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ABSTRACT OF THE THESIS 

 

A Microfluidic Device for the Study of Neutrophil Migration in 3D Environments 

 

by 

 

Vivian Anne Gorgen 

 

Master of Science in Engineering Sciences (Mechanical Engineering) 

 

University of California, San Diego, 2016 

 

Professor Juan C. Lasheras, Chair 

 

Cell migration is an important cellular process in many physiological events such 

as embryogenesis, wound healing, cancer metastasis, and inflammation. Chemotaxis is 

a process in which cells migrate in the direction of a chemical gradient. This process can 

be observed in the immune response, in which leukocytes will migrate from the 

vasculature into inflamed tissue. Advancements in fabrication technologies have lead to 

the development of many devices for studying in vitro chemotaxis. This thesis presents a 



 
 

x 
 

hydrogel device that establishes a chemical gradient to study chemotaxis. The device 

creates the gradient using diffusion and maintains the stable, linear gradient using flow. 

The gradient profile was characterized by monitoring the diffusion of rhodamine to 

determine that a stable gradient can be established in 40 minutes. Differentiated HL-60 

(dHL-60) cells were used as a model cell type to interrogate the capabilities of the 

device. These cells migrated in a directed manner when exposed to an fMLP gradient for 

60 minutes with a mean CI of 0.6479. Several biochemical and mechanical experimental 

parameters, such as pre-activation of the dHL-60 cells and collagen gel concentration, 

can be further optimized to increase the chemotaxis response of the cells. This device 

enables the study of cells in 2D and 3D environments and was fabricated with readily 

available manufacturing tools – allowing for prototyping for new applications.   

 

  



 

1 
 

1. INTRODUCTION 

Cell migration plays a central role in many biological processes in human 

development from the beginning in embryogenesis, throughout life in the immune 

response, and in the end by controlled cell death. Misregulation of cell migration can 

lead to many chronic pathological conditions including cancer, atherosclerosis, and 

arthritis1. The immune system has an important regulatory role in the development of 

many chronic pathological conditions2. Leukocytes are one of the key players in the 

immune response.  

Leukocytes, often referred to as white blood cells, are a broad family of immune 

cells consisting of eosinophils, neutrophils, basophils, monocytes, and lymphocytes2. 

These cells utilize migration for the process of immune surveillance, which allows the 

host to distinguish between materials that are supposed to be there (“self”) and those 

that are not (“non-self”). Leukocytes mainly circulate in the blood stream and monitor the 

human body for invading pathogens, which often initiates a process known as 

inflammation3. 

Inflammation will cause leukocytes to migrate from the vasculature to the site of 

injury in a tissue. Endothelial cells, cells that line the inside of blood vessels, will become 

more adhesive to neutrophils circulating in the blood. The neutrophils will become 

transiently attached to the endothelial cell and will “roll” along the endothelium. 

Eventually, the neutrophil will adhere firmly to the endothelium and migrate through the 

blood vessel wall into the damaged tissue3.  

This migration process is known as diapedesis and has two modes. Transcellular 

diapedesis occurs when neutrophils migrate directly through endothelial cells to reach 

inflamed tissue. Conversely, paracellular diapedesis occurs when neutrophils migrate in 

between endothelial cells to reach inflamed tissue4. In the inflamed tissue, neutrophils 
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can direct their migration towards the site of infection through a migration process known 

as chemotaxis5. 

In the inflamed tissue (i.e. three dimensional (3D) environment), leukocyte 

migration is considered to be a low adhesive process that is mostly dependent on 

cytoskeleton flexibility. Conversely, in two dimensional (2D) environments, leukocyte 

migration is often described as adhesive – requiring leukocytes to activate integrin 

receptors.  Since leukocytes adopt distinct migration modes depending on the external 

environment, understanding leukocyte migration has garnered much interested in the 

scientific community6.  

One of the areas of interests is how mechanical forces, such as traction forces 

exerted by migrating cells, direct cellular function (since it is now believed that both 

mechanical forces and biochemical cues equally impact cellular function) 7. 

Characterizing the mechanisms by which cells migrate and quantifying the forces 

exerted during migration can lead to a better understanding of how mechanical forces 

play a role in cell biology.  This knowledge may enable the development of new 

implantable materials, drug treatments, or novel therapies8.  

With the advancement of microscopy and fabrication technologies, the methods 

for studying directed cell migration, chemotaxis, has evolved from simple chambers 

separated by porous membranes to complex microfluidic devices. This thesis focuses on 

the development and characterization of a device for the study of neutrophil migration in 

response to a chemical gradient.    
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1.1. Cell Migration 

Cell migration is an important cellular process for many physiological events. 

During embryogenesis, cells migrate to the appropriate location to form functional 

tissues and organs. In cancer metastasis, cancer cells migrate from the primary tumor to 

invade surrounding tissue. Leukocytes, also known as white blood cells, can migrate 

through the blood vessel to the site of inflammation to kill bacteria.  

Cell migration is mediated by physical and chemical factors9. Some cells can 

sense extracellular chemical signals and direct their migration along the concentration 

gradient of the signal in a process known as chemotaxis10. On the other hand, cells can 

also migrate randomly in response to a chemical factor in a process known as 

chemokinesis11. 

 

1.2. Chemotaxis Index 

The chemotaxis index (CI) of a cell is an indicator of how well cells migrate 

towards a chemoattractant12. The CI of a cell can be calculated by taking the cosine of 

the angle between a line in the direction of the gradient and a line connecting the start 

and end point of the cell12. A CI of 1 indicates that the cell is migrating in the direction of 

the gradient while a CI of 0 suggests that a cell is migrating perpendicular to a chemical 

gradient12, 13. In other words, a CI of 0 suggests that the cell does not sense the 

chemoattractant.  

 

1.3. HL-60 Cells 

Leukocytes circulate in the blood and migrate through blood vessel walls to sites 

of inflammation in response to material released by bacteria14. Neutrophils, a type of 

leukocyte, follow gradients of formylated peptides released by bacteria to perform 
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phagocytosis as part of the immune response. Primary neutrophils can be harvested 

from blood or bone marrow, but cannot be sustained in culture or cyro-preservation for 

extended periods of time. As a result, the human promyelocytic leukemia (HL-60) cell 

line was developed as a model for studying neutrophil migration. HL-60 cells must be 

differentiated with dimethyl sulfoxide (DMSO) in order to express a neutrophil-like 

phenotype15.  

In response to a chemoattractant (migration-promoting agent), differentiated HL-

60 cells (dHL-60) will adopt a polarized morphology (distinct front and back), which is 

essential for chemotaxis in mammalian cells16, 17. N-formyl-met-leu-phe (fMLP) is a 

chemoattactrant known to induce superoxide production via NADPH oxidase, migration, 

and reorganization of actin in neutrophils18, 19.  These responses are important in 

mounting an immune response18. 

 

1.4. In vitro Methods for Studying Chemotaxis 

There are several assays used to study mammalian cell chemotaxis such as the 

Boyden chamber, Zigmond chamber, and micropipette assay20. The Boyden chamber is 

used most commonly to study chemotaxis and consists of two compartments separated 

by a porous membrane. One compartment contains a cell suspension, which is placed in 

the second compartment containing a chemoattractant solution. Chemotactic activity is 

measured by quantifying the number of cells that migrate to the other side of the 

membrane or into the chemoattractant solution21.  This assay has many advantages 

such as ease of use, scalability, and compatibility with cells in a 3D matrix. However, the 

Boyden chamber has limitations such as incompatibility with live imaging and inability to 

distinguish between chemotaxis (directed cell migration) and chemokinesis (random cell 

migration) 20.  
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The Zigmond chamber addresses some of the limitations with the Boyden 

chamber. The Zigmond chamber consists of a Plexiglass slide with two fluid wells 

separated by a bridge. One well contains a chemotactic solution and the other well 

contains a buffer solution. A coverslip with cells is secured to the Plexiglass slide, which 

enables the formation of a linear concentration gradient and cell migration across the 

bridge22. Although the Zigmond chamber allows for live imaging, it is limited to 2D 

studies and hampered by low throughput20.  

Similarly, the micropipette assay uses diffusion from a micropipette containing 

chemoattractant solution to create a concentration gradient allows for live imaging in 2D 

and 3D, but is low throughput and does not create a steady gradient20, 23.  

 

Figure 1.1. Advantages and limitations of common chemotaxis assays20 
 
 

These chemotaxis assays generate chemical gradients by diffusion of attractant 

molecules through a medium and generally lack the ability to form a stable or adjustable 

gradient. The recent development of microfluidic technology offers many improvements 

over conventional chemotaxis assays including more physiologically relevant 

microenvironments, real time observation of cell movement, and decreased cellular 
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inputs. There are two types of microfluidic devices used for investigating chemotaxis: 

convective flow based microfluidic gradient generators and diffusion based microfluidic 

gradient generators24.  

Convective flow based microfluidic devices generate concentration gradients by 

laminar flow of high and low concentration fluids through a series of serpentine channels 

that form a chemical gradient upon exit into a cell containing chamber20, 24. An important 

feature of these devices is that laminar flow on the micrometer scale allows for streams 

of miscible fluids to mix by diffusion without turbulent mixing – enabling the formation of 

repeatable concentration gradients25. This type of device has been used widely in the 

study of cell migration as it allows for rapid gradient formation (millisecond scale) and 

manipulation of gradient shape20, 24.  However, flow based microfluidic gradient 

generators subject cells to fluid flow, which can cause three potential problems. First, 

shear stress has been shown to alter cell behavior. Secondly, the fluid flow will remove 

any autocrine or paracrine signals secreted by the cells. Lastly, in experiments with 3D 

matrices, the fluid flow may induce matrix remodeling20. Diffusion based microfluidic 

devices address some issues with flow based microfluidic devices. 

 
Figure 1.2. Example of convective flow based gradient generator26 

 
 

Diffusion based microfluidic devices generate concentration gradients through 

molecular diffusion without exposing cells to fluid flow20.  A gradient develops across a 
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region as molecules diffuse from “source” to “sink.” These devices are typically made 

with porous and permeable materials and consist of multiple channels, which physically 

isolate the cells from fluid flow – thus, addressing potential issues with flow based 

microfluidic devices. However, in devices where the source and sink have limited 

volume, the establishment of a stable concentration gradient can be slow and difficult to 

maintain over long periods of time20, 25.  This is often mediated by manual pipeting or use 

of an external pump to maintain constant concentration in the source and sink.  

Figure 1.3. Side and top view of diffusion based gradient generator27 
 
 

A hybrid microfluidic device has been developed that utilizes advantageous 

aspects of flow and diffusion based gradient generators.  Similar to a diffusion based 

gradient generator, this device has a source and sink to enable the formation of a stable 

concentration gradient. However, unlike a diffusion based gradient generator, which 

relies on molecules to diffuse through a porous material to form a concentration gradient, 

this device uses flow to establish a gradient. Microcapillaries (20 μm wide) connect the 

source, cell chamber, and sink, which will form a stable concentration gradient without 

exposing cells to unwanted flow28.  

A hydrogel based microfluidic device developed by Shing-Yi Cheng et al29 and 

Ulrike Haessler et al30 utilizes the principles of diffusion based microfluidic gradient 

generators to study chemotaxis. The device consists of an agarose hydrogel with three 

channels: source, center, and sink. With the source and sink channels containing 

chemoattractant solution and blank buffer, respectively, molecules will diffuses across 
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the channels and establish a linear concentration gradient across the center channel. 

The center channel can have cells in 2D and 3D environments.  This hydrogel based 

microfluidic device addresses many of the issues with commonly used methods for 

investigating chemotaxis including isolating cells from shear stress, compatibility with 2D 

and 3D microenvironments, and real time imaging. However, fabrication of the device 

requires soft lithography techniques, which are not easily accessible and can be costly. 

The microfluidic device described in this thesis uses readily available materials and 

equipment for fabrication – making this tool more adaptable for the research community.  

 

1.5. Hydrogel 

As living cells are incorporated into microfluidic technology, conventional 

materials such as polydimethylsioxane (PDMS) are being replaced with hydrogels that 

are more physiologically relevant and enable oxygen and nutrient exchange20. Hydrogels 

are naturally derived or synthetic polymeric networks swollen with large amounts of 

water31, 32.  Agarose is a polysaccharide derived from seaweed. Agarose is soluble in 

boiling water and forms a gel when cooled to 31-36°C33. Agarose hydrogels have 

characteristics that are similar to living tissues such as rheological nature and water 

content, making it ideal for use in cell studies31.  

There are several advantages to using agarose as a diffusion matrix in 

microfluidic devices. One of the most important features is that agarose is a 

biocompatible material that allows for the diffusion of incoming cell nutrients and growth 

factors and outgoing cellular waste. These conditions allow for high cell viability 

throughout the experimental tsting. In addition, , the diffusivity of most solutes in agarose 

gels is known to be similar to water, which suggests that the time needed to establish a 

gradient is short. Also, agarose is a thermally reversible hydrogel, allowing it to be easily 
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manipulated to create various features in the gel. Lastly, agarose is commercially 

available29, 33.  

 

1.6. Standard Experimental Set Up 

A Leica DMI6000 B inverted microscope is used to characterize the device and 

conduct experiments. A camera is attached to the side port of the microscope to record 

images through Micro-Manager Open Source Microscopy Software. All experiments 

were conducted at 37°C. 

All fluids were degassed prior to experiments and stored in plastic syringes 

during experiments. Fluids are pumped into the device using a NE-4000 Programmable 

2 Channel Syringe Pump (New Era Pump Systems Inc.). Syringes are connected to the 

device with a female luer barb adapter, 1/16 inch inner diameter Tygon tubing, and 

shortened 20 μL pipette tips wrapped with Teflon tape inserted into the device inlets. The 

device drains into a beaker through shortened 20 μL pipette tips wrapped with Teflon 

tape and Tygon tubing inserted into the device outlets. The center channel (cell 

chamber) is plugged with shortened 20 μL pipette tips wrapped with Teflon tape.
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2. METHODS 

2.1. Design of the Device 

The device presented in this thesis was adapted from Shing-Yi Cheng et al29 and 

Ulrike Haessler et al30.  Briefly, the device consisted of an agarose hydrogel with three 

channels that is enclosed by a glass coverslip, clear acrylic, and PDMS gasket.  Clear 

acrylic was selected so that any acquired images would not be occluded by the acrylic 

pieces. All acrylic pieces are 1.54 mm thick except the spacer, which is 6.35 mm thick. 

The device was secured with twelve 4-40 screws (1/2 inch length) and hex nuts. The 

overall dimensions of the device, 73 x 68 mm (L x W) were selected so the device could 

be secured to the microscope stage with existing stage platforms.  

Figure 2.1. Exploded view of chemotaxis device 

2.1.1. Cover 

The cover contains six holes that serve as inlet and outlet ports for the source, 

sink, and cell channels located in the hydrogel.  The ports are 1.2 mm in diameter.  

Cover 

Hydrogel 

Spacer 

Coverslip 

Viewing Window 

PDMS Gasket 
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2.1.2. Hydrogel 

The features in the agarose hydrogel were cast using a stamp. The hydrogel is 

approximately 25 x 25 x 6.35 mm (L x W x H). The source and sink channels are 18.92 x 

0.8 x 1 mm (L (path length) x W x H). The cell chamber (center channel) is 17 x 1 x 1 

mm (L x W x H). The spacing between all channels is 1 mm. 

 

2.1.3. Spacer 

The spacer has a 25 x 25 mm cut out which is used to fabricate the hydrogel 

channels and aids in aligning inlet/outlet ports.  

 

2.1.4. Coverslip 

The glass coverslip used was commercially available from Fisher Scientific 

(Catalog # 12-544F) with the following dimensions, 45 x 50 x 1.5 mm (L x W x H).  The 

coverslip was is in direct contact with the channels in the hydrogel, which enables 

imaging of cells in the cell chamber (center channel). 

 

2.1.5. PDMS Gasket 

The PDMS gasket has similar dimensions to the viewing window (see below) and 

secures the glass coverslip to the hydrogel. 

 

2.1.6. Viewing Window 

The viewing window has a 40 x 40 mm (L x W) cut out which allows microscope 

objectives of varying sizes to view the cell chamber (center channel). The viewing 

window in this device is compatible with objectives that have magnifications ranging from 

2.5x to 63x. The large viewing window enabled macroscopic studies with 30-50 cells in 
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view and microscopic studies with a single cell in view. The characterization studies 

outlined in this thesis used the 2.5x lens and the chemotaxis studies used a 5x lens.  

 

2.2. Fabrication of the Device 

 

2.2.1. Fabrication of Acrylic Parts 

All acrylic parts were cut with a laser cutter (LaserCAMM) available at the MAE 

Design Studio at UCSD.  

 

2.2.2. Fabrication of PDMS Gasket 

PDMS gaskets were made with Sylgard 184 Silicone Elastomer Kit (Dow 

Corning). The base and curing agent were combined 9:1 by weight to achieve an 

approximate total weight of 22.5 grams. The mixture was mixed at 2000 RPM for 3.5 

minutes. The mixture was poured in a 100 mm Petri dish and placed in a vacuum 

chamber for 30 minutes. The Petri dish containing PDMS was incubated at 37°C 

overnight. The shape and features of the acrylic viewing window were traced onto the 

cured PDMS and cut to shape with a razor blade. 

 

2.2.3. Fabrication of Hydrogel Stamp 

The hydrogel stamp was fabricated using a 3D printer and CNC machine. 3D 

printed parts were printed using a 3D Systems ProJet 3510 HD printer with VisiJet M3 

Crystal made available by the MAE Design Studio at UCSD. Aluminum machined 

stamps were fabricated by the UCSD Machine Shop located at EBU 2 B-31 using a 

Hass VF-0 CNC machine. 
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2.2.4. Fabrication of Hydrogel 

The hydrogel was 3.5% (w/v) agarose (Lonza NuSieve GTG Agarose) in 

phosphate buffered saline (PBS). To prepare the agarose hydrogel, 0.7 grams of 

agarose was combined with 20 mL of PBS in a 100 mL glass beaker. The solution was 

microwaved for 25 seconds total – increments of 15, 5, and 5 seconds. The agarose 

solution was stored on a 105°C hot plate until use. The spacer was adhered to the 

stamp using vacuum grease. Approximately 3.5 mL of agarose was pipetted into the 25 

x 25 mm cut out in the center of the stamp – all bubbles were removed from the solution 

using a pipette.  

 

Figure 2.2. Exploded view of hydrogel fabrication components 
 
 

The acrylic cover was placed on top of the agarose solution and four 4 x 40 

screws were used to align the cover and spacer. Six 20 μL pipette tips were inserted into 

the agarose through the ports in the cover. This allowed for the fluid inlet and outlet ports 

to be pre-formed in the hydrogel, which minimizes the amount of debris in the device 

Cover 

Hydrogel 

Spacer 

Stamp 
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during use. Following a 15 minute incubation at room temperature, the hydrogel was 

removed from the stamp and stored in Roswell Park Memorial Institute (RPMI) 1650 plus 

L-glutamine media with 25 mM HEPES (ThermoFisher Scientific Catalog # 11875093) at 

4°C until use. 

 

Figure 2.3. Set up for hydrogel fabrication 
 
 
2.3. HL-60 Cell Culture and Differentiation 

HL-60 cells were cultured by Joshua Francois (Lasheras group) according to 

protocols described by A. Millius and Orion D. Weiner [34]. Briefly, HL-60 cells were 

cultured in 100 mm cell culture treated Petri dishes with RPMI 1650 plus L-glutamine 

media with 25 mM HEPES, 15% fetal bovine serum (FBS), and 1% penicillin-

streptomycin. Cells were maintained at 37°C and 5% CO2 in a standard tissue culture 

incubator. HL-60 cells were differentiated into dHL-60 cells using dimethyl sulphoixide 

(DMSO). DMSO was added to the culture media in order to achieve a 1.3% DMSO 

concentration. Cells were differentiated for 4 days prior to experimentation.  

 

2.4. Preparation of Collagen Gel 

DHL-60 cells were centrifuged at 3500 RPM for 10 minutes and resuspended in 

62 nM fMLP (in RPMI) to achieve a 93,000 cells/mL suspension with a final fMLP 

concentration of 25 nM. 151 μL of cell suspension and 5 μL of 1 M NaOH were 
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combined in an Eppendorf tube. 219 μL of 3.42 mg/mL type 1 rat tail collagen (Corning) 

was added to the Eppendorf tube and thoroughly mixed with a pipette. The collagen 

solution was added to the center channel of the device with a 20 μL pipette. Collagen 

solution was added into the center channel until solution was observed exiting the outlet 

port and there are no bubbles present in the channel. All solutions were stored in ice 

until use. The collagen solution will form a gel in approximately 30 minutes at 37°C. 

  

2.5. Operation and Experiment of the Device 

All liquids used in experiments were degassed in a vacuum chamber for at least 

4 hours the day before an experiment and for at least 1 hour the day of an experiment.  

The device was assembled by placing a coverslip onto the spacer, ensuring that 

the coverslip edges do not interfere with the screw threads. The PDMS gasket and 

viewing window were placed on top of the coverslip and secured to the spacer using 

twelve 4x40 screws.  

The agarose hydrogel equilibrates to room temperature in RPMI media. Once the 

hydrogel has reached room temperature, it is dried with lint free tissue and placed into 

the cut out of the spacer, ensuring that the channels are in contact with the coverslip. 

The cover was placed onto the spacer and secured using hex nuts.  

The source and sink channels (side channels) were checked for flow by pipetting 

degassed RPMI media into each channel using a 20 μL pipette. Once flow was observed 

in the side channels and all bubbles were removed, the collagen gel was added to the 

center channel and plugged with 20 μL pipette tips. The device was placed onto the 

microscope stage.  

The flow rate on the syringe pump was initially set to 50 μL/min to prime the 

tubing and device and later reduced to 20 μL/min. The outlet tubing was initially 
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connected to a 10 mL syringe and filled with RPMI media. Once fluid flow was observed 

in the outlet ports, the outlet tubing was inserted into the outlet port and the syringe was 

disconnected from the outlet tubing. The outlets drained into a beaker.  

 

2.6. Characterization of the Concentration Gradient 

The formation of the concentration gradient was characterized by monitoring the 

diffusion of a fluorescent dye in the device over time. Rhodamine is a fluorescent dye 

with a molecular weight of 566.99 g/mol (Fisher Scientific Catalog # AC446971000). 

Rhodamine was selected because it does not require conjugation to another species to 

emit fluorescence. Additionally, since the molecular weight of rhodamine is similar to the 

molecular weight of fMLP (437.55 g/mol), these experiments would not underestimate 

the amount of time needed to establish a linear concentration gradient in the device.  

The source and sink channels were connected to syringes with 50 nM rhodamine 

and RPMI media, respectively. The center channel was filled with RPMI media +\- 25 nM 

rhodamine or collgen solution. Images were acquired using brightfield and fluorescent 

(TRITC) microscopy every 2 minutes with a 2.5x lens. 

 

2.7. Chemotaxis Studies 

In order to examine how dHL-60 cells migrated in response to a chemoattractant 

gradient in the device, the source and sink channels were connected to syringes with 50 

nM fMLP and RPMI media, respectively. The center channel contained a collagen 

solution with dHL-60 cells (as described previously). The device was placed on the 

microscope stage at 37°C to allow the collagen gel and chemoattractant gradient to 

form. Images were acquired using bright field microscopy every 2 minutes with a 5x lens.  
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2.8. Data Analysis 

Custom MATLAB scripts (MathWorks) developed by Professor Lasheras’s lab 

were used to analyze the acquired images. For characterization experiments, MATLAB 

was used to average the intensity of each image acquired to show the average intensity 

in the device over time. In addition, the slope of the intensity in the center channel was 

calculated to determine when the gradient in the center channel appeared to be linear.   

 For chemotaxis studies, MATLAB identified and tracked the centroid of the cells 

over time. Cells were considered motile if the magnitude of displacement at the end of 

the experiment was larger than 5 μm. The percentage of motile cells is defined as: 

 

                
                                                 

                     
      

 
 

In addition, the velocity was calculated for all cells that were tracked by MATLAB. 

Similarly, unlike the percentage of motile cells analysis, the velocity analysis does not 

exclude cells with displacements less than 5 μm. For this analysis, the X and Y-

directions are parallel and perpendicular to the chemoattractant gradient, respectively. 

The velocity reported uses the cell’s displacement over 60 minutes. 

Lastly, the chemotaxis index (CI) was calculated for all cells that were tracked by 

MATLAB. Unlike the percentage of motile cells analysis, the CI analysis does not 

exclude cells with displacements less than 5 μm. The CI values reported uses the cell’s 

initial (t=0 min) and final position (t=60 min).   

For each experiment, the first time point is defined as the time at which the 

gradient began to stabilize i.e. appear linear.  
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3. RESULTS 

3.1. Characterization of the Concentration Gradient 

The concentration gradient was first characterized with 50 nM rhoadamine in the 

source channel and RPMI media in the center and sink channel. 

Figure 3.1. Fluorescent images of 50 nM rhodamine diffusion in device over time 
(magenta = source, green = center, and red = sink) 

 

Figure 3.2. Average intensity in device over time with 50 nM rhodamine in source 
channel (dark blue lines indicate earlier time points and light blue lines indicate later time 

points) 
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Figure 3.3. Slope of gradient in center channel over time with 50 nM rhodamine in 

source channel 
 
 

When the source channel was filled with 50 nM rhodamine and the center and 

sink channels were filled with RPMI media, the gradient in the center channel appeared 

to stabilize in approximately 300 minutes and remained stable for at least 200 minutes.  

In order to reduce the time needed for a stable gradient to form, the device was 

characterized with 50 nM rhodamine in the source channel, 25 nM rhodamine (in RPMI) 

in the center channel, and RPMI media in the sink channel. 
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Figure 3.4. Fluorescent images of 50 and 25 nM rhodamine (in media) diffusion in 

device over time (magenta = sink, green = center, and red = source) 
 

Figure 3.5. Average intensity in device over time with 50 nM rhodamine in source 
channel and 25 nM rhodamine (in media) in center channel (dark blue lines indicate 

earlier time points and light blue lines indicate later time points) 
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Figure 3.6. Slope of gradient in center channel over time with 50 nM rhodamine in 
source channel and 25 nM rhodamine (in media) in center channel 

 
 
 When the source channel was filled with 50 nM rhodamine and the center was 

filled with 25 nM rhodamine (in media), the gradient in the center channel appeared to 

stabilize at approximately 40 minutes and reamined stable for at least 80 minutes. 

 Since chemotaxis experiments use a collagen gel in the center channel, the 

device was also characterized with 50 nM rhodamine in the source channel, a collagen 

gel with 25 nM rhodamine in the center channel, and RPMI media in the sink channel. 
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Figure 3.7. Fluorescent images of 50 nM rhodamine and 25 nM rhodamine (in a 

collagen gel) diffusion in device over time (magenta = sink, green = center, and red = 
source) 

 
Note: Bubbles formed in the collagen gel (center channel) over time. As a result, the 

intensity was averaged in the region between the bubbles. 
 
 

 
Figure 3.8. Average intensity in device over time with 50 nM rhodamine in source 

channel and 25 nM rhodamine (in a collagen gel) in center channel (dark blue lines 
indicate earlier time points and light blue lines indicate later time points) 
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Figure 3.9. Slope of gradient in center channel over time with 50 nM rhodamine in 

source channel and 25 nM rhodamine (in a collagen gel) in center channel 
 
 

 When the source was filled with 50 nM rhodamine and the center channel was 

filled with a 25 nM rhodamine in a collagen gel, the gradient in the center channel 

appeared to stabilize at 40 minutes and remained stable for at least 80 minutes. Based 

on these results, chemotaxis experiments used collagen gels with a final fMLP 

concentration of 25 nM. Since the collagen solution takes approximately 30 minutes to 

form a gel and the gradient takes approximately 40 minutes to stabilize, the collagen 

solution formed a gel in the device while the gradient stabilized. For all chemotaxis 

experiments, the first time point was defined at 40 minutes.  

  

3.2. Chemotaxis Studies 
 
 The migration of dHL-60 cells in the chemotaxis device was examined under 

various conditions. As a control condition (condition #1), dHL-60 cells were placed in the 

device with no fMLP present. In addition, since fMLP was introduced into the collagen 
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gel to decrease the gradient stabilization time from 300 minutes to 40 minutes, dHL-60 

cells were placed in the device with fMLP in the collagen gel to evaluate whether or not 

this impacted cell migration (condition #2). The final test condition (condition #3) 

exposed the cells to a gradient of fMLP. 

 
Table 3.1. Chemotaxis device experimental test conditions.  

Condition Name Source Channel 
Center 
Channel 

Sink 
Channel 

1 no fMLP RPMI  
Collagen gel 
(no fMLP) 

RPMI  

2 25 nM fMLP RPMI 
Collagen gel 
(25 nM fMLP) 

RPMI 

3 
25 nM fMLP + 
gradient 

50 nM fMLP 
Collagen gel 
(25 nM fMLP) 

RPMI 

 
 
 Brightfield imaging was optimized to focus on cells with a bright center to 

facilitate trajectory analysis. MATLAB code was used to number and track identified 

cells.  

 
Figure 3.10. Example brightfield image of dHL-60 cell trajectories following 60 minute 

exposure to 25 nM fMLP (condition #2) 
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Additional analysis was performed on the sub population of cells whose 

trajectories were greater than 5 μm at the end of the experiment. These cell paths were 

plotted on a Cartesian coordinate system to examine each cell’s trajectory over a 60 

minute time period with the origin representing the cell’s initial position. For experiments 

with an fMLP gradient, RPMI and 50 nM fMLP are on the left and right of the plot, 

respectively.  
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Figure 3.11. Example plots of dHL-60 cell trajectories over 60 minute time period: 

condition #1 (A), condition #2 (B), and condition #3 (C) 
 
 
 For condition #1, the average percentage of motile cells was 47.04%. The 

standard deviation and relative standard deviation (RSD) was not calculated for this 

condition because there were only two experimental replicates. For condition #2 (3 

A 

B 

C 
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experiments), the average percentage of motile cells was 52.90 ± 21.34%. For condition 

#3 (3 experiments), the average percentage of motile cells was 62.23 ± 22.62%. An 

unpaired t-test indicates that the difference between the percentage of motile cells in 

condition #2 and #3 is not statistically significant (p-value = 0.63). This result was not 

unexpected since the cells are exposed to fMLP in both conditions, which would activate 

the cells to move.  

 
Table 3.2.  Percentage of Motile Cells 

Condition Average (%) 
Standard 
Deviation (%) 

RSD (%) 

1 47.04 NAA NAA 

2 52.90 21.34 40.35 

3 62.23 22.62 36.35 
AThe standard deviation and %RSD was not calculated for condition #1 because there 
were only two experimental replicates. 
 
 

For all three test conditions, the total displacement for 60 minutes was used to 

determine the velocity for each cell. In the X-direction (parallel to the direction of the 

gradient), the mean velocity for condition #1 (64 cells), #2 (114 cells), and #3 (109 cells) 

was calculated to be -0.013, 0.039, and 0.064 μm/min (outliers identified in MATLAB 

(see Figure 3.12) were not excluded in the mean velocity calculation. A Wilcoxon rank 

sum test was used to determine if the difference between the three test conditions were 

statistically significant (α = 0.05). When condition #2 and #3 were compared to condition 

#1, the p-values were much less than 0.001. This demonstrated that in the presence of 

fMLP, the dHL-60 cells moved at a higher velocity. This is an expected result since dHL-

60 cells will move in response to a chemoattractant. However, when condition #2 and #3 

were compared, the p-value was much less than 0.001. This showed that although the 

dHL-60 cells migrated when fMLP was incorporated into the collagen gel (condition #2), 

the cells migrated, in a direction parallel to the gradient, at a significantly higher velocity 
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when exposed to a stable, linear chemoattractant gradient generated by the device 

(condition #3). 

Figure 3.12. dHL-60 cells migrated in a significantly higher velocity (in the direction of 
the gradient) when exposed to a stable, linear fMLP gradient generated by the device (p 

< 0.001) 
 
 

For all three test conditions, the total displacement at 60 minutes was used to 

determine the velocity for each cell. In the Y-direction (perpendicular to the direction of 

the gradient), the mean velocity for condition #1 (64 cells), #2 (114 cells), and #3 (109 

cells) was calculated to be 0.012, 0.047, and 0.003 μm/min (outliers identified in 

MATLAB (see Figure 3.13) were not excluded in the mean velocity calculation). A 

Wilcoxon rank sum test was used to determine if the difference between the three test 

conditions were statistically significant (α = 0.05). When condition #2 and #3 were 

compared, the p-value was much less than 0.001. This demonstrated that the cells in 

Condition #3, which were exposed to a stable, linear gradient, had a significantly lower 

velocity in the direction perpendicular to the chemoattractant gradient. 
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Figure 3.13. dHL-60 cells migrated in a significantly lower velocity (perpendicular to the 
direction of the gradient) when exposed to a stable, linear fMLP gradient generated by 

the device (p < 0.001) 
 
 

 Angle histograms were generated to show the angle of each cell’s trajectory at 

the final time point (t = 60 minutes). An Omnibus test showed that condition #1 had a 

uniform distribution (p-value = 0.9) while condition #2 and #3 did not have a uniform 

distribution (p-value < 0.001). The weighted median angle (weights displacement of 

each cell) for condition #2 and #3 were 42° and 7.8°, respectively. As shown in Figure 

3.14, condition #1 showed a uniform distribution of angles indicating that the cells are 

randomly moving. However, condition #2 showed that with fMLP incorporated into the 

collagen gels, the cells traveled with a median angle of 42° from the direction of the 

chemoattractant gradient (Figure 3.15). More importantly, condition #3 demonstrated 

that with a stable, linear fMLP gradient, the cells migrated with a median angle of 7.8° 

from the direction of the chemoattractant gradient (Figure 3.16). This demonstrates that 

the dHL-60 cells are migrating in a more directed manner in condition #3. For 
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experiments with an fMLP gradient, RPMI and 50 nM fMLP are on the left and right of 

the plot, respectively. 

Figure 3.14. Condition #1 angle histogram shows dHL-60 cells migrated randomly when 
there is no fMLP present in the chemotaxis device 

 
 

Figure 3.15. Condition #2 angle histogram shows dHL-60 cells migrated with a median 
angle of 42° in the direction of the gradient when fMLP is incorporated into the collagen 

gel 
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Figure 3.16. Condition #3 angle histogram shows dHL-60 cells migrated with a median 
angle of 7.8° degrees in the direction of the chemoattractant gradient when exposed to a 

stable, linear gradient in the device 
 

For all three test conditions, the CI was calculated using each cell’s position at 0 

and 60 minutes and then averaged for each test condition. For condition #1 (64 cells), #2 

(114 cells), and #3 (109 cells), the mean CI was calculated to be -0.3862, 0.4518, and 

0.6479, respectively (outliers identified in MATLAB (see Figure 3.17) were not excluded 

in the mean CI calculation). A Wilcoxon rank sum test was used to determine if the 

difference between the three test conditions were statistically significant (α = 0.05). 

When condition #2 and #3 were compared to condition #1, the p-values were much less 

than 0.001. This demonstrated that in the presence of fMLP, the dHL-60 cells migrated 

in a more directed manner. This is an expected result since dHL-60 cells will migrate in 

response to a chemoattractant. However, when condition #2 and #3 were compared, the 

p-value was much less than 0.001. This showed that although the dHL-60 cells migrated 

when fMLP was incorporated into the collagen gel (condition #2), the cells migrated in a 

significantly more directed manner when exposed to a stable, linear chemoattractant 

gradient generated by the device (condition #3).   
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Figure 3.17. dHL-60 cells migrated in a significantly more directed manner when 
exposed to a stable, linear fMLP gradient generated by the device (p < 0.001)
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4. DISCUSSION 

4.1. Characterization of the Concentration Gradient 

 With 50 nM rhodamine in the source channel and media in the center and side 

channels, the device developed a stable linear gradient in approximately 300 minutes 

and maintained a stable gradient for at least 200 minutes. In order to decrease the 

amount of time needed to generate a stable gradient, 25 nM rhodamine was placed into 

the center channel. As a result, a stable gradient was generated in approximately 40 

minutes and remained stable for at least 80 minutes.  

 However, the amount of time needed to form a stable gradient can also be 

reduced by decreasing the distance between the source and sink channels. This could 

enable more rapid formation of a stable gradient without incorporating chemoattractant 

into the center channel. The smallest achievable distance between the source and sink 

channel is dependent on the structural integrity of the agarose gel. If the distance 

between the channels is too small, the agarose channels may be disrupted when the 

hydrogel is removed from the stable. The distance between the source and sink channel 

will require optimization in order to minimize the distance while maintaining the channel 

features in the agarose gel.  

  

4.2. Chemotaxis Studies 

 The X and Y velocity, angular histograms, and CI values reported in this thesis 

demonstrated that the dHL-60 cells migrated in a direction that is parallel to the 

chemoattractant gradient. However, the observed migration velocities are lower 

compared to values reported in the literature, 0.2 – 0.25 μm/s35. This could be due to 

several biochemical and mechanical parameters that may require optimization for future 

studies. First, the dHL-60 cells may need to be activated with fMLP prior to incorporation 
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into the collagen gel in order to observe more optimal chemotaxis behavior. In addition, 

the concentration of the collagen gel may need to be further optimized to obtain the most 

favorable in vitro 3D environment for dHL-60 cells. Lastly, increasing the number of cells 

analyzed could reduce the impact of outliers in the data analysis. This can be achieved 

by acquiring images throughout the thickness of the collagen gel (Z direction).
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5. CONCLUSION 
 

The purpose of this thesis was to develop and characterize a device which 

enabled the systematic study of the complex interplay between biochemical and 

mechanical processes that regulate neutrophil chemotaxis in 3D using readily available 

engineering tools and fabrication techniques. The system demonstrated that a model 

neutrophil cell type, HL-60, could be monitored for directional movement dictated by the 

chemoattractant, fMLP. The population of cells monitored was large enough to facilitate 

statistical analysis. Differentiated HL-60 cells migrated in a directed manner when 

exposed to fMLP for 60 minutes resulting in a mean CI of 0.6479 for 109 cells – 

demonstrating the device’s utility. Furthermore, cell motility was observed for at least 60 

minutes indicating the cells are viable in the device.  

The device presented addresses many limitations with conventional flow based 

and diffusion based gradient generators while utilizing readily available manufacturing 

tools such as laser-cutting and 3D printing.  The design and modular fabrication strategy 

for each component of the device allows for prototype to meet changing design 

requirements. In addition, the experimental set-up can easily be configured to 

accommodate different test conditions, allowing for the systematic study of biochemical 

and mechanical signals that may regulate cell migration such as different 

chemoattractants, cell types, and extracellular matrices enabling the study of many 

different cell migration pathways beyond the immune response. 

Lastly, the device enables the study of cells in a more physiologically relevant 

environment since the cells can be encapsulated in a three-dimensional gel. This more 

closely resembles the native environment cells experience in vivo and can lead to more 

impactful knowledge in the field of 3D biology. 
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