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ABSTRACT 
 
Mechanical cues are one of the most important biophysical regulators of cellular 

machinery under both physiological and pathophysiological conditions. Advancements in the 

microtechnology in the last two decades allowed researchers to develop automated, high-

throughput, and multifunctional experimental tools based on microfluidic techniques in order to 

facilitate conventional mechanobiological experiments and enable novel experimental paradigms 

that would not be possible otherwise. In this work, we developed various microfluidic devices 

and techniques that can be used to generate different mechanical microenvironments for the 

understanding of the role of mechanical cues at the cellular level. 

Suspended mammalian cells such as lymphocytes constantly migrate within the tissues 

following the complex patterns of chemokine gradients in order to carry out diverse immune 

system functions. The in vitro analysis of the immune cell migration under precisely controlled 

microenvironments have a potential to enable in-depth understanding of the mechanism that 

regulate immune cell motility behaviors. However, in order to unveil the cell migration through 

cellular locomotion suspended immune cells should be isolated from external mechanical forces 

such as shear stress dependent drag forces. Therefore, we generated a microfluidic flow-free 

gradient generator system and used this approach with Jurkat cells to analyze their motion 

patterns within various CXCL12 gradients and extracellular matrix configuration. Using this 

system, we found that the strength of the chemotactic response of Jurkat cells to CXCL12 

gradient was reduced by increasing surface fibronectin in a dose-dependent manner. Moreover, 

we the observed that the chemotaxis of Jurkat cells was governed not only by the CXCL12 

gradient but also by the average CXCL12 concentration. Moreover, we developed a framework 

where the distinct migratory behaviors in response to chemokine gradients in different contexts 
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might be physiologically relevant for shaping the host immune response and may serve to 

optimize the targeting and accumulation of immune cells to the inflammation site. Lastly, we 

used this system with primary murine CD8+ T cells obtained from either healthy mice or B16 

mouse tumor model in order investigate effect of tumor microenvironment in T cell motility. 

Another example of the biological phenomena where mechanics plays an important role 

is development. Drosophila melanogaster (fruit fly) is a well-established model organism which 

has been used in developmental biology studies for over a century. Although most of the 

Drosophila research largely focused on biochemistry and genetics as the regulatory mechanisms 

for development, recent studies showed that both internally and externally generated mechanical 

signals also play an important role during development. In this regard, we developed a novel 

microfluidic system for automatically aligning and loading hundreds of Drosophila embryos into 

microchannels where they can be simultaneously compressed to desired levels using 

pneumatically actuated deformable sidewalls. Using this microsystem, we demonstrated the 

effect of different levels of acute and chronic compression on the developmental progression and 

viability of the Drosophila embryos. Furthermore, we quantitatively characterized dose- and 

time-dependent induction of the ectopic expression of Twist —a crucial transcription factor that 

governs gastrulation process— upon mechanical compression. 

One of most mechanically sensitive cell type in mammalian body is the endothelial cells 

—monolayer of which constitutes the inner wall of the vasculature— as they are constantly 

subjected to mechanical cues in the form of blood shear stress. We further enhanced the scope of 

this work by developing a novel microfluidic system that can generate various physiologically 

relevant shear stress modalities such as different levels of shear stress and shear stress gradients 

for the investigation of endothelial cell polarity and orientation in response to flow which is 
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considered to be a marker for endothelial dysfunction. In this microfluidic device, human 

umbilical vein endothelial cells (HUVECs) exhibited a rapid and robust response to shear stress, 

with the relative positioning of the Golgi and nucleus transitioning from non-polarized to 

polarized in a shear stress magnitude- and gradient-independent manner. By contrast, polarized 

HUVECs oriented their Golgi and nucleus polarity to the flow vector in a shear stress 

magnitude-dependent manner, with positive shear stress gradients inhibiting and negative shear 

stress gradients promoting this upstream orientation. 

Lastly, we developed a new microfabrication technique called Polycarbonate Heat 

Molding (PCH molding) that can facilitate the fabrication of microfluidic devices. We tested this 

technique with master molds fabricated through photolithography, mechanical micromilling as 

well as 3D printing. Using this technique, we were able to successfully copy microstructures 

with submicron feature sizes and high aspect ratios. We characterized the copying fidelity of this 

technique and tested mechanically active microfluidic devices fabricated via PCH molding. We 

also used this approach to combine different master molds with up to 19 unique geometries into a 

single monolithic copy mold in a single step displaying the effectiveness of the copying 

technique over a large footprint area to scale up the microfabrication. This novel 

microfabrication technique can be performed outside the cleanroom without using any 

sophisticated equipment, suggesting a simple way for high-throughput rigid monolithic mold 

fabrication that can be used in mechanobiological studies. 

 
 
 
 
 



 

 

viii 

Table of Contents 

ACKNOWLEDGEMENTS ......................................................................................................................................... III 

ABSTRACT .............................................................................................................................................................. V 

LIST OF FIGURES ..................................................................................................................................................... X 

Chapter 1 Figures ................................................................................................................................................. x 
Chapter 2 Figures ............................................................................................................................................... xii 
Chapter 3 Figures .............................................................................................................................................. xiii 
Chapter 4 Figures .............................................................................................................................................. xiv 

CHAPTER 0: INTRODUCTION TO THIS THESIS ......................................................................................................... 1 

CHAPTER 1: MICROFLUIDICS-ENABLED INVESTIGATION OF IMMUNE CELL MOTILITY ............................................ 8 

INTRODUCTION .............................................................................................................................................................. 8 
MATERIALS AND METHODS ........................................................................................................................................... 11 

System Design .................................................................................................................................................... 11 
Fabrication ......................................................................................................................................................... 15 
Experimental setup ............................................................................................................................................ 17 
Cell culture.......................................................................................................................................................... 18 
Image acquisition and cell tracking .................................................................................................................... 19 
Finite element modeling ..................................................................................................................................... 20 

RESULTS ..................................................................................................................................................................... 21 
Understanding gradient generation in a flow-free microfluidic system through numerical simulation ............ 21 
Experimental concentration gradient generation .............................................................................................. 24 
Jurkat cell chemotaxis ........................................................................................................................................ 26 
T cell chemotaxis ................................................................................................................................................ 33 

DISCUSSION ................................................................................................................................................................ 39 
CONCLUSION .............................................................................................................................................................. 43 

CHAPTER 2: HIGH-THROUGHPUT MECHANOSTIMULATION OF DROSOPHILA MELANOGASTER EMBRYOS USING A 

NOVEL MICROFLUIDIC DEVICE ............................................................................................................................. 44 

INTRODUCTION ............................................................................................................................................................ 44 
MATERIAL AND METHODS ............................................................................................................................................. 47 

Microfluidic device fabrication ........................................................................................................................... 47 
Animal studies .................................................................................................................................................... 50 
Analytical model for wall deflection ................................................................................................................... 50 
Numerical simulation ......................................................................................................................................... 52 
Experimental setup ............................................................................................................................................ 53 
Image acquisition and processing ...................................................................................................................... 53 

RESULTS AND DISCUSSION ............................................................................................................................................. 54 
Design and operation of the microfluidic device ................................................................................................ 54 
Design calibration for Drosophila embryo compression .................................................................................... 58 
Determining Young’s modulus of PDMS and Drosophila ................................................................................... 60 
Embryo survival and development ..................................................................................................................... 61 
Mechanical induction of twist ............................................................................................................................ 65 

CONCLUSION .............................................................................................................................................................. 68 

CHAPTER 3: ENDOTHELIAL CELL POLARIZATION AND ORIENTATION TO FLOW IN A NOVEL MICROFLUIDIC 

MULTIMODAL SHEAR STRESS GENERATOR .......................................................................................................... 70 

INTRODUCTION ............................................................................................................................................................ 70 
MATERIALS AND METHODS ........................................................................................................................................... 73 



 

 

ix 

Microchannel fabrication ................................................................................................................................... 73 
Scanning electron microscopy (SEM) ................................................................................................................. 74 
Numerical flow characterization ........................................................................................................................ 74 
Microfluidic perfusion setup ............................................................................................................................... 75 
Perfusion media viscosity measurement ............................................................................................................ 76 
Experimental flow characterization ................................................................................................................... 76 
Primary endothelial cell culture ......................................................................................................................... 77 
Microfluidic cell seeding and culture .................................................................................................................. 77 
Cell fixing, staining, and endpoint imaging ........................................................................................................ 78 
Live imaging ....................................................................................................................................................... 78 
Automated analysis of Golgi and nucleus .......................................................................................................... 79 
Statistical methods ............................................................................................................................................. 80 

RESULTS ..................................................................................................................................................................... 80 
Overview of the microfluidic device design ........................................................................................................ 80 
Analytical and numerical characterizations of the microfluidic device .............................................................. 83 
Fabrication and experimental validation of the microfluidic device .................................................................. 85 
Perfusion setup and automated analysis of Golgi and nucleus .......................................................................... 88 
Golgi-nucleus polarization is more sensitive than Golgi-nucleus orientation to uniform WSS .......................... 90 
Negative WSSGs promote and positive WSSGs inhibit Golgi-nucleus upstream orientation ............................. 92 
Golgi-nucleus upstream orientation develops quickly after the onset of the flow ............................................. 94 
ECs respond to flow by altering Golgi and nucleus sizes and Golgi-nucleus distance but these changes are 

independent of WSS magnitude or gradient ...................................................................................................... 97 
DISCUSSION AND CONCLUSION ....................................................................................................................................... 99 

CHAPTER 4: TOWARDS HIGH-THROUGHPUT MICROFABRICATION WITHOUT USING SILICON WAFERS: 

POLYCARBONATE HEAT MOLDING TECHNIQUE ................................................................................................. 103 

INTRODUCTION .......................................................................................................................................................... 103 
EXPERIMENTAL METHODS ........................................................................................................................................... 107 

Fabrication of master molds ............................................................................................................................ 107 
PDMS mold fabrication from master molds ..................................................................................................... 108 
Polycarbonate sheet separation ...................................................................................................................... 108 
Pneumatic actuation experiments ................................................................................................................... 109 
Scanning electron microscopy (SEM) ............................................................................................................... 109 
Atomic force microscopy (AFM) ....................................................................................................................... 110 

RESULTS ................................................................................................................................................................... 110 
Developing the polycarbonate heat molding (PCH molding) approach ........................................................... 110 
Polycarbonate heat molding of common microfeatures .................................................................................. 113 
Fabrication of high-aspect-ratio protrusions and trenches .............................................................................. 114 
Combination of different microscale features into a single monolithic mold .................................................. 120 
Fabrication of submicron features ................................................................................................................... 123 

DISCUSSION .............................................................................................................................................................. 125 
CONCLUSION ............................................................................................................................................................ 128 

CHAPTER 5: CONCLUSION TO THIS THESIS AND FUTURE PERSPECTIVES............................................................. 130 

REFERENCES ....................................................................................................................................................... 135 

APPENDIX .......................................................................................................................................................... 149 

 
 
 



 

 

x 

LIST OF FIGURES 
 

 

Chapter 1 Figures 
Figure 1. 1 Chemotaxis of Jurkat cells in microfluidic flow-free gradient chambers. (a) An enlarged view of 

microfluidic flow-free gradient generator. The top PDMS layer has two parallel flow channels and a cell introduction 

port that is connected to bottom PDMS layer with a membrane filter. The entire assembly is attached to a thin glass 

coverslip at the bottom to enable high numerical aperture imaging. (b) Schematic of the flow-free gradient 

chamber approach. Soluble species diffuse through the membrane to the bottom layer creating linear 

concentration gradients in the flow-free gradient chambers. (c) Schematic of the microfluidic device after assembly. 

(inset) The introduction of cells into the gradient chamber through the cell introduction port and the generation of a 

gradient across the cells. (d) Image of the actual microfluidic device where flow channels are filled with dye for 

visualization after fabrication. (inset) Composite fluorescent image taken from the flow-free-gradient chamber 

where the Jurkat cells are in a linear concentration gradient of FITC-Dextran. .......................................................... 14 

Figure 1. 2 Fabrication of our flow-free microfluidic device. (a) Uncured PDMS is poured into 3D printed molds. (b) 

After curing, the top PDMS layer is separated from the mold, and inlet and outlet holes are punched. (c) A 

polycarbonate membrane is bonded to the top PDMS layer through O2 plasma bonding after APTES treatment. (d) 
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the mold. (f) Functional flow-free microfluidic device with green and red dye in water for flow visualization. .......... 17 

Figure 1. 3. Generation of singular and dual competing concentration gradients in flow-free microfluidic chambers 
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25, 500, and 1000 µg/mL of fibronectin, respectively. As the fibronectin concentration increases, cells spread more 
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nM CXCL12 gradient in the microfluidic chambers coated with 25 µg/mL of fibronectin. (p<0.0001 by one-way 
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Figure 2. 6. Mechanical induction of twist expression. (a) Twist:eGFP fluorescence was measured every hour over 4 
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channel. Hypoxia (50% O2) decreased twist:eGFP expression (p < 0.0001). (b) Summary of twist:eGFP fluorescence 

after 4 hours (SEM bars, ordinary one-way ANOVA to vacuum control). .................................................................... 68 
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Figure 3. 1. Design and numerical simulation of the novel microfluidic multimodal shear stress generator. (a) 

Schematic of the microfluidic multimodal shear stress generator, indicating 14 regions with different shear stress 

modalities. (b) Computational fluid dynamics simulations (Top) show the distribution of the shear stress across the 

microfluidic system. The black markers in each uniform shear stress region denote the hydraulic entrance length for 

those regions. Graph (Bottom) shows both the numerical (blue) and analytical (red) solutions for the magnitude of 

wall shear stress along the red dashed line (Top). Orange boxes (Bottom) indicate regions that offer predictable 

flow conditions where analytical and numerical solutions converge to similar results. .............................................. 82 

Figure 3. 2. Fabrication and experimental characterization of the microfluidic chip. (a) Representative sample of our 

PDMS-glass microfluidic chip with the inlet and outlet tubing connected. Microchannels were filled with orange dye 

to facilitate visualization. (b) Scanning electron micrograph of the PDMS microchannel with increasing 

magnification, displaying the surface roughness of the microchannel. (c) Flow profile at the cross section of the 

microfluidic device plotted from micro-particle image velocimetry analysis at 0.5 mL/min. Each dashed line in the 
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 Chapter 0: Introduction to this Thesis 
 

 
Microfluidics is an interdisciplinary field that include both the science and technology of 

microtechnological systems that handles small amounts of fluids through the use of 

microchannels that have dimensions ranging from tens to hundreds of micrometers1. Since the 

introduction of rapid prototyping techniques in the second half of 1990s, biomedical 

microfluidics have attracted an immense attention and the number of number of applications in 

this field increased exponentially since then. Characteristic properties of microfluidic systems 

often emerge only at small length scales such as strict control over spatiotemporal parameters, 

reduced sample volume, precise flow regimes, predictable mass or energy transfer, portability, 

parallel and streamlined assaying capability as well as easy integration with microsensors, 

actuators, microcontrollers and other automation tools2. These properties enable them to be used 

to devise novel biological assays that would be extremely hard if not impossible to have with 

conventional laboratory techniques. 

Understanding how biological organisms function as a system at cellular, subcellular, and 

macroscopic levels is still one of the key problems of modern biology after it was highlighted by 

Edmund Beecher Wilson more than a century ago: “There is at present no biological question of 

greater moment than the means by which the individual cell-activities are coordinated, and the 

organic unity of the body maintained; for upon this question hangs not only the problem of the 

transmission of acquired characters, and the nature of development, but our conception of life 

itself”3. Today, it is known that the genetic, epigenetic, and environmental cues regulate 

biological processes to determine how system-level functions are achieved. However, how these 
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cues synchronously regulate and execute the complex biological processes such as development, 

motility, and vascular homeostasis in an astonishingly robust manner across many different 

species still begs an answer4. Further understanding of the complex spatiotemporal interactions 

that enable these biological processes requires precisely controlled interventions and high-

throughput experimental systems to unveil the unique role of each of these cues on the process 

that is under investigation5.  

In the past two decades, it has been increasingly evident that one of the key 

environmental factors that contributes to the functionality and the fate of biological systems is 

mechanical effects such as hydrostatic pressure, shear stress, compression, and tension. This is 

because all the living beings are subjected to physical laws and biophysical cues such as 

mechanical forces are affecting them at all scales ranging from individual proteins to whole 

organs and tissues where cells are equipped with variety of modules that can either internally 

generate mechanical forces or sense the externally generated mechanical forces through their 

mechanotransduction mechanisms. Impairment of one these modules can contribute to the 

etiology of diseases and pathophysiological conditions. The term mechanobiology is therefore 

coined to refer to the investigation of the mechanical effects in biological systems at the cellular 

and subcellular level6. The actual potential of mechanobiological studies in elucidating various 

biological phenomena was recently recognized worldwide as the 2021 Nobel Prize in Physiology 

or Medicine was awarded to David Julius and Ardem Patapoutian for their joint effort in 

discovering cellular transducers such as TRP and PIEZO that sense and respond to mechanical 

cues. 

It is not a simple coincidence that both the increased focus into mechanics at cellular 

level and the development of microfluidic systems appeared at the same time. This is because 
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microfluidic technologies are capable of generating different modes of spatiotemporally 

controlled mechanical stimulations which can be used for devising novel biological assays for 

the quantitative characterization of the mechanical considerations in various biological 

phenomena such as development, cellular motility, and vascular homeostasis. Further 

advancement in new microfabrication techniques and their implementation in mechanobiology 

studies have a potential to foster interdisciplinary research studies as engineers familiarize 

themselves with biological systems while presenting the most recent advances in 

microengineering strategies to biologists, promoting mutual understanding. Keeping this in mind 

this work has been established through various collaborations between engineers such as myself 

and biologists. To emphasize the interdisciplinary nature of this work, I tend to use the pronoun 

“we” instead of “I” throughout this thesis.  

In the chapter 1 of this thesis, which is based on my recent publication; Sonmez et al., 

Micromachines, 20207, I introduced a microfluidic approach that we developed for the 

investigation of the motility of suspended immune cells within stable chemokine gradients. 

Although the generation of stable chemokine gradients requires the constant flow of chemokine 

solutions, our approach manages to isolate the immune cells from the flow channels in order 

prevent them from being dragged by the flow. This flow-free stable chemokine gradient 

generation approach therefore enabled us to observe the motions of the suspended cells over a 

long period of time as a result of the forces generated internally by themselves. Furthermore, we 

designed this system in such a way that the cells can be imaged with high resolution confocal 

microscopy. This feature of our microfluidic system facilitated the imaging of a single cell in 

detail paving the way of other research studies for the investigation of cellular locomotion 

mechanisms. We characterized this microfluidic flow-free concentration gradient generation 
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system using analytical, numerical, and finally experimental techniques. After completing this 

step, we conducted proof-of-concept experiments with Jurkat cells (a human T cell lymphoma 

line) using this system. Our results indicated that both the intensity of extracellular matrix on 

which cells were moving and the properties associated with chemokine concentration gradient 

independently regulate the resultant motility characteristics of the cells. Interestingly, while the 

increased surface extracellular matrix concentration made cells more motile as expected, it also 

prevented cells to follow chemokine gradients, leading to random cell migration pattern. A 

similar effect was also observed when the average concentration of the chemokine gradient was 

increased. However, these results as well as other characteristics of cell motility that we observed 

may indeed have a functional role in the recruitment of immune cells to the inflammation site. 

Based on our results, we speculate a paradigm that optimizes the duration of immune cell 

recruitment while increasing the possibility of the contact of immune cells with target cells at the 

inflammation site. After completing the proof-of-concept applications, we continued to use an 

improved version of this system with primary murine CD8+ T cells (also known as cytotoxic T 

cells) that contain genetically encoded fluorogen-activating protein (FAP) which targets their 

mitochondria. In this way, we could specifically damage the mitochondria of these T cells upon 

illumination with infrared light before the cell motility experiments without killing them. This 

approach enabled us to investigate the role of mitochondria in T cell motility within chemokine 

gradients. Furthermore, we repeated these experiments in a hypoglycemic environment in order 

to observe the interplay between role of mitochondrial function and glucose concentration of 

media in regulating the motility. Our results indicated that mitochondrial activity was crucial for 

the high motility rates for CD8+ T cells while it enhanced the random motility component of 

chemotaxis. On the other hand, hypoglycemic environment had an opposite effect where it 
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reduced the extend of cell motility while promoting cells to follow chemotactic cues. As T cell 

motility is crucial for the destruction of target cells, and mitochondrial dysfunction and 

hypoglycemic microenvironment are very well-known side effects of tumor microenvironment 

(TME), we believe this study will be very relevant to development of new strategies for T cell-

based immunotherapies.  

In the chapter 2 of this thesis, which is based on another recent publication of mine; 

Sonmez et al., Lab on a Chip, 20198, I presented an entirely novel microfluidic approach that can 

be used to align, immobilize, and mechanically stimulate various multicellular biological entities 

ranging from the whole embryos of small model organisms to tumor organoids with high 

throughput (i.e. it can simultaneously process around 180 of them). This approach took 

advantage of the elastic nature of the polydimethylsiloxane (PDMS), one of the most commonly 

used material to fabricate microfluidic channels. By designing this microfluidic system in such a 

way that the target organisms were surrounded by thin deformable PDMS walls and we were 

able to mechanically compress them through pneumatic actuation. Similar to chapter 1, we first 

characterized this system using analytical, numerical, and experimental tools. After that, we 

conducted our experiments with fruit flies (Drosophila melanogaster) in order to investigate the 

effects of external mechanical compression on gastrulation process: a crucial step in embryonic 

development which transforms otherwise similar cells in blastula into three germ layers by cell 

migration and rearrangement. Our results indicated that the fruit fly embryos can continue to 

develop in a normal fashion within the microfluidic system for prolonged times. The 

compression, on the other hand, either slowed down the development or completely the killed the 

embryos when it was applied for prolonged durations and at high doses. However, when the 

mechanical compression was applied at a reasonable dose the survival rate of the fruit flies 



 

 

6 

increased. We also found out that this level of compression induces higher expression of one of 

the transcription factors, twist, which is crucial for the gastrulation process.  

In chapter 3 of this thesis, which is also based on one of my recent publications; Sonmez 

et al., Lab on a Chip, 20209, I showcased another novel microfluidic system that we developed in 

order to apply different physiological shear stress modalities. Similar to the gradients of soluble 

factors mentioned in chapter 1, the gradients of shear stress are also thought to be affecting the 

migration of mechanosensitive cells (such as endothelial cells that are constantly exposed to 

shear stress caused by blood flow) via regulating their orientation and polarization. The main 

goal of this project was to identify the polarization and orientation of the Human Umbilical Vein 

Endothelial Cells (HUVECs, a primary human endothelial cell type isolated from the umbilical 

cords of the babies) in response to different fluid shear stress modalities created within this 

microfluidic system. We designed this system such that these different fluid shear stress 

modalities can be generated simultaneously within the same device by connecting 14 

microchannel geometries in parallel. Needless to mention, this approach allowed us to conduct 

14 experiments at the same time, saving a lot of time and resources. After characterizing this 

microfluidic system similarly using analytical, numerical, and experimental means, we 

conducted shear stress experiments and investigated the HUVEC responses to shear stress via 

endpoint imaging. Our final results indicated that increased levels of shear stress magnitude 

cause Golgi-nucleus orientation of the endothelial cells against flow, a hint which may imply the 

migration of these cells against the flow. We also observed that the gradients of shear stress 

either inhibits or promotes the Golgi-nucleus orientation against flow, depending on the direction 

of shear stress gradient where the negative shear stress gradients (meaning that the shear stress 

magnitude is decreasing in the direction of the flow) promoting and the positive shear stress 
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gradients (meaning that the shear stress magnitude is increasing in the direction of the flow) 

inhibiting the orientation against the flow. Unlike the Golgi-nucleus orientation, our results 

indicated that the Golgi-nucleus polarization is equally boosted by shear stress regardless of the 

magnitude or the gradient. This device has already started being used by other researchers at the 

University of Pittsburgh for the investigation of the downstream signaling mechanisms that 

regulate the polarization, orientation, and migration of endothelial cells in response to fluid shear 

stress. 

Lastly, in the chapter 4 of this thesis, which again is based on one of my publications; 

Sonmez et al., Small, 202010, I introduced a new microfabrication technique for the fabrication of 

complex microfluidic channels and geometries that can be used in mechanobiology studies. This 

approach suggests a way to copy the existing micropatterned molds into a unified monolithic 

polycarbonate mold which in turn can be used for high throughput fabrication of microstructures 

out of elastomeric polymers outside the cleanroom facilities. In this way, our technique enabled 

the fabrication of microstructures and even nanostructures without risking the expensive and 

fragile master molds. Furthermore, here I described the steps of this fabrication in detail, showed 

various complex geometries we readily fabricated using this technique, and defined the limits of 

this approach. As a proof-of-concept experiment, I also showed the fabrication of the embryo 

compression microchannels presented in chapter 2 of this thesis and tested them through 

pneumatic actuation in order to present the copying fidelity of this technique. I hope that this 

simple technique can also be useful for other researchers without engineering background to 

fabricate microengineered geometries for their mechanobiology studies as it can be performed 

without using any sophisticated equipment. 
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Chapter 1: Microfluidics-enabled Investigation of Immune 

Cell Motility 
 

Introduction 
In nature, gradients of soluble molecules guide cellular responses in biological activities 

ranging from embryogenesis11, tissue regeneration12, and axon growth in neural development13 

to immune cell activation and migration14. In addition, many immunodeficiency diseases, 

autoimmune diseases15, chronic inflammation16, and cancer metastases17,18 develop as a result 

of pathological sensing or establishing inappropriate gradients of soluble signaling molecules19. 

Therefore, the characterization of cellular responses to soluble cell-signaling molecules and to 

their gradients is of great importance for understanding how multicellular collective behaviors 

are organized and regulated. Understanding the roles of gradient sensing in disease also guides 

us toward novel therapies including regenerative stem cell therapy for neural injury, localized 

drug delivery for immunomodulation of inflammatory diseases20, and T-cell engineering for the 

immunotherapy of cancer21. 

Most in vitro and ex vivo migration models used to evaluate the responses of different 

cells to individual chemokines involve specialized migration chambers such as the Boyden 

chamber22. Boyden chambers have two reservoirs, an upper and lower chamber, separated by a 

semipermeable membrane. Once a chemokine is diluted into the upper chamber a transient 

concentration gradient develops. If responsive, cells initially seeded in the upper chamber sense 

the gradient and migrate into the lower chamber. Cell movements in the Boyden chamber are 

essentially 1-dimensional as cells move from one compartment to another. The major limitation 

of Boyden chambers and other similar systems lies in their inability to track spatial and 
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temporal parameters of cell migration. Additionally, since these systems allow only limited 

control over the microenvironment, cells cannot be challenged by sequential events, such as 

the ability on one chemokine to sensitize cells to exposure by subsequent factors. 

Microtechnology provides novel tools that allow precise spatiotemporal control over 

microenvironments to better understand the operation of complex biological systems 23-25. 

Advances in microfabrication over the last two decades have enabled the development of 

sophisticated microfluidic chemotaxis systems where dynamic and complex movement of 

chemotactic cells can be studied in precisely defined microenvironments26. The first generation 

of microfluidic chemotaxis systems that enabled precise control of biochemical concentration 

gradients relied on diffusion between adjacent laminar flow streams27,28. Variations of these 

flow-based gradient systems have been widely applied to study cellular responses to ligand 

gradients; however, it is now apparent that fluid flow over migrating cells can both modulate 

the concentration distribution of soluble molecules across the cell membrane29 as well as exert 

shear stress on cells30,31. These coupled characteristics can cause issues as cells that normally do 

not experience shear stress in their native environment respond differentially to signaling 

molecules when shear stress is present32. For instance, some chemokine receptors such as 

CXCR4 (receptor of CXCL12) can be downregulated by laminar shear stress33. Moreover, bulk 

fluid flow continuously elutes autocrine and paracrine factors secreted by migrating cells. 

Continuous elution in these systems may eliminate the biochemical communication networks 

established by collectively migrating cells under normal physiological conditions. These studies 

suggest it that it is important to minimize using flow-based devices for chemotaxis studies of 

cells that do not normally experience flow in their physiological microenvironment. 
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To establish flow-free conditions, microfluidic devices can incorporate porous materials 

such as hydrogels, matrigel, or agarose34-39. Although, these systems can create stable 

gradients, their applications have been limited since they often require extended times to 

establish a gradient due to the relatively low diffusivity in porous materials40. More complex 

designs that rely on sink and source channels connected with ladder-shaped microgroove 

arrays have been developed to overcome this problem41-44. In some of these designs, transient 

gradients can be established45 in a short period of time; however, fabrication of these multi-

depth46 and multilayer channels47 can be complex and require extensive usage of cleanroom 

facilities48. However, simpler implementations of these ladder-shaped designs are possible by 

creating a direct pressure balance between the flow fields in sink and source channels49-51, but 

these designs are often susceptible to mechanical noise from syringe pumps that introduce 

pressure imbalance across the gradient chamber52. 

We developed a microtechnology that would enable rapid progress in future studies of 

chemotaxis53 through a defined set of design criteria. Such technology should (1) have the 

ability to generate concentration gradients in flow-free conditions; (2) have the ability to create 

combinatorial chemical gradients to mimic physiologically-relevant complex gradient patterns; 

(3) be compatible with media and thin cover slips to enable high-resolution time-lapse imaging 

with oil immersion objectives; (4) have the ability to develop stable gradients and to exchange 

media to allow for long-term analysis; (5) be compatible with manual micropipettes to allow 

simple assembly and fluid-handling; (6) allow co-fabrication of multiple parallel chambers with 

different gradient slopes in a single microfluidic device; and (7) have low volume media 

consumption to reduce costs of reagent usage.  
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In this study, we develop a microfluidic chemotaxis system to meet all of these design 

considerations. Our device generates flow-free concentration gradient by the diffusion of 

soluble species from two flow channels into a microchamber52. We fabricate our system by 

combining AM with conventional soft lithography54 for rapid-prototyping as improvements in 

the feature resolution of AM techniques have facilitated the fabrication of complex microfluidic 

systems without a need for expensive materials and cleanroom facilities55,56. Our approach 

enables high resolution confocal imaging of diffusible fluorescent reporters and allows us to 

validate the gradient formation against theoretical calculations and finite-element modelling 

(FEM). We then apply a CXCL12 chemokine gradient together with a controlled fibronectin 

surface concentration to investigate Jurkat cells motility which is a human T cell lymphoma cell 

line frequently used for studying cell signaling in immune cell chemotaxis57,58. 

 

Materials and Methods 

System Design 
The microfluidic system was made of two separate PDMS layers that sandwich a 0.4 µm 

PC membrane filter (EMD Millipore, Billerica, MA) (Figure 1.1a)
59. The upper layer consisted of 

two symmetric flow channels, their respective inlet and outlet ports, and a cell introduction 

port. The lower layer consisted of narrow and wide flow-free chambers that spanned 1.9 and 

2.9 mm, respectively. Fluidic resistance was created by the membrane at the sides of the upper 

surface of the flow-free chamber that blocked the fluid flow from the upper flow channels to 

the lower chambers, leaving diffusion as the main mechanism for mass transfer between the 

two flow channels. Linear concentration gradients of soluble species were formed within the 
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flow-free chamber as species diffuse through the semipermeable membrane. Continuous 

exchange between the upper and lower layers kept the reagent concentrations constant in the 

flow-free gradient chambers (Figure 1.1b). The concentration gradients generated within the 

chambers were determined based on the steady-state version of Fick’s Second Law (i.e. 𝜕𝑐/𝜕𝑡 = 0): 

𝜕2𝑐𝜕𝑥2 + 𝜕2𝑐𝜕𝑦2 + 𝜕2𝑐𝜕𝑧2 = 0                                                          (eq. 1.1) 

where 𝑐 was the local concentration and x, y, and z were Cartesian coordinates defined 

within the chambers (Figure 1.1c inset). As the concentrations at the chamber boundaries did 

not change in the y-direction (along the length of the chamber), the second term of Eq. (1) was 

neglected. Although, the concentration gradient generated in x-direction (across the width of 

the chamber) dominates, a shallow concentration gradient is also formed in the z-direction 

(along the depth of the chamber) due to the height of the gradient chambers. Therefore, the 

height of the gradient chamber was selected carefully to avoid deviation of the concentration 

gradient by more than ±5% between the top and bottom surface of the gradient chambers. 

Different gradient patterns can be produced depending on the application's requirements, for 

instance, one flow channel can be filled with only a buffer solution while the other one can be 

supplied with a buffer containing a soluble molecule to create single species concentration 

gradients from one side. Alternatively, both channels can be filled with the solutions of 

different soluble molecules to generate combinatorial gradients. Furthermore, both flow 

channels can contain the same reagent to establish combinatorial gradients of two species on 

top of the uniform concentration background of a third species. Concentration gradients in the 
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flow-free chamber can be measured directly by imaging fluorophores with similar molecular 

weight to that of the chemokines (e.g. FITC-dextran MW:10,000 or Fluoro-ruby MW: 10,000). 

Small media reservoirs (500 µm radius) were fabricated in our PDMS device near the 

flow channel inlets to reduce flow fluctuations such as those caused by a syringe pump that 

might otherwise introduce a pressure imbalance between two flow channels. Cells were seeded 

into the gradient chambers through a cell introduction port through micropipetting prior to 

establishing the gradient (Figure 1.1c). The height of the cell introduction port was one-half of 

the height of the gradient chamber to generate a more homogenous distribution of cells within 

the gradient chamber (Figure 1.1c inset). Stable gradients were established once cells attached 

to the bottom glass surface of the gradient chamber. 
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Figure 1. 1 Chemotaxis of Jurkat cells in microfluidic flow-free gradient chambers. (a) An enlarged view 
of microfluidic flow-free gradient generator. The top PDMS layer has two parallel flow channels and a 
cell introduction port that is connected to bottom PDMS layer with a membrane filter. The entire 
assembly is attached to a thin glass coverslip at the bottom to enable high numerical aperture imaging. (b) 
Schematic of the flow-free gradient chamber approach. Soluble species diffuse through the membrane to 
the bottom layer creating linear concentration gradients in the flow-free gradient chambers. (c) Schematic 
of the microfluidic device after assembly. (inset) The introduction of cells into the gradient chamber 
through the cell introduction port and the generation of a gradient across the cells. (d) Image of the actual 
microfluidic device where flow channels are filled with dye for visualization after fabrication. (inset) 
Composite fluorescent image taken from the flow-free-gradient chamber where the Jurkat cells are in a 
linear concentration gradient of FITC-Dextran. 
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Fabrication 
Both layers of the microfluidic device were fabricated using PDMS replica molding. First, 

negatives of the 3D channel geometries were drawn in SolidWorks 2016 (Dassault Systèmes, 

Vélizy-Villacoublay, France). The negative molds for both layers of the device were 

manufactured using VIPER si2T Stereolithography System (3D Systems, Rock Hill, South 

California, USA) in high quality mode with Accura SI 10 Polymer as the photocurable resin. 

Fabricated molds were post-cured with UV and their functional surfaces were coated with 

Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (TFOCS, United Chemical Technology, 

product no. T2492). Sylgard 184 PDMS (Dow Corning, Midland, Michigan, USA), was mixed with 

its curing agent at a 5:1 mass ratio, and the mixture was degassed. Pre-cured PDMS was then 

poured on the molds slowly to avoid any bubble formation (Figure 1.2a). For the fabrication of 

the thin lower layer, a polycarbonate (PC) sheet was laid over the pre-cured PDMS and a 500-g 

weight was placed on top of the PC sheet to put mechanical pressure on the pre-cured PDMS to 

reduce the final PDMS thickness needed for hollow gradient chambers (Figure 1.2d,e). Upper 

and lower parts were then placed in a 60°C convection oven for 1 hour. After curing, the lower 

part was removed from the mold and bonded to a 45 mm x 50 mm #1.5 cover slip after treating 

their surfaces with oxygen plasma (Harrick Plasma Cleaner, 1 min, 18 W). The upper layer was 

also removed from the mold, and its inlet and outlet holes were punched with a G20 blunt tip 

needle (Figure 1.2b). Integration of the membrane filter and the PDMS parts was accomplished 

through a silane coupling technique, which was performed by immersing the PC membrane 
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filter in a 5% solution of 3-aminopropyltriethoxysilane (APTES, Sigma-Aldrich) that has been 

pre-warmed to 80 °C for 20 minutes. The solution was covered during the process to avoid 

evaporation. Later, the membrane filter was removed from the solution and both faces were 

dried for 10 seconds. Immediately afterwards, the membrane filter and the upper PDMS layer 

of the microfluidic system were placed in an oxygen plasma cleaner for 20 seconds to create an 

irreversible bond between them (Figure 1.2c). The lower PDMS-glass slide assembly was bound 

to the upper PDMS layer in the same manner so that the PC membrane was sandwiched 

between these two PDMS layers. To improve alignment, we assembled the device within the 

field-of-view of a stereo microscope immediately after the oxygen plasma treatment (see 

Figure 1.2f for assembled device). 

Before using the microfluidic system in cell migration studies, the gradient chambers 

were coated with fibronectin which one of the most commonly used ECM proteins for in vitro 

chemotaxis assays60. The fibronectin was diluted to the desired concentration in 0.2 µm filtered 

deionized (DI) water, chambers filled with fibronectin solution through the cell introduction 

port, and the microfluidic system kept at 37°C until the solution dried.  
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Figure 1. 2 Fabrication of our flow-free microfluidic device. (a) Uncured PDMS is poured into 3D printed 
molds. (b) After curing, the top PDMS layer is separated from the mold, and inlet and outlet holes are 
punched. (c) A polycarbonate membrane is bonded to the top PDMS layer through O2 plasma bonding 
after APTES treatment. (d) A weight is placed on top of the pre-cured PDMS during the curing process to 
create a thin PDMS layer with the gradient chambers. (e) Image of the bottom PDMS layer with hollow 
gradient chambers after being separated from the mold. (f) Functional flow-free microfluidic device with 
green and red dye in water for flow visualization. 

 

 

Experimental setup 

Our microfluidic system was connected to a Chemyx Fusion digital double-syringe pump 

(Thermo Scientific, Waltham, MA) with 1 mL plastic syringes (BD plastic, Franklin Lakes, NJ) and 

thin polyethylene tubing (ID: 0.58 mm, OD:0.965 mm) to minimize reagent consumption. The 

microfluidic system was then placed in a stage-top environmental chamber (Pathology Devices, 
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Westminster, MD) where temperature, humidity, and CO2 concentration was controlled by an 

environmental chamber control unit to maintain incubation conditions (37oC, 5% CO2, and %90 

humidity).  

Confocal time-lapse sequences for cell tracking and gradient observation were captured 

using a confocal laser scan head (SP5 Leica Microsystems) mounted on an inverted compound 

microscope (DMI6000, Leica Microsystems) equipped with APO 10X/0.4 n.a. dry objective. A 

488 nm Argon laser was used to illuminate stained cells and FITC-Dextran, and a 543 nm HeNe 

laser was used for live gradient observation (Fluoro-ruby). High resolution images of Jurkat cells 

were acquired using APO 63X/1.4 n.a. oil immersion objective.  

Cell culture 

Jurkat cells were grown in ATCC-formulated RPMI-1640 Medium supplemented with 

10% Fetal Bovine Serum (FBS) (Sigma-Aldrich, MO, USA) and 1% 100 U/mL penicillin-

streptomycin (Sigma-Aldrich, MO, USA). Cells were sub-cultured every 3 to 4 days and kept in 

sterile incubation conditions for mammalian cells (37oC, 5% CO2, and 90% humidity) according 

to ATCC protocols. Jurkat cells were assessed for expression of CD3, CXCR4, and CCR5 by flow 

cytometry (Appendix 1.1). The percentage of CD3+ Jurkat cells was 27.8%. For the chemokine 

receptors, while 99.4% was CXCR4+, only 1.78% was found to be CCR5+. Although Jurkat cells 

originate from T cells where the CD3 molecule is constitutively expressed on the cell surface, 

their heterogeneity in terms of CD3 expression was previously reported61; we found no 

correlation between CD3- and CXCR4- expression. 

For vital staining, 500 µL of cell suspension was collected and counted from the culture 

flask. The viability was evaluated using a Trypan Blue exclusion test with a hemocytometer. 
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Samples with less than 90% viability were discarded prior to staining. Cells were then 

centrifuged and diluted to 1 million-cell/mL in 1X Phosphate Buffered Saline (PBS) (Sigma-

Aldrich, MO, USA). CellTracker Green BOPIDY dye (ThermoFisher Scientific, MA, USA) was 

added to the cell suspension to bring the suspension to a 25 µM final concentration. Cells were 

incubated for 45 minutes, and subsequently centrifuged and diluted to 300,000 cells/mL in cell 

culture medium. Jurkat cells were introduced to the fibronectin coated gradient chambers by 

micropipetting 3 uL of cell/culture media through the cell introduction port. The final cell 

seeding density in the flow-free chambers was approximately 160 cells/mm2. 

Image acquisition and cell tracking 
Leica Microsystems, Confocal time-lapse sequences at 1-minute intervals were captured 

10 minutes after gradient establishment to track cells and observe gradients for 30 minutes 

(LASAF, Leica Microsystems). Cells were then automatically tracked using the Linear Assignment 

Problem (LAP) algorithm62 in the ImageJ plug-in TrackMate63. We selected 100 to 200 cell tracks 

from each chamber; tracks that lasted less than half of the imaging period were not considered 

(i.e. tracks that lasted less than 15 minutes for 30 minutes of observation) to reduce spurious 

cells that entered into or exited from the imaging region during the image acquisition. The 

tracking data was analyzed using the IBIDI Chemotaxis and Migration Tool (IBIDI GmbH, 

Martinsried, Germany), MATLAB (MathWorks Inc., MA, USA), and Numbers software (Apple 

Inc., CA, USA). Cells were initially sorted into motile and non-motile categories. Cells were 

considered non-motile if their accumulated displacement (e.g. path length) was less than 30 µm 

over 30 minutes of tracking (i.e. 1 µm/min average speed). Motile cells were subsequently 

analyzed for quantitative cell migration parameters. 
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The chemotactic motility of Jurkat cells was assayed using: (2) the percentage of motile 

cells (%); (3) the average migration speed (𝑉) defined by the ratio of the accumulated migration 

distance (𝑑𝑎𝑐𝑐) to the time tracked (∆𝑡); (4) the persistence of the migration track defined by 

the ratio of the net displacement (𝑑𝑛𝑒𝑡) to the accumulated migration distance (𝑑𝑎𝑐𝑐), and (5) 

Chemotaxis Index (CI) defined by the ratio of the average distance travelled by the motile cells 

in the direction of chemokine gradient (𝑑𝑑𝑖𝑟) relative to the accumulated distance (𝑑𝑎𝑐𝑐) 

travelled by the motile cells64.  %𝑚𝑜𝑡𝑖𝑙𝑒 = 𝑛𝑐𝑒𝑙𝑙𝑠 (𝑉<1 µ𝑚/𝑚𝑖𝑛)𝑛𝑐𝑒𝑙𝑙𝑠 𝑥100                                   (eq. 1.2) 

𝑉 = 𝑑𝑎𝑐𝑐∆𝑡                                             (eq. 1.3) 

𝑃𝑒𝑟𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑒 = 𝑑𝑛𝑒𝑡𝑑𝑎𝑐𝑐                                                       (eq. 1.4) 

𝐶𝐼 = 𝑑𝑑𝑖𝑟𝑑𝑎𝑐𝑐                                                                         (eq. 1.5) 

Each experiment was repeated at least 3 times, and migration parameters were 

calculated for each experiment independently. Two-tailed unpaired student's t-test was applied 

for statistical comparison of the data between different conditions (*p < 0.05; **p < 0.01; ***p 

< 0.001). The experiments with more than two conditions were analyzed using one-way ANOVA 

followed by post hoc two-tailed unpaired student’s t-test with Bonferroni correction for 

pairwise comparison. The cases where parameters showed p < 0.05 were considered 

significantly different while those cases with p > 0.05 were considered not significant (n.s.). 

Finite element modeling 
Gradient formation in flow-free chambers was simulated using the Transport of Diluted 

Species Module in COMSOL (Stockholm, Switzerland) to guide the design of the gradient 
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chamber geometry. First, the flow-free chambers were generated as a rectangular solid with 

different aspect ratios. Inlet and outlet channels were represented by partitions along both 

sides of the chamber that defines regions with constant concentration. Boundary conditions 

were set along the partition surfaces to represent the sink and the source, respectively (C=0 

and C=1; Figure 1.3a). Chambers were meshed with tetrahedral elements using the same mesh 

density (the maximum element size was 42 µm). Simulated concentration gradients were 

obtained along a line that traversed the chamber length on the bottom surface, representing 

the concentration gradient experienced by cells seeded onto the glass/fibronectin substrate in 

the flow-free gradient chamber. 

Results  

Understanding gradient generation in a flow-free microfluidic system 

through numerical simulation 
Simulation of the concentration gradients generated in flow-free chambers revealed the 

formation of both vertical and horizontal gradients as the source and the sink surfaces were 

located only at the top of the gradient chambers. Cells seeded on the bottom surface of the 

gradient chamber are subject to gradients from both vertical and horizontal diffusion. The 

relative importance of the vertical gradient increased as the aspect ratio of the chambers (i.e. 

width/height) decreased. Vertical gradients created a decreasing concentration at the source 

side (C<1), and an increasing concentration at the sink side (C>0) (Figure 1.3a). Consequently, 

as the aspect ratio of the chamber decreases, the concentration gradient on the cells became 

shallower while maintaining the same average concentration. For example, in the gradient 

chambers with an aspect ratio of 1, the ideal normalized concentration gradient between C=1 

and C=0 at the top surface became flatter, being C=0.59 at the source side and C=0.41 at the 
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sink side of the bottom surface. An acceptable range of concentration change, where the 

gradient does not vary more than 5% from the ideal linear gradient at the bottom surface of the 

gradient chamber (e.g. being C=0.96 and C=0.04 at source and sink respectively) was achieved 

through an aspect ratio of 5 (Figure 1.3c). Thus, a flow-free chamber, which was able to 

produce a narrow gradient over 1500 µm in length, limited the height of the chamber to 300 

µm. The concentration of the soluble factors used in the system should not have any effect 

neither on the time scale for the gradient generation nor on the steady-state gradient profile 

based on equation 1. Therefore, the considerations above expressed in normalized values 

would be valid for different experimental conditions. 
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Figure 1. 3. Generation of singular and dual competing concentration gradients in flow-free microfluidic 
chambers through coupled experimental and computational approaches. (a) A 3D model of gradient 
chamber with its dimensions and the boundary conditions used in simulations. (b) Results of simulations 
for controlling aspect ratios, which influences the gradients in the chambers. As the aspect ratio decreases, 
vertical concentration gradients begin to dominate the system. (c) Concentration gradients measured at the 
bottom surface of the gradient chambers with controlled aspect ratios. As the aspect ratio decreases, the 
steepness of the gradients at the bottom surface of the gradient chamber decreases while maintaining the 
same average concentration. (d) Comparison of the experimental gradient generation and the simulation. 
The narrow gradient chamber was filled with FITC-Dextran (MW: 10,000) in half and Fluoro-ruby (MW: 
10,000) in the other half for faster generation of combinatorial gradients. Time-lapse images were 
captured every 10 minutes from both channels during the experimental gradient generation. (e) 
Comparison of the experiments and the simulations for the generation of transient and steady-state 
concentration gradient profiles. (f) Generation of linear concentration gradients across the flow-free 
gradient chambers without using the fast gradient generation technique. Unlike Figure 1.3d, here 
chambers were first filled with Fluoro-ruby and FITC-Dextran was introduced later. The time required for 
the establishment of steady-state gradients is 4 times longer as the fluorescent reporters should diffuse 
through the entire gradient chambers. (g) Long-term observation of the linear concentration gradients in 
device with seeded cells. The concentration gradient was continuously monitored during the cell tracking 
experiments to confirm that the concentration gradients were within the specified range. 

 

Experimental concentration gradient generation 
To demonstrate the generation of steady-state combinatorial concentration gradients in 

our flow-free gradient chambers, we introduced 50 µM of Fluoro-ruby (MW=10,000) to the 

flow channel on the right-hand side and filled all of the gradient chambers. We then introduced 

50 µM of FITC-Dextran (MW=10,000) into the left flow channel and manually increased 

pressure on the left flow channel until the Fluoro-ruby went back to the middle region of the 

chamber for equal filling of the two fluorophores in the chambers (Figure 1.3d, t=0). Syringes 

were then connected to a double syringe pump to deliver both fluorescent reporters at a 

controlled volumetric flow rate of 0.2 µL/min. This flow rate continuously replenished the 

solution at the boundary regions as the fluorophores diffused across the flow-free gradient 

chambers. The time required for the formation of the steady-state gradient is defined as: 𝑡 = 𝐿22𝐷                                                                          (eq. 1.6) 
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where L is the diffusion length and the D is the diffusion coefficient of the fluorophores. 

This approach allowed us to create combinatorial gradients and to reduce the time needed to 

equilibrate the gradient solely from the boundary sources by 75%. By using the diffusion 

coefficient for the 10 kDA FITC-Dextran of 1.33 x 10-6 cm2/s 65 the time required for the 

establishment of a linear gradients was calculated to be ~ 35 min for the narrow chamber and ~ 

98 min for the wide chamber. The steady-state gradient we found using fluorescent reporters 

was similar to the simulated gradients (Figure 1.3d,e,f). In the cell migration experiments, we 

tracked the stability of the chemokine gradient by adding 50 µM Fluoro-ruby to the chemokine 

solution in each experiment. Tracking cells and observing the chemokine gradient is important 

since the initial characterization of the gradient does not guarantee that these conditions will 

be maintained throughout each cell migration experiment. 

One challenge with our approach was the bonding of the membrane filter to PDMS 

layers since non-uniform attachment or partial clogging could cause unstable concentration 

gradients. We found APTES-mediated membrane integration required a shorter time to 

fabricate (<30 minutes for complete assembly), had a higher success rate, and generated a 

stronger bond66. We tried another membrane integration technique that uses a thin PDMS 

prepolymer film as an intermediate adhesive layer67,68; however, the functional surface area of 

the PC membrane filter was frequently reduced, possibly due to the wetting. This approach 

caused partial clogging of the membrane by the PDMS prepolymer (Appendix 1.2).  

Finally, although this study mainly aimed to investigate cell motility at a population 

level, we confirmed the suitability of our microfluidic flow-free concentration gradient 
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generation system combined with high resolution confocal microscopy for single cell migration 

studies (Appendix 1.3). 

Jurkat cell chemotaxis 

Increasing Substrate Fibronectin Concentrations Promote Random Cell Motility but Not 

Chemotaxis: We used our microfluidic approach to understand the effects of fibronectin 

concentration on the Jurkat cell motility. To do this, we coated the microfluidic gradient 

chambers with 0, 25, 500, and 1000 µg/mL concentration of fibronectin and assessed the effect 

of substrate fibronectin concentration on random cell migration and chemotaxis. We referred 

to 25 µg/mL and 1000 µg/mL as low substrate fibronectin concentration and high substrate 

fibronectin concentration, respectively. For cell migration experiments, we introduced cells 

labeled with CellTracker Green BODIPY dye to fibronectin-coated gradient chambers at a 

density of 300,000 cells/mL and placed the microfluidic system in a stage-top environmental 

chamber immediately after the seeding of cells. To establish the chemokine gradient over 

Jurkat cells, we introduced 100 nM CXCL12 to the inlet of the flow channels (Figure 1.3g), 

creating a concentration gradient with the slope of 66.6 nM/mm (plot of stable linear 

concentration gradient over time shown in Appendix 1.4). We first examined the effect of 

substrate fibronectin concentration on the random migration of Jurkat cells in the absence of a 

chemokine. As the fibronectin concentration used to coat the gradient chambers was increased 

from 0 to 1000 µg/mL, the average migration speed as well as the percentage of motile cells 

increased significantly (p=2.21x10-6 for migration speed and p=1.13x10-9 for the percent 

motility) while the overall Jurkat cell motility remained random (Figure 1.4a-c). Coating the 

microfluidic chambers with high fibronectin concentrations led to 8-fold increase in the 
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percentage of motile cells compared to the cells migrating in non-coated chambers. In addition, 

there was 2-fold increase in the average velocity of the motile cells when the substrate was 

coated at a high fibronectin concentration. Increasing surface fibronectin concentration 

gradually increased both the percentage of motile cells and their average velocity, however, 

this trend was disrupted once the chemokine was introduced. On the substrates coated with a 

low fibronectin concentration (25 µg/mL), addition uniform 100nM CXCL12 background 

significantly increased the percentage of motile cells compared to the control lacking CXCL12 

(p=0.008). We then established a linear CXCL12 concentration gradient ranging from 0 to 100 

nM across the microchannel. The presence of a concentration gradient further increased cell 

motility compared with a uniform CXCL12 concentration (p=0.004) (Figure 1.4d). A statistically 

significant difference was not found for the percentage of motile cells and their average 

velocity between low and high fibronectin concentration when a chemokine gradient was 

present (Figure 1.4e). These results show that neither the fraction of motile cells nor their 

average migration speed are affected by the fibronectin concentration when CXCL12 

chemokine gradient exists. In other words, while increasing fibronectin concentration promotes 

random cell migration, it does not increase the cell motility during chemotaxis. 
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Figure 1. 4. The effect of fibronectin concentration on Jurkat cell chemotaxis. (a) During random motion, 
the average speed of the migrating cells increases as the fibronectin concentration increases (p<0.0001 by 
one-way ANOVA, **p<0.01, ***p<0.001 by post hoc two-tailed unpaired student's t-test with Bonferroni 
correction). (b) Also, during random motion, the percentage of motile cells increases as the fibronectin 
concentration increases (p<0.0001 by one-way ANOVA, , **p<0.01, ***p<0.001 by post hoc two-tailed 
unpaired student's t-test with Bonferroni correction). (c) Spider motility plots of randomly migrating 
Jurkat cells in microchambers coated with 0, 25, 500, and 1000 µg/mL of fibronectin, respectively. As the 
fibronectin concentration increases, cells spread more while maintaining their mass center at the origin 
(location of final mass center is shown as a blue dot). (d) Comparison of the percentage of motile cells in 
culture medium, in uniform 100 nM CXCL12 background, and in 100 nM CXCL12 gradient in the 
microfluidic chambers coated with 25 µg/mL of fibronectin. (p<0.0001 by one-way ANOVA, *p<0.05 by 
post hoc two-tailed unpaired student's t-test with Bonferroni correction). (e) In CXCL12 gradients, the 
motility of the cells appears to be independent of fibronectin concentration. Unlike Figure 1.4c and 4d, 
the change in fibronectin concentrations does not seem to alter the percentage of the motile cells nor the 
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average migration speed when there is a chemokine gradient (p>0.05 by two-tailed unpaired student's t-
test). (f) Schematic indicating our quantitative analysis approach for Jurkat cell motility in CXCL12 
concentration gradient. (g) Jurkat cell chemotaxis in the gradient chamber coated with 25 µg/mL (referred 
to here as low concentration) and 1000 µg/mL (referred to here as high concentration) fibronectin. As the 
fibronectin concentration increases, the chemotactic index decreases (shown in the rose plots at the top) 
while the persistence increases (shown in the bar graphs at the middle). At high fibronectin concentrations 
Jurkat cells tend to migrate in a specific direction (high persistence), but this direction becomes 
independent of the direction of the chemokine gradient (low chemotactic index). This observation has 
been represented in the bottom schematics (**p<0.01, *p<0.05 by two-tailed unpaired student's t-test). 
Data are presented as mean ± SD. 

 

Increasing Substrate Fibronectin Concentration Creates Random Cell Migration Background 

during Chemotaxis: To better understand the role of the CXCL12 gradient and substrate 

fibronectin concentration in regulating chemotaxis, we tracked individual Jurkat cells seeded in 

microfluidic gradient chambers coated with either high or low fibronectin concentration as they 

migrated in a CXCL12 gradient, which ranged from 0 to 100 nM across the gradient chamber 

(gradient slope is 66.6 nM/mm). We calculated the CI and persistence for motile Jurkat cells 

using the tracking data. We found that the high surface fibronectin concentration significantly 

reduced the CI of the Jurkat cells (p=0.014), increasing their random motion and decreasing 

their directedness as measured by CI (Figure 1.4f). At high fibronectin concentrations Jurkat 

cells migrated more uniformly in all directions regardless of the direction of the chemokine 

gradient (Figure 1.4g, top left). Interestingly, while the CI of their motion towards the CXCL12 

gradient decreased, their persistence significantly increased with increasing fibronectin 

concentration (p=0.045) (Figure 1.4g, middle). In other words, as the surface fibronectin 

concentration increased, Jurkat cells migrated more persistently in random directions 

independent of cues from the chemokine gradient (Figure 1.4g, bottom).  
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Jurkat Cells Migrate Faster in Shallower CXCL12 Gradient: To assess cellular responses to 

controlled gradient slopes, we compared chemotactic behaviors of Jurkat cells in narrow and 

wide chambers where we created 2 independent chemokine gradients with different gradient 

steepness but with the same average chemokine concentration. As previously described, we 

filled the source channel with 100 nM CXCL12 diluted in cell culture medium while the culture 

medium alone was supplied to the sink channel to create gradients of CXCL12 with different 

slopes simultaneously (66.6 nM/mm in the narrow chamber and 40 nM/mm in the wide 

chamber). We tracked cells in both gradient chambers in parallel and calculated their migration 

parameters (Figure 1.5a). We coated gradient chambers with 25 µg/mL fibronectin to enable 

Jurkat cell migration and allow them to maintain a directional response to a chemokine 

gradient. The slope of the gradient did not significantly alter the percentage of motile cells as 

more than 90% of cells were motile in both chambers. As expected, CI was also similar in both 

chambers. On the other hand, we noted substantial increase in the persistence in a shallow 

CXCL12 gradient, but this increase was not significant (Figure 1.5a). Surprisingly, we found the 

average migration speed of the motile Jurkat cells increased significantly when the slope of 
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CXCL12 gradient was lowered to 40 nM/mm (p=0.008).

 

Figure 1. 5. Chemotaxis of Jurkat cells in different CXCL12 gradient modalities (a) Quantitative analysis 
of cell movement shows differences between migration parameters from cells that migrate in shallow 
CXCL12 gradient (wide chamber, 40 nM/mm) and steep CXCL12 gradient (narrow chamber, 66 
nM/mm). Although the increased steepness does not alter the motile cell ratio and chemotactic index, it 
slows the average speed and persistence of the migration (**p<0.01 by two-tailed unpaired student's t-
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test). (b) Quantitative analysis shows that average CXCL12 concentration strongly affects the persistence 
and the chemotactic index of the migrating Jurkat cells, while it does not alter the percentage of motile 
cells or the average speed of the migrating cells (**p<0.01, *p<0.05 by two-tailed unpaired student's t-
test). (c) We examine our wide gradient chamber by dividing it into two regions with different average 
chemokine concentrations while maintaining the same gradient steepness. While the region on the left has 
an average concentration of 75 nM of CXCL12 concentration, the region on the right has an average of 25 
nM of CXCL12 concentration. (d) Spider motility plots of the Jurkat cell chemotaxis in two sub-regions 
of the wide gradient chamber. While the cells at the higher average CXCL12 concentration (left) appear 
to be migrating randomly, the ones in the lower average CXCL12 concentration (right) appear to migrate 
toward the higher concentration of CXCL12 in the gradient. (e) Rose plots show the difference between 
two subregions of the wide gradient chamber in terms of the spreading of the Jurkat cells. Although, 
Jurkat cells which are spread equally in all the directions at a high average CXCL12 concentration, show 
a random migration pattern, they migrated towards the CXCL12 gradient in the right side of the chamber. 
(f) Schematics of a potential description of the accumulation and random motility of immune cells in the 
inflammation zone related to high chemokine concentrations that may function as a chemical trap. Data 
are presented as mean ± SD. 

 

Jurkat Cells Migrate Randomly in CXCL12 Gradients with High Average Concentration: To test 

whether Jurkat cells were responding to cues in the gradient or merely differing amounts of 

CXCL12, we investigated the migratory response of Jurkat cells in the same chamber but at 

different average concentrations of CXCL12. In the wide gradient chamber, we tracked the 

Jurkat cells closer to the source channel and the ones closer to the sink channel separately, 

based on their initial positions within the chamber. We then compared the migratory behavior 

of Jurkat cells close to the source channel with cells that were closer to the sink channel. Cells in 

both subgroups had the same gradient slope (40 nM/mm) as the gradient was linear across the 

chamber, but the first group was in the region of the chamber where the average CXCL12 

concentration was 75 nM (high average concentration), and the other subgroup was in the 

region of the chamber where the average CXCL12 concentration was 25 nM (low average 

concentration). The change in the average CXCL12 concentration did not cause a significant 

alteration in the percentage or the average migration speed of the motile cells (Figure 1.5b). 

This result was similar to the results presented above with the different surface fibronectin 
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concentrations (Figure 1.5b vs. Figure 1.4e). However, the chemotactic behaviors of the Jurkat 

cells in different subgroups were significantly different (Figure 1.5c). While Jurkat cells in the 

low average CXCL12 concentration were migrating towards the CXCL12 gradient with high 

persistence and CI, those in the high average CXCL12 concentration migrated away from the 

CXCL12 concentration with significantly lower persistence (p=0.014) and CI (0.0018). This 

finding suggested a migratory behavior closer to the random motion observed with uniform 

CXCL12 background (Figure 1.5c,d). Nonetheless, substantially higher numbers of Jurkat cells 

were motile, showing that cells still distinguished between a uniform chemokine background 

and a chemokine gradient. This suggests that CXCL12 saturate chemotactic responses of Jurkat 

cells at concentrations above 75 nM in a manner similar to the saturation of T cells responses to 

CCL19 or CCL21 concentrations above 100 nM69,70. On the other end of the spectrum, using a 

different microfluidic system, Jurkat cells were shown have significantly reduced chemotactic 

response to CCL19 gradient when the CCL19 concentration was reduced from 100 nM to 10 nM 

while preserving their average migration speed71 in a way similar to our chemotaxis data. 

Overall, these observations and our results suggest that both the concentration gradient and 

the average concentration of the chemokines directs the chemotactic behavior of different 

immune cells and that both Jurkat cells and T cells share saturable motility responses to 

chemotactic cues albeit to different chemokines. 

T cell chemotaxis 
MitoFAP CD8+ T cell staining using Hoescht 33342: Hoescht 33342 is a frequently used 

fluorescent dye to stain the nucleus of the cells to facilitate cell tracking. Although in the 

literature there are plenty of examples of using Hoescht 33342 for the staining of primary 
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mammalian cells, we realized that this dye was cytotoxic for T cells as a result of the viability 

experiments we conducted using Trypan blue (Figure 1.6a).  

 

Therefore, we conducted viability experiments using different concentrations of Hoescht 33342 

and imaging the cells with different exposure times to optimize the cell staining protocol before 

conducting the chemotaxis experiments. Our results confirmed that the recommended 

concentration of Hoescht 33342 (1:2000 dilution which equals to 10 µM) was indeed cytotoxic 

for the T cells. Therefore, we reduced the concentration of Hoescht 33342 gradually down to 

400 nM. Hoescht 33342 staining at such a low concentration was preventing the cells from 

dying but it was also significantly increasing the exposure time for obtaining fluorescent images. 

Since this would also increase the time interval between two consecutive images, which, in 

turn, would make the cell tracking harder, we conducted optimization experiments by staining 

cells with different Hoescht 33342 concentrations and imaging them approximately 30 minutes 

after staining. Our results indicated that the 2 µM concentration of Hoescht 33342 (which 

equals to 1:10,000 dilution) was enough to prevent cell death while maintaining reasonably 

short exposure time (around 50 ms). For this reason, we used this concentration of Hoescht 

33342 in the following chemotaxis experiments that we conducted with T cells (Figure 1.6b). 
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Figure 1. 6. Viability of T cells under experimental conditions. (a) Initial viability experiments conducted 
with murine CD8+ T cells for the assessment of the reason for low viability after 7 hours of in vitro 
culturing. Results clearly show that the Hoescht 33342 staining as the reason of low viability. (b) Staining 
optimization of murine CD8+ T cells with Hoescht 33342. 1:10,000 dilution of Hoescht 33342 (which 
corresponds to 2 µM) was found to be the lowest dilution ratio that can be used to stain cells without any 
cytotoxic effect while allowing the cell tracking with low exposure times. (c) The viability of the tumor 
infiltrating lymphocytes (TILs) during the experimental period determined via trypan blue viability assay. 
We observed that the viability of the cells is not decreased below 70% throughout the experiment period. 

 
 
Tumor Infiltrating lymphocytes in vitro viability: In this set of experiments, we used primary 

murine CD8+ T cells, also known as tumor infiltrating lymphocytes (TILs), obtained from mice 

with B16 melanoma model. Prior to chemotaxis experiments, T cells are sorted based on their 

PD1/TIM3 expression using fluorescence-activated cell sorting (FACS). As a control group, we 

used in-vitro activated wild type murine CD8+ T cells. Before conducting the chemotaxis 

experiments, we first assessed the viability of the cells inside the microfluidic chambers as there 
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was no previous study in the literature that used these cells in a microfluidic system. After 

staining cells with Hoescht 33342 with previously optimized concentration for tracking, we 

conducted cell viability assay using trypan blue. Based on the assay results, we confirmed that 

cells maintain at least 70% viability over the course of 8 hours after staining and being cultured 

in vitro (Figure 1.6c). We repeated this assay every time before using the cells with the 

microfluidic system to ensure that the motility behavior of the cells is not the result of low 

viability. In the cases where the viability was less then 70%, we did not use the cells in the 

chemotaxis experiments. 

Motility of the MitoFAP CD8+ T cells: In these experiments, we used primary murine CD8+ T 

cells that contain genetically encoded fluorogen-activating protein (FAP) which targets their 

mitochondria and specifically damages it upon illumination with infrared light. In order to 

prevent cell death due to FAP this technique was previously optimized, and it was shown that 

the illumination of the cells after transduction only gradually decreases the mitochondrial 

activity without actually killing them. Using this technique, we aimed to investigate the role of 

mitochondria in T cell motility within chemokine gradients. We conducted these experiments 

with or without chemokine gradients to observe the base random migration of the cells as well 

as their chemotactic behavior. We also illuminated the cells for 30 minutes and 1-hour long 

durations to assess the effects of dose-dependent decrease in mitochondrial function. Our 

initial results imply that the lower mitochondrial activity does not decrease the percentage of 

motile cells neither in the random migration nor in the chemotaxis settings. However, the 

average velocity of the motile cells is decreasing in a dose-dependent manner in both of these 

conditions (Figure 1.7). Similar to the percentage of the motile cells, the mitochondrial function 
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also did not affect the persistence of the cell migration neither in the random migration nor in 

the chemotaxis within CCL3 gradient. Interestingly, the chemotactic index of the cells increased 

in a dose-dependent manner upon the decrease of mitochondrial function, meaning that cells 

were following the CCL3 gradient with higher affinity with the lack of mitochondrial function. 

This rather surprising result led us to speculate that the main contribution of mitochondrial 

activity to the T cell migration was through the promotion of random migration. We are 

currently conducting more experiments by using a different chemokine, namely CXCL10, in 

order to test if this phenomenon is chemokine dependent or not. 

 

 

 

Figure 1. 7. Random migration and chemotaxis of CD8+ MitoFAP murine T cells in the microfluidic 
chambers. These initial results imply that the mitochondrial activity was essential for high migration 
velocity of the T cells. On the other hand, it also seems to diminish the ability of the T cells to follow 
CCL3 gradient, leading to lower chemotactic index. 
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Motility of the tumor infiltrating lymphocytes (TILs): High PD1 expression in CD8+ T cells are 

associated with decreased T cell function. In the tumor microenvironment, it was previously 

reported that the majority of T cells are expressing high levels of PD1. This is thought to be one 

of the major mechanisms of how the tumor cells evade immune surveillance. In order to test if 

PD1 expression has any significant role in the T cell motility, we recovered T cells from B16 

mouse tumor model and sorted them based on their PD1 expression levels. Then, we 

conducted random migration and chemotaxis experiments using these cells in our microfluidic 

system. Our initial results imply that the lower percentage of the T cells are motile if they have 

high expression of PD1 compared to control T cells and the T cells with lower expression levels 

of PD1 during both random migration and chemotaxis in CCL3 gradient. Interestingly, the 

average velocity of the T cells with low PD1 expression is the highest even surpassing the 

control T cells while the average velocity of the T cells with high PD1 expression has the lowest 

average migration velocity in both of these conditions (Figure 1.8). On the other hand, we 

observed that the persistence and chemotactic index of the T cells with high levels of PD1 

expression is higher than the cells with low level of PD1 expression in the chemotaxis setting. 

These results imply that the while PD1 expression is crucial for increased T cell motility it also 

has negative effects on the chemotactic behavior of T cells. Similar to what we are doing with 

MitoFAP T cells, we are currently conducting further experiments using CXCL10 chemokine in 

order assess if these observed motility behaviors are independent of the chemokine type. 
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Figure 1. 8. Motility behavior of tumor infiltrating lymphocytes (TILs) within the microfluidic system 
with and without CCL3 chemokine gradient. TILs with high PD1 expression show lower levels of 
motility during random migration and chemotaxis. On the other hand, the persistence and the chemotactic 
index of these cells are relatively higher compared to TILs with low PD1 expression. 

 

 

Discussion 
The profile of the steady-state gradients within the microfluidic flow-free gradient 

chambers is highly related to the aspect ratio of the chambers. If the profile is not taken into 

account, the actual chemokine gradient presented to the cells in the chambers can be significantly 

different from the boundary values defined at the flow channels. We generated steady-state 

concentration gradients in these 3D-printed microfluidic chambers within 35 minutes using 10 

kDa FITC-Dextran as a fluorescent probe. The diffusion coefficient of FITC-Dextran (D = 1.33 x 

10-6 cm2/s) is lower compared to the other fluorescence probes with similar molecular weight 

(i.e. D = 4.34 x 10-6 cm2/s for Alexa 488 (MW: 10,000)). Using these fluorescent probes, it is 
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possible to demonstrate the establishment of gradient in the same microfluidic system 3 to 4 

times faster. However, we used a fluorescent probe with a lower diffusion coefficient to be 

conservative in showing that the steady-state concentration gradient of the actual chemokine was 

established when we started tracking the cells. It is essential for the functional regions of 

membrane to remain intact to maintain stable gradients over time. Since diffusion only occurs 

across a small portion of the membrane surface, partial or complete clogging of the membrane 

can result in unstable gradients59,72. Therefore, membrane clogging can critically limit 

applications in systems like ours where only a small region of a membrane is effectively used. 

For this reason, we tested multiple membrane processing techniques and found that APTES-

mediated membrane integration was the most effective technique to create a strong bond without 

clogging (Appendix 1.2). 

CXCL12 and fibronectin independently regulate Jurkat cell motility. In a uniform 

concentration of 100 nM CXCL12 (no gradient) more Jurkat cells showed motility compared to 

controls lacking CXCL12. Interestingly, even more cells migrated in the gradient of 100 nM 

CXCL12 (Figure 1.4d). Therefore, CXCL12 appears to have two distinct functions. First, 

uniform levels of CXCL12 activate cells to became motile. Second, a gradient of CXCL12 

provide an additional cue for directional chemotactic response. A very similar gradual increase in 

the Jurkat motility was shown in the literature with uniform CCL2 background and CCL2 

gradient using conventional Boyden chambers73. Although, we have shown that the fibronectin 

concentration can regulate the extent of random motility of the Jurkat cells, we did not see a 

significant difference in the percentage of motile cells or their average velocities with 100 nM 

CXCL12 gradient in chambers coated with low (25 µg/mL) or high fibronectin concentrations 

(1000 µg/mL) (Figure 1.4a,b vs. Figure 1.4e). In a potentially similar manner, neutrophils and 
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in-vitro activated T cells have also been shown to have constant chemotaxis speeds regardless of 

the extracellular matrix concentration74 or the type of chemokine75 while having as much as two 

times higher average migration speed than Jurkat cells76.  

The addition to the chemokine gradient, the surface-bound fibronectin concentration also 

regulates the random motility as well as the chemotactic behavior of Jurkat cells. Jurkat cells 

within a chemokine gradient migrate in all directions with high persistence regardless of the 

direction of the chemokine gradient when fibronectin concentration is high, creating a migratory 

pattern similar to random migration (Figure 1.4g). This finding parallels previous studies where 

the increased fibronectin concentration has also been reported to increase random migration in 

chemotactic cells74,77. On the other hand, in the very same chemokine gradient, cells that are 

seeded in gradient chambers coated with low fibronectin concentrations show opposite behavior 

by migrating in the direction of the chemokine gradient with high CI and low persistence. The 

decoupling of the Jurkat cell motility and directionality was previously shown as a result of 

PTEN-modulated actin polymerization78. These results suggest that both extracellular matrix 

(ECM) concentration and chemokine gradients in the cellular microenvironment regulate 

chemotactic responses of Jurkat cells in an interactive manner. 

Distinctive migratory responses in different chemokine gradients suggest that chemokine 

gradients may regulate the spatial bounds of the immune response. During a local inflammation 

in a defined region in the body, immune cells are recruited rapidly to the inflammation site 

through the orchestration of chemokines released from the site of inflammation79. Since these 

chemokines diffuse in all directions in 3D, they create non-linear concentration gradients where 

the slope gradient is high at the regions proximal to the inflammation site and becomes shallower 

at the distant regions80 (Figure 1.5f). Therefore, immune cells that reside at the distant regions of 
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the body should initially sense these shallow chemokine gradients and respond by moving 

rapidly toward the inflammation site81 (Figure 1.5f.1). Remarkably, first responders of the 

immune system are recruited from distant regions to injury sites within hours82. Our 

experimental data with Jurkat cells as a model cell line also show faster directional migration in 

shallower CXCL12 gradient supporting this concept.  

The rapid chemotactic response at shallower gradients, where differential receptor 

occupancy across the cell membrane83 would be expected to be less significant, might be 

explained by an alternative chemotaxis concept84. After recruitment (Figure 1.5f.2), activated 

immune cells accumulate at the inflammation site85 but require cell-cell contact to carry out their 

effector function 86. Thus, immune cells would need both a general attraction to the site of 

inflammation but also would require specific cues that allows them to target specific cells within 

the infected tissue. The strong chemotactic response that we have observed in this study at low 

chemokine concentrations accompanied with a chemokinetic response at high chemokine 

concentrations appears to support this two-stage scenario. One way to consider this is in a 

“chase” and “search” mode where the response of the cells depends on the average concentration 

of the chemoattractant. In "chase" mode, immune cells approach the inflammation site following 

long-range directional cues from chemokine gradients. Once in proximity of infected cells, 

immune cells respond to high concentrations of chemokines engage in a "search" mode, moving 

rapidly but with low persistence, to reach their targets (Figure 1.5f.3). If the immune cell leaves 

the infected tissue as a result of this random motion, the average chemokine concentration 

decreases again which would again start the migration through the chemokine gradient, resulting 

in the cells returning to the inflammation site (Figure 1.5f.4). These dual modes of chemokine 

functions would allow immune cells to accumulate within the infected tissues without blocking 
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them from performing a local search for their infected targets with highly motile random 

migration. Our experimental data with Jurkat cells as a model for T cells mimics these motility 

behaviors as shown with quantified live cell tracking analysis. 

Conclusion  
We developed a flow-free gradient chamber within a microfluidic system that enables 

the generation and maintenance of single or combinatorial concentration gradients. The wide 

gradient chamber of our enhanced system allows population-wide cell migration assays with 

single cell sensitivity using high resolution microscopy. We constructed the system using 

additive manufacturing and replication molding techniques, demonstrating the feasibility and 

speed of fabrication, even in the absence of specialized microfabrication equipment and 

sophisticated facilities. The resulting spatiotemporally controlled fluidic environments were 

used to induce cellular responses to different gradient profiles in chambers with different 

aspect ratios. The transient and steady-state gradient profiles obtained in experiments agreed 

with theoretical predictions and simulation results.  

Also, in applying the flow-free gradients of CXCL12, we demonstrated Jurkat cell 

chemotaxis in response to different concentration gradients and the coupled functionality of 

these gradients with surface fibronectin concentration. Our analysis of Jurkat cell chemotaxis to 

CXCL12 gradients in the context of different fibronectin concentrations demonstrated that 

fibronectin increased the percentage of motile cells and the average speed of random cell 

motion but did not alter these properties when there was a chemokine gradient. We also found 

that fibronectin significantly altered the CI and the persistence of the motile cells during 

chemotaxis. This system also allowed us to show that high concentrations of CXCL12 saturated 
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the Jurkat cells, resulting in random migration even in the context of a chemokine gradient. The 

dual mode of response to chemokines proposed in our microfluidic experiments mimics the 

overall immune cell motility in vivo. Our novel technique facilitates further studies of the 

relationship between different cellular microenvironments and chemotactic responses, which 

are relevant to a wide range of applications from immunotherapy to microfluidics technologies. 

 

 

 

Chapter 2: High-throughput Mechanostimulation of 

Drosophila Melanogaster Embryos Using a Novel 

Microfluidic Device 
 

Introduction 
An emerging theory in embryonic development is that gene expression and mechanical 

forces coordinate development in a reciprocal interplay.87-89 It is well established that certain 

developmental genes generate mechanical strain that leads to tissue-specific morphogenetic 

movement. For example, in Drosophila, the transcription factor twist controls a sequence of 

events that lead to the apical constriction of ventral cells, changing their shape from columnar 

to wedge, which collapses the ventral furrow inwards and initiates mesoderm invagination.90,91 

The ventral furrow does not form properly in embryos mutant in twist.92 

Growing evidence suggests that exogenous mechanical forces can be sufficient to 

directly activate certain genes89,93. For example, although twist is normally expressed 

specifically in ventral cells of the Drosophila embryo, mechanical compression has been 
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sufficient to trigger ectopic expression of twist.94 The direct mechanical induction of twist has 

been observed by coverslip actuation with piezoelectrics,94 femtosecond laser pulses,95 

magnetic tweezers,96 and needle indentation.97,98 However, the mechanism of 

mechanotransduction remains unknown. The Drosophila twist pathway could be a powerful 

system to investigate mechanotransduction, but these approaches are labor-intensive, require 

manual alignment, and process only a few embryos at a time, precluding many biological 

assays. 

One promising approach for manipulating hundreds of embryos simultaneously is 

microfluidics. Microfluidic approaches have led to semi-automated tools to sort99, align,100,101 

immobilize,102,103 image,104 and recover processed embryos with minimal intervention. In 

particular, fabrication using polydimethylsiloxane (PDMS) has many advantages: elasticity and 

high oxygen-permeability facilitate embryo manipulation; low autofluorescence coupled with 

transparency in the visible spectrum enable high-resolution fluorescence microscopy. 

Microfluidic systems have provided spatiotemporal precision for many whole-embryo 

interventions, including thermal,105 chemical,106,107 acoustic,108-110 geometric shape,111,112 and 

RNAi.113,114 Microfluidics could be a powerful approach to study mechanotransduction at a high 

throughput scale, but mechanical interventions have been limited to smaller cellular 

systems.115-118 Microfluidic mechanical interventions that examine multicellular embryos have 

limited functionality,119,120 especially in combining immobilization, alignment, and 

scalability.103,121  

Here, we describe a microfluidic device to apply the automation and precision of 

microfluidics to whole embryo mechanotransduction (Figure 2.1). This device can automatically 



 

 

46 

align, immobilize, and compress hundreds of Drosophila embryos. It precisely applies a 

controlled uniaxial strain using pneumatically actuated flexible sidewalls. This flexibility 

compensates for the variation in size among embryos, creating a custom width that applies a 

strain more consistent than conventional techniques. Fabrication on a coverslip allows for live 

imaging during and after mechanical stimulation, and embryos can be recovered for post-

analysis. We describe a method for ultra-thick photolithography, derive an analytical model 

that predicts sidewall deflection, and discuss parametric calibration to construct future 

microfluidic devices. We show this device maintains embryo development, does not induce 

anoxia, and can apply mechanical stimulation at a high-throughput scale with micrometer 

accuracy. Using this micromechanics approach, we map and quantify the dose-dependent and 

duration-dependent mechanical induction of twist during early Drosophila development.  
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Material and Methods 

Microfluidic device fabrication 
High aspect-ratio structures remain a fabrication challenge in soft lithography.122 This 

challenge is exacerbated for continuous microscale features that cover a mesoscale footprint, 

such as PDMS sidewalls tens of μm thin, over 200 μm high, and 20 000 μm long. These thin, 

deep, and trench-like features lead to nonuniform developer exposure across the pattern, and 

small errors in geometry result in failure of fabrication. We fabricated devices using 

Figure 2. 1. A microfluidic device for high-throughput immobilization, imaging, compression, and recovery 
of Drosophila embryos. (a) Illustration of embryos loading into a microfluid device. PDMS channels form 
two interlaced systems: a liquid channel (blue) carries embryos suspended in buffer. A closed gas channel 
(orange) carries pressurized air. (b) Transmitted light micrographs of embryos in the channel. A narrowing 
inlet aligns embryos into a single file. The main portion of the channel compresses embryos between two 
deformable walls. Channels terminate in a bottleneck, allowing fluid flow while retaining embryos. (c–e) 
Illustrations and micrographs of sidewall deflection. (e) Under vacuum, channel walls expand to load 
embryos and function as a control condition. (d) At rest, the channel is narrower than the embryo, providing 
immobilization and compression. (e) Pressurizing the surrounding chamber deflects the channel walls 
inwards, compressing the embryos further. (f) Photograph of the device with embryos.  
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photolithography and PDMS replica molding123 with modifications for thick structures (film 

height >100 μm) with high aspect ratio (AR >5) features. 

Pouring ultra-thick photoresist: Prior to spin coating, silicon wafers (Si) were cleaned with 

acetone, isopropyl alcohol (IPA), and deionized water (DI), followed by a dehydration bake at 

200 °C for 2 hours. Prior to pouring, ultra-thick photoresist (SU8-2100, MicroChem, MA, USA) 

was preheated to 60 °C to reduce viscosity to cover the entire wafer. After dehydration bake, the 

silicon wafer was transferred to a 60 °C hot plate. Preheated photoresist (PR) was poured slowly 

onto the Si wafer to avoid bubble formation. The PR-coated wafer was left on the hot plate for 5 

minutes until the PR evenly coated the entire surface. 

Spin coating: Excess PR was removed by a spin coater (WS-400B-6NPP/LITE, Laurell, USA). 

Pre-spin was at 250 RPM for 30 s, followed by 400 RPM for 15 s (acceleration = 85 RPM s−1). 

PR hanging over the wafer edge was removed with an acetone-soaked cloth. Spin coating was at 

500 RPM for 15 s (85 RPM s−1) followed by 1250 RPM for 30 s (340 RPM s−1). 

Acetone dispersion: Surface flaws are common after spin coating a thick layer of highly viscous 

PR. Surface flaws create uneven contact with the transparency mask during exposure, creating 

inconsistent features, and small variations in height create large variations in deflection. To 

homogenize the PR layer, we sprayed acetone on the PR-coated wafer preheated to 50 °C on a 

leveled hotplate. The sprayed wafer was covered for about 15 minutes until the acetone 

evaporated. Acetone dispersion lowers the viscosity of PR, removes tiny bubbles and surface 

divots, increases the uniformity of the PR film, and eliminates the edge bead to provide even 

contact with the pattern mask. This provides the same benefits of overnight edge bead remover124 

in a few minutes. 
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Soft bake: The wafer was heated to 95 °C (3 °C min−1) on a hot plate and baked for 60 minutes. 

Then the hotplate was turned off and the wafer slowly cooled down to room temperature. 

Exposure: The wafer was exposed to 365 nm ultraviolet light (5 mW cm−2) for 75 seconds in 

mask aligner (MA65, Karl Suss, Germany) through a 20 000 DPI (dots per inch) transparency 

mask (CAD/Art, CA, USA). 

Post-exposure bake: The exposed wafer was heated to 80 °C (3 °C min−1) on a hot plate and 

baked for 20 minutes, followed by a slow cool down for 15 minutes. This longer post-exposure 

bake at a lower temperature reduces the thermal stress and risk of delamination for thick PR. 

Development: The wafer was developed in SU-8 developer (MicroChem, MA, USA) for 20 

minutes, then rinsed with fresh developer, IPA, and dried under nitrogen gas. To minimize 

thermal stress, no further hard bake was applied. 

PDMS replica molding: Replica molding followed standard procedures.125 The patterned wafer 

was coated with tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (TFOCS T2492, United 

Chemical Technology, PA, USA) for 2 hours in a desiccator. Sylgard 184 PDMS (Dow Corning, 

Midland, Michigan, USA), was mixed with curing agent at a 10:1 mass ratio and degassed. 

Degassed PDMS was poured onto the silicon wafer mold and degassed again, then baked in a 

convection oven at 60 °C for 90 minutes. Cured PDMS was cooled, separated from the mold, 

and cut to size. Holes were punched for the embryo inlet (4 mm diameter biopsy punch, Integra 

Miltex, Pennsylvania, PSA), gas inlet (14G blunt needle), and liquid outlets (19G). The patterned 

surface was cleaned with Scotch tape. The channel was covalently bonded to a 24 × 60 mm #2 

glass slide (Warner Instruments, Cincinnati, USA) using oxygen plasma (Harrick Plasma 

Cleaner, 1 min, 18 W). The assembled device was sandwiched between two thick glass slides 

separated from the microfluidic system with thin polycarbonate film (McMaster-Carr, Illinois, 
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USA) using a binder clamp to ensure physical contact throughout the PDMS-glass interface 

during covalent bond development (Appendix 2.2A). To fine-tune the rigidity of the PDMS 

sidewalls, the sandwiched device was post baked in a pre-heated oven at 150 °C (Isotemp Oven, 

Fischer Scientific, New Hampshire, USA). 

Animal studies 
Twist:eGFP flies (w[1118]; Dr[Mio]/TM3, Pw[+mC] = GAL4-twi. G2.3, PUAS-

2xEGFPAH2.3, Sb[1] Ser[1]) were a gift from Emily Furbee, University of Pittsburgh. Oregon-R 

and H2A-RFP; moeGFP/TM6Tb flies were a gift from Brooke McCartney, Carnegie Mellon 

University. Flies were kept at room temperature in plastic bottles filled with standard 

Drosophila breeding medium. For embryo collection, flies were transferred to 100 mL tri-corner 

beakers and capped with 60 mm Petri dishes (Fisher Scientific, Pittsburgh, USA) partially filled 

with a solution containing 1.5% agarose, 2.5% sucrose, 25% apple juice, and 0.15% p-

hydroxybenzoic acid methyl ester (methyl paraben to inhibit mold growth) and allowed to gel. 

A dab of yeast paste (1:2 parts dry yeast to water) was added to each plate. Embryos were 

collected for three hours, dechorionated for 90 seconds in fresh 50% bleach, washed with 

distilled water, collected with a cell strainer (Bellco glass), and suspended in egg wash (0.7% 

NaCl and 0.4% Triton-X 100 in distilled water, 0.2 μm-filtered, light-protected). Embryos were 

selected under stereoscope to collect those at early cellularization (stage 5, 2–3 hours after 

laying)126 so compression would occur before gastrulation. 

Analytical model for wall deflection 

We developed an analytical model to describe the deflection of two sidewalls under 

pressure (Appendix 2.1). The deflection of a beam of uniform thickness and loading fixed at 

both ends is described by the Euler–Bernoulli beam equation: 
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𝑢(𝑥) =  𝑤24𝐸𝐼 (𝑥4 − 2ℎ𝑥3 + ℎ2𝑥2)                                    (eq. 2.1) 

where ω is the force per unit length (N/m), E is the Young's modulus (N/m
2), I is the second 

moment of area (m4), and h is the height of the sidewall (m). For further definitions and 

nomenclature, see Appendix 2.1. If the aspect ratio of the sidewall (h/t) is less than 10, the 

contribution of shear deformation should also be taken into account. Timoshenko's beam 

theory127 includes a secondary term for the contribution of shear deformation: 𝑢(𝑥) =  𝑤24𝐸𝐼 (𝑥4 − 2ℎ𝑥3 + ℎ2𝑥2) + 𝑤2𝜅𝐺𝐴 (ℎ𝑥 − 𝑥2)               (eq. 2.2) 

where A is the cross-section area of the beam, and κ is Timoshenko's shear coefficient, which is 

defined for beams with rectangular cross-section as:128  𝜅 =  10(1+𝑣)12+11𝑣       (eq. 2.3) 

G is the shear modulus, which can be written in terms of Young's modulus and Poisson's ratio 

(ν) assuming PDMS is fully elastic and isotropic: 𝐺 =  𝐸2(1+𝑣)      (eq. 2.4) 

Relatively wide beams behave more rigidly because they resist lateral deformation from fiber 

stresses.129 This stiffening can be considered with a corrected term for the elastic modulus of 

the beam, which approaches E/(1 − ν2) as width approaches infinity.130 In our system, sidewalls 

are modeled as vertical beams (Appendix 2.1), so beam width corresponds to microchannel 

length L, and the width-to-thickness ratio (L/t) is large. Therefore, the limit value is more 

accurate for approximating the effective elastic modulus,130,131 yielding the final equation for 

deflection: 
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𝑢𝑚𝑎𝑥 =  𝑃ℎ4(1−𝑣2)32𝐸𝑡3 . (1 +  4𝑡2(12+11𝑣)5ℎ2 )                          (eq. 2.5) 

Where P is the pressure applied to the sidewall (N/m
2). This can be expressed in terms of the 

effective channel width: 𝑊′ =  𝑊 − 𝑃ℎ4(1−𝑣2)16𝐸𝑡3 . (1 + 4𝑡2(12+11𝑣)5ℎ2 )                            (eq. 2.6)               

where W is the initial channel width and W′ is the effective channel width after applying 

pressure to deflect two sidewalls. 

Numerical simulation 
To predict the shape of the channel wrapping around an embryo, we constructed a 3D 

CAD model of thin PDMS sidewalls and an embryo in SolidWorks 2016 (Dassault Systèmes, 

Vélizy-Villacoublay, France), and modeled them in Abaqus (Dassault Systèmes, Vélizy-

Villacoublay, France) as fully elastic and isotropic materials with quadratic tetrahedral 

elements. First, the elastic sidewall deflection was simulated without embryos. Parametric 

studies determined the Young's modulus of PDMS sidewalls based on experimental results. 

Then, Drosophila embryos were added to the simulation. A similar parametric study used the 

known Young's modulus of PDMS sidewalls to estimate the Young's modulus of Drosophila 

embryos. Simulations of embryo compression proceeded in two steps. First, embryos received 

passive compression by a microchannel with a smaller width, which was simulated by displacing 

the wall towards the fixed embryo. In the second step, embryos received active compression, 

which was simulated by applying pressure to the deformable PDMS sidewall. Poisson's ratio for 

PDMS132 and Drosophila was set to 0.4999 to avoid numerical divergence. 
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Experimental setup 

Pneumatic connections were made with Tygon 3350 Silicone tubing with 1/32″ inner 

diameter (Saint-Gobain, France) and fittings of the appropriate size. Consistent pressure was 

applied by outfitting a compressed air tank with a custom-made fine Bourdon tube pressure 

gauge with 0.1 PSI resolution. Consistent vacuum was applied either by running water through 

a Venturi trap or by using the building vacuum. Embryo wash solution was passed through 0.2 

μm syringe filters to avoid clogging the microchannels. As a control for manipulation in the 

chamber, embryos were mounted on a coverslip glass fixed to the bottom of a plastic Petri dish. 

Embryos were adhered to the coverslip with a thin layer of glue prepared by dissolving the 

adhesive from double-sided Scotch tape in heptane. Adhered embryos were covered with a 

drop of halocarbon oil (series 700; Halocarbon Products, Hackensack, NJ). To apply 50% hypoxia 

(10% oxygen), the dish setup was placed into a stage-top environmental chamber (LiveCell; 

Pathology Devices, Westminster, MD) connected to an equal-pressure mixture of argon and air 

using a T-fitting. To apply anoxia, the dish setup was evacuated for 10 minutes, then placed into 

the environmental chamber connected only to argon. 

Image acquisition and processing 
Compressed embryos were imaged inside the microfluidic device. Images were acquired 

on a spinning disk confocal microscope (Nikon Eclipse Ti, running Andor iQ 3.5 software and 

fitted with an iXon X3 camera). 3D-image stacks were acquired with a 10× objective at 10 μm 

optical sections for a total depth of 200 μm. The liquid inlet of the microfluidic device was 

sealed with a coverslip to prevent evaporation during extended imaging. Time-lapse images 

were acquired in differential interference contrast (DIC) and fluorescence with a 250 mW 488 

nm laser with identical settings for power, exposure, and gain. Each time-lapse session 
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comprised multi-position recordings of 60–120 embryos with 3Dimage stacks were acquired 

every hour for 4 hours. The resulting hyperstacks were manually marked with an elliptical 

region of interest (ROI), and a custom macro recorded mean pixel values for each slice and 

frame in Fiji.133 

Results and Discussion 

Design and operation of the microfluidic device 
Our microfluidic device compresses hundreds of Drosophila embryos by aligning them 

between two sidewalls and deflecting those walls with pressure (Figure 2.1). The device consists 

of two interlaced compartments: a liquid compartment introduces and aligns embryos (Figure 

2.1). A gas compartment uses microchannels with a closed end to create pneumatic actuation on 

either side of the liquid compartment, which controls the effective width of the liquid channels to 

load or compress embryos (Figure 2.1e). This configuration was parallelized into three 

compression channels to triple the throughput of the system. When pressurization bends the 

sidewalls, it also creates a normal force on the roof of the gas channels, which pushes the thin 

sidewalls away from the glass slide, which can create leaks. To prevent such leaks, each parallel 

configuration was separated by a 1.5 mm region of PDMS which provides a large surface area of 

contact with the glass slide, functioning as a buttress. The channels were constructed entirely 

from PDMS, which is optically transparent and oxygen-permeant.134 The PDMS structure was 

bonded to a #2 coverglass, enabling high resolution fluorescence microscopy. 

Embryos were loaded into the device by pipetting them into the large inlet of the liquid 

compartment (Figure 2.1a). A narrowing atrium aligned embryos into a single file (Figure 

2.1b). The section with deformable sidewalls was designed with a narrower width than the 

embryos (Figure 2.2b), preventing embryo entry. When vacuum was applied, the PDMS 
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sidewalls deflected outwards (Figure 2.1c), increasing the effective width of the channels, 

allowing embryo entry. Tilting the device caused embryos to sediment into three parallel 

compression channels (Figure 2.1f). Compression channels terminated in a bottleneck 90 μm 

wide (Figure 2.1b), which allowed fluid flow while retaining embryos. 

After the embryos were loaded into the compression channel, the vacuum was removed 

and the sidewalls recoiled, immobilizing the embryos due to PDMS elasticity (Figure 2.1d). 

Compression focuses embryos to the vertical center of the channel where wall resistance is 

lowest (eq. 2.1, Figure 2.2e). Higher compression was achieved by applying pressure to the gas 

compartment, which deformed the sidewalls inwards (Figure 2.1e). Therefore, this system 

operates in two modes: without external pressure (0 PSI), for immobilization and mild passive 

compression, and with external pressure (1–5 PSI), to apply an active compressive strain. For 

post-analysis, embryos were recovered by opening the sidewalls under vacuum, tilting the 

channel, and collecting embryos from the inlet. Each microfluidic device accommodated up to 

120 embryos in a single run: compression channels were 20 mm long, Drosophila embryos were 

≈ 500 μm long, and the device operated three channels in parallel. For larger sample size, we 

developed 40 mm channels that can accommodate up to 240 embryos. 
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Figure 2. 2. Defining five parameters for a microfluidic device: (a) overview: the effective width of a channel 
under pressure (W′) is described by eq. 6 with five parameters. Three were defined before fabrication (blue) 
and two were determined afterwards (orange). The goal was to maximize compression while limiting pressure 
to 5 PSI for reliable function. (b) Initial channel width was determined by measuring the width distribution of 
stage-5 Oregon R embryos (n = 140). A channel width of 165 μm immobilizes >99% of embryos at rest (0 PSI) 
while expanding under vacuum to accommodate the widest embryo. (c) Channel height: theoretical prediction 
of PSI required to sufficiently deflect a wall of varying height. Height was maximized at 250 μm to enable 
compression at 5 PSI. Wall height has the greatest influence over deflection, as indicated by the polynomial 
degree of the governing equation. (d) Wall thickness: deflection under pressure was calculated theoretically 
(solid line) and by numerical simulation (dotted line). Simulation agrees with analytical eq. 2.6 (e) Simulated 
deflection of sidewalls at 5 PSI in a range of thickness with and without embryos (side view cross-section). 50 
μm walls (shaded) were selected for the greatest range of compression with the least wrapping around the 
embryo. (f) Wall rigidity: longer post-cure baking results in more rigid walls (higher Young's Modulus) that 
deflect less under pressure. Continuous theoretical results with the discrete experimental measurements from 1 
PSI increments (95% CI bars). (g) Embryo width between side- walls with a range of rigidity (95% CI bars). 
2.5 hours post-cure bake showed the greatest range of compression with minimal wrapping. (h) Uniaxial 
compressive strain (normalized change in embryo width) in the final channel after design optimization (95% 
CI bars). 
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Design calibration for Drosophila embryo compression 
Compression can be precisely regulated by calibrating five parameters: the width and 

height of the compression channel, the thickness and the rigidity of the deformable sidewalls, 

and the applied pressure (Figure 2.2a). The final design calibrated for Drosophila compression 

had a channel width of 165 μm (Figure 2.2b), channel height of 251.8 μm (Figure 2.2c and 

Appendix 2.2B), wall thickness of 50 μm (Figure 2.2d and e and Appendix 2.3), and a post-

bake of 2.5 hours at 150 °C (Figure 2.2f and g and Appendix 2.4). This resulted in a 

compression that could be tuned between 0–22% (Figure 2.2h) with a standard deviation less 

than 2.4% (Appendix 2.6). Omitting the post-bake, the softer channel walls apply <1% 

compression at 0 PSI to immobilize samples for timelapse imaging (Figure 2.2g).  

Channel width: We want a compression channel that is narrower than embryo width to 

immobilize them passively. However, the channel must also be wide enough under vacuum to 

allow the biggest embryo to enter without clogging the channel. We measured the width of 140 

stage-5 Oregon-R embryos and found a normal distribution with a mean of 179.6 ± 1 μm (95% 

confidence interval, σ = 6 μm, SEM = 0.5 μm, max = 194.7 μm, Figure 2B). Based on this 

distribution, a channel width of 165 μm can immobilize >99% of embryos passively. When 

vacuum is applied, the sidewalls deflected outwards to create an effective width of about 205 

μm, allowing the widest embryo to enter (Figure 2.2b). 

Applied pressure: Pressure is limited by the bond strength between the thin PDMS sidewalls 

and the glass slide. Any point-sized separation across any 20 mm sidewall causes a leak and 

failure of the entire channel. Although high pressure increases sample compression range, we 

found that increasing the pressure past 5 PSI led to unreliable function, and therefore used 5 PSI 

as an upper limit throughout this study. 
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Channel height: A key challenge in adapting microfluidics to micromechanics is maximizing 

height, which has the strongest influence over deflection (eq. 2.5). Maximizing height creates a 

fabrication challenge in photolithography because the maximum aspect ratio is limited due to 

diffraction,135 absorption of light,136 and chemical diffusion of crosslinking agents,137 which 

deform the final geometry and increase the risk of photoresist delaminating from the silicon 

wafer during curing.138 Height must be at least greater than the largest embryo (195 μm) to 

prevent clogging, with some additional allowance for vertical expansion during lateral 

compression. Height must be at least 250 μm to reasonably deflect at 5 PSI, based on theoretical 

calculations to deform a 50 μm PDMS wall by 15 μm (Figure 2.2c). Based on this target height, 

we used our modifications on ultra-thick photolithography to fabricate SU-8 molds with an 

average height of 251.8 μm with uniformity >95% (Appendix 2.2B) as measured by Zygo 

NewView 7200 3D optical surface profiler (Zygo Corporation, Middlefield, Connecticut, USA). 

Wall thickness: To maximize deflection under limited pressure, we also want to minimize wall 

thickness, which has an inverse-cube influence over deflection (eq. 2. 5). However, reducing 

wall thickness reduces their surface area contact with the glass slide, which increases the chance 

of leaking under pressure. To optimize wall thickness, we used finite element analysis to 

simulate the deflection of PDMS sidewalls of 35, 50, 90, and 130 μm thickness from 0 to 5 PSI, 

first by themselves and then with an embryo between them (Figure 2.2E and Appendix 2.3). 

Simulation results were compared to analytical predictions from equation 5 (Figure 2.2d). 

Although maximal displacement occurred with 35 μm side walls, such thin walls wrap around 

the embryo (Appendix 2.2e and 2.3), which decreased the surface area exposed to media and 

could increase the risk of hypoxia. Additionally, these high aspect ratio sidewalls create 

significant difficulty in fabrication for a modest gain in displacement. Walls 90 and 130 μm thick 
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are too stiff to provide adequate compression range (Figure 2.2e, Appendix 2.3) so we chose 50 

μm for the thickness of the deformable sidewalls. At 5 PSI, 50 μm walls decrease the effective 

width of the channel by 57%, creating a 22.4% compressive strain on embryos. Over 0–5 PSI, 

this provides a large dynamic range of embryo compression (Figure 2.2h) within a tractable 

aspect ratio for fabrication. 

Sidewall rigidity: Rigid walls deflect less under pressure but compress the embryo to a greater 

extent of that deflection. Conversely, soft walls deflect more, but are less compressive, as they 

wrap around the embryo (Appendix 2.3). To optimize rigidity, we added a bake step for 0, 2.5, 

6, or 15 hours at 150 °C after plasma bonding to increase the rigidity (Young's modulus) of 

crosslinked PDMS139 (Appendix 2.2 and 2.4). These differentially baked channels were 

simulated numerically (Appendix 2.4) and measured experimentally (Figure 2.2f and g). As 

expected, longer baking time resulted in walls with an increased Young's modulus (Appendix 

2.2C) that deflected less under pressure (Figure 2.2f). To quantify sidewall wrapping, we 

calculated the ratio of embryo deflection to wall deflection which we call “compression 

efficiency” (Appendix 2.2D). The most rigid walls showed the greatest compression efficiency 

but traveled less distance; this resulted in a lower overall compression. The optimal rigidity was 

the 2.5-hour bake, which showed linear compression up to 22% at 5 PSI with minimal wrapping 

(Figure 2.2h). 

Determining Young’s modulus of PDMS and Drosophila 
The Young's modulus of cross-linked PDMS is highly variable, ranging 3 kPa to 3.7 

MPa140 depending on curing agent ratio, curing temperature, duration, size,141 and age.142 The 

analytical model was used to estimate the Young's modulus of PDMS to be 1.88 MPa, 

comparable to values found by similar fabrication parameters.139 Based on this value, simulations 

of embryo compression determined the Young's Modulus of Drosophila embryos to be 160 kPa, 
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which is comparable to results from alternative approaches.143 To determine simulation error, the 

experimentally observed deflection was used to calculate Young's modulus with equation 6, 

which was then used to run a simulation of deflection. The resulting simulated displacement was 

compared to the experimentally observed displacement. This process showed the simulation and 

analytical model to describe deflection within 0.3% error across all sidewall rigidities. 

Although we model embryo behavior as purely elastic, it is actually viscoelastic,144 transitioning 

from viscous to elastic145 as described by the Kelvin–Voigt model.146 During this transition, 

applying a constant force creates a time-dependent strain called viscoelastic creep.147 To test 

whether viscoelastic creep affected our setup, we measured the width of compressed embryos 

over four hours and observed no decrease in embryo width. This is consistent with reports of 

other embryonic tissue transitioning to a purely elastic response within several minutes.146,148 

This suggests that viscoelastic creep is not significant in this setup, and the amount of 

compression applied to embryos can be modeled based on its steady-state elastic response. 

Embryo survival and development 
To test whether PDMS channels and compression affect viability, Oregon-R embryos 

were compressed by 7% or 22% for either 10 minutes (n = 34, 64 respectively) or 4 hours (n = 

38, 100, Figure 2.3). As a control for compression, embryos were loaded into the PDMS channel 

and never compressed; the walls were held open under vacuum (“vacuum control,” n = 68). As a 

control for exposure to the device, embryos were cultured in a glass dish (n = 111). Embryos 

were recovered from the device to glass dishes and observed under a brightfield stereoscope at 

24 and 48 hours, and scored as first-instar larvae, dead, or developing according to 

morphological features.126  Two-tailed chi-square test compared observed distribution to 

expected distribution from dish control. 
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Vacuum controls showed no developmental difference from dish controls, with 75% reaching 

larval stage by 48 hours (Figure 2.3a vs. b) suggesting that exposure to PDMS channels alone 

does not affect development or survival. Surprisingly, 7% compression for 10 minutes and 4 

hours showed greater survival rates compared to dish controls (Figure 2.3c and e vs. a). One 

explanation is that the stiff chorion membrane mechanically constrains Drosophila embryos, and 

the standard practice of removing it decreases survival, which is recovered by mild compression. 

Embryos compressed by 22% for 10 minutes initially showed developmental delay at 24 hours, 

but ultimately reached first instar by 48 hours at rates greater than dish controls (Figure 2.3a vs. 

d). Extending 22% compression to 4 hours reduced survival to 37%; embryos that appeared alive 

and delayed at 24 hours did not recover by 48 hours (Figure 2.3f). 

To examine early development in greater detail, we took DIC images of embryos in the 

channel every hour for 4 hours. Embryos can be seen at stage 5 inside the channel (top row). 

Embryos compressed by 7% appear to proceed through germ-band extension, similar to 

uncompressed embryos. A minority of embryos compressed by 22% for 4 hours appeared to 

show no movement for one hour, but then proceeded through germ-band extension. These results 

contradict reports of a ventralized phenotype that fails to extend the germ band after 

compression.94 This difference in developmental milestones could be from several factors: (1) 

previously, embryos were observed up to 50 minutes before concluding the phenotype was 

stable; observing over 4 hours shows recovery is possible; (2) there might be effects from the 

differences in genetic background in fly stocks used in these experiments; (3) there might be 

effects that stem from different methods of compression that result in variations in strain 

magnitude and consistency. 
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Figure 2. 3. Survival in the channel. (a) Percentage of wildtype embryos that reached larval stage, were 
still developing, or dead, 24 and 48 hours after compression (n = 111). (b) Vacuum controls (n = 68) were 
loaded into the channel but never compressed. (c and e) Embryos compressed at 7% (n = 34, 38) showed 
greater survival rates than controls. (d) 22% compression for 10 minutes (n = 64) led to developmental 
delays but greater overall survival; (f) 22% compression for 4 hours (n = 100) led to death. Statistics 
compare observed distribution to dish control. 

 
Comparison of compression methods: To compare our compression to previous work, we 

numerically simulated the approach of Farge 2003.94 Specifically, Farge's compression was (1) 

applied vertically and observed indirectly by 10% lateral expansion, orthogonal to the direction 

of compression; applied by rigid glass. We simulated embryo deformation by a rigid plate 

sufficient to create a 10% lateral expansion (Appendix 2.5). The resulting inferred compression 

was 25–34%. This inferred uniaxial compression is larger because shape change begins 

vertically; height decreases substantially before significant lateral expansion occurs. This greater 

compression may explain observed differences in developmental arrest. 

Based on numerical simulations, compression by glass is more variable than compression 

by PDMS. When compressing walls are rigid, channel width is strict, resulting in greater 

compression for wider embryos (Appendix 2.6A). In contrast, when compressing walls are 

flexible, wider embryos can resist wall displacement, creating an effective channel width unique 

to each embryo (Appendix 2.6B). As a result, compressive strain is more variable under stiff 

walls than flexible walls. This variation can be quantified by simulating compression of embryos 
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with mean width (180 μm), maximum width (195 μm), and minimum width (160 μm) in the 

same channel (Appendix 2.6). In lateral compression by glass, embryo strain shows a standard 

deviation that is 39% of the mean (CoV). In lateral compression by PDMS, strain was most 

consistent at 11% CoV. In vertical compression by glass sufficient to obtain 10% lateral 

expansion, the uniaxial compressive strain ranges from 25% to 34% with CoV of 16%. 

Overall, the channel itself neither delays nor destroys Drosophila embryos. Compression 

appears to switch from beneficial to harmful above a threshold of magnitude and time. These 

observations highlight the importance of long-term analysis, as developmental outcomes can 

drastically diverge days after mechanostimulation. Flexible PDMS sidewalls apply compression 

that is more consistent and directly measurable, which helps compare results across multiple 

studies. 

Anoxia: The gas permeability of PDMS is well established for cell culture,134 but not for whole-

organism Drosophila. Anoxia produces a rapid developmental arrest during which interphase 

chromosomes prematurely condense.149 Chromatin condensation can be visualized by fusing 

histone H2A to a red fluorescent protein (H2A-RFP). As a positive control, anoxia was induced 

by placing H2ARFP embryos in a coverslip dish and evacuating for 10 minutes, then under a 

continuous flow of argon in a stage-top environmental chamber. As expected, nuclei remained 

developmentally arrested (Figure 2.4a) and chromatin condensation was observed as fluorescent 

puncta (Figure 2.4c). In contrast, embryos in the microfluidic device proceeded through nuclear 

division with typical timing (Figure 2.4b), showed decondensed chromatin, and large-scale 

morphogenetic movement (Figure 2.4d) even at 5 PSI (22% compression). These results 

confirm that the microfluidic device provides sufficient oxygen to prevent anoxia. 



 

 

65 

 

Figure 2. 4. Channel compression does not induce anoxic arrest. Developmental arrest can be visualized 
by chromatin condensation, seen in embryos expressing H2A-RFP (color by Matplotlib inferno LUT, all 
scale bars 100 μm). (a) Embryos kept anoxic by 10 minutes of vacuum followed by continuous argon 
show morphogenic freezing; nuclei in anaphase stay arrested for over 50 minutes. (b) Compressed 
embryos pass through anaphase normally, doubling nuclei over 10 minutes. (c) Anoxic embryos also 
show chromatin condensation, visible as puncta in nuclei that fail to divide over 90 minutes. (d) 
Compressed embryos show diffuse fluorescence indicating decondensed chromatin, and continue 
development. 

 

Mechanical induction of twist 
Mechanical induction of twist was first described by Farge in 2003.94 To examine 

whether microfluidic compression also induces twist expression, we monitored fluorescence 

from the twist promotor driving eGFP, measured every hour for 4 hours (Figure 2.5). In 

unconstrained embryos, twist:eGFP localized to a stripe of ventral furrow cells, indicating 

normal expression (Figure 2.5a). Constrained embryos showed widespread expression that was 

brighter and ectopic (Figure 2.5b–e). This is consistent with the hypothesis that twist expression 

is coordinated by mechanical force; during normal development, twist is selectively expressed in 

ventral furrow cells that experience internal mechanical forces due to morphogenetic movement. 

When the entire embryo is compressed, the whole organism experiences mechanical stimulation, 

which is sufficient to induce ectopic expression of twist. 
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To quantify the increase in twist:eGFP fluorescence, we measured mean fluorescence pixel 

intensity. As a control for compression, embryos were introduced into the chamber with the 

walls held open by vacuum, and all significance tests were made relative to this vacuum control. 

As a control for handling embryos in the channel, embryos were observed under halocarbon oil 

on a coverslip (dish control). Four hours after compression, all embryos showed an increase in 

twist: eGFP fluorescence (Figure 2.6a). Embryos compressed for 10 minutes showed a 

significant dose-dependent increase in twist:eGFP when compressed by 7% ( p < 0.01) and 22% 

(p < 0.0001; ordinary one-way ANOVA to vacuum control, Figure 6). Embryos also showed a 

duration-dependent increase in twist: eGFP when 7% compression was extended to 4 hours (p < 

0.0001, Figure 2.6b). In the 22% 4 hour condition, twist:eGFP fluorescence was not 

significantly different from vacuum controls in magnitude. Yet the distribution of that expression 

remained ectopic (Figure 2.5 inset, e vs. a). This is consistent with the idea that both the dose 

and the duration of compression are biologically relevant. One explanation for the lower 
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Figure 2. 5. Ectopic distribution of twist:eGFP in compressed embryos. Twist:eGFP fluorescence was measured 
every hour over 4 hours. Pixel value settings are the same for all images, except for A4 and E4 (white border) 
to show patterning. (a) Uncompressed embryos show a ventral stripe of twist:eGFP expression. (b and c) 
Embryos compressed for 10 minutes show an increase in twist:eGFP over 4 hours. (d) Embryos compressed by 
7% for 4 hours show substantial increase in fluorescence. (e) Embryos compressed by 22% for 4 hours show 
low but ectopic fluorescence. 



 

 

67 

fluorescence magnitude is that embryos in this condition are already committed to die within 48 

hours (Figure 2.3f), perhaps because this amount of compression disrupts the integrity of the 

embryo. 

 

Hypoxia: The microfluidic device provides sufficient oxygen to avoid full anoxia, but also 

confines embryos to a small volume of media and applies vacuum during loading, which could 

induce partial hypoxia. Hypoxia is a confounding explanation for the increase in twist:eGFP after 

compression: hypoxia-inducible factor (HIF-1α) may upregulate twist mRNA by binding to a 

hypoxia-responsive element in the proximal promoter.150,151 This pathway was demonstrated in 

tumor cell lines and in C. elegans mutant for the twist homolog (hlh-8), but remains unconfirmed 

in Drosophila.151 

To investigate whether hypoxia could explain the increase in twist:eGFP after 

compression, we intentionally induced a 50% oxygen shortage by flowing equal pressures of 

compressed atmospheric air and argon through a stage-top environmental chamber. Embryos 

continued to develop, and the resulting twist:eGFP fluorescence after 4 hours was reduced 

compared to normoxia controls ( p < 0.0001, Figure 2.6), likely due to interference with eGFP 

folding.152 This suggests that hypoxia cannot explain the increase in twist:eGFP after 

compression. 

The increase in fluorescence in vacuum controls compared to dish controls (Figure 2.6) 

was unexpected. One explanation is that in a dish, when sample size is sufficiently large, 

standard techniques introduce clusters of embryos that compete for oxygen, which inhibits eGFP. 

The microfluidic device may provide better access to oxygen than dish controls by maintaining 

consistent density and surrounding embryos with a thin wall of oxygen-permeant PDMS. 
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Another explanation is that the increase in fluorescence in vacuum controls is an artifact of 

handling. While switching tubing for microscopy, the vacuum was discontinuous for 

approximately one minute, causing a brief flexing of the sidewalls, which could trigger an 

intermediate twist response. Consistent with this hypothesis, vacuum controls in survival 

experiments that did not require switching tubing also did not show an intermediate response 

between dish control and compression (Figure 2.3a vs. b). Taken together, the potential for rapid 

induction of twist expression highlights the need for precise temporal control when studying 

mechanotransduction. 

 

Figure 2. 6. Mechanical induction of twist expression. (a) Twist:eGFP fluorescence was measured every 
hour over 4 hours after compression. Embryos show a significant increase in mean fluorescence when 
compressed for 10 minutes by 7% (0 PSI, p < 0.01) and 22% (5 PSI, p < 0.0001; ordinary one-way 
ANOVA to vacuum control, SEM bars). Vacuum controls were introduced into the channel with the walls 
held open; dish controls remained outside the channel. Hypoxia (50% O2) decreased twist:eGFP 
expression (p < 0.0001). (b) Summary of twist:eGFP fluorescence after 4 hours (SEM bars, ordinary one-
way ANOVA to vacuum control). 

 

Conclusion  
We developed a novel microfluidic device that automatically aligns and immobilizes 

hundreds of Drosophila embryos without external force. This device precisely compresses 
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hundreds of embryos using deformable pressure-actuated sidewalls, allows for live imaging, and 

retrieval of live embryos for post-analysis. We describe a method for consistent ultrathick 

photolithography, derive an analytical model that describes sidewall deflection, and discuss the 

calibration of five parameters critical to designing microfluidic devices. The device itself does 

not affect survival or development and does not induce anoxic arrest. Using this device, we 

measure the Young's modulus of PDMS sidewalls and Drosophila embryos and observe that 

compressing embryos is sufficient to trigger the mechanical induction of twist that is dose- and 

duration-dependent. 
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Chapter 3: Endothelial Cell Polarization and Orientation to 

Flow in a Novel Microfluidic Multimodal Shear Stress 

Generator 
 

Introduction 
Fluid shear stress, which arises from the intermolecular friction between differentially 

moving fluid layers, is an important hemodynamic factor that orchestrates the form and function 

of the blood vasculature through mechanosensitive signaling pathways. The inner lining of the 

vasculature is a single-layered squamous epithelium composed of endothelial cells (EC). Shear 

stress experienced by ECs at the vessel walls—known as wall shear stress (WSS)—has a 

profound influence on EC gene expression and behavior, with laminar shear stress inducing 

quiescence and disturbed (low or oscillatory) shear stress driving an inflammatory state 153. 

Additionally, laminar but not disturbed shear stress promotes EC elongation and cytoskeletal 

alignment parallel to the flow axis. Furthermore, in response to flow, ECs polarize, defined here 

as a distinct separation of the Golgi apparatus or microtubule organizing center (MTOC) and the 

nucleus. Polarized ECs generally orient against the direction of flow, with the Golgi or MTOC 

located upstream of the nucleus 154-156.  

Although EC upstream orientation in response to flow is well documented, how this 

orientation affects EC function is not entirely clear. A lack of EC upstream orientation may be 

necessary but not sufficient for a pathological inflammatory response 156, and there is continuing 

debate regarding the correlation between Golgi-nucleus orientation and the direction of cell 

migration. Generally, in migrating single cells, the Golgi is positioned toward the leading edge, 

ahead of the nucleus 157. However, in ECs under flow, there are reports of correlation 158,159 and 

lack of correlation 155,160,161 between the orientation of the Golgi-nuclear vector and the direction 
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of migration. Regardless, it is clear that Golgi-nucleus polarization and orientation are 

reproducible and sensitive EC responses to uniform laminar shear stress in vitro and in vivo 156.  

There is also mounting evidence that ECs are not only sensitive to the WSS magnitude 

but also to the WSS gradient (WSSG) 162-165. During development, WSSGs help to shape the 

vasculature, with EC Golgi-nucleus orientation and migration toward regions of higher shear 

stress during vascular remodeling 166,167. Moreover, high WSSGs are associated with intracranial 

aneurysm development and atherosclerotic plaque instability 168-171. However, how WSSGs are 

sensed is poorly understood. 

In vivo assays preserve the physiological complexity of the dynamic mechanical 

environment in the vasculature 172 but cannot decouple the role of shear stress from circulating 

factors. Furthermore, in vivo assays limit access to high-content imaging needed for mechanical 

characterization of blood flow and analysis of EC behavior. Moreover, natural variations in 

cardiovascular physiology limit reproducibility, hindering the establishment of precisely defined 

mechanistic relations between shear stress and EC biology. By contrast, microfluidic systems 

allow the generation of precisely controlled shear stress modalities in highly controlled 

microenvironments, and the effects of shear stress on pathologically-relevant EC phenotypes— 

such as cell alignment, polarization, intracellular organization, cytoskeletal rearrangement, 

apoptosis, and permeability—can be comprehensively investigated 173.  

Despite the advantages of microfluidic devices, their full potential is rarely realized, as 

most systems fail to reproduce a broad spectrum of physiologically relevant shear stress 

magnitudes and gradients. Within the human blood vasculature, shear stress magnitudes range 

between 5 to 60 dyne.cm-2 174, and spatial shear stress gradients are predicted to be as high as 3 

dyn.cm-2/mm 175. Yet, many microfluidic platforms limit experiments to a single shear stress 
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condition and therefore require numerous repetitions with different flow rates to encompass 

physiologically-relevant shear stress modalities 176-183. Other microfluidic systems can 

simultaneously generate multiplexed shear stress regions within the same device 184-190. 

However, these systems are limited to a single mode of shear stress, with either shear stress 

gradient regions or uniform shear stress regions. Moreover, because these devices typically rely 

on parallel microchannels that branch from a common inlet channel via hydraulic resistance 

channels 185,191, they suffer from numerous limitations, including non-uniform cell seeding 

density that significantly affects the local flow fields 192, and localized flow perturbations 

affecting all microchannels 193. Additionally, each of the devices above require increased 

complexity of the flow circuit due to the need for an independent outlet for each perfusion 

channel.  

To our knowledge, there is currently no microfluidic system that is capable of generating 

shear stress gradients in conjunction with different uniform shear stress regions for systematic 

analysis of shear stress-dependent cellular responses. Given that EC responses to flow may 

depend on the direction (i.e. sign), steepness (i.e., slope), and the average shear stress magnitude 

of the shear stress gradient 163, an ideal microfluidic system would allow simultaneous 

interrogation of EC behaviors in response to all these parameters. To address this need, we used 

3D-printed molds to rapidly fabricate a novel microfluidic device that can simultaneously 

generate multiple shear stress modalities, allowing systematic mechanical screening and 

profiling of cells in physiologically relevant dynamic flow conditions. Our microfluidic system is 

composed of microchannels with a constant height but variable widths, connected to each other 

in serial and parallel fashion. These microchannels comprise multiple shear stress regions, 

including three different magnitudes of uniform WSS and six different WSSGs (three positive, 
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three negative). We characterized this system using analytical models and numerical simulations 

together with experimental validation.  

To highlight the utility of this device, we quantitatively analyzed Golgi-nucleus relative 

position in human umbilical vein endothelial cell (HUVEC) monolayers using both endpoint and 

time lapse imaging. We found that flow-induced Golgi-nuclear polarization increased 

immediately after the onset of flow, concomitant with decreased Golgi and nuclear areas and 

increased Golgi-nuclear separation. However, while the frequency of polarized ECs was similar 

across all shear stress modalities, the frequency of ECs with Golgi-nucleus upstream orientation 

increased as WSS magnitude increased. Upstream orientation was also enhanced in regions of 

negative shear stress gradients and inhibited in regions of positive shear stress gradients. 

Materials and Methods 

Microchannel fabrication 
Microfluidic channels were fabricated out of Polydimethylsiloxane (Sylgard 184 PDMS; Dow 

Corning, USA) using replica molding technique with 3D-printed molds. First, negatives of the 

microchannel geometries were modelled in SolidWorks 2016 (Dassault Systèmes, Vélizy-

Villacoublay, France). The molds were manufactured using VIPER si2T Stereolithography 

System (3D Systems, Rock Hill, South Carolina, USA) in high quality mode with Accura SI 10 

Polymer as the photocurable resin. Fabricated molds were post-cured with UV and their 

functional surfaces were coated with Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane 

(Cat: T2492, United Chemical Technologies, USA). PDMS was mixed with its curing agent at a 

5:1 mass ratio and the mixture was degassed. The pre-cured PDMS was then poured on the 

molds slowly and degassed again to remove the air bubbles trapped between the mold and the 

pre-cured PDMS. Molds were then placed in a 60°C convection oven for 90 minutes. After 

curing, PDMS was removed from the mold and holes were punched with a 16-gauge blunt tip 
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needle (Cat: 5FVG5, Grainger, USA) for inlet and outlet connections. Later, patterned surface of 

PDMS was cleaned with tape and irreversibly bonded to a 24 mm x 60 mm #2 pre-cleaned cover 

glass (Warner Instruments, USA) by oxygen plasma bonding (Harrick Plasma Cleaner, 30 

seconds, 18 W). The assembly was placed in a convection oven at 90oC for 2 hours to facilitate 

covalent bonding between the glass and PDMS. Microchannels were stored at room temperature 

overnight before use and discarded after the experiment. 

Scanning electron microscopy (SEM) 
Prior to SEM imaging, PDMS parts were cleaned with tape and filtered nitrogen stream. 

For the cross-section imaging, the PDMS was gently cut using a double edge carbon steel razor 

blade (Cat: 71933-50, Electron Microscopy Sciences, USA), placed onto double-sided tape that 

had been adhered to a glass slide, and sputter coated with an approximately 50 Å gold layer. 

SEM images were acquired using a Jeol JSM 6400 scanning electron microscope, with 

accelerating voltages ranging from 10 kV to 25 kV and magnification ranging from 40x to 

4000x.  

Numerical flow characterization 
Computational Fluid Dynamics (CFD) simulations were performed using 3D COMSOL 

(Comsol Inc., Sweden) model to numerically predict the wall shear stress magnitudes at every 

location within the microfluidic device. Using the laminar flow assumption with Newtonian 

perfusion media and no-slip condition at the microchannel walls, the Navier-Stokes equation was 

solved for 2,431,573 elements that were created on the 3D microchannel model with physics-

controlled fine-meshing (average mesh size: 20.19 µm). As a result, 3D velocity profiles were 

obtained across the microchannel and shear rate was calculated. The experimentally measured 

dynamic viscosity value of the medium at 37oC was used in the simulation, and shear stress 
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values for each element were calculated by multiplying viscosity and the shear rate using the 

linear proportionality property of Newtonian fluids. 

Microfluidic perfusion setup 
All parts used in flow experiments that were in contact with the perfusion medium were 

autoclaved (121oC, 15 PSI, 30 minutes) and the flow circuit was assembled in a sterile cell 

culture hood. First, peristaltic pump tubing with stoppers (Cat: EW-06447-13, Cole Parmer, 

USA) was installed in a peristaltic pump (7524-50 Master flex L/S with 7518-10 pump head, 

Cole Parmer, USA) and connected to the 1/32” ID 3350 Tygon tubing (Cat: 025871A, Fisher 

Scientific, USA) with a 1/16” straight polypropylene barbed fitting (Cat: 5121K191, McMaster-

Carr, USA) at both ends. The upstream flow tubing was connected to a 50-mL media reservoir 

and the downstream flow tubing was connected to a custom flow dampener. The outlet of the 

flow dampener was then connected to the inlet of the bubble trap (Diba Omnifit PEEK with 10 

µm PTFE filter, Cole Parmer, USA) using Tygon tubing and quick-turn polypropylene tube 

couplings (Cats: 51525K291; 51525K141, McMaster-Carr, USA). After these connections were 

made, the flow circuit was primed with culture media at 3.6 mL/min. The perfusion circuit was 

visually inspected for trapped air bubbles before connecting the microfluidic device. Finally, the 

outlet of the bubble trap was connected to the inlet of the microfluidic system by rigid 

polytetrafluoroethylene (PTFE) tubing (Cat: 5239K23, McMaster-Carr, USA) with a flow rate of 

0.2 mL/min. The outlet of the microfluidic device was connected back to the reservoir unit using 

PTFE tubing and Tygon tubing to complete the assembly of the closed-circuit perfusion system. 

The assembled perfusion setup was placed in an incubator and the flow rate of the pump was 

increased to the desired flow rate after 30 minutes. 

For live imaging, the perfusion system was set up in the same way but instead of placing 

the entire system in a cell culture incubator, the microfluidic device was placed in a stage top 
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environmental chamber (STXF-WSKMX-SET, Tokai Hit, Japan) at 37oC and 5% CO2. The flow 

reservoir and pulsation dampener were kept at 37oC near the microscope stage. For the control 

experiments with live imaging, the cell culture media in the microchannels was slowly 

replenished using a syringe pump at the flow rate of 0.4 µL/min such that the maximum shear 

stress in the microchannels would not exceed 0.1 dyne/cm2. 

Perfusion media viscosity measurement 
The dynamic viscosity of the cell culture media was measured with AR2000 plate-cone 

rheometer (TA Instruments, USA). An 80 mm diameter cone with the cone angle of 1o was set to 

50 µm away from the plate, and data were collected at different steady state shear rate values 

ranging from 500 to 2500 s-1. In this way, the Newtonian behavior of the cell culture medium 

was confirmed and the average dynamic viscosity values across a large shear rate range were 

calculated. All measurements were taken at 37oC (± 0.1oC). As a control, viscosity of filtered 

deionized (DI) water was measured with the same settings. 

Experimental flow characterization 
The flow system was set up as described above (without cells), with the microfluidic 

device placed on the stage of a spinning disk confocal (Yokagawa CSU-X1, Hamamatsu X2 

EMCCD mounted on a Leica DMI6000) and perfused with fluorescent beads (0.2 µm in 

diameter, Cat: F8811, Thermo Fisher Scientific, USA) in phosphate-buffered saline (PBS, 

Thermo Fisher Scientific, USA) at 0.5 mL/min. After 15 minutes, images were collected with an 

exposure time of 30 milliseconds. In the low uniform shear stress region, the entire Z stack was 

collected and analyzed to plot the flow profile across the microchannel height. For the flow 

visualization experiments, polystyrene green fluorescence beads (1 µm in diameter, Thermo 

Fisher Scientific, USA) at 1% w/v were perfused into the microfluidic device and the videos of 
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the streaklines of the particles were acquired using an Olympus IX83 inverted fluorescence 

microscope. 

Primary endothelial cell culture 
Pooled HUVECs (C-12203, Promocell, Heidelberg, Germany) were cultured at 37oC 

under 5% CO2 in a sterile humidified incubator in complete growth medium (Endothelial Cell 

Basal Medium-2 C-22211, supplemented with Endothelial Cell Growth Medium 2 Supplement 

Pack C-39211, Promocell) and 1X Antibiotic-Antimycotic (Cat: 15240112, Thermo Fisher 

Scientific, USA). Upon confluency, HUVECs were rinsed with PBS, treated with 0.05% trypsin-

EDTA (Cat: 25300062, Thermo Fisher Scientific, USA) for 5 minutes at room temperature, 

centrifuged at 300 x g for 4 minutes, and gently resuspended in fresh culture medium for a 

maximum of six passages. 

Microfluidic cell seeding and culture 
Microfluidic channels were autoclaved (121oC, 15 PSI, 30 minutes) and filled with sterile 

ethanol. Then, ethanol was replaced with sterile DI water and channels were coated with 50 

µg/mL fibronectin (Cat: 10838039001, Sigma Aldrich, USA) at 37oC for 1 hour in a cell culture 

incubator. HUVECs were suspended at 3 million cells per mL in complete growth media, and 40 

µl of this suspension was slowly injected into the fibronectin-coated microfluidic device from the 

inlet hole using a P200 micropipettor. The excess media around the outlet was immediately 

cleaned with sterile wipes and the device was placed in a petri dish and kept in the incubator for 

30 minutes. Once HUVECs began to adhere to the fibronectin-coated glass slide, 1 mL culture 

media was added on top of the inlet and outlet ports for overnight culture. Cells were cultured in 

microchannels for at least 16 hours to confluency to ensure that a uniform HUVEC monolayer 

was established (Appendix 3.6) before using them in the flow experiments. For static control 

experiments, the same seeding procedure was performed, and the media was replaced daily. 
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Cell fixing, staining, and endpoint imaging 
For all cell fixing and staining procedures, reagents were pipetted into microfluidic 

channels three times to ensure equal reagent delivery to all cells in different regions of the 

device. Immediately after the perfusion experiments, cells were fixed with 4% pre-heated 

paraformaldehyde (PFA) for 15 minutes in the 37oC incubator and stored in PBS at 4oC until 

immunofluorescence (IF) staining. For IF, all steps were performed at room temperature, within 

the microchannel. Cells were permeabilized with 0.1% (v/v) Triton X-100 (Cat: T8787, Sigma 

Aldrich, USA) in PBS (PBST) for 15 minutes and blocked with 10% (v/v) goat serum (Cat: 

G9023, Sigma Aldrich, USA) in PBST for 30 minutes. Golgi were labeled using mouse anti-

GM130 (1:200 dilution, Cat: 610823, BD Biosciences, USA) and goat anti-mouse IgG-

rhodamine RedX (1:500 dilution, Cat: 115-295-003, Jackson ImmunoResearch Laboratories, 

USA). All antibodies were incubated for 1 hour at room temperature. Samples were then rinsed 

with PBST and nuclei were stained for 10 minutes with 5 µg/mL Hoescht 33342 (Cat: H3570, 

Thermo Fisher, USA). Imaging was performed using a Nikon A1 confocal microscope on an 

inverted Nikon TiE platform (Nikon Instruments, Japan).  

Live imaging 
HUVECs at ~50% confluency were transduced with CellLight Golgi-GFP (BacMam 2.0, 

Thermo Fisher, USA), 2 µl per 10,000 cells, resulting in 70% transduction efficiency when 

assayed at 16 hours. Transduced cells were then seeded into the microchannels as described 

above and the nuclei were stained with 1 µg/mL Hoescht 33342 for 20 minutes before applying 

flow. Fluorescent and DIC images were acquired every 15 minutes for 6 hours. A modified 

Nikon Ti-E (Nikon instruments, Japan) was used for these studies. The brightfield illumination 

system used differential interference contrast with 505 nm transmitted light illumination from a 

diode illuminator (ScopeLED, USA) at 15 ms exposure time. The fluorescence images used a 
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Lumencor Spectra X light source (Lumencor, USA). Images were collected with a Teledyne-

Photometrics 95B camera (Teledyne-Photometrics, USA). Each image was composed of a field 

of 28 x 7 3-color images (GFP, Hoescht, DIC) collected sequentially and montaged to create the 

overview of the entire microfluidic chip. To maximize speed the images were collected using a 

high speed 5 position dichroic changer (50 ms change time) and high-speed filter wheel (10 ms 

change time) (FLI instruments, USA). Focus across the entire field was maintained using the 

Nikon perfect focus mechanism. Images were collected with a 10x 0.5NA plan apochromatic 

objective and montaged using Nikon NIS Elements software (5.1.01). 

Automated analysis of Golgi and nucleus 
Analysis of the Golgi and nucleus morphology from fluorescence endpoint images was 

automated using a custom-written macro for Fiji 133. Nuclei and Golgi were segmented 

independently and paired based on the distance between them. Among these pairs, if the center 

of the Golgi was within the nucleus region, the cell was designated as unpolarized. If the center 

of the Golgi was outside the nucleus region, the cell was designated as polarized and further 

characterized according to its orientation with respect to the flow direction. Cells were binned 

into four categories: upstream-oriented (Golgi-nucleus vector aligned against the direction of 

flow), downstream-oriented (Golgi-nucleus vector aligned with the direction of flow), right-

oriented, or left-oriented. The macro returned the number of cells analyzed, percentage of the 

cells in each polarization category, the average distance between the centers of the Golgi and 

nucleus, the average area of the Golgi and nucleus, as well as parameters needed for subsequent 

statistical analyses. This macro allowed objective analysis of thousands of cells within a set of 

images in a few minutes. A flow chart detailing this macro can be found in Appendix 3.7. 
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Statistical methods 
Every experiment was repeated at least 3 times and the quantitative parameters were 

calculated for each experiment independently. A two-tailed unpaired student's t-test was applied 

for statistical comparison of the data from two different conditions. The cases where p > 0.05 

were considered not significant (ns). Experiments with more than two conditions were analyzed 

using one-way ANOVA followed by post hoc two-tailed unpaired student’s t-test with 

Bonferroni correction for pairwise comparison. Categorical data were analyzed by chi-square 

independence test followed by post hoc adjusted residual test with Bonferroni correction for 

pairwise comparison. 

Results 

Overview of the microfluidic device design 
To study effects of different flow conditions on EC biology, we designed a microfluidic 

chip to meet several key performance and manufacturing criteria. (1) The chip allows generation 

of a wide range of WSS magnitudes and gradients. (2) The flow regimes are stable and robust 

such that external or internal disturbances do not interfere with the operation of the device. (3) 

The chip is compatible with high numerical aperture objectives for high content imaging. (4) 

Chip fabrication does not require the use of sophisticated equipment or specialized facilities.  

To generate multiple flow regimes in a single device, our chip contains contiguous 

microchannel regions with different widths (Figure 3.1). The chip inlet leads to a narrow 

microchannel with constant width for high uniform WSS, which is followed by an expansion 

channel (Figure 3.1a; region 2) that generates a high-to-medium negative WSSG (i.e., WSS 

magnitude decreases in the direction of the flow). The next region is constant width for medium 

uniform WSS (Figure 3.1a; region 3) and is followed by an expansion channel (Figure 3.1a; 

region 4) that generates a medium-to-low negative WSSG. We designed these negative WSSG 
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regions to allow comparison of different average WSS magnitudes within similar WSSGs. The 

medium-to-low WSSG region is followed by a constant-width region for low uniform WSS 

(Figure 3.1a; region 5), which then leads to two narrow constriction channels (Figure 3.1a; 

regions 6 and 7) that generate a very steep low-to high positive WSSG. 

The microfluidic chip is symmetrical, with low (Figure 3.1a; region 10), medium 

(Figure 3.1a; region 12), and high (Figure 3.1a; region 14) uniform WSS regions in the outlet 

side of the microfluidic chip functioning as internal controls for their counterparts located on the 

inlet side of the chip. This duplication allows one to determine whether pressure drop across the 

microfluidic chip or factors secreted by cells in the upstream regions influences observed 

phenomena. Moreover, the microchannels with changing width in the outlet side of the chip 

(Figure 3.1a; regions 8, 9, 11 and 13) generate the same magnitude of WSSG as the 

microchannels in the inlet side of the chip (Figure 3.1a; regions 2, 4, 6, 7), but with the opposite 

sign. Altogether, our design enables a decoupling of effects of WSS magnitudes and gradients 

through 14 physiologically relevant flow regions. 
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Figure 3. 1. Design and numerical simulation of the novel microfluidic multimodal shear stress generator. 
(a) Schematic of the microfluidic multimodal shear stress generator, indicating 14 regions with different 
shear stress modalities. (b) Computational fluid dynamics simulations (Top) show the distribution of the 
shear stress across the microfluidic system. The black markers in each uniform shear stress region denote 
the hydraulic entrance length for those regions. Graph (Bottom) shows both the numerical (blue) and 
analytical (red) solutions for the magnitude of wall shear stress along the red dashed line (Top). Orange 
boxes (Bottom) indicate regions that offer predictable flow conditions where analytical and numerical 
solutions converge to similar results. 
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Analytical and numerical characterizations of the microfluidic device 
We designed and fabricated our microfluidic chip according to the following physical 

criteria. (1) The minimum microchannel width must be at least 200 µm since ECs auto-align in 

narrower microchannels in response to spatial confinement 194. (2) Uniform shear stress regions 

must be longer than hydrodynamic entrance length to ensure fully developed flow (i.e., 𝜕(∙)𝜕𝑥 =0). The hydrodynamic entrance length is calculated by 𝐿 𝑒 = 𝑎ℎ ∙ 𝑅𝑒                 (eq. 3.1) 

where 𝑎 is an empirical proportionality constant equal to 0.08 for microchannels with 

rectangular cross-section, ℎ is the height of the microchannel, and 𝑅𝑒 is the Reynolds number. 

(3) The thickness of the ceiling above the microchannels must be defined to minimize 

microchannel deformation under pressure-driven flow, based on published design suggestions 

195,196. (4) Abrupt changes in the microchannel width must be avoided to prevent the generation 

of unwanted recirculation zones and vortices.  

To characterize the effectiveness of our design, we performed both theoretical and 

computational analyses and measured flow velocity profiles in the microfluidic chip. In the 

microchannel regions with uniform width, the solution of the Navier-Stokes equations for the 

steady-state laminar flow approximates to Hele-Shaw flow, where the WSS acting on the cells 

can be calculated as 𝜏𝑤 = 6𝜇𝑄𝑤ℎ2                                    (eq. 3.2) 

where 𝜇 is the dynamic viscosity of the fluid, 𝑄 is the volumetric flow rate, and 𝑤 is the 

width of the microchannel. However, especially in high WSS regions where the aspect ratio 

(ℎ/𝑤) can be as high as 0.2, the sidewalls also contribute to the WSS acting upon the cells. This 
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sidewall effect can be taken into account by using the empirically-corrected version of the WSS 

formula above, which is valid for aspect ratios up to 0.3 197. This corrected formula is  𝜏𝑤 = 2𝜇𝑄𝑤ℎ2 (𝑚+1𝑚 )(𝑛 + 1)     (eq. 3.3) 

where 𝑛 = 2 and 𝑚 is defined as 𝑚 = 1.7 + 0.5(ℎ𝑤)−1.4       (eq. 3.4) 

On the other hand, microchannel regions with changing width must have linear 

streamwise (i.e., along the 𝑥 axis) WSSGs so that cells in a given region are exposed to the same 

gradient slope. The WSS formula for the WSSG can be written as 𝜏𝑤(𝑥) = 6𝜇𝑄ℎ2 (𝑤𝑖−𝑤𝑓)𝐿𝑤𝑖𝑤𝑓 𝑥 + 6𝜇𝑄𝑤𝑖ℎ2    (eq. 3.5) 

where 𝑤𝑖 and 𝑤𝑓 are the width of the microchannel at the beginning and the end of the 

WSSG region, respectively, while 𝐿 is the axial length of the WSSG region (Appendix 3.1). The 

curved microchannel sidewall formula needed to obtain this WSSG can also be written as  𝑐(𝑥) = 𝐿𝑤𝑖𝑤𝑓2((𝑤𝑖−𝑤𝑓)𝑥+𝐿𝑤𝑓)      (eq. 3.6) 

Using these formulae, we generated the microchannel sidewall profiles with respect to 

the initial and final microchannel widths for the desired WSSG slope. (See Appendix 3.2 for the 

derivation of these formulae). 

Dynamic viscosity (µ) in the WSS formulae above is a material property and its value is 

specific to the perfusion medium and its temperature. However, in the literature, it is common to 

assume the dynamic viscosity of the perfusion medium is equal to that of water at room 

temperature 187,198, whereas other studies have assumed a much higher viscosity 199. To ensure 

our WSS calculations were correct, we measured the dynamic viscosity of the complete EC 
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growth media that we used in this study and found its value as 0.87 mPa.s at 37 °C (Appendix 

3.3).  

Using the analytical model and the measured dynamic viscosity, we defined the exact 

dimensions of each microchannel region (Appendix 3.4) which resulted in uniform WSS 

magnitudes of 40.2 dyne.cm-2, 18.6 dyne.cm-2, and 4.4 dyne.cm-2 for high (regions 1 and 14), 

medium (regions 2 and 13), and low (regions 5 and 10) uniform WSS regions, respectively, at 

the flow rate of 1.6 mL.min-1. Slopes of the linear WSSGs between these regions had absolute 

magnitudes of 8.5 dyne.cm-2.mm-1 (regions 2,4,11,13) and 17.4 dyne.cm-2.mm-1 (regions 

6,7,8,9). Numerical simulations yielded similar results across the microfluidic chip (Figure 3.1b) 

with 659 Pa pressure drop across the entire microchannel. Numerical simulations also revealed 

how far the wall effects 200 propagated into the middle of the microchannel from the sidewalls. 

For subsequent cellular analysis, we only included the microchannel portions sufficiently far 

from to the sidewalls where the consistent shear stress values were predicted from analytical 

flow analysis (Appendix 3.5). Lastly, we marked the hydrodynamic entrance length for each 

uniform shear stress region (Figure 3.1b; black markings) and did not analyze the cells in 

microchannel regions with potentially undeveloped flow. These data demonstrate that our 

microfluidic system design can span a 10-fold wall shear stress range and the spatial gradients 

within this range, covering a majority of physiologically-relevant flow modalities observed in 

vascular networks201.  

Fabrication and experimental validation of the microfluidic device 
Our design flexibly connects all shear stress regions in a single layer with only one inlet 

and one outlet, facilitating fabrication, operation, and imaging. Using stereolithographic additive 

manufacturing technology 202, we fabricated the molds for our microfluidic device in less than 4 

hours in a fully-automated manner without the need for cleanroom facilities. We used these 
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molds to rapidly prototype the PDMS (polydimethylsiloxane)-based microfluidic chips that we 

used throughout this study (Figure 3.2a). However, additive manufacturing can introduce higher 

levels of surface roughness than photolithographic microfabrication, which might result in 

fluctuations in WSS. To assess surface roughness, we imaged the microchannels using scanning 

electron microscopy (SEM). Images revealed surface roughness only at a submicron level 

(Figure 3.2b), which is less than 0.5% of the microchannel height, introducing variation that 

would not likely impact the flow perceived by cultured cells. In support of this assumption, 

micro-particle image velocimetry (µPIV) measurements with fluorescent beads showed parabolic 

velocity profiles across the height of the microchannels (Figure 3.2c), as predicted by the Hele-

Shaw flow model. Therefore, we conclude that stereolithography is a valid rapid fabrication 

technique able to meet the geometrical requirements of our microfluidic chip designs.  

We designed our microfluidic chip to ensure laminar flow, free from flow separation and 

consequent vortices as well as inertial drag forces. To confirm laminar flow conditions within the 

microfluidic chip, we used fluorescent beads in the perfusion medium to experimentally 

visualize the streaklines throughout the microchannels. In these experiments, we observed no 

flow recirculation or vortex generation, validating our flow model. Furthermore, beads were 

randomly distributed across the channel width even in high WSS regions, confirming the lack of 

inertial drag forces. These observations confirm that flow regimes within our device maintain 

smooth WSS transitions with predictable WSSGs. Altogether, these characterization studies 

show that our novel microfluidic chip can stably generate different physiologically relevant shear 

stress modalities in a single device, as predicted by our design calculations. 
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Figure 3. 2. Fabrication and experimental characterization of the microfluidic chip. (a) Representative 
sample of our PDMS-glass microfluidic chip with the inlet and outlet tubing connected. Microchannels 
were filled with orange dye to facilitate visualization. (b) Scanning electron micrograph of the PDMS 
microchannel with increasing magnification, displaying the surface roughness of the microchannel. (c) 
Flow profile at the cross section of the microfluidic device plotted from micro-particle image velocimetry 
analysis at 0.5 mL/min. Each dashed line in the inset represents the path for each fluorescence bead in the 
field. 
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Perfusion setup and automated analysis of Golgi and nucleus 
To assess effects of WSS on EC biology, we created a sterile flow circuit in which a 

peristaltic pump drew medium from a heated reservoir and passed it through a pulse dampener 

and bubble filter before entering the microfluidic chip (Figure 3.3a). After seeding HUVECs 

into the chip, we cultured them in static conditions for the establishment a uniform monolayer 

across the chip (Appendix 3.6) prior to application of different modalities of physiological flows 

for 24 hours (Figure 3.3b). We then fixed and stained cells for Golgi and nucleus. For all 

morphological analyses, we only imaged regions of the microfluidic channel where simulation 

and analytic solutions maintained concordance and where the cells were buffered from gradients 

due to wall effects. From these images, we quantitatively characterized HUVEC polarity 

responses to flow using a custom-written macro. This macro (Appendix 3.7) automatically 

paired nuclei and Golgi and measured Golgi-nucleus polarization and orientation of thousands of 

cells (Figure 3.3c) for subsequent statistical analysis.  
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Figure 3. 3. Workflow for cell culture experiments and image analysis. (a) Schematic of the sterile flow 
circuit used with the microfluidic chip. The flow circuit can be set up on a microscope stage for live 
imaging under flow or it can be placed in a cell culture incubator for endpoint analysis. (b) Experimental 
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timeline for Golgi-nucleus morphology studies. Human umbilical vein endothelial cells (HUVECs) were 
seeded inside the microfluidic chip 16 hours before initiating flow and fixed after 24 hours of flow. (c) 
Fluorescent images of nuclei and Golgi were analyzed automatically using a custom-written macro to 
define and pair each nucleus and Golgi as well as to categorize each cell as nonpolarized (gray) or 
polarized. Polarized cells were binned into one of four Golgi-nucleus orientation categories: upstream 
(red), downstream (blue), right (dark green), left (light green), with respect to the direction of flow. 
Orientation maps outline Golgi (cyan) and nucleus, with nucleus color indicating the orientation of the 
cell. 

 

Golgi-nucleus polarization is more sensitive than Golgi-nucleus 

orientation to uniform WSS 
The separation of the Golgi and nucleus in the plane of the EC sheet (i.e., Golgi-nucleus 

polarization) and their alignment with respect to the direction of fluid flow (e.g., Golgi-nucleus 

orientation) are robust responses to shear stress 156. In our microfluidic chip under static 

conditions, approximately 50% of HUVECs were unpolarized and 50% were polarized but not 

oriented towards a particular direction (Figure 3.4a, b-i). All microchannel regions showed 

similar results in static conditions, indicating that the microchannel geometries did not alter 

either the polarization or the orientation of ECs. When we exposed HUVECs to laminar flow for 

24 hours, approximately 95% of cells became polarized in all uniform WSS regions, regardless 

of the WSS magnitude (Figure 3.4a, b-ii). Similar to the static conditions, HUVECs oriented 

randomly in response to low uniform WSS (4 dyne.cm-2). By contrast, HUVECs oriented 

upstream in a shear stress magnitude dependent manner at 19 and 40 dyne.cm-2. We obtained 

similar results from both inlet and outlet sides, indicating that the pressure drop across the 

microchannels did not influence Golgi-nucleus polarization or orientation. These results 

suggested that even at 4 dyne.cm-2, which is considered to be the very lowest end of the 

physiological shear stress range for vascular ECs 203, WSS was sufficient to induce Golgi-

nucleus polarization but not Golgi-nucleus upstream orientation. 
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Figure 3. 4. Golgi-nucleus polarization and orientation in response to uniform wall shear stress (WSS). 
(a) Golgi-nucleus polarization and orientation maps from a representative 24-hour experiment, showing 
HUVECs exposed to high (40 dyne.cm-2; region 1), medium (19 dyne.cm-2; region 3), and low (4 
dyne.cm-2; region 5) uniform WSS magnitudes, together with the static controls from the respective 
microchannel regions. Golgi are outlined in cyan. To indicate Golgi-nucleus orientation, nuclei are 
outlined in red (upstream), blue (downstream), dark green (right), light green (left), or white 
(nonpolarized). Scale bar, 100 µm. (b) Quantitative analysis of the polarization and orientation responses 
in (i) static control and (ii) uniform WSS of indicated magnitudes (table below bar graphs), with colors 
corresponding to orientation category. n = number of cells analyzed in each region, combined over 3 
independent experiments. Data are mean ± SEM. Chi-square independence test followed by post-hoc 
adjusted residual test with Bonferroni correction. ***p<0.0005; ns, not significant at p > 0.01 after 
Bonferroni correction. 
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Negative WSSGs promote and positive WSSGs inhibit Golgi-nucleus 

upstream orientation 
Next, we assessed Golgi-nucleus orientation in WSSG regions. In these regions, the 

percentage of polarized cells increased from ~50% in static controls to ~95% with flow (Figure 

3.5), similar to results in uniform WSS regions. However, the Golgi-nucleus orientation differed 

based on the sign and the steepness of the WSSG. More HUVECs were oriented upstream in 

response to a negative WSSG compared to a positive WSSG of the same slope and average WSS 

magnitude (Figure 3.5b). The difference between numbers of upstream and downstream 

oriented ECs increased as the negative WSSG steepened (Figure 3.5b-iii, iv). For example, in 

response to a steep negative WSSG (-17 dyn.cm-2.mm-1) with average WSS magnitude of 24.5 

dyn.cm-2, cells oriented upstream similarly to cells exposed to uniform WSS magnitude of 40 

dyn.cm-2 (Figure 3.5b, Regions 8 & 9 vs. Figure 3.4c, Regions 1 & 14). By contrast, positive 

WSSG had the opposite effect, reducing numbers of upstream oriented ECs. For example, in 

response to a shallow positive WSSG (8 dyn.cm-2.mm-1) with average WSS magnitude of 11.5 

dyn.cm-2, cells oriented randomly, similarly to cells in uniform WSS magnitude of 4 dyn.cm-2. 

(Figure 3.5b, Region 11 vs. Figure 3.4b-ii, Regions 5 & 10).  

To confirm that our observations regarding effects of WSS and WSSGs did not depend 

on the specific geometry of our microfluidic chip, we modified the width and the length of the 

device following the design guidelines described above to generate higher WSS magnitudes with 

steeper WSSGs. HUVECs exposed to WSS magnitudes of up to 60 dyne.cm-2 and gradients up 

to 40 dyne.cm-2.mm-1 showed very similar polarization and orientation to cells in microchannels 

with standard geometry (Appendix 3.8). Thus, the effects of WSS and WSSG on Golgi-nucleus 

polarization and orientation did not depend on the specific microfluidic device design. 
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Figure 3. 5. Golgi-nucleus polarization and orientation in response to wall shear stress gradients (WSSG). 
Quantitative analysis of the polarization and orientation responses in (a) static control and (b) WSSGs, 
comparing regions of oppositely orientated WSSGs of low steepness and high average WSS (b-i), low 
steepness and low average WSS (b-ii), and high steepness and medium average WSS (b-iii, iv), with 
average WSS and WSSG as indicated the table below the bar graphs. Golgi-nucleus orientation is 
indicated as upstream (red), downstream (blue), right (dark green), left (light green), or nonpolarized 
(gray). n = number of cells analyzed in each region, combined over 3 independent experiments. Data are 
mean ± SEM. Chi-square independence test followed by post-hoc adjusted residual test with Bonferroni 
correction. ***p<0.0005; **p<0.005; *p<0.01; ns, not significant at p > 0.01. 

 
 

Golgi-nucleus upstream orientation develops quickly after the onset of 

the flow 
To understand the dynamics of EC responses to WSS, we live-imaged HUVECs in our 

microfluidic device, with a similar set-up to that described above, but with the microfluidic chip 

housed in a stage-top environmental chamber (Figure 3.3a). We used Hoescht 3342 dye to label 

nuclei and baculoviral-transfected GFP-tagged N-acetylgalactosaminyltransferase to label Golgi 

and imaged across the entire chamber at 15-minute intervals over a 6-hour period. In the static 

controls, approximately half of the cells were unpolarized while the rest were randomly oriented 

at all time points (Figure 3.6a). Although individual cells were constantly changing their state of 

polarization and direction of orientation, the population level response remained the same over 

time (Figure 3.6a). Upon exposure to flow, the number of upstream oriented cells increased 

while the number of downstream oriented cells decreased (Figure 3.6a). The ratio of upstream 

oriented cells to downstream oriented cells (orientation index) increased over time, with the 

greatest rate of change in the first 3 hours, regardless of shear stress modality (Figure 3.6b). The 

orientation index increased more rapidly in response to higher WSS magnitude (Figure 3.6b-i), 

and negative WSSGs resulted in higher orientation index compared to positive WSSGs with the 

same average WSS magnitude (Figure 3.6b-ii, iii). Overall, results from live imaging 

experiments supported observations of the Golgi-nucleus polarization and orientation in response 
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to different physiological WSS modalities after 24 hours of flow and demonstrated that the 

Golgi-nucleus polarization and orientation response develops quickly after the onset of the flow. 
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Figure 3. 6. Live analysis of Golgi-nucleus polarity and orientation in response to shear stress. (a) 
Representative images (left) from a time-lapse series of live-stained HUVECs (Golgi, nucleus) exposed to 
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high uniform WSS (top; 40 dyne.cm-2) or quasi-static conditions (bottom; 0.1 dyne.cm-2).  Overlays show 
Golgi-nucleus orientation maps merged with DIC images. Golgi are outlined in light blue. To indicate 
Golgi-nucleus orientation, nuclei are outlined in red (upstream), blue (downstream), dark green (right), 
light green (left), white (nonpolarized), or gray (Golgi not visible). Stacked area plots (right) demonstrate 
dynamic Golgi-nuclear orientation map over 6 hours of live imaging. Scale bars, 50 µm. (b) Orientation 
index (ratio of upstream oriented cells to downstream oriented cells) of HUVECs exposed to flow (Top) 
or static (Bottom) conditions over 6 hours, in uniform WSS regions (i), low WSSG regions (ii), and high 
WSSG regions (iii). n = number of cells analyzed in each group, combined over 4 independent 
experiments for flow and 3 independent experiments for control. Data are mean ± SEM 

 

ECs respond to flow by altering Golgi and nucleus sizes and Golgi-

nucleus distance but these changes are independent of WSS magnitude 

or gradient 
Although we found that the Golgi-nucleus orientation was regulated by WSS magnitude 

and gradient, the flow-dependent transition from a nonpolarized state to a polarized state did not 

depend on WSS magnitude or gradient. To investigate EC morphological response to flow, we 

measured the projected area of the nucleus and Golgi, and the distance between their centers 

after 24 hours of flow (Figure 3.7). We found that the nucleus and Golgi areas were significantly 

decreased under flow by 20% and 51%, respectively, compared to static controls (Figure 3.7a, 

b). On the other hand, the average distance between the Golgi and nucleus centers significantly 

increased by 34%, from 6.6 µm in static conditions to 8.9 µm under flow (Figure 3.7c). All of 

these changes were independent of WSS magnitude and gradient.  

To evaluate the dynamics of observed increases in Golgi-nucleus distance, we measured 

the change in this distance over 6-hours from time lapse sequences (Figure 3.8a). Golgi-nucleus 

distance increased immediately after the onset of flow, reached a peak value within 3 hours, then 

remained stable and at a similar level regardless of WSS modality (Figure 3.8b). By contrast, in 

the static control experiments, the Golgi-nucleus distance did not increase, although distances 

fluctuated over time. Together, these data suggest that Golgi-nucleus polarization is an early and 

uniform response to WSS. Both the decrease in the Golgi and nucleus areas as well as the 
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increase in the distance between them contribute to polarization by decreasing their overlap and 

rendering them as two distinct entities. On the other hand, Golgi-nucleus upstream orientation in 

response to flow occurs within a similar timeframe in all tested flow modalities, but the extent of 

this response depends on the magnitude of the WSS and the sign of the WSSG. 
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Figure 3. 7. Analysis of Golgi and nucleus sizes and the distance between them in response to different 
modalities of shear stress. Human umbilical vein endothelial cell (HUVEC) nuclear projected area (a), 
Golgi projected area (b), and Golgi-nucleus distance (c) assayed after 24 hours of static (black bars) or 
flow (gray bars) conditions, in uniform WSS regions (left), low WSSG regions (center), and high WSSG 
regions (right) of the microfluidic device.  Representative images of Golgi stain (GM130) and nuclear 
stain (Hoescht 33342) at far right are from region 1. Scale bars, 50 µm. n = number of cells analyzed in 
each group, combined over 3 independent experiments. Data are presented as mean ± SEM. ANOVA 
followed by post-hoc two-tailed unpaired student’s t-test with Bonferroni correction for pairwise 
comparison. ***p<0.001; **p<0.01; *p<0.05; ns, not significant at p > 0.05. 
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Discussion and Conclusion 
Our microfluidic chip allows interrogation of effects of a wide range of physiologically 

relevant shear stress magnitudes and shear stress gradients on EC morphology and behavior in a 

single experiment. The design strategy generates three different magnitudes of uniform shear 

stress and six different spatial shear stress gradients in a single unit with a closed-loop flow 

circuit that has only one inlet and one outlet. With the experimental flow rate of 1.6 mL.min-1, 

we achieved laminar flow; the maximum Reynolds number inside the chip was ~51, which was 

more than an order of magnitude lower than the threshold value of ~2300 for turbulent transition. 

Furthermore, characterization of this chip demonstrated flow stability and validated the 

analytical and numerical models used to design the system. Importantly, our chip allowed 

application of a wide range of shear stress without progressive deviation from target magnitudes, 

demonstrating improved performance compared to other designs 190. 

For most microfabrication techniques, fine control of microchannel width is easier than 

fine control of microchannel height. Moreover, because WSS scales with ℎ−2 and 𝑤−1, small 

deviations in microchannel height cause more pronounced deviations in shear stress than small 

deviations in channel width. Therefore, using varying microchannel widths to generate multiple 

shear stress modalities both simplifies microfabrication and improves accuracy. 

The design of our microfluidic system allowed for long-term cell culture and minimal 

reagent use. The 200 µm microchannel height kept HUVECs viable for 24 hours in static culture 

while requiring only ~30 mL perfusion media for application of shear stress. Moreover, the 

microchannel height was considerably larger than the thickness of the EC monolayer 204, 

allowing us to ignore effects of dynamic EC height changes in response to shear stress 205. 
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One of the biggest obstacles to widespread adoption of “lab-on-a-chip” technologies is 

the complexity of integrating microfluidic chips with bulky fluid handling systems, e.g. the “lab-

around-the-chip.” 206. Such obstacles can be removed by miniaturization and on-chip integration 

of the equipment required to run the microfluidic systems. To this end, we propose future 

designs that integrate a continuous bubble filter 207 using the multilayer microfabrication 

capability of stereolithography-based 3D printing (see Appendix 3.9 for the addition of 

reservoir and discharge channel). Further integration of bulk fluid handling devices with the 

chip could render this microfluidic system even more accessible to most laboratories. 

Results from our microfluidic device are concordant with published findings that ECs 

adopt upstream orientation after 3 hours exposure to shear stresses above 7.2 dyne.cm-2 154. With 

a more detailed analysis of cell polarity and orientation, we found that shear stress as low as 4 

dynes.cm-2 led to a rapid and dramatic increase in numbers of polarized HUVECs compared to 

static controls, independent of shear stress magnitude. Analysis of nuclear and Golgi size and 

position suggested that this increase was likely due to both nuclear and Golgi compaction 

combined with increased Golgi-nucleus distance, which were similar across all shear stress 

modalities. Based on reports of compact organellar morphologies in G1-phase hTert-RPE1 cells 

208 and reports that flow leads to cell cycle arrest at G1/S transition in HUVECs 209, we speculate 

that increased polarization reflects flow-mediated cell cycle arrest. However, our current findings 

are purely correlative; we do not know whether cell cycle arrest is necessary or sufficient for the 

Golgi-nuclear changes observed here. Future work with our device would allow a more detailed 

dissection of these processes. 

The effect of shear stress gradients on EC morphology and function is not well 

understood. ECs surrounding a stenosis or atherosclerotic plaque, which are subjected to spatial 
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WSSGs, adopt a cobblestone as opposed to an elongated morphology 210, and associated EC 

dysfunction may contribute to plaque rupture 211. The inhibition of EC alignment, e.g. cell shape 

change, with positive WSSG and its promotion with negative WSSG have been demonstrated in 

macroscale flow chambers and T-shaped perfusion channels at supraphysiological shear stress 

levels 212,213. Here, we extend these observations on whole cell morphology, demonstrating that a 

physiologically relevant positive WSSG inhibits Golgi-nucleus upstream orientation whereas a 

negative WSSG enhances upstream orientation. Whether these changes in Golgi-nuclear 

polarization and orientation correlate with changes in directional migration or EC function 

remain to be determined. 

Whether Golgi-nucleus polarization and orientation reflect simple mechanical responses 

to flow, e.g. displacement of the nucleus under a load, as opposed to mechanotransduction-

mediated responses, remains unclear. The mechanical hypothesis suggests that the nucleus is 

dragged by the flow to downstream regions of the cytoplasm 154. Additionally, the tensile and 

compressive forces generated along the direction of the flow by the positive and negative 

WSSGs, respectively, may contribute to the extent of upstream orientation 162,169. Together, our 

results suggest that polarization and orientation may be governed by different mechanisms. For 

instance, polarization may result from mechanotransduction leading to flow-dependent cell cycle 

arrest, whereas upstream orientation may result from integrating both the physical and 

biochemical responses to shear stress magnitude and gradient. Further research will be required 

to systematically test the roles of different flow modalities in triggering mechanosensitive cell 

polarity signaling pathways such as NOTCH1 214, PAR-3 156, and APLNR 158 in shear stress-

mediated Golgi-nucleus polarization and orientation. 
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Chapter 4: Towards High-throughput Microfabrication 

Without Using Silicon Wafers: Polycarbonate Heat 

Molding Technique 
 

Introduction 
Soft lithography is a prominent technique for rapidly fabricating miniaturized devices 

with elastomeric materials for a variety of fields including chemistry, material science, and 

biology215-217. Fabrication of these devices conventionally requires casting of pre-cured 
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elastomers on rigid Silicon-Photoresist (Si-Pr) composite master molds in order to replicate the 

microfeatures on the Si-PR master mold. This strategy then is frequently used with 

polydimethylsiloxane (PDMS) for implementing different microfabrication techniques such as 

replica molding and microcontact printing. Although this fabrication approach has been 

extremely useful over the last twenty years, challenges associated with master mold fabrication 

inhibited many groups from pursuing novel microtechnological innovations218. Si-Pr composite 

master molds are conventionally fabricated through photolithography in a cleanroom 

environment using the SU-8 family of negative photoresists on silicon wafers. This type of 

fabrication requires user expertise to be successful as most of the steps are manual, are associated 

with high material and equipment costs, demand specialized facilities that may not be available 

to everyone, and are challenging for mass fabrication. This creates a barrier for the utilization 

and adaptation of this technology especially for non-experts and also can cause issues for the 

commercialization of the products fabricated through this approach219.  

Furthermore, soft lithography has also been challenging because of problems related to the 

properties of the master molds. The composite nature of Si-Pr master molds results in limited 

casting lifetime. The differences between the thermal expansion coefficient of the photoresist 

and the silicon layers result in thermal stress and consequent delamination after a number of 

heating-cooling cycles220. This issue becomes more prominent when thicker photoresist layers 

with high-aspect-ratio features are present in the master mold. Fabrication of Si-Pr master molds 

with high-aspect-ratio features also poses additional problems such as the repeatability of the 

uniformity of spin-coating thickness, challenges associated with developing high-aspect ratio 

indentations (e.g., trenches), and poor adhesion between crosslinked photoresist and silicon 

wafers. Furthermore, damage can occur in high-aspect ratio features during the manual peeling 
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of the cured PDMS from the mold, which is frequently experienced during the PDMS replica 

molding process. Such issues render Si-Pr master molds fragile and not particularly robust.  

To overcome the issues associated with Si-Pr master molds, several other master mold 

fabrication techniques have been used including mechanical micromilling and 3D-printing. 

Mechanical micromilling allows for fabrication of high-resolution master molds on a diversity of 

substrates automatically through Computer Aided Manufacturing (CAM) software and 

automated stages221. However, mechanical micromilling also requires sophisticated tools and 

expensive equipment, cannot be scaled up for mass production easily, and fabrication parameters 

are needed to be optimized for each substrate type and geometry. Also, the aspect-ratio of the 

trenches and microwells are limited due to micro end mill failure222 along with the inability of 

the milling process to produce sharp inner corners221. Another approach is 3D printing in the 

additive manufacturing domain, which has been improving its ability to create more complex 

master mold geometries with automation in shorter time periods202,223. However, this approach is 

limited in its feature resolution, which is far less than photolithography, has surface roughness 

challenges, and can inhibit the curing of PDMS on 3D printed molds due to residual compounds 

remaining in the mold structure during the fabrication. In addition, vertical sidewalls with sharp 

edges cannot be produced by 3D printing due to a scalloping effect224. Although the recent 

advances in additive manufacturing techniques such as the implementation of two-photon 

polymerization (2PP)225 for rapid prototyping of microdevices can overcome some issues related 

to resolution226, fabrication of large high-aspect-ratio structures still are challenging due to 

delamination and deformation related to the shrinkage of negative photoresists227.  

Therefore, several techniques have been proposed to copy the existing master molds 

instead of using time consuming, expensive, and cumbersome master mold fabrication methods 



 

 

106 

to re-fabricate the damaged master molds or to scale up the fabrication. These copying 

techniques use PDMS elastomers that have been fabricated through the master molds as 

elastomeric molds to fabricate rigid copy molds through an additional replica molding process. 

These approaches include using UV-curable epoxies228,229, polyurethane (PU)230, polystyrene 

(PS)231,232, and polyvinylsiloxane (PVS)233 as copy mold materials. Beside the need for 

specialized equipment and reagent preparation, all of these techniques require the pouring of the 

pre-cured mold material on the elastomeric PDMS mold, degassing, and curing. The pouring of 

the mold material and removing the trapped bubbles can distort the features on the non-rigid 

PDMS mold by applying instantaneous drag force on them especially if the PDMS mold has 

high-aspect-ratio protrusions such as thin sidewalls and microposts. On the other hand, more 

conventional techniques such as hot embossing or injection molding, can fabricate very high-

aspect-ratio microstructures234-236. These processes though require rigid molds to be used and 

they would not be compatible with elastomeric PDMS molds due to the significant forces that 

are needed, which would again deform features on the PDMS mold. Instead, rigid Si-Pr master 

molds are generally directly used in these techniques; however, any issue that may occur during 

the mold copying process can irreversibly damage the existing Si-Pr master mold237. Since 

master molds are challenging and expensive to fabricate, risking them often would not be 

preferable to many researchers. 

This study introduces a new approach that combines the benefits of these two groups of 

approaches in order to clone master molds for soft lithography. We used solid polycarbonate 

(PC) thermoplastic sheets as a starting material and melted them on PDMS molds by heating 

them above the glass transition temperature (Tg) without applying any external force; this 

allowed us to avoid distortion of the microfeatures on the deformable PDMS molds. As the PC 
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melt slowly filled the gap between the PC and the PDMS surfaces, the microfeatures of the 

master mold transferred to the PC sheet. We applied this polycarbonate heat molding (PCH 

molding) technique to copy various types of master molds that were fabricated through 

photolithography, mechanical micromilling, and 3D printing to obtain a variety of 

microstructures at multiple scales in monolithic PC copy molds. Difficult geometries such as 

high-aspect-ratio protrusions, holes, and trenches as well as unconventional geometries such as 

undulated structures with continuously-changing height were successfully fabricated using our 

technique. The geometries that we fabricated through our PC copy molds were compared to the 

geometries fabricated through the master molds and they also were tested for their structural 

integrity. Furthermore, this technique has been used to combine master molds fabricated through 

different methods into a single monolithic PC copy mold for the fabrication of multilayered 

complex micro-devices. Here, we describe the details of this method together with a quantitative 

characterization of the fabricated microsystems, which will enable others to use this technique 

for their own microfabrication needs. 

Experimental Methods 

Fabrication of master molds 
Three different commonly used microfabrication techniques were used to fabricate 

master molds with different geometrical features at different scales: Conventional 

photolithography, mechanical micromilling, and 3D printing. Conventional photolithography 

techniques were used to fabricate high-resolution silicon-photoresist composite molds using 

previously established photolithography protocols238. Briefly, 3” or 4” test grade Si wafers were 

spincoated using different negative tone SU8 family photoresists (MicroChem, MA, USA) 

depending on the height of the features. Photoresist-coated wafers were exposed to 365nm 
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UV-light through a chrome photolithography mask and uncrosslinked photoresist was removed 

with SU-8 developer (MicroChem, MA, USA). For the fabrication of high-aspect-ratio features 

additional steps8 were used with the conventional protocol to minimize non-uniform coating, 

delamination, and underdevelopment challenges221. Also, mechanical micromilling was used to 

fabricate microfeatures on a blank PMMA workpiece (McMaster Carr, IL, USA) using tungsten 

carbide micro end mills239. The microtopology geometries were created in SolidWorks 2016 

(Dassault Systèmes, Vélizy-Villacoublay, France) and tool paths were generated using Master 

CAM X7 software in g-code language. In addition, 3D printing was used to fabricate multi-step 

low resolution master mold geometries through stereolithography. Accura SI 10 Polymer was 

used in VIPER si2T Stereolithography System (3D Systems, Rock Hill, South California, USA) as a 

photocurable resin. 3D Computer-aided design (CAD) geometries were sliced into 25µm thick 

layers and each layer was photo-crosslinked in a high-quality mode setting. Fabricated molds 

were post-cured with UV to increase their mechanical strength. For all approaches, the master 

molds were coated with TFOCS for 2 hours in a desiccator prior to PDMS replica molding to 

prevent adhesion. 

PDMS mold fabrication from master molds 
Sylgard 184 PDMS (Dow Corning, Midland, Michigan, USA), was mixed with a curing 

agent at a 5:1 mass ratio in a test tube and degassed with a centrifuge (2000 rpm, 5 minutes). 

Degassed PDMS was poured onto the master mold and degassed again in a desiccator. PDMS-

covered master molds were then baked in a convection oven at 60 °C for 90 minutes so that the 

curing temperature would not exceed the HDT of the master mold materials. Crosslinked PDMS 

was allowed to cool to room temperature, separated from the master molds, and trimmed. The 
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patterned surface of the cured PDMS was cleaned with tape prior to usage. The PDMS parts 

were then placed in a brass substrate that was covered with an aluminum sheet and coated 

with TFOCS for 2 hours in a desiccator similar to the master molds to ease the peeling of the 

PDMS after PCH molding. PDMS parts were then dried in a convection oven at 80 °C overnight 

until they were used in the PCH molding process. 

Polycarbonate sheet separation 
Polycarbonate sheets (McMaster-Carr, IL, USA) were cut to a size slightly smaller than 

the size of the O-ring seals used in the process. Sheet metal snips were used to cut the PC 

sheets thinner than 3/32” while the thicker sheets were cut using a benchtop drill press 

followed by sanding. Laser cutting PC sheets was found to be challenging as it had issues with 

the quality of the cut, fume issues during the process, and even ignition of the material. The cut 

PC sheets were then baked in a convection oven at 120 °C for 24 hours with their protective 

films to dehydrate them in preparation for use in the PCH molding process. The protective film 

was removed from the PC sheet just before using them to ensure that the PC surface was dust-

free. 

Pneumatic actuation experiments 

To run high pressure pneumatic actuation tests on flexible high-aspect-ratio PDMS 

sidewall structures, gas inlet holes were punched into cured PDMS parts using blunt needles 

and the device was sealed by covalently bonding it to a pre-cleaned 24 × 60 mm #2 glass slide 

(Warner Instruments, Cincinnati, USA) using air plasma (Harrick Plasma Cleaner, 30 seconds, 18 

W). The assembled device was baked at 80 oC in a convection oven for 1 hour and left at room 

temperature for 1 day to establish Si-O-Si covalent bonds between the glass slide and the 

patterned surface of PDMS. Tygon 3350 Silicone tubing (1/32” inner diameter, Saint-Gobain, 
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France) with fittings was used to connect the microfluidic device to a high pressure compressed 

air tank. A digital diaphragm pressure gauge (Cole Parmer Instrument Co., IL, USA) was added 

to the gas circuit next to the microfluidic channel to determine the pneumatic pressure. The 

deflection of deformable PDMS sidewalls were imaged under different levels of pneumatic 

actuation using a microscope (Zeiss Axiovert 200) equipped with 20x objective and Differential 

Interference Contrast (DIC). 

Scanning electron microscopy (SEM) 
SEM images were acquired for qualitative and quantitative assessment of the PDMS 

parts fabricated with the master mold approach as well as the PCH molding approach using Jeol 

JSM 6400 scanning electron microscope. Prior to SEM imaging, PDMS parts were cleaned with 

tape and filtered nitrogen stream. For the cross-section imaging, the PDMS parts were gently 

cut using double edge carbon steel razor blades (Electron Microscopy Sciences, PA, USA). PDMS 

parts were then placed onto double-sided tape, which was adhered to a glass slide and sputter 

coated with an approximately 50 Å gold layer. Acceleration ranging from 10 kV to 25 kV was 

used to acquire SEM images with magnifications ranging from 40x to 4000x. Quantitative 

analyses of SEM images were conducted using ImageJ. 

Atomic force microscopy (AFM) 

Sub-micron standing-sinusoidal wave patterns fabricated from PC copy molds and 

holographic diffraction gratings (Edmund Optics, NJ, USA) were quantitatively characterized by 

AFM using the Asylum Research MFP-3D Infinity system. Standard tapping AFM tips for surface 

characterization had a full cone angle of 40° and tip radius of < 8 nm. The AFM cantilever had a 

force constant of 40 N.m-1 and resonance frequency of 325 kHz (NanoAndMore, CA, USA). Each 

sample was scanned in 5 different locations where each location spanned 25 μm2 area with 256 
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x 256 resolution. Gwyddion software was used for the quantitative analysis and the 

visualization of the AFM data. 

Results 

Developing the polycarbonate heat molding (PCH molding) approach 
The PCH molding process described here involved using PDMS elastomers fabricated 

through various master molds as an elastomeric mold to copy the master mold geometry into a 

PC copy mold (Figure 4.1a). We accomplished this by first placing the PDMS elastomers on a 

brass plate that was covered with an aluminum sheet together with a rectangular cross-section 

O-ring. We coated the entire system with tridecafluoro-1,1,2,2-tetrahydrooctyl-1-

trichlorosilane (TFOCS, T2492, United Chemical Technology, PA, USA) followed by drying in a 

convection oven. Similar to many polymers, PC is hygroscopic and it absorbs moisture from 

atmosphere240. This absorbed moisture is likely to cause the formation of bubbles throughout 

the PC sheet when it is heated above the boiling temperature of water. Therefore, the PC 

sheets were dried below their Tg prior to using them in the PC heat molding process. Since PC 

absorbs moisture very quickly241 they were used in the PCH molding process immediately after 

drying. The dried PC sheet was placed on top of the PDMS mold and then heated above the Tg 

of PC until the melted PC filled all of the microfeatures on the PDMS mold (Figure 4.1b).  

PC sheets used in the fabrication were greater than the thickness of the PDMS mold to 

ensure that the PC covered the entire PDMS elastomeric mold once it melted. The Tg of PC is 

147 oC and the viscosity of PC decreases rapidly as the temperature exceeds Tg. Therefore, it 

was desirable to set the process temperature as high as possible to more easily fill the PDMS 

molds with a less viscous PC melt. However, there is a limit to this. The thermal degradation 
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temperature of the PDMS, which is ~280 oC242, creates an upper limit for the process 

temperature. For this reason, the process temperature was set to 230 oC since further increases 

in temperature will not substantially decrease the viscosity of the PC243 and the risk for PDMS 

thermal degradation is very low relative to its reported thermal degradation temperature 

(Figure 4.1c). Under these conditions, 4 hours of baking was sufficient to copy any geometry we 

tested into a PC sheet although lower baking durations were sufficient for simple low-aspect-

ratio geometries. After the baking, the samples naturally cooled down to room temperature for 

1 hour, allowing the PC sheet to re-solidify. The O-ring and the brass plate were removed 

followed by peeling off the aluminum sheet and PDMS part. The remaining PC copy mold then 

had the same surface topology as the original master mold as well as the same thickness as the 

PDMS part used process. Thus, it could be used as a copy mold to produce more PDMS 

microsystems through replica molding (Figure 4.1d). The PC copy mold was coated with TFOCS 

similar to the master molds to ease the peeling especially for high-aspect-ratio geometries. 

However, PC molds with most of the geometries do not need TFOCS as PC does not adhere to 

cured PDMS thanks to the significantly lower surface energy of PC244 compared to 

monocrystalline silicon245. The pre-cured PDMS can be baked in PC copy molds up to the heat 

deflection temperature (HDT) of PC which is 130 oC without warping. For a better comparison 

of the PDMS parts fabricated through master molds and PC copy molds, we cured PDMS in the 

PC copy molds with the same process as in the master molds. 



 

 

113 

 

Figure 4. 1. Polycarbonate (PC) copy mold fabrication. (a) Microfabrication flow chart. Polycarbonate 
heat molding can be used after PDMS replica molding to copy the master molds without any risk of 
damaging them, for further soft lithographic fabrication. Alternatively, the PC parts can be used as 
thermoplastic devices, directly. (b) Schematics of the polycarbonate heat molding process for copying 
master molds. PDMS microsystems fabricated through master mold (#1) were used as a mold to copy the 
master mold geometry into PC copy mold (#9). A Si-PR master mold is shown as an example in the 
schematic; however, other master mold types were also used similarly. (c) PC heat molding process 
temperature selection criteria: Temperatures high enough to render PC viscous enough but low enough to 
not to cause PDMS to thermally degrade. Therefore, 230 0C was selected as the process temperature. (d) 
Examples of the fabricated PC copy molds with various geometries at different scales where the mold 
sizes can be tens of centimeters with sub-micron features (grids are 0.5 inch x 0.5 inch). 
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Polycarbonate heat molding of common microfeatures 

To the test the copying capabilities of sharp-edged geometries, vertical sidewalls, and 

the filling efficiency of small holes, Si-Pr master molds with low-aspect-ratio common 

geometries were copied at different scales using our PCH molding approach. SEM images 

acquired from the PDMS microdevices fabricated through the PC copy molds show that the 

standard geometries such as triangles and circles at the millimeter scale were successfully 

copied into PC molds by maintaining the vertical sidewalls and the sharp edges both for the 

indentations and protrusions (Figure 4.2a, b). Furthermore, smaller 100 µm wide 

microchannels with serpentine configurations, which have been used in micromixer 

applications246, were copied with high fidelity (Figure 4.2c). Then, various geometries at smaller 

scale were used with PCH molding technique. Arrays of 40 µm diameter low-aspect-ratio 

microposts that are commonly employed for circulating cancer cell isolation and 

enrichment247,248 were successfully copied into PC copy molds from Si-Pr composite master 

molds (Figure 4.2d).  

A more challenging task for the PCH molding technique was copying microscale 

indentations into PC copy molds. The low viscosity of pre-cured Sylgard 184 PDMS (3.5 Pa.sec) 

is helpful for replicating microwell geometries during the PDMS replica molding process. 

However, copying these structures into PC sheets required filling these microwells with PC melt 

which has zero-shear viscosity of approximately 15,000 Pa.sec at 230 oC243, which is three 

orders of magnitude more viscous than the pre-cured Sylgard 184 PDMS. 4 hours of baking time 

at 230 oC allowed us to copy these geometries even in the absence of externally applied force. 

Consequently, PC copy molds of circular microwell arrays that are 10 µm in diameter (Figure 
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4.2e), which are frequently used in single cell analysis249 as well as the elliptical microwells of 

similar dimensions (Figure 4.2f) for 3D cellular microniches250 were successfully fabricated.  

 

Figure 4. 2. Scanning electron microscopy (SEM) images of various PDMS microsystems with common 
geometries at different scales fabricated using our polycarbonate heat molding approach. (a) 2 mm across 
triangular test geometries, (b) a circular test geometry that is 3 mm in diameter, (c) 100 µm wide 
serpentine microchannels, (d) a 40 µm diameter micropost, (e) 10 µm diameter circular microwell arrays, 
(f) elliptical microwell arrays with 10 µm in the short axis and 30 µm in the long axis are all fabricated 
through polycarbonate copy molds successfully. 

 

Fabrication of high-aspect-ratio protrusions and trenches 
Geometries that have high-aspect-ratio microfeatures are frequently used in lab-on-chip 

applications to take advantage of the elastomeric nature of PDMS. Such geometries can deform 

easily and predictably upon the application of external force enabling the development novel 

force sensors and microscopic mechanical actuators. This approach has been leveraged to study 

biomechanical properties of single cells251,252, to build mechanically-active organ-on-a-chips 

such as lung-on-a-chip253 and gut-on-a-chip254, and to apply mechanical stimulation to cells255 

and model organisms8. However, the repeatability of the fabrication of the master molds for 
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such high-aspect-ratio structures remains a challenge in soft lithography122 regardless of the 

master mold fabrication technique due to the inherent problems associated with them as 

mentioned above. These challenges are exacerbated when continuous high-aspect-ratio 

microscale features cover large areas. 

Duplication of the master molds with such geometries into a copy mold may be the 

most feasible solution for improving the limited lifetime of master molds and to increase the 

throughput of the fabrication. However, the techniques that are proposed to duplicate the 

original master molds either used the application of high contact force256, rigid intermediate 

mold234 or pouring of liquid plastics, which are then cured onto the PDMS molds230-232. 

Although, these techniques are beneficial for some applications, they are not well suited to the 

fabrication high-aspect-ratio slender geometries such as micropost arrays and thin sidewalls 

because of the issues with deflection of the high-aspect-ratio microfeatures during the pouring 

and forced-degassing processes which would cause instantaneous local forces on the slender 

PDMS microstructures. In addition, polyurethane solutions that are used to fabricate copy 

molds cannot be degassed after pouring them on PDMS molds due to their limited pot life230, 

which almost guarantees the creation of air pockets in high-aspect-ratio indentations.  

PC heat molding does not require the application of external forces such as in hot 

embossing but it still begins the process with a solid PC sheet, which slowly melts into the 

PDMS mold and penetrates into the high-aspect-ratio features without applying external force. 

Thus, the PCH molding approach to copy various master mold geometries with high-aspect-

ratio protrusions and microchannels at different length scales can be done without deflecting 

the high-aspect-ratio features (Figure 4.3). For this, Si-Pr master molds with high-aspect-ratio 
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concentric microchannel arrays that were 50 µm wide and 300 µm high (aspect ratio of 6) were 

copied into PC copy molds. The melted PC penetrated into these deep trenches and the PDMS 

parts fabricated through PC copy molds had intact vertical sidewall structures throughout the 

pattern (Figure 4.3a). At lower scales, 5 µm wide and 10 µm high straight microchannel arrays 

(with an aspect ratio of 2) were fabricated, which are shown in the SEM images in Figure 4.3b. 

Furthermore, high-aspect-ratio micropost arrays that are 2.5 µm wide and 10 µm high (aspect 

ratio of 4) were copied with PCH molding. PDMS micropost arrays fabricated through PC copy 

molds did not appear to deform when compared to PDMS post arrays fabricated through Si-Pr 

master molds (Figure 4.3c, top). However, it was noted that the bases of the PDMS micropillars 

fabricated through the PC copy mold approach were more rounded than the PDMS micropillars 

fabricated through Si-Pr master molds. This may be due to insufficient filling of the base regions 

by PC melt at this low length scale.  

The quantitative comparison of the dimensions of the micropillars revealed that 

micropillars fabricated through the PC copy mold were consistently larger where their height 

and diameter has been measured to increase by 5.4% and 4.95%, respectively. On the other 

hand, the error bars showing the distribution of the height and diameter throughout the 

pattern did not substantially change, implying that the PC heat molding process did not 

introduce any further dimensional fluctuation but rather shifts the dimensions of the 

micropillars isotropically (Figure 4.3c, bottom). High-aspect-ratio straight sidewalls that were 

50 µm wide and 350 high (aspect ratio of 7) were also fabricated through the PCH molding 

approach (Fig 4.3d). Slender sidewall structures were not deformed during the heat molding 

process. The other master mold copying techniques that were tested either deformed the 
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sidewalls or the copy mold material stuck and led to partial or total rupture of PDMS sidewalls 

(Appendix 4.1). The quantitative comparison of the PDMS walls fabricated through PC copy 

mold and the ones fabricated from the Si-Pr master mold revealed a similar dimensional shift in 

the feature dimensions. The high-aspect-ratio PDMS sidewalls fabricated through the PC copy 

molds had 3.10% increase in sidewall thickness and 3.77% increase in the central microchannel 

width without introducing further variation to the feature dimensions (Figure 4.3d, bottom). 

 

Figure 4. 3. High aspect ratio PDMS microstructures fabricated through polycarbonate heat molding 
approach. (a) Concentric high aspect ratio (AR) microchannel arrays with 300 µm height and 50 µm 
width (AR=6). Fabrication of these PDMS geometries required successful filling of high-aspect-ratio 
circular microgrooves with melted polycarbonate during the mold copying process. (b) Parallel 
microchannel array with 5 µm width and 10 µm height (AR=2). (c) Quantitative comparison of 10 µm 
high 2.5 µm diameter high-aspect-ratio (AR=4) PDMS micropost arrays fabricated through the Silicon 
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master mold (red) and polycarbonate copy mold (green), respectively. (Bar graphs) PDMS micropost 
arrays fabricated through the PC copy mold have a 5.40% increase in height and 4.95% increase in 
diameter without changing the variation of the micropost dimensions. (d) Visual comparison of high-
aspect-ratio PDMS sidewall arrays with 350 µm height and 50 µm width (AR=7) fabricated through 
silicon master mold (red) and PC copy mold (green). Insets show the critical top surface of the walls in 
more detail where the flat top surface was preserved in the PDMS parts fabricated through the PC copy 
molds. (Bar graphs) High-aspect-ratio PDMS sidewalls fabricated through PC copy mold demonstrated a 
3.10% increase in wall thickness and 3.77% increase in the width of the central microchannel without 
affecting the variation of the feature dimensions. 

 

High-aspect-ratio geometries can be used as deformable elements actuated by hydraulic 

or pneumatic pressure8,257 and it is important to have the tips of the deformable elements flat 

since these regions are bonded to flat substrates like glass to seal the device. Rounded top 

surfaces reduce the effective bonding area and would lead to leakage upon the application of 

the actuation force (Figure 4.4a). Therefore, PDMS sidewall structures fabricated through the 

PCH molding approach were tested against increasing pneumatic pressures to evaluate the 

functionality of the microfluidic channels. As pneumatic pressure was applied to the 

microchannels at either side of the central channel, the PDMS sidewalls deformed inwards and 

they did not leak or detach up to pressures as high as 40 PSI (Figure 4.4b). High magnification 

SEM images show the flatness of the tip of the PDMS sidewalls compared to the PDMS sidewall 

fabricated using the Si-Pr master molds (Figure 4.3D, insets) which match the experimental 

tests. Another master mold copying technique that we examined failed in the pneumatic 

pressure testing due to the detachment of the PDMS walls from the glass slides upon the 

application of pneumatic pressure as low as 1 PSI (Appendix 3.2A). SEM images of the sidewall 

structures of the PDMS sidewalls fabricated through this technique showed rounded tips 

(Appendix 3.2B), which was likely why these PDMS sidewalls failed during the pneumatic 

actuation test. 
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Figure 4. 4. Pneumatic actuation test of the high-aspect-ratio deformable PDMS sidewalls. (a-i) 
Schematic showing the bonding of the PDMS microchannels to the glass slide. (inset). If the tip of the 
PDMS sidewalls is not flat due to the insufficient filling of the copy mold material, the effective bonding 
region between the PDMS and the glass slide (shown by the red squiggly lines) decreases, which leads to 
declined bonding strength. (a-ii) Schematic showing the deflection caused by the application of 
pneumatic pressure to the system after sealing the PDMS geometry with a glass slide. (b) DIC 
microscope images show the gradual deflection of the deformable PDMS sidewalls in response to 
pneumatic actuation where the effective width of the central microchannel decreases as the walls deflect 
inwards without detaching from the glass slide. 

 

Combination of different microscale features into a single monolithic 

mold 

With the development of new microfabrication tools, microdevices become increasingly 

more complicated with combinations of multiple layers of PDMS building blocks258-260. This 

often requires the combination of PDMS layers with different feature geometries obtained 

from different master molds that have been fabricated using different microfabrication 

techniques. However, PDMS has different curing characteristics on different molds which can 

be problematic especially if the final system needs to be structurally active (i.e. mechanical 

properties of the PDMS features need to be utilized) or if residual uncrosslinked polymer chains 

remaining in the PDMS needs to be controlled261,262. In addition, some of the master mold 



 

 

121 

materials are not thermally stable. For example, heating-cooling cycles lead to delamination of 

the thick Pr layer in the Si-Pr composite master molds263. Some UV curable resins used in 3D 

printing have low HDT which requires curing of the PDMS at low temperatures for prolonged 

times, limiting the throughput of fabrication. Furthermore, master molds containing residual 

sulfur, unsaturated hydrocarbon plasticizers, or organotin catalyst can prevent PDMS from 

curing thoroughly264 rendering them unusable even though otherwise they would be useful202. 

Since there is almost no practical limit for the footprint area for the PCH molding approach, we 

have simultaneously copied 19 unique PDMS microfeatures obtained from master molds 

fabricated by either photolithography, mechanical micromilling, or 3D printing into a single 

monolithic PC copy mold in order to prevent these problems associated with complex 

microfluidic devices (Figure 4.5a). Using this combined PCH molding approach, all of these 

PDMS parts can be fabricated through a single monolithic PC mold consistently. Given the 

unique advantages of each master mold fabrication technique such as multi-step complex 

geometry fabrication with 3D printing (Figure 4.5a-iii), fabrication of the features with 

continuously changing height distribution with mechanical micromilling (Figs. 4.5a-ii and 4.5a-

iv), and high-resolution high-aspect-ratio fabrication using photolithography (Figs. 4.5a-i and 

4.5a-v), it would be a tremendous challenge to fabricate these PDMS microfeatures from a 

single master mold with a single step. As a proof-of-concept fabrication, we have produced 

PDMS parts from this PC copy mold and fabricated a multilayer microfluidic device (Figure 4.5b) 

where each layer of the microfluidic device was originally fabricated through a different master 

mold fabrication technique. This shows individual layers that would be very hard to fabricate 

using a single master mold microfabrication technique. This type of PCH molding approach 
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could be very useful to produce kits with monolithically unified geometries that could be used 

to directly fabricate building blocks for complex multilayered microfluidic systems. 

 

Figure 4. 5. Combination of different microfeatures in a monolithic rigid polycarbonate copy mold. (a) 
Photograph of a 4-inch diameter PC copy mold with 19 different microstructure geometries copied from 
different master molds, which were fabricated through various microfabrication techniques. Insets show 
the SEM images of a selection of the PDMS geometries fabricated from this mold (grids are in inches). (i) 
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High-aspect-ratio micropost array (master mold was originally fabricated through photolithography), (ii) 
undulated microtopology (master mold was originally fabricated through mechanical micromilling), (iii) 
multistep microfluidic flow circuit (master mold was originally fabricated through stereolithography 3D 
printing), (iv) semicircular micro-rib array (master mold was originally fabricated through mechanical 
micromilling), (v) triangular microfluidic concentrator array (master mold was originally fabricated 
through photolithography). (b) SEM image of the cross section of a proof-of-concept multilayered PDMS 
microfluidic device fabricated from a single monolithic PC copy mold. Molds needed to fabricate each of 
these three layers normally require a different fabrication technique. However, these molds were 
combined into a single monolithic PC copy mold to facilitate fast and reliable fabrication through a single 
PC copy mold. 

 

Fabrication of submicron features 
Geometries with submicron features were used in a variety of Lab-on-a-Chip systems to 

study biophysical aspects various phenomena such as cell alignment265, migration266, 

signaling267, gene expression268, and differentiation269. Although the soft lithography approach 

with PDMS replica molding has the potential to fabricate micro and nanosystems with feature 

sizes down to ~30 nm, the practical limit of the minimum feature size is tied to the feature 

resolution of the master molds215. The master mold fabrication techniques mentioned 

previously cannot be directly used to fabricate master molds with submicron features. 

However, a variety of other techniques have been modified to fabricate microtopologies with 

submicron feature resolution270 which then can be adapted to function as master molds for soft 

lithography271-274. To test the limits of the feature size that can be replicated by the PCH 

molding technique, we used holographic diffraction gratings that have sinusoidal waves with ~1 

µm wavelength and ~125 nm amplitude as master mold. We fabricated PC copy molds out of 

these master molds in the same way as described previously except that we did not coat any 

samples with TFOCS in order to not affect the submicron feature topology. We, then, 

quantitatively compared the PDMS samples obtained from the master mold with the ones 

fabricated through PC copy mold using AFM (Figure 4.6). Similar to the other quantitative 
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comparisons done on the previous microgeometries, the wavelength of the gratings increased 

by 5.9% with PC copy molds. On the other hand, the amplitude of the sinusoidal waves 

decreased by 20.8% to 100.6 nm on average for the PDMS samples fabricated through PC copy 

molds (Figure 4.6b). Although the submicron topology of the master mold has been successfully 

copied by PC heat molding technique (Figure 4.6a), the quantitative comparisons results 

demonstrate that in this specific example, the copying fidelity declines as the feature size 

decreases. Furthermore, uniformity of the wave amplitude decreased in the PC copy molds, 

which resulted in an increase in the standard deviation of the wave amplitude throughout the 

sample. Copying smaller feature sizes with different topological characteristics may even be 

possible with further optimization on the PCH molding technique; however, we currently do not 

have such data. 

 

Figure 4. 6. Application of the polycarbonate heat molding technique to submicron features. (a) AFM 
surface topology comparison of the PDMS submicron wave topology fabricated through the master mold 
and PC copy molds. (bottom) A sample surface profile is plotted across the black dashed lines showing 
the wavy cross-section. (b) Quantitative comparison of the amplitude and the wavelength of the PDMS 
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wavy topology fabricated through the master mold and PC copy mold. The PDMS parts fabricated 
through the PC copy mold (green) have a 5.9% increase in the wavelength as would be expected based on 
previous quantitative comparisons. Also, the amplitude of the waves has a 20.8% decrease implying some 
limits of the technique for copying features with high fidelity. 

 

Discussion 
The PCH molding technique presented here allows for the duplication of master molds 

into PC sheets to be used in soft lithography without a need for any sophisticated equipment or 

expensive reagents. This approach can be employed to overcome fabrication problems and 

limited lifetime challenges associated with the master molds as well as to increase the throughput 

and feasibility of complex microsystem fabrication. There are several other studies in the 

literature that introduce different techniques to generate copy molds for various purposes228,230-

232. Although, these techniques have been successfully used in different applications, none of 

these approaches show fabrication of copy molds for high-aspect-ratio protrusions at different 

scales. Since PDMS itself is an elastomeric material, such slender geometries are inherently 

prone to distortions during the master mold copying process. To our knowledge, fabrication of 

such copy molds has never been reported and the geometries that have been fabricated through 

copy molds have never been tested for their structural functionality which is crucial for many 

applications. Moreover, these techniques have not demonstrated the compatibility of their 

techniques with master molds fabricated through microfabrication techniques other than 

photolithography. By showing the compatibility of our technique with micro-milled and 3D-

printed master molds we have demonstrated that our PC heat molding technique can be used to 

fabricate molds not just for 2D microchannels but also for undulating geometries with 

continuously-changing height and multi-step networks. We also uniquely employed the PC heat 

molding technique to fabricate copy molds for wavy patterns at the submicron scale. Although, 
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the overall submicron topology was copied into PC molds, we have observed lower copy fidelity 

at the submicron scale. We further showed for the first time that multiple unconventional master 

mold geometries fabricated by different techniques can be unified in a single monolithic mold by 

simultaneous copying, enabling more consistent and higher-throughput fabrication of 

multilayered complex microdevices. Lastly, the relatively higher HDT of PC compared to other 

materials used in different techniques enables its use for flash-curing protocols275, which would 

not be possible with other techniques230.  

Overall, the PC heat molding technique introduces a simple approach to create molds 

complementary to the master molds with a number of advantages over conventional master 

molds. PC copy molds are monolithic. They do not pose delamination risk which can happen for 

Si-Pr master molds and is one of the major reasons for their limited lifetime especially when 

thick Pr coating and high-aspect-ratio features are needed. Since the brittleness of PC276 is 

substantially lower than both cross-linked SU-8277 and monocrystalline silicon278, it is neither 

likely for PC copy molds to crack during microfabrication. Also, the same PDMS part can be 

used repeatably to fabricate more PC molds, increasing the throughput of the mold fabrication. 

Additionally, when PDMS replica molding is accomplished through PC copy molds, the height 

of the PDMS part is also preserved. This is very important for many applications where the 

PDMS thickness is critical for preserving the microchannel geometry196, for having consistent 

gas permeation into PDMS microchannels279,280 or to fabricate microfluidic valves281. PDMS 

parts fabricated through Si-Pr composite master molds generally do not have a consistent 

thickness since PDMS thickness is determined relatively arbitrarily depending on the exact 

amount of PDMS poured on Si-Pr molds from one fabrication to the next. Lastly, PDMS is not 

an ideal material for the commercialization of microfluidic devices due to its undesirable 
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material properties such as their hydrophobic recovery, aging, absorption of small hydrophobic 

compounds, and short shelf life262. New materials such as different thermoplastic elastomers 

(TPE) have recently gained attention as alternative materials to PDMS for more widely available 

commercial microfluidic devices282. However, studies concerning the investigation of better 

materials and optimization of the composition and fabrication protocols of TPEs has an inherent 

risk of damaging the important master molds during the experimental fabrication processes. PC 

copy molds can be very cheaply fabricated and duplicated which make them extremely well 

suited for experimental materials without any risk for damaging the master molds. 

The PCH molding technique can also potentially be used to fabricate microfluidic devices 

out of thermoplastics (Figure 4.1a). Instead of obtaining PDMS microchannels with a final 

replica molding step, inlet and outlet holes can be drilled on the PC geometry and then can be 

heat bonded to another non-patterned sheet of thermoplastic. For this, the process temperature 

should be defined based on the Tg of the thermoplastic and the thermal degradation temperature 

of the materials used in the process. Here, the thermal degradation temperature of PC is not taken 

into account as it is higher than that of PDMS283. 

Together with the aforementioned advantages of the PC heat molding technique, there are 

also some limitations and drawbacks. The PC copy molds show up to ~6% increase in the feature 

sizes. Although, this is not desirable, users can account for this prior to fabrication without a 

need for characterizing each master mold geometry. A 6% dimensional increase in the features 

fabricated through the PC copy molds are similar to others reported in the literature and lower 

than the regular ~10% tolerances photolithographic fabrication processes230. At the submicron 

scale, the copying fidelity decreases and is above the ~10% tolerance but the PC heat molding 

technique still can be used as the submicron topology is conserved. PDMS is highly gas 
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permeable, which reduces the chance of air being trapped between the melted PC sheets and the 

PDMS molds. Nevertheless, we rarely observed air trapped between the melted PC sheet and the 

PDMS molds. This leads to formation of bubbles but they tend to expand and burst in sufficient 

time with an extended process duration. The consideration of having the PCH molding technique 

in a vacuum oven for better results may seem plausible due to reducing the chance of air being 

trapped between the PDMS mold and the melted PC sheet. However, our experiments in a 

vacuum oven indicated that, no matter how long the PC sheets are being dried prior to the 

experiments, the remaining absorbed humidity leads PC sheets to produce bubbles upon heating 

in a vacuum oven, creating defects all around the PC sheet similar to that shown in. 

Conclusion 
Our PCH molding technique is a desirable method to fabricate alternative master molds 

for soft lithographic applications. The technique does not necessarily require any hazardous or 

cytotoxic solvents, costly polymers, or any specialized equipment, which makes it useful to 

almost any laboratory that has a PC sheet and an oven, which are easy to obtain. This approach 

can be used to produce PC copy molds that contain high-aspect-ratio protrusions and 

indentations with vertical sidewalls and flat tips. Using this technique, we have readily molded 

microstructures at high fidelity with feature sizes as small as 1.0 µm and aspect ratios as large as 

7. Furthermore, there is little limit for the footprint area of monolithic PC copy molds. We have 

demonstrated the fabrication of microfeatures with micron-scale high-aspect-ratio features over 

areas as large as tens of centimeters. In addition, different master mold geometries that can only 

be fabricated through various microfabrication techniques can be combined into a single 

monolithic PC copy mold in a single step process for the fabrication of multilayered complex 

microdevices. We have characterized the copying fidelity of the technique by comparing 

different microsystems fabricated through the PC molds to the ones fabricated through master 
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molds along with the pneumatic tests on devices fabricated using this approach. Finally, we have 

used the PC heat molding technique to fabricate geometries with submicron feature sizes. Such 

advantages of fast, reliable, and economical fabrication of copy molds without the need of 

sophisticated equipment or specialized facilities would allow researchers to more easily scale up 

their fabrication and share their master mold geometries with each other fostering 

interdisciplinary collaborations. Since this approach does not require engineering know-how and 

user expertise, this can be employed in standard science labs and thus can promote the 

dissemination of the microfabrication technologies from engineers to scientists. 
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Chapter 5: Conclusion to this Thesis and Future 

Perspectives  
 

 
Unlike physics and chemistry which can be driven by theoretical work, biological studies 

mostly rely on experimental work due to the complex nature of biological systems. This, in turn, 

requires the development of new engineering tools for biological experiments that are capable of 

unveiling what remained in dark with conventional tools. Historically, there have been many 

instances where a single researcher, a polymath, significantly contributed both to the 

advancement of biological knowledge and to the development of new engineering tools 

simultaneously. Nevertheless, due to the cumulative nature of both biology and engineering, 

modern advancements in experimental biology are increasingly dependent on the collaboration 

of multiple researchers from different backgrounds. In this thesis, I presented three novel 

biomedical microsystems that I developed as a result of my collaborations with biologists for 

enabling new experimental paradigms that would not be possible to achieve using conventional 

laboratory equipment. I characterized these systems using analytical and computational tools 

followed by experimental verification. While doing so, I strived for devising ways to simplify the 

use of these systems so that the biologists can use them as a standard tool for their experiments 

without a need for help from an engineer. After the design and characterization steps, I used 

these microsystems with our collaborators for proof-of-concept level biological studies. In 

addition to these microsystems, at the end of my thesis, I also introduced a new technique for 

easier fabrication of such microsystems.  

The first microsystem mentioned here was a flow-free microfluidic steady-state 

concentration gradient generator for observing the cellular locomotion-driven motility of 
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immune cells under gradients of chemokines on different substrates. This microsystem enabled 

us to live-track motile immune cells while they are moving under linear gradients of chemokines. 

Using this system, we showed that the surface fibronectin concentration, the slope of the 

chemokine gradient and the average concentration of chemokine, can alter the motility behavior 

of Jurkat cells in different ways which results in a framework that may enable immune cells to 

quickly accumulate in inflammation zones while effectively searching for target cells. We have 

also used an extension of this microsystem with murine CD8+ T cells in order to assess the role 

of mitochondrial function and hypoglycemic environments in the chemotactic and chemokinetic 

response of these cells. Our results indicated that while the mitochondrial functions promoting 

faster cellular migration it desensitizes cells to chemokine gradients. On the other hand, 

hypoglycemic environments result in the slow migration of cells with an increasing sensitivity to 

the gradients of chemokines. Although the development and characterization of such a system 

takes a lot of time and effort, the mature product can be used by biologists without engineering 

background. Therefore, this system can be used by other immunologists for assessing the 

motility characteristics of different subsets of immune cells at different activation levels. 

Furthermore, the microchambers of this microsystem allows for the introduction of tissue slices. 

In this way, this microsystem can also be utilized to observe movements of immune cells within 

a native tissue rather than on a 2D substrates. 

The second microsystem discussed in this thesis was microfluidic chip that can 

mechanically stimulate hundreds of Drosophila melanogaster (fruit fly) embryos in the form of 

compression. The collective design of the different compartments of this chip resulted in a 

particularly easy-to-use characteristic as embryos can be loaded, aligned, immobilized, 

compressed, and recovered with minimal user intervention. Using this system, we showed that 
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the genetic expression of a transcription factor, Twist, can be controlled by compression in a 

dose- and duration-dependent manner. Furthermore, we demonstrated that the otherwise 

localized expression of Twist in ventral side, can spread throughout the embryo as a result of the 

compression of whole embryo. Our results also indicated that the developmental kinetics as well 

as the hatching rate of the embryos can be altered with compression where, most notably, mild 

levels of compression can increase the hatching rate rendering them to have higher viability. The 

actual potential of this chip, though, lays in -omics studies where very high numbers of samples 

would need to be processed simultaneously. Currently, we are using this chip together with 

downstream 2-dimentional differential gel electrophoresis (2D-DIGE) analysis to map the 

mechanically regulated proteins in Drosophila embryos. In the future, while this system can 

easily be adapted to other small model organisms, it can also be added to the pipeline of other -

omics studies that require high sample yield. 

The third microsystem introduced here was a multimodal shear stress gradient generator 

microfluidic device that can expose endothelial cell monolayers to different levels of 

physiological shear stress magnitudes and their linear gradients along the direction of the flow. 

This device allows for the controlled exposure of endothelial cells to the forces exerted by blood 

flow especially at the arteriovenous junctions while observing them under microscope. Using 

this system, we showed that the different levels of physiological uniform shear stress results in 

dose-dependent orientation and polarization of endothelial cells against the flow. On the other 

hand, the introduction of shear stress gradients along the flow alters this response depending on 

the direction of the gradient where positive shear stress gradient inhibits, and negative shear 

stress gradients promotes this orientation against the flow. An important application of this 

device would be the study the roles of shear stress and shear stress transducers on cell membrane 
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in the formation and progression of arteriovenous malformations (AVMs). For example, a rare 

genetic disease called, hereditary hemorrhagic telangiectasia (HHT), which is caused by either 

ALK-1 or Endoglin mutations, is known manifest itself with specific AVMs and it is thought that 

these AVMs are formed as a result of altered endothelial cell migration patterns due to the 

pathological mechanotransduction of blood shear stress. This disease can be studied in this 

system by comparing the orientation and migration of wild type and ALK-1 knockout 

endothelial cells in response to shear stress modalities that replicate the regions of AVMs. 

I concluded this thesis by suggesting a new way of microfabrication technique called, 

Polycarbonate heat molding (PCH), that may enable the fabrication of the microsystems such as 

the ones described above in a more robust manner with higher-throughput by copying the 

original master molds that are used to build these microsystems. Here, I showcased application 

of this approach to the fabrication of various micron scale features ranging from high-aspect-

ratio micropillars and elastomeric walls to undulated topologies and multistep geometries with 

more than 95%-dimensional fidelity. Furthermore, I tested the limits of this approach using 

submicron diffraction gratings. I should confess here that the development of this 

microfabrication technique was initiated by pure serendipity and the selection of polycarbonate 

as a copy material was only because it was the only feasible plastic available to me at the time. 

Although polycarbonate proved to be a good material of choice for this application, different 

plastics with heat deflection temperature lower than the thermal degradation temperature of 

PDMS should also be tested for their potential benefits. In this respect, in the future, this 

technique can be adapted to be used with different materials such as polystyrene, Poly (methyl 

methacrylate), and polyvinyl chloride. 
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Receptor expression analysis data for Jurkat cells showing %99.4 CXCR4 expression which is the 
receptor for CXCL12 chemokine. 
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Comparison of two different membrane integration techniques. (left) A PC membrane is 
integrated to a microfluidic channel using PDMS prepolymer as an intermediate adhesive layer. 
In short, PDMS was mixed with its curing agent with 10:1 ratio. Later, the PDMS prepolymer was 
diluted in Toluene with 1:1 mass ratio. The diluted PDMS prepolymer was poured on a pre-
cleaned glass slide and spun 3 seconds at 500 rpm and 60 seconds at 1500 rpm, respectively, to 
obtain a 4 μm thick layer of PDMS prepolymer on the glass slide [1]. A coated glass slide was 
then stamped against the patterned surface of the PDMS microchannel. Finally, the membrane 
was brought in contact with the microchannel for bonding. Assembly was maintained at 60 oC in 
an oven for 2 hours for the curing of the PDMS prepolymer to induce irreversible bonding. (right) 
A PC membrane integrated to a microfluidic channel with APTES treatment and subsequent 
oxygen plasma bonding (details of the fabrication are in the main text). Unlike the first 
technique, here the membrane was bonded to the PDMS with covalent bonding to ensure that 
only the region of the membrane that is in contact with the PDMS was bonded while the rest of 
the membrane remained intact. However, in the first technique, the diluted PDMS prepolymer 
was absorbed by the membrane, partially sealing some regions of the membrane that were 
supposed to remain intact (see the insets). This resulted in a narrowed effective membrane 
region which affected adversely the gradient generation mechanism. Furthermore, the 
intermediate PDMS prepolymer layer required very careful handling of the membrane since 
contamination of membrane with the PDMS prepolymer could lead to irreversible clogging of 
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the membrane. These issues caused a low success rate, especially during the alignment of the 
two PDMS layers where any relative motion between two layers resulted in membrane clogging. 
Finally, while the integration of the membrane to the PDMS layer occurred instantaneously in 
the APTES technique, it required subsequent curing steps of the assembly in the adhesive PDMS 
prepolymer technique which, in turn, increased total fabrication time. 
 
[1] Wu, H., Huang, B., & Zare, R. N. (2005). Construction of microfluidic chips using 
polydimethylsiloxane for adhesive bonding. Lab on a Chip, 5(12), 1393-1398. 
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High resolution images (63x) of Jurkat cells stained with CellTracker Green BOPIDY in flow-free 
microfluidic gradient chamber. 
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Appendix 1.4 

 

 
 
Plot displaying stable linear concentration gradient over time in flow-free chamber (blue line = 
0 min.; orange line = 30 min.; grey line = 60 min.; yellow line = 90 min.; red line = 120 min.; 
green line = 150 min.). 
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dεx 

= 

 

Appendix 2.1 

Analytical model of sidewall deflection: 

Definitions 

t = Thickness of the wall (50 

× 10−6m)  

 h = Height of the wall (251.8 

× 10−6 m) 

L = Length of the wall, i.e. width (2 

× 10−2 m)  P = Pressure (5 PSI = 

34473.8 N/m
2) 

ω = Force per unit height (N/m) 

u(x) = Wall deflection (m) 

E = Young’s modulus (N/m
2) 

I = Second moment of area (m4) 
 

      For beams with rectangular cross-section,      I =     
L · t3 
 

 

12 

                        ν = Poisson’s ratio: − 
dεy 

, unitless. For PDMS, ν = 0.5 

 
       Eq. 3.2 Timoshenko’s beam theory: 

κ = shear coefficient 

G = shear modulus x 

A = cross-section area of the beam (t ×L) 

 
 
Shear deformation: 

umax at x = h/2  

can be calculated with the following conversions: 

ω = P · L 

Schematic of an analytical model of deformable sidewalls. This nomenclature is 

somewhat counterintuitive because we’re consider ing a sidewall as a beam. In a 

beam, the region between two fixed points is the length; in a sidewall, this x-

dimension is the height. Likewise, the width of a beam corresponds to the length 

of the channel (y), and the      thickness of a beam corresponds to the width of the 

channel (z). 

I 
L · t3 

                                        12 
     for rectangular cross-section 

 

κ = 
10(1 + ν) 

       
12 + 11ν 

 

G =       
E

 
                                2(1 + ν) 

      for rectangular cross-section 

 
 
       assuming elastic and isotropic material 
 

 

 

       Yielding Eq. 4 in the main text.
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Appendix 2.2 

 

 
(A) Photograph of the microfluidic device during post-bake. A polycarbonate sheet (1) covered 
the PDMS-glass assembly (2, 3). The assembly was held between two thick glass slides (4) and 
clamped to ensure physical contact between PDMS and the coverslip while curing. Marks are 
cm. (B) Profilometry measurements of channel height show a mean of 251.8 µm with 
uniformity (1  σ/µ  100) > 95%. (C) Young’s modulus of 50 µm sidewalls with differential post-
cure baking. Deflection was measured at 10 points and calculated by Eq. 6. SEM bars. (D) 
Illustration of “compression efficiency” parameter – the ratio of embryo deflection to wall 
deflection. Compression efficiency measures a deformable wall’s preference for compressing 
over wrapping. (E) Plot of compression efficiency over 5 PSI for channels with a range of post-
bake durations. In the no-bake condition (0 hours), sidewalls are deflected with minimal 
embryo compression. As the rigidity of the walls increases, compression efficiency increases. 
Simulation results in Appendix 2.4. 
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Appendix 2.3 

 

 
Simulation results of uniaxial node displacement at 5 PSI with variable wall thickness. (A, B) 
Empty channel, top view and side section. 35 µm walls close completely. (C, D) Channel with 
embryo, top view and side section. 35 µm walls showed heavy wrapping around the embryo, 
while 90+= µm walls showed low displacement resulting in low compression. 50 µm walls 
(shaded) were selected. 
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Appendix 2.4 

 
Simulation results and micrographs of embryo compression at 5 PSI with variable wall rigidity. 
50 µm thick walls were given a range of Young’s modulus as a result of variable post-bake 
curing times (Appendix 2.2C). (A, B) Empty channel, top view and side section. (C) Channel with 
embryo, top view (side section in Figure 2.2E). Less rigid walls showed greater wrapping around 
the embryo. (D) Micrographs from experimental results. 2.5-hour post-cure bake (shaded) was 
selected. 
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Appendix 2.5 

 
Simulation results of embryo compression between two rigid walls such that lateral expansion 
is 10%. Before width expands, height decreases (red). As a result, the inferred compression is 
substantially larger than 10%. 
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Appendix 2.6 

 
 
Flexible walls are more consistent than rigid glass when compressing a distribution of widths. 
Simulation of embryos of maximum, median, and minimum width at Stage 5. (A) When 
compressed by rigid glass, the channel width is consistent, applying more compression to wider 
embryos. (B) When compressed by flexible PDMS, the channel width is unique to each embryo, 
which resists deformation as a function of width. This results in a more consistent compression. 
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Appendix 3.1 

 
Annotations of the parameters used for analytical characterization of the streamwise wall shear 
stress gradients in the microfluidic chip. 
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Appendix 3.2 
he solution of the Navier-Stokes equations for the steady-state laminar flow of an 
incompressible Newtonian fluid between two infinitely long parallel plates leads to a well-
known flow regime known as Hele-Shaw flow. Since the microfluidic channels generally have 
low aspect ratio (i.e. height << width), the hydrodynamic characterization of the flow can be 
initially simplified with this parallel plate assumption. The parabolic flow profile of Hele-Shaw 
flow demonstrates a parabolic velocity distribution across the height of the gap in the following 
form 𝑣(𝑧) = 6ℎ2 𝑧(ℎ − 𝑧)𝑣        (eq. A1) 

 
where 𝑣 is the mean velocity, ℎ is the height of the gap, and 𝑧 is the coordinate along the 
height of the gap starting as zero from the bottom surface of the microchannel. In this way, the 
wall shear stress acting on the cells in the microchannel regions with uniform width can be 
approximated as 
 𝜏𝑤 = 6𝜇𝑄𝑤ℎ2                              (eq. A2) 

 
where 𝜇 is the dynamic viscosity of the fluid, 𝑄 is the volumetric flow rate, and 𝑤 is the width 
and ℎ is the height of the microchannel. Microchannel regions with changing width are 
expected to have linear stream-wise shear stress gradients (i.e., along the 𝑥 axis) in order to 
expose cells consistently to the same gradient slope in the given region. The linear shear 
gradient can be expressed in the form of 
               𝜏𝑤(𝑥) = 𝑎𝑥 + 𝑏                      (eq. A3) 
 
where 𝑎 and 𝑏 can be found by solving this equation at the boundaries of the linear shear stress 
gradient regions. Using the Hele-Shaw flow assumption, the wall shear stress at the beginning 
of the linear shear stress gradient region can be calculated as 
 𝜏𝑤(𝑥)[𝑥=0] = 𝑏 =  6𝜇𝑄𝑤𝑖ℎ2           (eq. A4) 

 
where 𝑤𝑖 is the width of the microchannel at the beginning of the linear shear stress gradient 
region at 𝑥 = 0 (Appendix 3.2). Using the same Hele-Shaw flow assumption, the wall shear 
stress at the end of the linear shear stress gradient region can be similarly found as 
 𝜏𝑤(𝑥)[𝑥=𝐿] = 𝑎𝐿 + 6𝜇𝑄𝑤𝑖ℎ2 = 6𝜇𝑄𝑤𝑓ℎ2    (eq. A5) 
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where 𝐿 is the length of the region and 𝑤𝑓 is the final width of the linear shear stress gradient 

region at 𝑥 = 𝐿. From this equation 𝑎 can be found as 
 𝑎 = 6𝜇𝑄ℎ2 (𝑤𝑖−𝑤𝑓)𝐿𝑤𝑖𝑤𝑓       (eq. A6) 

 
which also represents the slope of the linear wall shear stress gradient generated in 𝑥-direction. 
Using these parameters, the magnitude of this wall shear stress at the given point along the 𝑥 
axis can then be written as 
 𝜏𝑤(𝑥) = 6𝜇𝑄ℎ2 (𝑤𝑖−𝑤𝑓)𝐿𝑤𝑖𝑤𝑓 𝑥 + 6𝜇𝑄𝑤𝑖ℎ2     (eq. A7) 

 
The formula for the function that describes the microchannel width can be derived from this 
equation as 
 𝑤(𝑥) = 𝐿𝑤𝑖𝑤𝑓(𝑤𝑖−𝑤𝑓)𝑥+𝐿𝑤𝑓     (eq. A8) 

 
Since there are two symmetrically curved sidewalls at each side of the microchannel that 
defines the width of the channel, the formula needed for plotting each sidewall becomes 
 𝑐(𝑥) = 𝐿𝑤𝑖𝑤𝑓2((𝑤𝑖−𝑤𝑓)𝑥+𝐿𝑤𝑓)      (eq. A9) 

 
which can be used to model the microchannel regions with linear shear stress gradient in a CAD 
software. 
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Appendix 3.3 
 

 
Dynamic viscosity values of various cell culture media at 37°C. The average value of the water 
viscosity was 2.89% different than the value in the literature. Addition of 10% FBS (Fetal Bovine 
Serum) into DMEM (Dulbecco's Modified Eagle Medium) increased dynamic viscosity of the 
media. The complete HUVEC EGM (Human Umbilical Cord Vascular Endothelial Cell Growth 
Media) that was used throughout this study had even higher viscosity. Data are presented as 
mean ± SD. 
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Appendix 3.4 
 

 
The dimensions of the microfluidic chip used in the experiments. The equations describing the 
curved sidewalls were generated using Equation 6 in the manuscript. The height of the different 
microchannels regions is constant and equal to 200 µm. The microfluidic chip is symmetric with 
respect to x- and y-axes. All units are in mm. 
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Appendix 3.5 

 
Computational Fluid Dynamics (CFD) simulation results showed the distribution of the shear 
stress across the bottom surface of the microchannel where the endothelial cells were seeded. 
Fluorescent images of Golgi and nuclei of the human umbilical vein endothelial cells (HUVECs) 
overlaid with the shear stress map. Due to the sidewalls, the shear stress exerted on the cells 
was lower at either side of the microchannel. Therefore, only the HUVECs in the central region 
of the microchannel (shown between two parallel dashed lines) were analyzed. 
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Appendix 3.6 

 
Uniform endothelial cell monolayer across the entire microfluidic chip. (A) Nuclei were stained 
with Hoescht 33342 and imaged with an epifluorescence microscope. Images show the 
distribution of the cells across the microfluidic chip with increasing magnification. (B) 
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Quantitative analysis of the cell seeding density showed the number of HUVECs per mm2 of 
each region in the microfluidic chip, with the red dashed line showing the average of all the 
regions. The number of cells increased as the microchannels got wider. This would be expected 
as the cells can more easily attached to surface fibronectin when they slowed down in large 
microchannel regions. However, this change was not statistically significant (p=0.178 by one-
way ANOVA). Data are presented as mean ± SD. 
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Appendix 3.7 

 
Flowchart of the macro for automated Golgi-nucleus polarization and orientation analyses. 
After the preprocessing for lowering the noise, the Golgi and nuclei are segmented and paired. 
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The cells where the center of mass (CoM) of Golgi are outside the nucleus are designated as 
polarized. The polarized cells are binned into four categories based on the angle of the vector 
connecting the center of the nucleus and Golgi. Within a 45° interval, if the Golgi is upstream of 
the nucleus, the cell is designated as upstream polarized. If the Golgi is downstream of the 
nucleus, the cell is designated as downstream polarized. If the Golgi is to the side of the 
nucleus, the cell is designated as right or left polarized. The macro produces a polarization map 
image where all nuclei are labelled with different colors based on their polarization category.  
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Appendix 3.8 

 
Golgi-nucleus polarization and orientation in a microfluidic chip with different dimensions that 
create higher magnitudes of wall shear stress (WSS) and steeper wall shear stress gradients 
(WSSG). Confluent human umbilical vein endothelial cells (HUVECs) were exposed to different 
shear stress modalities for 24 hours. (a) Schematic and table showing the magnitudes and 
slopes of the WSS and WSSG, respectively, across the microfluidic chip. (b) Stacked bar graphs 
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showing Golgi-nucleus orientation patterns of HUVECs in response to different levels of uniform 
WSS. (c) Stacked bar graphs showed the Golgi-nucleus polarization patterns of HUVECs that 
were exposed to different WSSGs.  
In b and c, Golgi-nucleus orientation is indicated as upstream (red), downstream (blue), right 
(dark green), left (light green), or nonpolarized (gray). n = number of cells analyzed in each 
region. Data from a single experiment; mean ± SEM.  

 

 

 

Appendix 3.9 

 

 
The on-chip integration of the bubble trap. Photos show the microfluidic chip with the 
integrated bubble trap for decreasing the “lab-around-the-chip”. All the microchannels were 
filled with red food dye to facilitate visualization. The 2 mm diameter reservoir upstream of the 
microchannels was connected to a narrow bubble discharge channel that was plugged with a 
syringe filter to maintain sterility inside the microchannel. As the bubbles entered to the 
microfluidic chip through the inlet tubing, they rose and trapped in the reservoir region due to 
their buoyancy. Over time, these bubbles were pushed into the bubble discharge channel 
because of the positive pressure inside the microfluidic chip and they left the system through 
the membrane filter. In this way, the microchannels could be maintained bubble-free without 
using an external debubbler. 
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Appendix 4.1 

 
Failure of the structural integrity of the high-aspect-ratio PDMS structures fabricated through 
copy molds. (A) Adhesion of PVS copy molds[1] to PDMS structures either causes: i) total rupture 
or ii) partial tearing of the high-aspect-ratio protrusions. B) Pouring the liquid PU[2] on 
deformable PDMS molds led to distortion of the high-aspect-ratio sidewalls. 
 
[1] M. E. Wilson, N. Kota, Y. Kim, Y. Wang, D. B. Stolz, P. R. LeDuc, O. B. Ozdoganlar, Lab Chip. 

2011, 11, 8. 
[2] S. P. Desai, D. M. Freeman, J. Voldman, Lab Chip. 2009, 9, 11. 
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Appendix 4.2 
 

 
Failure of PDMS microchannels fabricated through a PS copy mold approach[1] in pressure 
based functional tests. (A) The PDMS microfluidic device fabricated through the PS copy mold 
failed after the application of pneumatic actuation, which caused leakage. Water with food dye 
was used to fill the central channel for visualization. (B) SEM images of the high-aspect-ratio 
PDMS side walls. Although the geometry was copied successfully, the rounded tips of the walls 
prevented strong oxygen plasma bonding between the PDMS and glass due to a lower contact 
area. This caused the failure of the entire device in the pressure based functional test. 
 
[1] Y. Wang, J. Balowski, C. Phillips, R. Phillips, C. E. Sims, N. L. Allbritton, Lab Chip. 2011, 11, 18. 

 

 

 

 

 

 


	ACKNOWLEDGEMENTS
	ABSTRACT
	LIST OF FIGURES
	Chapter 1 Figures
	Chapter 2 Figures
	Chapter 3 Figures
	Chapter 4 Figures

	Chapter 0: Introduction to this Thesis
	Chapter 1: Microfluidics-enabled Investigation of Immune Cell Motility
	Introduction
	Materials and Methods
	System Design
	Fabrication
	Experimental setup
	Cell culture
	Image acquisition and cell tracking
	Finite element modeling

	Results
	Understanding gradient generation in a flow-free microfluidic system through numerical simulation
	Experimental concentration gradient generation
	Jurkat cell chemotaxis
	T cell chemotaxis

	Discussion
	Conclusion

	Chapter 2: High-throughput Mechanostimulation of Drosophila Melanogaster Embryos Using a Novel Microfluidic Device
	Introduction
	Material and Methods
	Microfluidic device fabrication
	Animal studies
	Analytical model for wall deflection
	Numerical simulation
	Experimental setup
	Image acquisition and processing

	Results and Discussion
	Design and operation of the microfluidic device
	Design calibration for Drosophila embryo compression
	Determining Young’s modulus of PDMS and Drosophila
	Embryo survival and development
	Mechanical induction of twist

	Conclusion

	Chapter 3: Endothelial Cell Polarization and Orientation to Flow in a Novel Microfluidic Multimodal Shear Stress Generator
	Introduction
	Materials and Methods
	Microchannel fabrication
	Scanning electron microscopy (SEM)
	Numerical flow characterization
	Microfluidic perfusion setup
	Perfusion media viscosity measurement
	Experimental flow characterization
	Primary endothelial cell culture
	Microfluidic cell seeding and culture
	Cell fixing, staining, and endpoint imaging
	Live imaging
	Automated analysis of Golgi and nucleus
	Statistical methods

	Results
	Overview of the microfluidic device design
	Analytical and numerical characterizations of the microfluidic device
	Fabrication and experimental validation of the microfluidic device
	Perfusion setup and automated analysis of Golgi and nucleus
	Golgi-nucleus polarization is more sensitive than Golgi-nucleus orientation to uniform WSS
	Negative WSSGs promote and positive WSSGs inhibit Golgi-nucleus upstream orientation
	Golgi-nucleus upstream orientation develops quickly after the onset of the flow
	ECs respond to flow by altering Golgi and nucleus sizes and Golgi-nucleus distance but these changes are independent of WSS magnitude or gradient

	Discussion and Conclusion

	Chapter 4: Towards High-throughput Microfabrication Without Using Silicon Wafers: Polycarbonate Heat Molding Technique
	Introduction
	Experimental Methods
	Fabrication of master molds
	PDMS mold fabrication from master molds
	Polycarbonate sheet separation
	Pneumatic actuation experiments
	Scanning electron microscopy (SEM)
	Atomic force microscopy (AFM)

	Results
	Developing the polycarbonate heat molding (PCH molding) approach
	Polycarbonate heat molding of common microfeatures
	Fabrication of high-aspect-ratio protrusions and trenches
	Combination of different microscale features into a single monolithic mold
	Fabrication of submicron features

	Discussion
	Conclusion

	Chapter 5: Conclusion to this Thesis and Future Perspectives
	References
	Appendix
	Analytical model of sidewall deflection:
	Definitions
	Shear deformation:


