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Chapter I   

Introduction And Research Overview 

Introduction 

This thesis investigates how different fluid flow patterns and temporal CXCL12 

stimulation patterns affect prostate cancer PC3 cell adhesion and migration. Prostate 

carcinoma (PCa) is the most frequently diagnosed cancer in men and the second leading 

cause of cancer death in American males. Clinical results show that prostate cancer 

expresses great variability in its ability to metastasize to bone, which not only results in 

significant complications such as bone pain, impaired mobility, and pathological fracture 

that severely diminish the quality of life in suffered patients but also is the main reason 

for the high mortality rate.  Bone metastasis is known to be exacerbated by the CXC 

chemokine receptor 4 (CXCR4) signaling pathway.  

 

Physiology significance of prostate cancer metastasis, PC3 cells, and CXCL12  

Prostate cancer happens when cells of the prostate mutate and start to proliferate or 

differentiate out of control. Prostate cancer cells prefer spreading (metastasizing) from 

the prostate especially to the bones and lymph nodes and metastasis is responsible for 

~90% of cancer death. According to the American Cancer Society, about 30000 men died 

from prostate cancer in 2008, which is about 10% of total cancer death in men. 
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One man out of six will be diagnosed with prostate cancer in his life time. In this research, 

PC3 cell lines, originally derived from advanced bone metastasized prostate cancer are 

used. 

CXC chemokine ligand-12 (CXCL12) or stromal cell-derived factor 1 (SDF-1) is a 

chemokine highly correlated with cancer metastasis. CXCL12 through its receptor 

CXCR4 emerge as a crucial regulator of trafficking of various types of cancer cells [15-

21]. Also, positive correlations were established between SDF-1 levels and tumor 

metastasis. Moreover, neutralization of CXCR4 has been shown to limit the number and 

growth of metastasis in vivo [21, 22]. Finally, PC3 cells are known to migrate across 

bone marrow endothelial cell monolayer in response to CXCL12 [23].  

 

Need for a new microfluidic cell migration system 

Although inhibition of CXCR4 is known to modulate cancer metastasis in vivo, the 

detailed mechanisms are still ambiguous.  In vitro studies are useful but lack many 

physiological features and may not reveal the full range of cancer cell behaviors.  For 

example, the temporal patterns of CXCR4 stimulation by CXCL12 in vivo may be 

pulsatile rather than continuous.  The pulsatile exposure to CXCL12 is expected due to 

pulsatile release, active degradation by proteases, scavenging by CXCR7 expressing cells, 

binding to extracellular matrix, and by presence of interstitial flows.  Active scavenging 

by CXCR7 has been shown to be critical for cell directed sensing and polarizing toward 

CXCL12 stimuli in vivo [24] further reinforcing the potentially important role of 

temporal patterns of stimulation.  Pulsatile stimulation makes mechanistic sense also 

since CXCR4 is a G-protein coupled receptor (GPCR) and continuous stimulation would 
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simply lead to receptor desensitization [25].  Because conventional in vitro cell culture 

systems are static and bioactive chemicals simply added as a bolus, this type of 

physiological pulsatile exposure of cells to CXCL12 is difficult or not possible to control. 

There are also other drawbacks of conventional cell migration assay systems. For 

example, transwell assays (Boyden chambers) [26], which are easy to use and can be high 

throughput, provide only endpoint results and are not able to visualize and analyze cell 

migration. Microfluidic devices such as T-channels [27]and premixer gradient generators 

[28] enable visualization cell adhesion and migration but require tedious seeding 

procedures to properly position cells inside microhannels as well as tubing to external 

actuation mechanisms for active flow control. In this research, I not only develop a 

microfluidic cell migration assay chamber that enables exposure of cells to pulsatile flow 

and CXCL12 stimulation, the devices are easy to setup, straightforward to position cells, 

self-contained, and enable real-time visualization of cell movements.  

 

Research Overview 

This research focuses on flow and CXCL12 effects on PC3 adhesion and migration by 

using microfluidic devices. Specific goals and detail motives are as follows. 

Despite the critical importance of cell adhesion and migration in cancer, there are 

surprisingly few studies on the effect of flow on cancer cell responses. This research 

applied a microfluidic system that is able to generate both pulsatile and steady flow 

patterns. Effects of not only flow rate but also flow patterns on adhesion and migration of 

metastatic prostate cancer cell line (PC3 cells) were investigated and analyzed in this 
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research. From experiment results, it is interesting that PC3 cells showed significantly 

better adhesion and migration behavior under pulsatile flow than under steady flow.  

Biologically, there are several lines of evidence to suggest that, physiologically, the 

CXCL12 stimuli are temporally patterned as described above. Interestingly, no study has 

yet studied the effect of different temporal patterns on the directed migration of cancer 

cells, perhaps in part due to the lack of convenient tools to perform the studies. Therefore, 

in this research, a new microfluidic device has been designed and pulsatile patterns of 

CXCL12 stimuli applied to explore PC3 cell migration response such as directionality 

and speed. Experiment results showed that short exposure time of CXCL12 (2 min 

exposure of CXCL12 stimuli for every 10 min interval) was able to induce PC3 cell 

migration with significantly higher directionality than PC3 cells with continuous 

exposure or longer duration pulses of CXCL12 stimulation. Pulsatile stimuli therefore are 

important for cell sensing and reacting with extracellular chemical cues in vitro and may 

better mimic in vivo situations.  
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Chapter II 
 

Microfluidic pulse and gradient generation system 

(MPGS) for chemotaxis experiments 

 

Introduction 

Chemotaxis plays a crucial role in numerous physiological and pathological processes.  

The term "Chemotaxis" was first coined by W. Pfeffer in 1884 to describe the attraction 

of fern sperm to the ova, but since then the phenomenon has been described in bacteria 

and many eukaryotic cells in many different situations.  The most common method for 

study of chemotaxis is the use of Boyden chambers where chemotaxis is measured by the 

number of cells migrating from one compartment to another compartment that is a 

chemoattractant source via a porous filter [26, 29].  The Boyden chamber has the 

advantage of being easy to set up, straightforward to seed and position cells, and being 

self-contained, requiring no external tubings or controls for creation of a gradient.  

Despite their convenience and popularity, Boyden chambers typically provide only 

endpoint results and thus little information about complex cellular movement during the 

chemotaxis process [30-32].  Alternative visual assays such as the Zigmond chamber [33-

35], Dunn chamber [35], and pipette tip methods to locally dispense chemoattractants 
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[36-41] have been developed but are time-consuming to setup, challenging to perform, 

and does not always provide precise microscale control over the spatio-temporal 

evolution of the gradient.  Recently, a number of microfluidic chemotaxis devices have 

been developed [28, 42-44] to overcome the limitations of conventional chemotaxis 

systems and enable generation of gradients with higher stability and control.  While these 

systems are useful and cleverly take advantage of microfluidic phenomena, they also 

have accompanying drawbacks typical of microfluidic systems such as requiring tedious 

seeding procedures to properly position cells inside microhannels and needing tubing to 

external actuation mechanisms for active flow control.  In this research, we develop a 

programmable microfluidic chemotaxis system that has the user-friendly features of 

Boyden chambers of being easy to setup, straightforward to position cells, and self-

contained, but also realizes the strengths of microfluidic assays such as real-time 

visualization of cell movements, precise microscale control of gradients, and active 

programmable controls (Fig.1). The system, which we call microfluidic pulse and 

gradient generation system (MPGS), is composed of a PDMS microfluidic chip, Braille 

display-based microfluidic pumping system [45, 46], and a transparent indium tin oxide 

on-chip heating system [47, 48]. Fig.2 shows the structure of MPGS: (1) four 2 * 4-pin 

Braille display modules, (2) a machined aluminum monolithic fingerplate with two hold-

down clamps, (3) PDMS microfluidic chip, (4) a transparent heater unit. Pulsatile flow 

can be easily generated and controlled in a microchannel using Braille system and 

pumping frequency can be controlled precisely by computer program as fast as 10 Hz. 

The bulk volume flow rate can be controlled to as low as 0.05nL/sec. Therefore, desired 

gradient can be generated and maintained precisely in MPGS by changing pumping 
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frequency, pumping time, and pumping period.  The precision of the pumping and 

relatively slow speed of diffusion enables the gradient generated to be maintained steady 

and constant even though the pumping is pulsatile in nature. Also, with modified culture 

media, transparent heater and temperature control system, we are able to conduct 

chemotaxis experiments outside the incubator and to get real time images for quantitative 

studies.   

Before the cell migration experiments, PDMS microfluidic chip was plasma oxidized for 

hydrophilicity and sterilized by ultraviolet light.  Then microfluidic channel and cell inlet 

reservoir were coated with 100 ng/ml collagen type I, the major component of the bone 

matrix, inside the incubator for at least an hour.  Finally, the microfluidic chip was 

washed twice by Dulbecco's Phosphate-Buffered Saline (DPBS) and then a culture media 

modified to allow carbon dioxide independent media on chip outside of an incubator (for 

brevity, I will refer to this media as the “modified media” hereafter).   

For the cell migration assay, cells were first starved for 18 hours in the incubator with 

serum free media (RPMI 1640 + antibiotic/antimicotic + 0.1% BSA) and then rinsed with 

a few mL of sterile DPBS.  Next, cells were removed from the culture flask using cell 

dissociation buffer, centrifuged down, resuspended in modified media, and counted by a 

hemocytometer.  Finally, cells were loaded and seeded in MPGS for six hours before 

pumping chemoattractant.  Table A describes the pumping pin actuation frequency, 

pumping duration, and stimulation interval for each condition. Fig. 3 shows simulation 

results of the concentration gradient along the symmetry line of migration semicircle after 

12 hours under the diffusivity 4.3×10-11 m2/s.  Though there are numerous pumping 

conditions to try, we first selected several conditions for comparison.  Pumping condition 
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1 and 2 have the same pulses per hour (120 pulses/hour) but delivered in different 

patterns to produce different gradients.  Therefore, cells will be exposed to the same 

amount of chemoattractant but under different gradients.  Pumping condition 3 has higher 

and sharper gradients than 1 and 2 due to having more pulse inputs per hour. Pumping 

condition 4 is the opposite condition with fewer inputs and gentler gradients.  Using the 

MPGS, we are able to generate chemical gradients conveniently to investigate cell 

reactions under different conditions.   

 

Primary results 

From Fig. 4, we can see that PC3 cells migrate into the semicircle area under a CXCL12 

gradient. These proof-of-principle results show basic function of MPGS for chemotaxis 

experiments with real time imaging.   

 

Discussions 

From simulation results, by changing pumping pin actuation frequencies, pumping 

duration, and stimulation intervals, MPGS was able to generate various gradient shapes to 

investigate cell chemotaxis behavior. PC3 cells did migrate into the channel under the 

effect of SDF-1 in MPGS.  However, from simulation, slopes of the gradients decrease as 

cells migrate toward the source of chemicals and gradients are not stable due to pulsatile 

nature of Braille pumping.  While many microfluidic gradient generators cite the stability 

of gradients as a strength, the results led me to ask the question of whether stable 

gradients are physiological or necessary for cell to react.  Actually, pulsatile exposure of 

cancer cells to the chemokine CXCL12 may be more physiologically relevant.  It is 



 9 

known that CXCL12 release in vivo is pulsatile [49] and that there is active scavenging 

[24] and degradation of CXCL12 [50] as well to make in vivo levels fluctuate rapidly.  

When active scavenging is inhibited, cells do not migrate well in vivo. Therefore, instead 

of focusing on generating steady gradient, I decided to study the effect of pulsatile 

simulation and temporally patterned chemical gradients as described in subsequent 

chapters. 

 

Conclusion 

MPGS was useful to generate various gradients to investigate cell chemotaxis behavior 

under substantially steady chemical gradients.  However, pulsatile stimulation and 

temporal gradient may be more efficient for cell to react and has more physiological 

relevance.  Therefore, instead of forming steady gradients, I changed the design to apply 

pulsatile stimulation and temporal gradients (see chapter IV).    
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Table 1 Experimental conditions.                                                                                       
Pumping pin actuation frequency, pumping duration, and stimulation intervals for 
pumping conditions 1 to 4 

 
 

Conditions Actuation 
Frequency 

Pumping 
Duration 

Stimulations 
Intervals 

Condition 1 10 Hz 16 sec 20 minutes 
Condition 2 5Hz 16sec 10minutes 
Condition 3 10Hz 12sec 10minutes 
Condition 4 10Hz 12sec 20minutes 
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Figure 1 Schematic design of the top view of a PDMS microfluidic chip.                        
It includes a cell seeding and culture area (big semi-circle on left); cell migration area 
(small semicircle in the center of left side); microfluidic channel (thin line in middle); and 
chemoattractant reservoir (square reservoir on right). Cells can be simply loaded by 
pipette tips and seeded in cell inlet. Dissolved chemoattractants can be loaded in the 
media inlet and pumped through pumping channel by Braille pins.  Chemoattractant 
pulse generates desired concentration gradient inside the small semicircle for cell to 
migration in. Cell migration inside the semicircle area can be seen under microscope. 
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Figure 2 Images of MPGS.                                                                                                     
(Left) An actual top view of a chemotaxis chip attached to and operating on a Braille 
actuator module. (1) four 2 * 4-pin Braille display modules, (2) a machined aluminum 
monolithic fingerplate with two hold-down clamps, (3) PDMS microfluidic chip, (4) a 
transparent heater unit. (Right) A schematic figure of a side view of a microfluidic 
chemotaxis chip attached to the Braille actuator module.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(4) 

(2) 

(2) (3) 

(1) 

(3) 

(4) 

(1) 
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Figure 3 Simulation results of the concentration gradient.                                         
Concentration gradient along the symmetry line of migration semicircle after 12 hours 
under the chemoattractant with diffusivity 4.3×10-11 m2/s: (1) pumping condition 1; (2) 
pumping condition 2; (3) pumping condition 3; (4) pumping condition 4. 

 
(1) pumping condition 1 
 

 
 
(2) pumping condition 2 
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(3) pumping condition 3 
 

 
  
(4) pumping condition 4 
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Figure 4 Cell migration images.                                                                                       
(left) cell image before pumping CXCL12, (right) cell image after pumping CXCL12 for 
24 hours by condition 1 in table 1 with 500 ng/ml CXCL12.   
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Chapter III 

Fluid shear stress mediated inhibition of prostate 

cancer cell migration is modulated by flow and 

CXCR4 

Abstract 

This paper evaluates prostate cancer cell migration under different magnitudes and 

patterns of fluid flow in a microfluidic channel.  Under continuous steady laminar flow 

conditions at a fluid flow rate of 0.67 µl/min which, in the device being studied, 

corresponds to a shear stress of 0.44 dynes/cm2, PC-3 prostate cancer cells have a 

tendency to migrate with a reduced speed and with a significant portion of cells 

undergoing cell detachment.  When the PC-3 cells are exposed to a similar average flow 

rate but in periodic pulsatile flow patterns the PC-3 cells are not inhibited from migrating 

and have minimal detachment.  Furthermore, we show that fluid shear stress mediated 

inhibition of PC-3 cell migration is modulated by expression and signalling by the 

chemokine receptor CXCR4.  PC-3 cells exposed to 2000 ng/mL of the CXCR4 ligand, 

CXCL12, show normal migration and reduced cell detachment under steady laminar flow 

at a fluid flow rate of 0.7 µl/min whereas PC-3 cells with CXCR4 knocked down showed 
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reduced adhesion and migration even at a lower flow rate of 0.10µL/min.  These flow and 

CXCR4-dependent differences in cell migration are important given the physiological 

relevance of fluid flow, common use of flows in microfluidic systems, and importance of 

CXCR4 in determination of cancer cell invasiveness. 

 

Introduction 

Cell migration is a key factor in tumor cell spreading and invasion.    Here, we evaluate 

the migratory behavior of a prostate cancer cell line (PC-3 cells) in microfluidic devices 

under a range of flow rates and flow patterns.  This type of basic cellular analysis is 
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important for two reasons: (i) tumor cells are exposed to fluid flow conditions 

physiologically and (ii) there are an increasing number of studies on cell migration using 

microfluidic devices where cells are exposed to flow.   

Tumors often have a high internal pressure which generates interstitial flows [51, 52].  

Using a mathematical model of interstitial pressure-fluid flow, Jain et al [53], further 

showed that the interstitial fluid velocity is nearly zero within the tumor mass but is high 

at the periphery where there is a large pressure drop.  Fluid flow and shear stress created 

by interstitial flow at common sites for prostate cancer metastasis such as the bone may 

even be as high as 8–30 dynes/cm2 in vivo during mechanical loading [54].  Recently, 

several reports of in vitro systems that mimic interstitial flow have been reported. For 

example, Ng and Swartz (2003) applied a steady flow at a shear stress of 1.135 to 0.324 

dyn/cm2 and demonstrated fibroblast alignment [55]. In experiments described here, fluid 

flow velocities of 215 and 30 µm/sec representing shear stress of 0.43 and 0.07 

dynes/cm2 respectively were applied to PC3 cells in microfluidic devices and cell 

adhesion and migration behavior investigated. 

In addition to systems that aim to recreate physiological flow conditions, a considerable 

number of in vitro studies culture cells under flowing conditions as a consequence of 

using fluid flow to create chemical gradients in order to study chemotaxis [56-63]. 

Walker et al., 2005 [64] studied the effect fluid flow, rather than the chemical gradient, 

exerted on cells by these premixer gradient generators commonly used for chemotaxis 

studies.  They found that a constant shear stress of 0.687 dynes/cm2, commonly generated 

in these devices, was able to induce HL60 promyelocytic leukemia cell to migrate 

downstream. For comparison, we note that these shear stress levels are much lower than 
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typical level of fluid shear stress in the arteries 10–20 dyn/cm2 for shearing endothelial 

cells [60, 65] . Overall, despite the critical importance of cell migration in cancer, there 

are still relatively few detailed studies on the effect of fluid flow on cancer cell migration.  

In this paper we ask the question, how is prostate cancer cell (PC3 cells) migration 

affected by different flow rates?  We also evaluate how the cytokine receptor CXCR4 

modulates these effects.  Expression of CXCR4 is correlated with the ability of prostate 

cancer cells to metastasize and access cellular niches, such as bone marrow, and promote 

tumor cell survival and growth [15].  And CXCL12 concentrations range from 125 to 625 

nM in biological fluids including bone marrow [66]. CXCL12 actions in vivo 

microenvironment are potentiated by their very high local release levels and strong 

affinity for both cell surface heparin sulfate proteoglycans and extracellular matrix that 

further enable CXCL12 local concentration increase to µM [67]. How CXCR4 may 

modulate that ability of tumor cells to withstand fluid shear stress, however, is an 

understudied area. 

 

Material and methods 

Microfluidic Device Fabrication 

The microfluidic device was fabricated with poly(dimethysiloxane) (PDMS) using soft 

lithography and rapid prototyping on copper boards. PDMS (Sylgard 184, Dow Corning, 

Midland, MI) is optically transparent, gas permeable, non-toxic, mechanically compliant, 

and proven to be compatible with embryo culture. Instead of making molds of 

microchannels on silicon wafers with traditional time-consuming lithography methods, 
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we constructed molds by etching copper boards [46]. Copper mold fabrication is faster 

and easier with a minimum feature size of ~100µm.  

 

Braille pumping system 

In this research, we applied an integrated microfluidic pumping and valving system 

powered by computer-controlled and individually actuated Braille pins on a portable 

Braille display[47]. The system takes advantage of resilience and elasticity of PDMS 

microchannels and bottom thin films. Fluid in the microchannel can be pumped when 

Braille pins go up, “squeezing” the bottom thin film, pushing fluid to move forward (see 

Fig. 5).  

 

Characterization of Fluid Flows by the Braille pumping system.  

The travel distance of 6 µm diameter beads were tracked using a digital CCD camera 

(Hamamatsu ORCA-ER) and an inverted microscope (Nikon Eclipse TS100) with 10X 

objective. Image sequences were acquired at 5 frames/s to determine the average travel 

speed of the beads which also represents the average flow speed. Then the average flow 

rate and shear stress can be calculated.  

 

Temperature control system 

Temperature control is essential for long term cell culture outside of an incubator. Under 

our PDMS chip, we placed a transparent indium tin oxide (ITO) heater connected to a 

PID temperature controller (E5GN; Omron; Schaumburg, IL). The heaters are fabricated 

by depositing a thin layer of Indium-Tin-Oxide (ITO) onto a glass substrate using 
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electron-beam evaporation. ITO is a transparent, conducting material and therefore can 

form a resistive heater distributed over the surface of the substrate while still allowing 

light to pass through[48].  

 

Modified media for CO2 independent culture 

RPMI Medium 1640 with GLUTAMAX™-I (61870; Gibco) was buffered with NaHCO3 

and 3-(N-morpholino) propanesulfonic acid (MOPS).  The concentrations of the added 

NaHCO3 and MOPS were 10mM each.  In addition, bovine serum albumin (BSA) was 

added at 0.1% by volume.  The pH was adjusted using HCl to 7.2 before use on the 

microscope stage as recommended by Futai et al, 2006 [45].  I will refer to this media 

subsequently as “modified media”. 

 

PC3 cell culture in the incubator 

PC3 prostate cancer cells were obtained from ATCC (Manassas, VA) and passaged under 

appropriate growth conditions.  PC-3 cells were maintained in RPMI 1640 + 10% fetal 

calf serum (Invitrogen Corp., Carisbad, CA).  Cell were passaged by trypsinization using 

1×trypsin + EDTA (Invitrogen Corp.) and resuspended in appropriate growth media.  

 

PC3 cell culture on microscope stage 

In order to conduct cell experiments outside the incubator, we must provide means to 

regulate osmolality, temperature, and pH values which play pivotal roles in basic cellular 

functions and reactions.  Thus, I overlay the top reservoirs with mineral oil to decrease 

evaporation from the top.  Also, the membrane that comprises the floor of the device 
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consists of three layers: PDMS-parylene-PDMS[48].  The parylene layer helps decrease 

evaporation through the bottom.  An ITO heater and temperature control system regulates 

culture temperature.  Finally, to maintain similar CO2 condition as in a cell incubator, 

modified cell culture media was utilized.   

 

siRNA knockdown of CXCR4 

The pSUPER vector that express short hairpin small interfering RNAs (siRNA) under the 

control of polymeraseQ OH1-RNA promoter was used after inserting pairs of annealed 

DNA oligonucleotides between the Bgl II and HindIII restriction sites according to the 

manufacturer protocol (Oligoengine, Seattle, WA) [68]. After transfecting and culturing, 

PC3-CXCR4-si cells showed significant reduction of CXCR4 protein expression as 

measured by using Western Blot Analysis [69].  

 

Cell experiment protocol 

Before the cell migration experiments, PDMS microfluidic chips were sterilized by 

ultraviolet light.  Then the microfluidic channel and cell inlet reservoir were coated with 

100 ng/ml collagen type I, the major component of the bone matrix, and incubated for at 

least an hour.  Finally, the microfluidic chip was rinsed with Dulbecco's Phosphate- 

Buffered Saline (DPBS) and then with modified culture media.   

Preparation of the cells was as follow. PC3 cells were first starved for 12 hours in the 

incubator with serum free media (RPMI 1640 + antibiotic/antimicotic + 0.1% BSA) and 

then rinsed with a few mL of sterile DPBS.  Next, the cells were removed from the 

culture flask using cell dissociation buffer enzyme free Hanks’- based (Invitrogen), 
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centrifuged to a pellet, resuspended in the modified cell culture media, and then counted 

by a hemocytometer.  Finally, cells were loaded and seeded in the microfluidic chips for 

six hours before flow exposure. Coupled with a syringe pump, we were able to generate 

continuous/steady flow.  Cell migration was investigated by real-time imaging with 

digital CCD camera (Hamamatsu ORCA-ER), inverted microscope (Nikon Eclipse TS-

100), and 10X objective. Images were taken every 10 minutes for at least 12 hours.  

And for comparison of CXCL12 effects, PC3 cell adhesion on Collagen I was tested after 

6 hour of CXCL12 activation. CXCL12 has been added into modified serum free media 

for this experiment. Starved PC3 cells were seeded under modified serum free media with 

2000 ng/ml CXCL12 for 6 hour before applying flow.  

 

Data Analysis 

Time-lapse cell images were tracked by using Metamorph and analyzed by ImageJ. 

Several cell migration parameters were calculated: (1) migration distance (sum of 

straight-line segments that a cell travels between consecutive images) (2) cell migration 

speed (migration distance over time). 

 

Statistical Analysis 

Each experimental condition was performed in duplicate and 50 or more cells were 

analyzed for each condition (see Table 2). For migration speed and DI data, analysis of 

variance (one-way ANOVA) was applied to examine statistical significance, followed by 

a posthoc Tukey method for multiple comparisons. Results were considered to be 

significant at P<0.05.  
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Results  

Microfluidic Device Design 

We used a flat wide channel similar to parallel plate flow chambers commonly used to 

expose cells to defined fluid shear stresses (see Fig. 5). In this design, steady laminar 

flow can be generated by using syringe pumps and pulsatile flow can be generated by 

Braille pumps.   

 

Continuous steady laminar flow with flow rates of 0.67 µL/min inhibits PC3 cells 

migration  

PC3 cells were pumped from the outlet reservoir into the closed laminar flow 

microchannel chamber coated with collagen I then the flow stopped to allow cells to 

attach. After 6 hours, cells were exposed to steady laminar flow generated by a syringe 

pump at an average flow rate of 0.67 µl/min, which in my device generates an estimated 

shear stress of 0.44 dynes/cm2. Experimental results showed that under this flow 

condition, PC3 cells expressed decreased migration, started to detach and about 24% of 

cells were washed out by the flow over 12 hours (see Fig. 6,7). Average migration speed 

of PC3 cells under steady laminar flow was significantly lower than that under pulsatile 

flow with similar average flow rate or that under same laminar flow but with CXCL12 

activation (see Fig. 8). 

 

Pulsatile flow patterns do not inhibit PC3 cells migration  

Interstitial flow pattern is expected to vary according to different sites in the body.  For 

example, outward flow at periphery of tumors with high interstitial pressure may be fast, 



 25 

steady and constant [3].  Interstitial pressure in normal tissues, in contrast, is closer to 

zero.  Thus, the interstitial flow at normal tissue is expected to be relatively slower and 

any high velocity flows more pulsatile rather than steady and constant [4].   

To evaluate effects of fluid flow pattern on cancer cell migration, I evaluated the effect 

flow with the same time-averaged flow rate but using a pulsed flow profile.  This was 

performed using a computerized microfluidic actuation system that utilizes refreshable 

Braille displays rather than a syringe pump. Flow rates and patterns are controlled by 

using different pumping frequencies and patterns. In the microchannel devices used, a 

5Hz actuations frequency (because the pumping is performed using a 4 pattern pin 

sequence, this leads to a net forward surge at a rate of 1.25Hz) generates an average flow 

rate of 0.66 µl/min. Unlike in the case of exposure to a continuous steady laminar flow, 

Most PC3 cells under pulsatile flow migrated without detaching or shrinking at this same 

average flow rate (see fig. 7(a)).    

 

CXCR4 enhances PC3 cell adhesion and reduces migration inhibitory effect of fluid 

shear stress 

To test the effect of CXCR4 signaling on adhesion and migration, PC-3 cells were treated 

with CXCL12 for 6 hours [22] during seeding and then tested for response to flow 

Interestingly, PC3 cells with CXCL12 activation survived and spread well at the steady 

0.67µL/min flow rate where 16 over 66 non-CXCL12-treated cells (~24% cells) detached 

and were washed away (see fig. 6 and 7(b)). Moreover, PC3-CXCR4-si cells with the 

receptor CXCR4 knocked down showed reduced adhesion and migration even at a much 

lower flow rate of 0.10 µl/min. Therefore, CXCL12 signaling through the receptor 
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CXCR4 enhances PC3 cell adhesion and confers resistance to fluid shear stress mediated 

decrease in cell migration.  

 

Discussion 

Flow affects cell migration behavior through mechanotaxis whereby cells sense shear 

stress [58, 59, 63] and autologuous chemotaxis whereby flow-induced uneven 

distribution of autocrine factors triggers migration [56, 70]. Cells have been proposed to 

possess mechano-sensor such as integrin [71] or chemical receptors for sensing of 

extracullar stimuli. Since different flow rate and flow patterns generate various shear 

stresses as well as autocrine distribution, cells may have different responses under 

different flow conditions. In this research, PC-3 cells presented different adhesion and 

migration behavior under different flow rates.  

Cancer cells traffic and spread under blood and interstitial flow. So flow may regulate 

cancer metastasis through mechanotaxis and chemotaxis. My experiment results showed 

that when average flow rate was 0.67 µl/min representing a shear stress of 0.44 dyn/cm2, 

PC-3 cells exhibited reduced adhesion and migration. However, with activation of 

CXCL12, PC-3 cells showed enhanced adhesion and migration under the same laminar 

flow condition. Finally, PC3-CXCR4-si cells showed reduced migration phenomenon 

under lower average flow rate 0.10 µL/min. To sum up, flow effects and importance of 

CXCR4 on PC-3 adhesion and migration are clarified through results in this research.  

 

Conclusion 
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A practical, multifunctional, and efficient cell migration assay has been developed for the 

characterization of cell migration under different flow patterns. The research 

demonstrates crucial effects of flow as well as CXCR4 on prostate cancer cell PC-3 

adhesion and migration.  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 28 

Table 2 Pulsatile and steady flow conditions for PC3 cell migration studies. 

The average flow rate was measured by fluorescence bead tracking experiments. All 
conditions were duplicated and total cells that were analyzed are also listed in Table 1. 
 

Pulsatile flow by Braille System Steady laminar flow by syringe 
Pumping 

Frequency 
Average 
flow rate 
µl/min 

# of  
cells  

analyzed 

Calculated 
average 

shear stress 
dyn/cm2 

Average 
flow rate 
µl/min 

# of  
cells  

analyzed 

Average 
shear stress 

dyn/cm2 

5Hz 0.66 ± 
0.02 

126 0.43 ± 0.01 0.67 50 0.44 
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Figure 5 The microfluidic System.                                                                                       
(a) The picture of the microfluidic device 

 

 
 
 
(b) A schematic figure of the microfluidic device aligned on the Braille module 
The PDMS microfluidic device can be aligned on the Braille module (pins). When Braille 
pins go up, “squeezing” the bottom PDMS thin film, fluid in the microchannel can be 
pumped and move forward. 
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(c) A schematic figure of a side view of a microfluidic chemotaxis chip attached to the 
Braille actuator module. The whole system includes: (1) four 2 * 4-pin Braille display 
modules, (2) a machined aluminum monolithic fingerplate, (3) two hold down clamps, (4) 
PDMS microfluidic chip, (5) a transparent ITO heater unit, (6) the syringe pump. The 
PDMS microfluidic system can be aligned on the Braille module or connected to the 
syringe pump. Therefore, fluid in the channel can be either pumped by Braille system (1) 
or by the syringe pump (6). 
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Figure 6 PC3 cell images under steady laminar flow with average flow rate 0.67 
µl/min by the syringe pump.                                                                                         
Compared with cell image at 0 hour and at 12 hour, PC3 cells labeled with red circles 
detached and were washed away by steady laminar flow. 
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Figure 7 PC3 cell images at the similar location in the microchannel                                   
(a) under pulsatile flow with average flow rate ~0.66 µl/min by the syringe pump, (b) 
under the same steady laminar flow but with CXCL12 activation                                                                     
In (a), only 1~2% of PC3 cells were detached and washed by pulsatile flow. In (b), with 
CXCL12 activation, PC3 cells seemed attach and spread better and no cell was detached 
and washed away by steady laminar flow with average flow rate 0.67 µl/min  
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Figure 8 Comparison of PC-3 cell migration speed for six hours under different 
conditions                                                                                                                   
Average migration speed of PC3 cells under steady laminar flow was significantly lower 
than that under pulsatile flow with similar average flow rate or that under same laminar 
flow but with CXCL12 activation.  
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Chapter IV 
 

Pulsatile CXCL12 stimulation induces PC3 cells to 

migrate with high directionality 

 
Abstract 

This chapter describes a microfluidic device to investigate PC3 cell migration under 

pulsatile CXCL12 stimuli.  PC3 cells migrate with high directionality under a pattern of 

stimulation where 2 min exposure of CXCL12 is applied every 10 min interval.  PC3 

cells show relatively reduced directed migration with 5 min exposure every 10 min 

interval despite being exposed to larger quantity of CXCL12 overall.  These results are 

particularly interesting when contrasted with the observation that there is no directed 

migration under exposure of the cells to a steady CXCL12 gradient.  PC3 cells with 

CXCR4 knockdown showed reduced migration under all stimulation conditions 

demonstrating the importance of CXCR4 signaling in the CXCL12 mediated directed 

migration process.  The chapter further discusses physiological relevance and 

mechanistic implications of the observations.   
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Introduction 

Chemotaxis, the directed movement of cells under the effect of chemicals, plays a key 

role in embryogenesis, angiogenesis, immunity, and metastasis.  Several chemokines, 

growth factors, and extracellular matrix components are reported to be crucial factors in 

chemotaxis. CXCL12 through its G-protein-coupled receptor CXCR4 is pivotal for 

modulating the trafficking of stem cells and cancer cells by inducing G-protein-coupled 

signaling and reactions.  CXCR4, one of the most important receptor in human cancer 

malignancy, allows tumor cells to access cellular niches, such as bone marrow, that favor 

tumor cell survival and growth[15].  The most common way to study CXCL12 induced 

directed migration of cancer cells is to use end-point transwell assays[23].  However, 

those assays lack the ability to visualize the cell migration process. With the development 

of microfluidics, several devices such as the T-sensor [27] and the premixer gradient 

generator [28] have shown the abilities to generate stable chemical gradients and to 

analyze cell trajectories.  Interestingly, there have not been demonstrations to date of 

chemotaxis of cancer cell in gradients of CXCL12 alone using microfluidic gradient 

generators. Mosadegh et al., 2008[18], for example, demonstrated that steady CXCL12 

gradient alone did not induced chemotaxis of breast cancer cell MDA-MB-231.  I also 

performed experiments using the same premixer gradient generator to test chemotaxis of 

PC3 cells with a steady nonlinear CXCL12 gradient and also similarly found that the 

cells do not migrate with directionality.  How could these negative results be reconciled 

with the demonstrated in vivo significance of CXCL12 and positive chemotaxis results 

from transwell assays?  
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There are several possible reasons why cancer cells do not show chemotaxis within the 

microfluidic premixer gradient generators; I discuss three here.  First, as proposed by 

Mosadegh et al.[18], the microfluidic device may have detrimental effect on chemotaxis 

because they constantly wash away autocrine factors necessary for cell to be sensitized to 

CXCL12 gradients.  Second, as shown by Walker et al, [64], microfluidic devices, such 

as T-sensors and premixers with steady gradient, apply continuous shear stress on cells, 

which may effect cell migration due to shear stress perpendicular to the chemical gradient 

direction.  I also propose a third possibility, that steady gradients of CXCL12 have 

limited ability to trigger directed cell migration because such gradients are not 

physiological and further because they are mechanistically disadvantageous. 

Biologically, there are several lines of evidence to suggest temporally patterned 

stimulation of cells to CXCL12 in vivo. To begin with, cells release chemokines in a 

pulsatile manner and it takes several minutes for the recycling pathway of excytosis to 

recover [49]. Next, a chemical gradient may be difficult to maintain steadily in the body 

due to pulsatile blood and interstitial flow. And for CXCL12, its half life is less than 1 

minute under the effect of dipeptidyl peptidase (DPP) IV equivalent to the activity in 

normal human plasma [50]. Furthermore, extracellular matrix (ECM) structures such as 

glycosaminoglycans (GAG)s- heparin sulfate (HS) immobilizes and localize CXCL12 

[72]. When cells migrate through such environments CXCL12 encounters would be 

periodic and thus more pulsatile.  Recently, it has also been reported that a critical role of 

CXCR7 in vivo is to actively scavenge CXCL12 from the extracellular space [24]. This 

would lead to rapid decrease in available CXCL12 in the vicinity generating, in essence, 

a pulsatile exposure of cells to CXCL12.  Steady gradients generated in microfluidic 
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devices may also be disadvantageous mechanistically because the concentration gradient 

would be shallower compared to transwells.  This may decrease the difference in receptor 

occupancy between the front and back of cells.  Furthermore for G-protein couple 

receptors (GPCRs), such as CXCR4, continuous exposure may not be cost effective for 

instructing cells since there is rapid receptor desensitization[25]. Temporally patterned 

exposure of chemicals rather than a steady gradient, therefore, may be mechanistically 

more efficient by providing time for the signaling system to recover from desensitization.  

Despite the physiological relevance and mechanistic prudence of using temporally 

patterned stimulation for cancer cell chemotaxis, there is a lack of study of this topic.  

This paucity of experiments is due, at least in part, to lack of convenient tools to study 

cancer cell chemotaxis in response to temporally patterned stimulations.  Here, I use the 

microfluidic device developed and described in Chapter 2 to perform such studies. 

 

Material and methods 

The microfluidic chip is composed of PDMS and fabricated by using multilayer soft 

lithography. (Fig. 9) 

 

a. Device fabrication  

The microfluidic device was fabricated in poly(dimethysiloxane) (PDMS) using soft 

lithography and rapid prototyping on copper boards. PDMS (Sylgard 184, Dow Corning, 

Midland, MI) is optically transparent, gas permeable, non-toxic, mechanically compliant, 

and proven to be non-toxic as assessed by the mouse embryo assay [48]. Instead of 

making molds of microchannels on silicon wafers with traditional time-consuming 
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lithography methods, we constructed molds by etching copper boards [46]. Copper mold 

fabrication is faster, easier, and the minimum feature size is ~100µm.  

 

b. Braille Pumping system 

Microfluidics is a relatively new field where complex fluid control is exerted through 

microscale pumps, valves, sensors, and actuators. A major limitation of current state-of-

the-art microfluidic cell culture and chemotaxis system, however, is the lack of an 

integrated cell-compatible microfluidic system that incorporates multiple, miniaturized 

pumps and valves. In this research, we used a new computer-controlled, integrated 

microfluidic control system with up to hundreds of on-chip pumps and valves, powered 

by individually actuated Braille pins on a portable, refreshable Braille display[47]. The 

system takes advantage of the resilient yet elastic nature of PDMS microchannels 

fabricated with soft lithography, together with the movement of Braille pins to “squeeze” 

fluid through channels. Each stroke of a Braille pin can be used to generate a forward or 

backward flow of liquid through the microchannel when synchronized to various valving 

patterns. The volume of flow generated per stroke can be controlled by adjusting the 

volume of liquid displaced by the pin. This method of fluidic control is portable, versatile, 

and cost-effective. Braille displays are commercially available, and can be battery-

powered, have embedded computer control in devices the size of a laptop computer or a 

person’s hand [15]. 

 

c. Temperature control system 
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Temperature control is essential for long term cell culture outside of an incubator. Under 

our PDMS chip, we placed a transparent indium tin oxide (ITO) heater connected to a 

PID temperature controller (E5GN; Omron; Schaumburg, IL). The heaters are fabricated 

by depositing a thin layer of Indium-Tin-Oxide (ITO) onto a glass substrate using 

electron-beam evaporation. ITO is a transparent, conducting material and therefore can 

form a resistive heater distributed over the surface of the substrate while still allowing 

light to pass through[48].  

 

d. Modified culture media with higher stability in atmospheric gas conditions 

RPMI Medium 1640 with GLUTAMAX™-I (61870; Gibco) was buffered with NaHCO3 

and 3-(N-morpholino) propanesulfonic acid (MOPS).  The concentrations of the added 

NaHCO3 and MOPS were 10mM each.  In addition, bovine serum albumin was added to 

0.1% by volume.  The pH was adjusted using HCl to 7.2 before using outside the 

incubator on the microscope stage as recommended by Futai et. al, 2006 [45].   

 

e.  PC3 cell culture in the incubator 

PC3 prostate cancer was obtained from ATCC (Manassas, VA) and passaged under 

appropriate growth conditions.  PC-3 cells were maintained in RPMI 1640 + 10% fetal 

cell serum (Invitrogen Corp., Carisbad, CA).  Cell were passaged by trypsinization using 

1×trypsin + EDTA (Invitrogen Corp.) and resuspended in appropriate growth media.  

 

f.  Microenvironment for PC3 cell culture on chip outside of an incubator 



 40 

A cell line is usually grown and maintained in the favorable conditions (typically, 37°C, 

5% CO2) of a cell incubator.  In order to conduct cell experiments outside the incubator, 

adjustments are needed. It must be noted that osmolarity, pH value, and temperature play 

pivotal roles in basic cellular functions and reactions.  First, evaporation problem can be 

lethal to cells by changing osmolarity and pH value.  Mineral oil is overlayed to minimize 

evaporation from the top. Also, the bottom membrane consists of three layers: PDMS-

parylene-PDMS layers. The purpose of adding the parylene layer is to decrease 

evaporation from the bottom through the thin membrane. Second, temperature is essential 

for maintaining normal cellular processes.  Therefore, an ITO heater and temperature 

control system is provided in this experiment.  Third, to maintain similar pH condition as 

cell incubator, modified cell culture media was applied. The modified media contain 

RPMI Medium 1640 with GLUTAMAX™-I, sodium bicarbonate, and MOPS. 

Sufficiently high sodium bicarbonate can satisfy immediate cellular needs for carbonate.  

One may notice that sodium bicarbonate is an important nutrient for many cell types but 

may cause shift of pH, which is harmful to cells.  However, MOPS, an organic chemical 

buffer that is widely used in cell culture, can help increase pH stability.  

 

g. siRNA knockdown of CXCR4 

The pSUPER vector that express short hairpin small interfering RNAs (siRNA) under the 

control the polymeraseQ OH1-RNA promoter was used after inserting pairs of annealed 

DNA oligonucleotides between the Bgl II and HindIII restriction sites according to the 

manufacturer protocol (Oligoengine, Seattle, WA) [68]. After transfecting and culturing, 
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PC3-CXCR4-si cells showed significant reduction of CXCR4 protein expression by using 

Western Blot Analysis. [69]  

 

h. Cell experiment protocol 

Before the cell migration experiments, PDMS microfluidic chips were sterilized by 

ultraviolet light.  Then microfluidic channel and cell inlet reservoir were coated with 100 

ng/ml collagen type I, the major component of the bone matrix, inside the incubator for at 

least an hour.  Finally, the microfluidic chip was washed by Dulbecco's Phosphate-

Buffered Saline (DPBS) and then the modified culture media.   

For cell migration assays, cells were first starved for 12 hours in the incubator with serum 

free media (RPMI 1640 + antibiotic/antimicotic + 0.1% BSA) and then rinsed with a few 

mL of sterile DPBS.  Next, cells were removed from the culture flask using cell 

dissociation buffer, centrifuged down, resuspended in modified cell culture media, and 

then counted by a hemocytometer.  Finally, cells were loaded and seeded in microfluidic 

chips for six hours before pumping chemoattractant.  

CXCL12 concentration used in this research was 250 nM. CXCL12 concentrations range 

from 125 to 625 nM in biological fluids including bone marrow[66]. CXCL12 actions 

under in vivo microenvironment are potentiated by their very high local release levels 

and strong affinity for both cell surface heparin sulfate proteoglycans and extracellular 

marix that further enable CXCL12 local concentration increase to µM[67]. 

 

i.   Data Analysis 
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Time-lapse cell images were tracked by using Metamorph and analyzed by ImageJ. 

Several cell migration parameters were calculated by image analysis: (1) migration 

distance (sum of straight-line segments that a cell migrate between consecutive images) 

(2) cell migration speed (migration distance over time) (3) net displacement toward 

pulses (straight length of cell displacement between starting and final positions, x 

displacement in our images), (4) cell velocity toward pulses (net displacement toward 

pulses over time) (5) migration angle (angle of the net displacement vector, measured 

clockwise from the positive y direction), and (6) directionality index (DI), net 

displacement towards pulses divided by migration distance. DI is a measure of how much 

of the total movement of a cell is directed towards a certain direction, ranging from -1 

(cell moves completely opposite of pulse direction) through 0 (cell moves perpendicular 

to pulse direction) to 1 (cell moves completely in pulse direction). 

 

j.   Statistical Analysis 

Each experimental condition was performed in duplicate and approximately 60 or more 

cells were analyzed for each condition. For migration speed, velocity, and DI data, 

analysis of variance (one-way ANOVA) was applied to examine statistical significance, 

followed by a posthoc Tukey method for multiple comparisons. Results were considered 

to be significant at P<0.05. Statistical analysis of migration angles was performed by 

Oriana for Windows (Kovach Computing Services, Wales, UK) to display the 

directionality of the chemotactic response. Migration angles were summarized in a rose 

diagram, showing the distribution of angles between cell migration and flow direction. 

Also, the radius in the rose diagram indicates cell number.  
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Results 

Table 1 shows the pulsatile patterns that I used. The pulsatile chemical exposure profile 

in the cell migration experiment region of the microfluidic channel was characterized 

experimentally using fluorescein conjugated dextran (FITC-dextran) (500kDa) as an 

approximate fluorescent surrogate of CXCL12 (Figure 10).  I varied the duration of 

chemokine stimulation per set interval of 10 minutes, as well as the average fluid flow 

rate.  The timings to be tested were chosen based on generally known G protein-coupled 

receptor dynamics.  With many G protein-coupled receptors, receptor desensitization and 

internalization occur within seconds to minutes [25]. Also, Dinauer in 1980 showed that 

Amebas washed free of 10 nM cAMP require about 10 min to recover full sensitivity to a 

pulse of the same concentration.[73]  Although the cell type and chemoattractant used are 

totally different, it provides a starting point for choosing a time interval to study GPCR 

mediated chemotaxis events.  Moreover, preliminary experiments with 20 min intervals 

of stimulation showed less directed migration.   

 

Pulsatile CXCL12 stimuli induced PC3 directed migration (chemotaxis)  

Table 3 lists the experimental conditions and number of cells tracked and analyzed for 

each condition. Fig. 11(a) shows that PC3 cells migrate with high directionality under 

pulsatile CXCL12 stimuli. The average directional index (DI) under conditions with 

pulsatile CXCL12 stimuli is significantly higher than that under other conditions. 

Average DI was 0.08 under static conditions, 0.18 under pulsatile flow without any 

CXCL12 exposure and 0.20 with continuous exposure.  The DI jumped to 0.44 under 

pulsatile exposure of 2 min pumping of CXCL12 for every 10 min interval.  CXCL12 did 
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not induce chemokinesis of PC3 cells (Fig. 11(b)) but simply increased directionality.  I 

note that the directed migration of cells in these assays has two components: a 

chemotactic component and a component due to cells migrating towards a less dense 

region.  Thus the purely chemotactic component of the observed DI of 0.44 is expected to 

be lower.  Nonetheless, the significant difference in DI between continuous CXCL12 

exposure and no exposure is noteworthy.  Interestingly, although not statistically 

significant, a trend is observed that shorter exposure (2 minutes rather than 5 minutes) to 

CXCL12 is not only sufficient but may even be preferred to induce directed migration of 

PC3 cells. 

The difference in directional preference can also be clearly seen by the distribution of 

migration angles (Fig. 12).  Most PC3 cells under pulsatile CXCL12 stimuli showed 

significant preference to migrate toward the stimuli, whereas more PC3 cells under flow 

only or in static control migrated more randomly and with much lower directional 

preference.  

 

PC3-CXCR4-si cells did not show directed migration towards CXCL12  

The average DI of PC3-CXCR4-si cells exposed to CXCL12 stimulation was similar to 

that of wild type PC3 cells under static conditions (no flow and no CXCL12 stimuli) (Fig. 

11(a)). This result supports the mechanism that the directed migration of PC3 cells in 

response to CXCL12 pulses is mediated by CXCR4 signaling. Fig. 11(b) further shows 

that PC3-CXCR4-si cells have significantly lower speed than wild type PC3 cells.    
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CXCL12 gradients estimated experimentally using FITC-dextran as a fluorescent 

surrogate 

To estimate CXCL12 concentration gradients and pulses generated in this research, I 

used FITC-dextran (500kDa) as a molecular surrogate for CXCL12 (8kDa) and 

performed fluorescence video microscopy. Based on Stokes-Einstein equation, the 

diffusivity of CXCL12 will be about 3 times higher than that of FITC-dextran. However, 

the gradient should be similar because convection by flow dominated in this experiment 

(Peclet number = 510 for CXCL12). First of all, dues to dead volumes within 

microchannels, we noticed that the concentration at the cell migration chamber does not 

immediately reach the full concentration of the solution added to the chemoattractant 

reservoir (Fig 10a).  After 2-3 cycles of 2 minute pumping the chemoattractant 

concentration reaches approximately 60%.  Reaching the 95% concentration level, 

however, required an additional 50 to 60 cycles.   Within each cycles, there is also a 

pattern of rapid increase in concentration, a leveling off, and rapid decrease in 

concentration of CXCL12 as shown in Fig. 10(b).  At the cellular level, this temporal 

stimulation pattern would result in exposure of cells for a brief period to a very steep 

chemoattractant gradient, followed by exposure to a uniform high concentration of 

chemoattractant, followed by a brief exposure of the cell to a steep gradient again but in 

the opposite direction.  From the FITC-dextran experiments, we plot the slope, G, of the 

concentration gradient (nM/40µm) at one reference point within the cell migration 

chamber over time to depict this change in chemical gradients as felt by the cell (Figure 

10c).  Since the length of the cell is on average is 40µm, G is effectively ? C.  
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Fractional difference in chemoattractant concentration 

Recent experiments on yeast cells[74], neurons[75], and D. discoideum[76] and 

neutrophils[77] suggest that these cells sense fractional differences in concentration (? C 

/C) rather than absolute differences in concentration.  Thus, I also plot ? C /C as a 

function of time in our microfluidic devices (Figure 10(d)). 

 

Estimate of the difference in receptors occupied by chemoattractant  

In addition to differences in concentration gradients between the front and back of a cell, 

once can also estimate the difference in number of bound receptors between the front and 

back.  From Hachet-Hass 08 [78], the dissociation constant Kd of CXCL12 for the 

CXCR4 receptor is 55 ±15 nM. The concentration of CXCL12 pipetted into the 

chemoattractant reservoir is 250nM.  Based on basic thermodynamic equilibrium 

assumptions, the fraction of receptor occupied, B, equals to C / (C + Kd), where C is the 

concentration of chemoattractant and Kd is the dissociation constant.  In directed 

migration of mammalian cells, it is generally assumed that cells sense spatial gradients 

based on differences in receptor occupancy between the front and the back (? B).  

  

Since Kd is 55 nM, and based on measured C and ? C, ? B can then be plotted as a 

function of time (Fig. 10(e)).  

 

Estimate of the fractional difference in receptors occupied by chemoattractant 
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Furthermore, for a given ? B, it is also commonly observed that CI decreases with 

increasing B[79].  Although the exact nature of how B affects CI for a given ? B is not 

clear, a simple model would be to assume CI depends on fractional difference in 

receptors occupied, ? B/B, rather than simply ? B.  How ? B/B changes over time for our 

system is plotted in Fig. 10(f). 

 

Discussion 

PC3 cells respond with directed migration more efficiently when exposed to sharp 

gradients of CXCL12 periodically rather than when exposed to a steady constant gradient.  

How can this be understood mechanistically?  I propose a mechanism that considers 

fractional difference in receptor occupancy between the front and back of a cell (? B/B) 

together with a time dependent receptor desensitization and time dependent receptor 

resensitization.   

That directed cell migration depends on fractional difference in receptor occupancy 

between the front and back a cell (? B/B) makes intuitive sense and is at least 

qualitatively supported from reported experimental studies of chemotaxis [28, 79].  Time 

dependent receptor desensitization is also a well known phenomena for GPCRs.  With 

many G protein-coupled receptors, receptor internalization and desensitization occur 

within seconds to minutes [25].  Finally, it is also well known that the desensitized GPCR 

signaling pathways will recover over time.  For example, Dinauer in 1980 showed that 

Amebas washed free of 10 nM cAMP require about 10 min to recover full sensitivity to a 

pulse of the same concentration.[73]  Although the cell type and chemoattractant used are 
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totally different, it provides a starting point for choosing a time interval to study GPCR 

mediated chemotaxis events.   

Based on these observations, I propose a simple qualitative model to compare and explain 

the dramatic difference in the effect of steady versus pulsatile exposure of cancer cells 

with CXCL12.  In this model, the chemoataxis index (CI) is considered to be a function 

of effective ? B/B (? B/Beff) integrated over time (∫? B/Beffdt).  In turn, ? B/Beff is modeled 

as ? B/B multiplied by sensitivity of the signaling pathway.  Based on known phenomena 

of receptor desensitization and resensitization, and based on the simple stimulation 

patterns used in our pulsatile studies, I model desensitization as a simple step decrease of 

sensitivity from 1 to 0 after 1 minute followed by a steady constant sensitivity at 0 during 

the rest of the stimulation.  Receptor resensitization which is typically slower is modeled 

as a linear function, where the slope is such that sensitivity will recover from 0 to 1 over 

an 8 min time course. 

Based on Fig. 10(f), the condition of 2 min pumping of CXCL12 and 8 min pumping of 

media has positive ? B/B that starts with a maximum value of ~0.7 then decreases during 

the first 40 seconds of stimulation, after which it becomes zero for 2 min, then takes a 

negative value for another 40 seconds.  Because of rapid desensitization and slow 

resensitization, the 40 second exposure to a negative ? B/B that occurs after 2 min 40 

seconds would not contribute significantly to the directionality of cell migration (? B/Beff 

is 0 due to densitization).  The 40 second (2/3 minute) exposure to the positive ? B/B at 

the beginning, however, gives a calculated value for ∫? B/Beffdt of 14 (sec) repeated every 

10 minutes cycle.  Over the course of a 6 hour cell migration experiment that total 

∫? B/Beffdt would reach 14*6*6=504.  In contrast, exposure of cells to a constant gradient 
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of the type generated in the common premixer gradient generators would result in a 

constant ? B/B but with a value of 0.4 or lower  leading to a ∫? B/Beffdt value of 16 or less 

for the first minute but only once not repeated every 10 minutes.  Over a 6 hr cell 

migration experiment, the total ∫? B/Beffdt for a static gradient study would thus still only 

be 16 (rather than 504 for the pulsed gradient generator).  If we assume a positive 

correlation between ? B/Beff and CI, we see that the pulsatile exposure would give rise to 

a much higher CI than constant exposure to a static chemical gradient.   

Prostate carcinoma (PCa), the most frequently diagnosed cancer in men and the second 

leading cause of cancer death in American males. Skeletal metastases occur in 

approximately 90% of patients with advanced prostate carcinoma. Metastasis is the 

highly organized and nonrandom movement of cancer cells from one organ or tissue to 

another.  Over the past few years a considerable number of studies have shown that 

chemotaxis plays a pivotal role in metastasis.  Several chemokines, growth factors, and 

extracellular matrix components are reported to be crucial factors in prostate cancer cell 

chemotaxis[80, 81].  Prostate cancer cells were observed migrating across bone marrow 

endothelial cell monolayer in response to CXCL12 [23]. Positive correlations were 

established between CXCL12 levels and tumor metastasis. A confusing result in the field 

of CXCL12 chemotaxis has been that CXCR4 expressing tumor cells do not always show 

efficient directed migration towards high concentrations of CXCL12 in vitro studies.  

Particularly, study of breast cancer cell chemotaxis in microfluidic devices with steady 

gradients generated by continuous flow of different premixed concentrations has shown 

that a CXCL12 gradient is not sufficient to trigger directed migration [18].  The authors 

demonstrated that an additional sensitization factor, in this case EGF or other autocrine 
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factors produced by the breast cancer cells, was necessary to induce directed migration.  

In this chapter, similar chemotaxis experiments using a similar premixer gradient device 

were performed with PC3 prostate cancer cells.  Again, no directed migration could be 

observed in gradients of CXCL12 alone.  Considering the physiological relevance of 

pulsatile chemical exposure of cells, I designed a new microfluidic device to expose PC3 

cells to pulses of CXCL12 rather than a static gradient.  Experiments demonstrated that 

temporal CXCL12 stimuli induced significant directed migration of PC3 cells.  Here, the 

use of temporal patterns in and of itself seems to serve as a sensitization trigger to allow 

PC3 cells to respond to CXCL12 signals and undergo directed migration. The results add 

to evidence of the importance of pulsatile chemical stimulation physiologically and in 

nature.  For example, many hormones are released in a pulsatile manner and directed 

migration of Dictyostelium occur under pulsatile cyclic AMP (cAMP) exposure [82].  

The microfluidic device described also contributes to the range of available tools to study 

cellular responses to pulsatile chemical exposure even if the conditions are not 

physiological.  For example, the effect of pulsatile tumor necrosis factor-a (TNFa) 

stimulation on NF-?B nuclear translocations [83] have been used to reveal chemical 

signaling pathways. From their result, lower frequency of TNFa stimulation gave full-

amplitude translocations, whereas higher frequency pulses gave reduced translocation, 

which indicates that pulsatile stimulation (lower frequency) may induce better cell 

response than continuous stimulation. 
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Conclusion 

Directed migration of tumor cells towards sources of CXCL12 often require a 

sensitization factor such as EGF or other autocrine factors.  Here, we show that 

temporally patterned pulsatile exposure is sufficient to sensitize PC3 cells to migrate 

towards a CXCL12 source in the absence of any other chemical stimuli.  The results 

provide fresh perspectives on the importance of temporal stimulation patterns in 

biochemical cell sensing and directed migration.  Although this chapter only focused on 

prostate cancer cells and CXCL12 exposure, the microfluidic device developed is broadly 

applicable to the study of a wide range of cell types and their response to temporally 

patterned stimulation to cytokines and chemoattractants. 
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Table 3 Experimental conditions and number of cells analyzed for each condition 

Condition # Description # cells analyzed 

1 PC3 cells were exposed to SDF-1 stimuli 2min for 
every 10 min interval 

81 

2 PC3 cells were exposed to SDF-1 stimuli 5min for 
every 10 min interval 

84 

3 PC3 cells were exposed to SDF-1 stimuli 
continuously 

82 

4 Same as condition1 but using PC3-CXCR4-si cells 69 

5 PC3 cells were exposed to only flow but no SDF-1 75 

6 PC3 cells under no flow and no SDF-1 condition 74 
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Figure 9 The image and schematic design of the microfluidic system.                 
(a)The PDMS microfluidic devices, (b) A schematic figure of the microfluidic system 
includes (1) Braille display modules, (2) a machined aluminum monolithic fingerplate, (3) 
four hold-down clamps, (4) the PDMS microfluidic device, (5) top reservoirs, and (6) a 
transparent heater unit. Pulsatile flow can be easily generated and controlled in a 
microchannel using Braille system and pumping frequency can be controlled precisely by 
computer program as fast as 10Hz.  

9(a) The PDMS microfluidic devices 

 

9(b) A schematic figure of the microfluidic system 
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Figure 10 Gradient and model analysis by FITC-dextran.                                      
Assessing the shapes of the sequential pulses generated close to the edge of cell migration 
area using FITC-dextran with pumping condition: pump 2 min of FITC-dextran and then 
8 min of media for every 10 min interval at average flow rate 0.1 µl/min: (a) peak 
concentration of a single pulse over time; (b) the concentration of a spot within the cell 
migration chamber over time; (c) G, the concentration gradient (nM/40µm) at one 
reference point within the cell migration chamber over time; (d) ? C /C over time; (e) ? B 
over time; (f) ? B/B over time.                                                                                                      
10(a) peak concentration of a single pulse over time: peak concentration increases slowly 
with time 
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10(b) the concentration of a spot in the microchannel over time: to show the shape of a 
pulse 
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10(c) G, the concentration gradient (nM/40µm) at one reference point within the cell 
migration chamber over time: G increased when the pulse came in, then decreasing when 
the concentration reaches maximum (see 10(b)). And later G became negative as the 
pulse passed and finally went back to 0 when CXCL12 was washed away and the main 
concentration became close to 0. 

G (nM/40um) VS time

-10

-8
-6

-4

-2

0
2

4

6
8

10

1200 1250 1300 1350 1400 1450 1500

time (sec)

G
 (

n
M

/4
0u

m
)

 
 
10(d) ? C /C over time 
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10(e) ? B over time 
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10(f) ? B/B over time 
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Figure 11 PC3 cells reactions under different pulsatile conditions from 6 to 12 hour.       
(a) average Directionality Index (DI); (b) average migration speed (µm/min); (c) average 
migration velocity toward CXCL12 stimuli (µm/min).  

11(a) Average DI from 6 to 12 hr 
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11(b) Average migration speed from 6 to 12 hr 
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11(c) Average migration velocity toward CXCL12 stimuli from 6 to 12 hr 
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Figure 12 Migration angles of PC3 cells under different pulsatile patterns.           
Direction plots show the distribution of migration angles, grouped in 20 degree intervals 
(wedges). The radius of each wedge indicates the number of cells that migrated in a 
particular direction. From 6-12 hour, migration angle of PC3 cells under (a) no pumping 
condition; (b) pump media at average flow rate 0.10 µl/min; (c) pump 2 min of SDF-1 
and 8 min of media for every 10 min at average flow rate 0.10 µl/min; 5(d) pump 5 min 
of SDF-1 and 5 min of media for every 10 min at average flow rate 0.10 µl/min 
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12(b) pump media at average flow rate 0.10 µl/min 
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12(c) pump 2 min of CXCL12 and 8 min of media for every 10 min interval at average 
flow rate 0.10 µl/min 
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12(d) pump 5 min of CXCL12 and 5 min of media for every 10 min interval at average 
flow rate 0.10 µl/min 
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Chapter V 

Future Application 

Future Applications 

Besides effects of and CXCL12 on PC3 cell adhesion and migration, there are other 

important future applications following this study. For example, many interesting cell 

adhesion and migration mechanisms affected by shear stress or different chemicals can be 

further investigated by using this microfluidic system as well as high throughput drug 

testing and possible sorting of cancer stem cells. 
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Application 1: Investigate effects of epidermal growth factor (EGF) on PC3 cell 

adhesion and migration 

Besides CXCL12, EGF is another important chemoattractant for study of prostate cancer 

metastasis. To begin with, EGFR is overexpressed in several solid tumors including those 

of the breast, prostate, brain, bladder, and lung, with this increased signaling correlating 

with tumor progression to invasion and metastasis [84]. Next, on stimulation with EGF, 

nonmuscle myosin heavy chain II-B (NMHC-IIB), a molecular motor and an important 

component of the cytoskeleton, undergoes a transient phosphorylation correlation with its 

cellular localization [85]. Therefore, EGF may play an important role in directed cell 

migration. Furthermore, disruption of EGF-dependent myosin II-B heavy chains 

phosphorylation in cell affected its cellular localization and chemotaxis [86]. To sum up, 

it is important and helpful to investigate EGF effects on adhesion and migration of PC3 

cells and then to further understand prostate cancer metastasis. And similar to CXCL12, 

different patterns of EGF stimuli can be applied to see if PC3 cells were activated by 

EGF and react with better adhesion and directed or even faster migration. Besides EGF, 

many potential chemoattractants, drugs, or even conditioned media can be tested by using 

this microfluidic system.  

 

Application 2: Investigate synergistic effects of CXCR4 and EGFR on PC3 cells 

For prostate cancer metastasis, PC3 cells do not just sense individual chemical signal at 

one time but react under the integrated effect of different signals. Among all possible 

interactive signal effects of chemicals on PC3 cells, the synergistic effects of CXCR4 and 

EGFR are the most notable to figure out. There are several biology evidences for possible 
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“cross-talk” between CXCR4 and EGFR. To begin with, Phillips in 2005 [87] 

demonstrated that activation of the EGFR by EGF increases CXCR4 expression and the 

migration of non-small cell lung cancer (NSCLC). Overexpression of EGFR within the 

primary tumor may provide the microenvironmnetal signals necessary to upregulate 

CXCR4 expression and promote metastasis. Then Mosadegh in 2008 [18] also showed 

that EGF promotes breast cancer cell chemotaxis in CXCL12 gradients. Steady CXCL12 

gradient alone failed to induce MDA-MB-231 breast cancer cell chemotaxis in their 

premixers. However, with certain concentration of EGF, MDA-MB-231 breast cancer 

cell showed significant improvement on directed migration under CXCL12 gradients. 

Moreover, Procile in 2004 [19] showed that CXCL12 dependent proliferation correlates 

to the phosphorylation and activation of extracellular signal-regulated kinases (ERK)1/2, 

which in turn are correlated to epidermal growth factor (EGF) receptor transactivation. 

Finally, AG1478, a specific EGFR inhibitor, strongly diminished the CXCL12- and EGF- 

induced cell proliferation and ERK1/2 activation [20]. Evidences above suggest a 

possible important “cross-talk” between CXCR4 and EGFR intracellular pathways that 

can link signals of cell chemotaxis in cancers with high CXCR4 expression. Though a 

large number of studies have been made on synergistic effects of CXCR4 and EGFR, 

what seem to be lacking, however, are their roles in prostate cancer. The purpose of this 

application is to investigate synergistic effects of EGF on SDF-1 on PC3 cell adhesion 

and migration which is essential for further understanding prostate cancer metastasis.  

Studies of synergistic effects of CXCR4 and EGFR can be also done using by the 

microfluidic system. Since the result of directed migration of PC3 cells under pulsatile 

CXCL12 stimuli was analyzed in this research, the next step is to activate PC3 cells with 
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EGF and see if PC3 cells increase migration directionality or speed under pulsatile 

CXCL12 stimuli after activation of EGF. And PC3 cells with CXCR4 knockdown can be 

used as comparison. Moreover, different concentration of EGF can be applied to verify if 

there is a dose-dependent manner. Finally, combined with the results of effects on 

pulsatile EGF stimuli on PC3 cell migration, different concentration of CXCL12 can be 

used to fin out its effects on PC3 cells migration phenomenon under EGF stimuli.  

 

Application 3: Isolation of cancer stem cells 

In recent years, there have been numerous hypotheses and researches on existence cancer 

stem cells. For clinical treatment of prostate cancer, although existing therapies for 

prostate carcinoma eradicate the bulk of cells within a tumor, most patients go on to 

develop androgen-independent disease that remains incurable by current treatment 

strategies.  And there is now increasing evidence in some malignancies that the tumor 

cells are organized as a hierarchy originating from rare stem cells that are responsible for 

maintaining the tumor. Prostate cancer stem cells are reported to possess a significant 

capacity for self-renewal, proliferation, and also able to regenerate the phenotypically 

mixed populations of nonclonogenic cells, which express differentiated cell products, 

such as androgen receptor and prostatic acid phosphatase. Current research showed that 

the prostate cancer stem cells have a CD44+/a2ß1hi/CD133+ phenotype and 

approximately 0.1% of cells in any tumor express this phenotype [88]. Understanding the 

properties of cancer stem cells can be beneficial for future cancer treatments.  

Over the past decades, a considerable number of studies have been made on CXCL12 and 

stem cells. CXCL12 has been demonstrated to play a pivotal role in the regulation of 
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trafficking of normal hematoietic stem cells (HSC) and their homing and retention in 

bone marrow. Also, functional CXCR4 is also expressed on nonhematopoietic tissue-

committed stem/progenitor cells (TCSCs) [89, 90]. From several biology evidences, we 

postulate cancer stem cells have higher CXCR4 expression than normal cancer cells. 

Also, primary results already showed that few cells did migrate much faster with higher 

directionality than other cells under CXCL12 stimuli. Therefore, the hypothesis of this 

application is that cancer stem cells which have more CXCR4 will migrate better than 

normal cancer cells under CXCL12 stimuli. And it will be interesting to compare 

migration phenomenon of PC3 stem cells versus PC3 cells under CXCL12 stimuli or 

even isolate cancer stem cells by migration in the microfluidc system.  

The protocol of this application is similar to application 1 and 2. However, prostate 

cancer stem cells can be first transfected with different fluorescent color such as GFP and 

then seeded with normal PC3 cells with ds-Red transfection. Then the best patterns of 

CXCL12 stimuli can be applied and see if prostate cancer stem cells migrate better than 

normal prostate cancer cells.  
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Appendices
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Appendices 1 Microscale Integrated Sperm Sorter 
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Appendices 2 A Surface-modified sperm sorting device with long-term stability 
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