cm2); 

low shear, FSS exposure at flow rate of 20 μL/sec (corresponding to a maximum FSS of 510 dyn/cm2).

*
P<0.05 (Student’s t-test).

Abbreviation: FSS, fluid shear stress; N/A, not applicable; PC-3, transformed prostate cancer cells; PrEC LH, immortalized, non-transformed 
prostate epithelial cells; sec, second.
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Table 3

Equivalent cortical tension for all cells considered when exposed to various FSS levels

Cell type (description) Equivalent cortical tension (μN/m)

PrEC LH (unsheared) 346.43±201.18 (n=47)

PrEC LH (ten passes, high shear) 300.82±158.34 (n=47)

PC-3 (unsheared) 134.78±51.82 (n=54)

PC-3 (low shear) 227.65±86.30 (n=45)

PC-3 (single pass, high shear) 229.06±80.65 (n=45)

PC-3 (ten passes, high shear) 213.71±102.65 (n=58)

Notes: High shear, FSS exposure at flow rate of 250 μL/sec (corresponding to a maximum FSS of 6,400 dyn/cm2); low shear, FSS exposure at 

flow rate of 20 μL/sec (corresponding to a maximum FSS of 510 dyn/cm2).

Abbreviation: FSS, fluid shear stress; PC-3, transformed prostate cancer cells; PrEC LH, immortalized, non-transformed prostate epithelial cells; 
sec, second.
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