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“..there is nothing which can better deserve your patronage than the promotion of science and
literature. Knowledge is in every country the surest basis of public happiness. In one in which the
measures of government receive their impressions so immediately from the sense of the
community as in ours, it is proportionably essential.”

President George Washington in his first State of the Union address to Congress
January 8, 1790



“Everything | do depends on other members of our species and the shoulders that we stand on.
And a lot of us want to contribute something back to our species
and to add something to the flow.”

Steve Jobs, 2011
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Abstract

Neutrophils are the most abundant type of white blood cell in the innate immune system, playing a central role
in defending the body from pathogens during the initial stages of inflammation. When tissue becomes wounded
or infected, neutrophils exit the blood stream and rapidly mobilize towards the site of infection in order to engulf
and destroy harmful pathogens and prevent the spread of infection. The directed migration of neutrophils
toward the site of inflammation is guided by biochemical changes in the neutrophils’ extracellular
microenvironment—a process called chemotaxis. Dysfunction in neutrophil chemotaxis is implicated in the
pathophysiology of several diseases, including asthma, rheumatoid arthritis, and cancer. The causes of
neutrophil chemotaxis dysfunction are complex and still not fully understood. Over the last 50 years, several
useful in vitro tools have been developed to identify factors that stimulate neutrophil migration, and interrogate
other aspects of neutrophil biology. However, currently macroscale chemotaxis assays limit the types of
biological and clinical questions that can be addressed in important ways. For example, many macroscale
chemotaxis assays cannot precisely control the formation and stability of chemokine concentration gradients
throughout an experiment—a critical factor when assessing neutrophil chemotaxis.

To address technical limitations with traditional neutrophil chemotaxis assays, new microfluidic
approaches have developed in recent years offering improvements in several key areas, such as lower sample
volume requirements and precise control of biochemical gradients. However, these methods usually involve
complex fluid handling protocols and technical expertise, which has limited their impact in mainstream biology
research. The work presented in this document describes new techniques to assess neutrophil chemotaxis, as
well as other important aspects of neutrophil biology. The assays emphasize user-friendly design and only
require a micropipet to operate. Furthermore, all the techniques presented here only require a lancet puncture
to perform the assay and can be setup within minutes, compared to milliliters of blood and over an hour of
preparation time for analogous macroscale assays. These microfluidic technologies were applied to several

research and clinical studies that were either difficult or impossible to perform in the past.



Xiii
The content of my doctoral dissertation can be divided into four primary topics: (1) a review of the field
of microfluidics, and more specifically macroscale and microscale chemotaxis assays; (2) the fabrication of
microfluidic devices using multiple materials and methods; (3) the development and implementation of in vitro
microfluidic tools that assay neutrophil biology to study and diagnose diseases; and (4) the development of a

biomimetic microfluidic technology that aims to recapitulate the in vivo inflammatory response of neutrophils to

wounded tissue.



Chapter 1
Contributions of microfluidics to biomedical research: where we are

and where we should go

1.1 Introduction

A decade ago, our lab wrote that, “microfluidics has the potential to significantly change the way modern
biology is performed.”’ Indeed, we were part of a chorus of researchers that envisioned the possibility of new
microfluidic tools making significant contributions to biology and medical research.26 The optimism
surrounding microfluidics was well warranted because of the compelling advantages microfluidic approaches
could possibly offer over traditional traditional assays used in cell biology. Conceptually, the idea of microfluidics
is that fluids can be precisely manipulated using a microscale device that is fabricated using methods first
developed by the semiconductor industry. These devices, commonly referred to as miniaturized total analysis
system (UTAS)78 or lab-on-a-chip (LoC) technologies, could be applied to applications in biology research to
streamline complex assay protocols; require significantly less sample volume, reducing the cost of reagents and
avoiding waste of precious samples; provide gains in scalability for screening applications and batch sample
processing that is analogous to multi-well plates; and provide the investigator with significantly more control
and predictability of the spatio-temporal dynamics of the cell’'s microenvironment.

This approach to developing comprehensive microfluidic solutions to address problems in biology and
clinical research has been embraced by engineers. However, despite significant advancements in microfluidics as
a technology platform, the adoption of novel UTAS techniques into mainstream biology research has not
matched the initial enthusiasm surrounding the field.? Many argue the technology is still in search of a “killer
application’, where the sample-to-answer concept provides a solution that greatly outperforms current methods.
1011 |n this introductory chapter, we will examine the impact of microfluidic technologies on cell biology and
medical research within the last decade. We will briefly review how fluid phenomena at the microscale can be

leveraged to accomplish useful tasks that are not achievable at the macroscale. Then we will assess the adoption



rate of microfluidic techniques in mainstream biomedical research and explore what factors may be hindering

this adoption process. Finally, we will discuss positive trends in the field and infer lessons that can be applied to

future microfluidic technology development.

1.2 What is microfluidics and why is it useful?

The field of microfluidics is characterized by the study and manipulation of fluids at the sub-millimeter length

scale. Fluid phenomena for micro- and nano-liter volumes of liquid change significantly compared to the

macroscale (Box 1). For example, the role that the force of gravity plays at microscale dimensions is greatly

reduced compared to its dominance at the macroscale. Conversely, surface tension and capillary forces are

significantly more dominant forces at the microscale, which can be leveraged for a variety of tasks, such as

passively pumping fluids in microchannels'?; precisely patterning surfaces with user-defined substrates’s;

filtering various analytes'4; and forming mono-disperse droplets's in multiphase fluid streams for a variety of

applications. These represent a fraction of the myriad of problems that microfluidic technologies have attempted

Box 1: useful microfluidics concepts

Laminar vs. turbulent flow

The Reynolds number (Re) is a
dimensionless quantity that describes
the ratio of intertial to viscous forces of
a fluid. Re is propotional to the
characteristic velocity of the fluid and
length scale of the system; and Re is
inversely proportional to the fluid
viscosity. High Re ( > ~2,000) fluids have
flow profiles that increasingly mix
stochastically (turbulent flow). For

microfluidic systems, Re is almost
always in the laminar flow regime,
allowing for highly predictable fluid
dynamics. Molecular diffusion also
dramatically changes at this scale since
convective mixing does not occur,
enabling predictable diffusion kinetics.

laminar flow  turbulent flow

t 2
Vagang
|| 4%

Surface and interfactial tension

Surface tension describes the tendancy
of a fluid on a surface to reduce its

free energy by contracting the fluid

at the surface-air interface. Interfacial
tension is a similar phenomenon, but

is generally applied to two immiscible
fluids (e.g. oil and water). These forces
play more dominant roles on the
microscale compared to gravity, which
is much more dominant on the macro-
scale. Researchers have leveraged these
phenomena to conduct protein and cell
sorting; perform nanoreactions for
protein crystalization; and passively
drive fluids through microchannels.

liquid (e.g. water)

0 0 _

water

Capillary forces

Capillary action describes the
movement of a fluids through a

narrow constricution, such as a narrow
tube or porous material. At the micro-
scale, capillary action often dominates
the gravity, allowing fluids to advance
in opposition to the force of gravity.
Capillary forces have been used to
manipulate fluids in many applications,
the most famous examples perhaps
being the at-home pregnancy test and
portable glucometers to monitor blood
glucose levels.

paper




to address. How has the technological advancement and maturity of the microfluidics field translated to end-
user adoption and impact?

1.3 The impact of microfluidics in biomedical research

A primary goal for much of the microfluidics community is to develop useful technologies that enhance the
capabilities of investigators in biology and medical research. Many microfluidic studies describe methods that
aim to replace traditional macroscale assays, and usually perform proof-of-concept (PoC) experiments that
demonstrate the efficacy of the new approach. These novel microfluidic methods are usually published in
journals that one might characterize as “engineering” journals, or publications whose readership is comprised
largely of engineers and other members of the physical sciences (e.g. chemists and physicists). If publishing PoC
studies in engineering journals represents the development phase for a novel biology assay, then adoption of
the technique is when the technology is utilized and published in a biology or medical journal. After all, the
stated goal of virtually all PoC studies is to demonstrate new technologies that enable biologists in their
everyday research. So how are we doing so far?

We measured the adoption of microfluidic technologies in mainstream biomedical research within the
last decade to assess their potential impact beyond the engineering community (Figure 1). In order to identify
broad trends of what journals have published papers that use microfluidics, we defined three categories: (1)
“engineering”journals (e.g. Lab on a chip, Small, Analytical Chemistry); (2) “biology and medical” journals (e.g.
Blood, Cell, Journal of Clinical Investigation); and (3) “multidisciplinary” journals (e.g. Nature, Science, PNAS). The
results reveal, unsurprisingly, that the overwhelming number of microfluidics papers are still being published in
engineering journals (Figure 1a). These engineering journals have facilitated the technological development and
growth of microfluidics over the last decade. Multidisciplinary journals helped to expose microfluidics to a broad
readership, until about five years ago when the adoption of microfluidic techniques in biomedical research
studies began outpacing publications in interdisciplinary journals. Today the share of microfluidics publications
is dominated by engineering journals (85%) as the microfluidics community has grown significantly, and
biomedical journals have taken some “publication share” from multidisciplinary journals (9% and 6%,

respectively; Figure 1b). A closer examination of the authorship affiliations for studies published in biomedical
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Figure 1.1 Microfluidic publications in engineering, biology, and medical journals from 2000-2012. (A) In
2012, there were roughly 10 times more publications in microfluidics journals compared to biomedical journals.
However, the share of microfluidics papers being published in multidisciplinary journals decreased as
publication share in biomedical and engineering journals increased. (B) Word cloud illustrating what fields most

frequently utilized microfluidics. The size of the font is proportional to the cumulative number of publications in



the WoS category (2000-2012), with the exception of “cell biology’, which would need to be ~5 times larger.

journals reveals that biology/clinical labs and engineering labs almost always appeared together as coauthors on
these studies. This highlights the importance of engineers and biologists actively collaborating to help facilitate
the adoption of new microfluidic technologies, rather than engineers designing new assays and passively
hoping they get used someday.

Lastly, we analyzed what fields within the biology and clinical research communities are utilizing
microfluidic technologies the most (Figure 1c).“Cell biology” and “Biology” encompass most of the microfluidics
publications, possibly because these categories are somewhat generic and incorporate several subcategories.
Following these categories, the most adoption is seen in “Hematology”; “Medicine and Experimental Research”;
and “Immunology.’ Most of these publications are for diagnostic applications (in the case of Medicine and
Experimental Research) and the manipulation of blood samples for biology research (Hematology and
Immunology)—applications where microfluidics have compelling advantages over traditional methods.

1.4 A case study in chemotaxis assays

A reality that is perhaps lost on microfluidics engineers is that the state-of-the-art for most macroscale assays
used in cell biology research is evolving and improving over time. Biologists understand better than anyone the
deficiencies of the techniques they use, and they occasionally make modifications to these macroscale assays
that get adopted by other biology researchers. An example of this technological evolution can be found in visual
chemotaxis assays—techniques that measure the directional migration of a cell in response to a source of
chemoattractant factors that change concentration in space and time.

Macroscale visual chemotaxis assays have improved significantly since their initial introduction in the
1970's (Figure 2). The most widely used chemotaxis assay is known as the “Boyden chamber” or “Transwell” assay,
developed in 1962 by Stephen Boyden.'¢ The Transwell assay works by creating a concentration gradient of
chemoattractant compounds between two wells that are separated by a microporous membrane. Chemotactic
cells located in the upper well sense the gradient in concentration and migrate across the membrane towards

the solution in the lower well where the cells are counted. This method has been highly valuable over the last 50
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Figure 1.2 The development of visual chemotaxis assays over time. The Boyden chamber assay is also shown
since it was the first popular in vitro chemotaxis technique. The Zigmond chamber design has undergone several
evolutionary changes to address problems with previous versions of the assay. Note the relatively short time

microfluidics techniques have been available in comparison to the classical visual chemotaxis assays.

years for identifying chemotactic factors for various cell types; however, the technique does not allow for
observation of the cell migration path or cell morphology. This experimental limitation (along with others) led to
the development of visual chemotaxis assays such as the Zigmond chamber.'? In this system, cells can be
observed visually with an optical microscope as they undergo chemotaxis on a coverslip across a narrow (tens of
micrometers) constriction towards a source chemoattractant. Importantly, this technique allowed for clear phase
contrast imaging of cell migration and morphology. However, users of the technique discovered that
evaporation of the small volumes of liquid in this system, along with the use of the flexible material polymethly
methacrylate (PMMA), led to short-lived and unstable chemical gradient profiles. In the early 90's, Zicha et al.
designed a modification of the Zigmond chamber called the Dunn chamber.'8 This system used a concentric
spherical geometry made of glass instead of PMMA, and used thick coverslips to mitigate the variability in the
gap constriction (and therefore gradient profile) during the course of the experiment. This design enabled much

more stable gradient profiles for up to ~30 hours, representing a significant advance for monitoring the



chemotaxis of more slowly moving cell types such as fibroblasts. One of the major drawbacks of the Dunn
chamber design is that it required thick coverslips in order to minimize flexure of the system during a chemotaxis
experiment, which helped to maintain stability of the gradient over time. While this design choice is acceptable
for low magnification imaging, the thick coverslips make high-resolution oil immersion microscopy for
mechanistic studies difficult. In an effort to improve upon the Dunn chamber, Muinonen-Martin et al. designed
the Insall chamber, which used rigid support posts and a paraffin-vaseline seal, allowing for the use of thin
coverslips that are required for high numerical aperture (NA), oil immersion microscopy.'® The Insall chamber
represents the most recent of a long evolution of direct-viewing chemotaxis chambers that have been
developed over the course of three decades.

Microfluidics has offered many excellent solutions for next-generation chemotaxis assays (reviewed in
references 20 and 21), however none of these methods have seen widespread adoption at the level of the
aforementioned macroscale assays. The generation of chemical gradient profiles is an area where microfluidic
technologies are uniquely qualified because of the highly predictable2223, diffusion-dominant characteristics of
the fluid flow at this scale (Box 1; discussed in greater detail in Chapter 2). Yet macroscale assays are still
predominantly used for chemotaxis studies in cell biology research. The low adoption rate of microfluidic
chemotaxis assays may be due to the fluid handling expertise and infrastructure required in early designs24.25,
which may have acted as a barrier to entry for biologists.26 Recently published microfluidic chemotaxis
techniques are beginning to take usability requirements into consideration and designing simpler chemotaxis
assays that do not require active pumping systems.2’-22 Another possibility is that biologists are more
comfortable with using the existing direct-viewing macroscale chemotaxis assays that have been developed and
vetted over nearly 40 years (Figure 2). Notably, each iterative improvement on the Zigmond chamber design was
published by investigators with appointments in biology (Zigmond), experimental pathology (Boyden & Dunn);
and cancer research (Insall)—none of the designs were produced from “engineering” disciplines. Clearly biology
researchers understand their experimental needs and posses the ability to engineer new methods to meet those
needs. Microfluidic engineers are relative newcomers to cell chemotaxis game—and generally speaking other

types of cell biology assays—but have underlying technological and experimental advantages to build tools that
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1.5 Different materials tailored for specific
applications

Unlike the semiconductor industry where silicon is the backbone material on which the technology has been
built3031, the materials used for developing microfluidic devices have undergone significant transition over the
years. Early uTAS devices were fabricated out of silicon3235 and glass3¢-39 using cleanroom techniques that were

translated to microfluidic device fabrication. This was largely a choice of convenience since the techniques and



facilities were already in place, but not a long-term solution for cell biology research. Silicon is opaque to visible
and ultraviolet light, making this material incompatible with popular microscopy methods. Glass and silicon are
both brittle materials; have non-trivial bonding protocols for closing microchannels; and in general have
expensive, inaccessible fabrication methods. These materials were useful for demonstrating how PTAS systems
could be designed and function, but were ultimately limited in their growth potential. Cheaper, more accessible
materials and fabrication methods were needed to fuel the growth of microfluidic technology development and
adoption.

In 1998, Whitesides proposed using polydimethylsiloxane (PDMS)—an optically transparent, gas and
vapor permeable elastomer— for the fabrication of microfluidic devices*?, and this has become the most widely
adopted method for fabricating microfluidic devices. These micromolding techniques built upon technology first
developed by Bell Labs in the 1970s#', and other advancements in the 1980s.42 It would be hard to exaggerate
how important and enabling PDMS has been for microfluidics, contributing to the growth of the field in both
technological development and number of publications.*3 Adoption of the material can be attributed to several
key factors, including (1) the relatively cheap and easy setup for fabricating devices using PDMS; (2) the
hydrophobic surface properties can be tuned to become more hydrophilic#445; (3) the ability to reversibly and (in
some cases) irreversibly bond PDMS to glass, plastic, PDMS itself, and other materials; and (4) the elasticity of
PMDS allows for easy removal from delicate silicon molds for feature replication. In addition to the practical
fabrication considerations of using an elastomer, there are significant functional advantages as well. Researchers
have used the elasticity of PDMS to create micropillar arrays that assay the mechanobiology of various cell types.
4647 However, perhaps most importantly the elasticity of PMDS allows for valving and actuation#849, which has
led to a plethora of microfluidic designs and publications. Fluidigm®—the largest commercial uTAS technology
company currently in the market—builds their microfluidic systems using deformable elastomers (NanoFlex™
valves).

Despite all the beneficial properties of PDMS that enabled its rapid adoption amongst engineers, there

are several limitations to using the material for biomedical research. For example, PDMS has been found to leach



10

uncrosslinked oligomers from the curing process into solutions9, requiring additional device preparation to
mitigate this potentially harmful effect.5>' Additionally, PDMS has been shown to absorb small moleculess952,
which can impact critical cell signaling dynamics. Furthermore, the vapor permeability of PDMS means that
significant evaporation can occur during an experiments3, which can be detrimental for cell microenvironments
at micro- and nanoliter fluid volumes.5#55 Strategies such as parylene coating the microchannel surface¢ and
other techniquess7.58 have been developed to mitigate this problem, but these processes are consequences of
deploying a non-ideal material for cell biology applications—the often cited “biocompatability” of PDMS appears
to be somewhat of a misnomer. Finally, distributing PDMS devices to collaborators is not easily scalable. While
making prototype devices for iterating on a new concept is easy, making many of these devices and packaging
them in a user-friendly way for collaborators is often nontrivial. Given these limitations, it seems PDMS is not a
one-size-fits-all material for certain microfluidic applications, and particularly for cell biology research.5®

The limitations of PDMS have prompted researchers to explore alternative materials in recent years
(Figure 3). In the microfluidics community there has been a push towards the use of thermoplastics such as
polystyrene (PS) and cyclic olefin copolymer (COC)&° for microfluidic devices (Figure 3a). Thermoplastic materials
such as polymethyl methacrylate (PMMA) and polycarbonate (PC)5'62 were popular for the fabrication of uTAS
devices in the 90’s, but lost favor with researchers because the fabrication methods were more difficult and
expensive than PDMS. However, the microfluidics community has largely addressed this issue by developing
more accessible fabrication methods for thermoplastic uTAS devicess3-¢5, although these techniques are not
without limitations.4366 The use of polystyrene mitigates or eliminates many material property issues associated
with PDMS, including the bulk absorption of small molecules; evaporation through the device; and PS makes
handling and packaging easier for use in collaborations. Indeed, we have recently argued that PS should be
used over PDMS for many cell biology applications, particularly since biologists have a long history of using PS
for cell culture#3

In addition to thermoplastic materials, there has been significant progress in using destructible, cheap
materials such as paper (Figure 3b), wax (Figure 3c) and cloth®’ for point-or-care applications in low-resource

settings. These materials have the benefit of being cheap and easily incinerateds8, making them ideal choices for
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settings where safe disposal of biological samples is challenging.3¢° Currently there is tremendous activity in
developing microfluidic paper-based analytical devices (UPAD). These UPAD devices operate by passively wicking
biological samples through patterned hydrophilic regions using capillary forces, and often employ calorimetric
readouts. The hydrophobic channel patterning can be accomplished using a variety of methods such as wax
printing”%; photolithographic patterning of photoresist’; inkjet printing of PMDS’2; and flexographically printed
polystyrene.”> uPAD devices are becoming increasingly sophisticated, with a recent study demonstrating a
single-step enzyme-linked immunosorbent assay (ELISA) for the detection of human chorionic gonadotropin
(hCG).7#

The movement beyond PDMS with the use of wax, thermoplastics, and paper is a positive development
for the microfluidics community. Rather than solely relying on PDMS for device fabrication regardless of its
limitations, researchers are beginning to consider new materials based on the requirements of an application.
This shift to tailoring the choice of material frees researchers to invent elegant and creative solutions, particularly
for point-of-care applications in the developing world.

1.6 When uTAS technologies are the only solution

Most of the microfluidic technologies that were developed for cell biology applications in the early 2000’s sought
to improve upon existing macroscale assays. Many of these technologies delivered on the promised
performance improvements, yet were never adopted by mainstream biology researchers. Another possibility for
this lack of adoption beyond those we have previously discussed is that these technologies are only
improvements on already established techniques. Although microfluidic methods may have been technological
superior in some cases, they were ultimately only iterative improvements upon methods that already existed.
Are you interested in performing protein analysis? Conduct a western blot or ELISA. Are you interested studying
cell chemotaxis? Perform a Boyden chamber assay. Are you interested in tissue regeneration after a wound?
Scratch your cells with a micropipet tip and see what happens. Microfluidic techniques exist that perform all of
these assays with equivalent or improved performance?6, but they do not offer fundamentally new capabilities

compared to the current state-of-the-art.
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Within the last several years there has been a growing number of microfluidic technologies that solve
problems that have not yet been addressed by macroscale approaches. Two recognizable examples that embody
this distinction can be found in the glucometer and the pregnancy test. Each test passively wicks bodily fluids
into porous materials, either blood (glucometer) or urine (pregnancy test), and performs a complex biochemical
assay to provide an immediate measurement. Benchtop assays exist that can certainly perform these tasks, but
the portability and rapid feedback these assays provide is transformative for the end user. There are currently
applications like these for which microfluidic methods appear to be the best, and possibly only, immediate
solution. These various applications share overlapping qualities that make them useful techniques. However, for
the purpose of this discussion we will break them into three categories: diagnostic devices for low-resource
settings; the rapid processing of biofluids for research and clinical applications; and so called “organ-on-a-chip”
devices for drug discovery and diagnostics.

1.6.1 Diagnostics for low-resource settings

The western model of centralized laboratories processing clinical samples with expensive equipment does not
translate to the developing world. Many low-resource settings do not have the means or infrastructure to
perform these tests and analyses, necessitating creative alternative solutions to meet this largely unsolved
problem. Microfluidic methods are being developed to perform a variety diagnostic tests with builtin analysis
capabilities that are compatible with the infrastructure in the developing world. As discussed earlier, new
material systems such as paper, wax, and others are making major contributions in this area.t%6° The common
themes with these devices include being ultra-simple to operate; providing some qualitative or quantitative
output that does not require sophisticated equipment to measure (e.g. cell phone camera or scanner); and
ideally the materials used to make the devices are destructible, to avoid unsafe contamination, or scalable and
cheap to manufacture. In a recent study, Chin et al. aimed to meet these requirements in a microfluidic chip that
performed an ELISA-like assay within ~20 minutes using volumes of blood that can be obtained from a lancet
puncture (Figure 4a). Importantly, the assay did not require external pumping systems; emphasized
straightforward operation; and used cheap photodetectors for the rapid optical readout. The authors analyzed

over 70 blood samples obtained from a hospital in Rwanda and successfully diagnosed human
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developing world is an excellent example of leveraging the benefits of uTAS technologies where classical

(Western) diagnostic paradigms fail. (i) A user-friendly cartridge to perform ELISA's for the diagnosis of HIV and
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other diseases. (ii) 3D uPAD showing complex fluid handling operations that occur passively in a paper device for
diagnostics in the developing world. (B) Rapid purification of (i) neutrophils using antibody based capture in
cartridge device, or (ii) other target analyzes such as RNA, other cell types, and proteins. (C) Organ on a chip
assays for drug development and specialized diagnostic applications. (i) Complex Microsystems can be
developed to recreate organs physiology, such as the physiology of the lunch, directly on a microfluidic device.m
(ii) biomimetic blood vessel and capillary networks can also be recreated in vitro to diagnosis SCD and other

diseases involving blood vessel-whole blood interactions. All images reprinted with permission.

immunodeficiency virus (HIV) in all but one patient, achieving sensitivity and specificity values that rival a lab-
based ELISA test. This study and others are promising indications that uTAS technologies could make significant
contributions to healthcare in the develop world.

1.6.2 Rapidly assaying biofluids with microfluidics

Engineers have leveraged properties unique to the microscale that have enabled studies that are difficult or
impossible using macroscale approaches (Figure 4b). These methods have largely been applied to clinical
applications since they use ultra-low volumes of biofluids for the sample processing and can usually be
accomplished rapidly and easily. To some degree these assays mimic what macroscale assays accomplish, but the
methods offer fundamentally new approaches that enable fundamentally new applications. For example, the
rapid purification and analysis of neutrophils—the phagocytotic cells that are first responders for the innate
immune system—has been demonstrated in several studies in recent years for clinical and research applications.
287577 These techniques cut down on blood processing times from roughly an hour using milliliters of blood?8, to
a few minutes using only microliters of blood. These methods can be applied to measure neutrophil function for
diagnostic and research purposes, enabling a new class of studies that have previously been beyond the
capabilities of macroscale methods.28 Other purification schemes have been developed that leverage the
increased dominance of surface tension at the microscale to sort target analytes in biofluids across multiphase
barriers (e.g. oil and water) using fast and simple procedures.'#7980 Not only is this purification scheme simpler

and faster than most macroscale methods, but improved sensitivities for protein and genetic purifications may
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be achievable due to a reduction in the number of wash cycles required to carry out an experiment. These
applications are only some of the examples where microscale benefits are being leveraged to carry out
experiments that are not reasonably achievable using macroscale methods.

1.6.3 Organ-on-a-chip

The pharmaceutical industry currently is faced with unsustainable research and development (R&D) costs8'82
that require the industry to change how they pursue the development of new drugs.8384 The industry faces
multiple headwinds, such as the exclusivity on blockbuster drugs for several companies soon expiring, and
dramatically fewer new drugs being approved by the Food and Drug Administration (FDA) in recent years. These
circumstances necessitate new strategies for drug development that increase R&D productivity in order to avoid
a potential drought in innovative new drugs coming to market.

Microfluidics researchers are taking aim at this problem by developing potentially transformative
technologies to mitigate the cost of new drug development. A new class of microfluidic devices seek to replicate
in vivo organ function on a microchip (Figure 4c). This new class of so called “organ-on-a-chip” technologies
integrates several well-understood microfluidic components into a single in vitro device, allowing researchers to
more closely recapitulate in vivo function. This ambitious effort is still in its infancy, though several promising
studies have shown examples of these biomimetic systems. Examples of organ-on-a-chip technologies include
the gut-on-a-chip?s; lung-on-a-chip?s; blood vessel-on-a-chip87-89; and kidney-on-a-chip.®® Furthermore, these
modular systems could theoretically be combined into a complete “human-on-a-chip” model that mimics in vivo
function of these organs working together in concert.! The result would be class a sophisticated in vitro assays
where drugs could be tested, increasing the predictability of a new drug (i.e. hit rate) prior to animal testing or
human clinical trials. In a tangential application, blood vessel-on-a-chip devices have already been utilized for
the diagnosis of sickle cell disease (SCD) in the clinic.87:82 For example, Tsai et al. described a microfluidic chip that
recapitulated in vivo conditions of a blood vessel—such as blood flow rate; endothelial cell shear stress; and
biochemical activation states—in order to reliably detect vasco-occlusions due to SCD. This system highlights
how certain properties of microfluidic systems such as high resolution micropatterning and precise control of

the hemodynamic and shear profiles in the microchip enabled the measurement of biophysical abnormalities in
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a clinical setting. Significant work is still required before organ-on-a-chip methods can be adopted in
mainstream drug R&D or clinical diagnostics, although early developments in this area are promising.

1.7 Where we go from here

The question of how to increase adoption of microfluidic technologies within mainstream biomedical research
remains largely unanswered. We have shown that microfluidic technologies are being utilized for some studies in
biology research and diagnostic applications, however the large majority of microfluidics publications are still in
technical journals specific to the field (Figure 1). Adoption of new technologies that supplant or even
compliment existing methods is often a slow process. For evidence of this, one needn’t look further than the
computer mouse, which took 20 years to appear in the Macintosh™ computer after its invention by Douglas
Engelbart in the 1960’s. But that does not mean microfluidics engineers should become disillusioned or
discouraged. Researchers in the field must develop deliberate and thoughtful strategies that will best push the
technology forward. We now have several decades of experience to draw upon, and there are some useful
lessons we can apply.

1.7.1 Fostering mutually beneficial collaborations

During the early years of microfluidics the field had largely taken an, “if we build it, they will come” approach to
developing and publishing microfluidic technologies. Perhaps the idea was that these fancy microfluidic chips
would look so impressive, researchers from the biology community would rush to figure out how to make and
use the new technologies themselves. Clearly this cliquey formula of engineers and biologists leading separate
academic lives does not benefit either community. Fortunately researchers have acknowledged that a divide
between the developers of the technology and the end-users is counterproductive. Most of the recent
microfluidics papers published in “biology and medical journals” are co-authored by engineers, biologists, and
clinicians. This evidence of increasing collaboration is a promising development for everyone involved. In order
to sustain this trend, microfluidic researchers should aggressively court collaborators from biology and clinical
laboratories (and vice versa). Direct interaction and feedback from the end-user is tremendously useful during
technology development. Furthermore, new applications and ideas can be generated by biology collaborators

that engineers—being non-experts in cell biology or clinical research—would never have considered.
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1.7.2 The simplest solution is almost always best

All signs indicate that there is no silver bullet for accelerating the adoption process, however there are design
choices engineers can make in order to lower the barrier to entry for biologists. How the end user interacts with
a new technology is a critical aspect of whether the method is adopted. Microfluidics engineers have been
attempting to simplify fluid handling methods in their designs with passive pumping approaches that only
require a micropipet to operate.'21427-29.7992 Some microfluidic applications will always require the use of
external pumps and pneumatic fluid handling systems; examples include most organ-on-a-chip devices and
techniques that require continuous flow to generate specific shear profiles (e.g. biomimetic blood vessel
models). However, engineers should limit the use of these external systems whenever possible. Creating a
simpler approach often requires more creative solutions, but this can greatly improve the experience for the
end-user. Paper diagnostic assays are an excellent example of single-step, automated, and user-friendly uTAS
solutions where the technology completely disappears and the user can focus on interpreting the results®. We
have recently developed a similarly straightforward, automated approach for general cell biology applications
that does not require external pumping equipment or even a micropipet to perform complex assay protocols.93
General problems of packaging and distributing microfluidic technologies to collaborators will also need to be
addressed until microfluidic assays become more commercially viable in the academic research market. However
these problems can also be viewed through the lens of user-friendly assay design.

1.8 Methods

A literature search was performed using Web of Science (WoS; provided by Thomson Reuters) to determine the
number of microfluidics publications in various disciplines (Figure 1). The search was performed for the term
“microfludic*” and “nanofluidic*”. The results of the number of publications were obtained from the WoS analytics
reporting system for each search term, and then summed before being presented in Figure 1. Three categories
were characterized by the WoS search that capture the relevant journals for the years 2000-2012. The analysis of
“Microfluidics in Engineering” reports the number of microfluidic publications in the “Nanoscience and
Nanotechnology”WoS category. The analysis of “Microfluidics in Multidisciplinary” category corresponds to the

“Multidisciplinary” WoS category. The analysis of “Microfluidics in Biology and Medicine” reports publications
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from WoS categories shown in Figure 1b. The search explicitly excluded “reviews”, “book chapters’, “book reviews’,
“meeting abstracts’, “meeting summaries’, and included “articles." The data shown reflects the most recent
literature search, performed on 3/21/2013. The following search general string was used: Topic=(microfluidic*)
AND Year Published=(2000-2012) AND Document Types=(Article) NOT Document Types=(Book OR Book Chapter
OR Book Review OR Meeting Abstract OR Meeting Summary OR Proceedings Paper OR Review). This string
yielded the total “microfluidic*” publications in all WoS categories. The search was then refined by the Wo$S
categories shown above (e.g. Web of Science Categories=( MULTIDISCIPLINARY ).
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Chapter 2

Microfluidic chemotaxis technologies for research and translational medicine

2.1 Introduction

The human body is made up of 100 trillion cells4, with over 200 cell types that perform a variety important
biological functions. Cell migration is one of the most critical functions for the proper execution of several
physiological processes. For example, cell migration is central to wound healing in order to repair damaged
tissue.?s Cell migration is vital for mobilizing white blood cells in order mount an innate immune response and
promptly fight off infection.9¢ In some cases cell motility can be detrimental, as is the case when metastatic
cancer cells spread rapidly throughout the body during cancer progression.®7-9° The migration of most cell types
during these physiological processes is rarely random, but rather guided by extracellular cues that direct cell
movement. There are several types extracellular cues that can direct cell migration, including gradients in cellular
adhesion sites (haptotaxis); mechanical cues in the cell microenvironment (durotaxis); changes in the electrical
field (electrotaxis); and the presence of soluble proteins (chemotaxis). For chemotaxis to occur, a cell senses an
extracellular biochemical gradient and responds by migrating directionally towards, or away from, the increasing
concentration of the attractant molecule. Cell chemotaxis has been an area of great interest to the cell biology
community, and many chemotaxis assays have been developed in order to study this phenomenon in depth.
This chapter will describe the physiology of eukaryotic cell chemotaxis; provide an overview of macroscale and
microscale chemotaxis assays that have been developed over the last 50 years; and explore the potential of
translating appropriately designed chemotaxis techniques beyond the research setting and into the clinic.

2.2 Eukaryotic cell chemotaxis

Cellular chemotaxis is a complex, multi-stage process by which receptors on the cell membrane recognize the
presence of external biochemical cues, and then amplifying intracellular signaling pathways to polarize its
cytoskeleton and migrate in response. Prokaryotic and eukaryotic cell types both have the ability to undergo

chemotaxis, though prokaryotic chemotaxis is characterized by significantly different mechanisms and signaling
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Figure.1Afamous example of neutrophil hemotaxis and phagocytosis. The neutrophil is seen mirating
towards a bacterium as the bacterium secretes some kind of unknown chemoattractant (e.g. N-formyl peptides
like fMLP). The neutrophil polarizes its cytoskeleton and extends lamellepodia towards an increasing
concentration of proteins that guide the cell towards the bacterium. Note the ability of the neutrophil to
rapidly change direction and polarization in response to movement of the bacterium, as well as its ability

to navigate around red blood cells. In its final fate, the bacterium is engulfed by the neutrophil and

killed during phagocytosis. (The above images were taken from a 16 mm video recorded by David Rogers

of Vanderbilt University in the 1950's. Details can be found at www.biochemweb.org/neutrophil.shtml.)

pathways. Two classic chemotaxis models that have been well-characterized in the literature include
Dictyostelium discoideum amoebae and neutrophils, which capture many of the characteristics of eukaryotic cell
chemotaxis. However, there are mechanistic differences between the various chemotactic cell types that cannot
be covered in this chapter. For details on cell types that will not be discussed here, we refer readers to the
following reviews on chemotaxis for bacteria'®; Dictyostelium discoideum01.192; dendritic cells'93; natural killer
cells’®4; and macrophages.’95.19 |n order to provide an example of the biology of chemotaxis in a cell type that is
relevant to the context of translational medicine, we will focus on neutrophils-the most abundant cell type in
the innate immune system and first responders during inflammation and wounding healing (Figure 1).

Neutrophil chemotaxis can be broken down into three primary interlaced stages: chemosensing,
polarization, and locomotion (reviewed in 107,108). When a neutrophil senses a concentration gradient of
external secreted proteins known as chemokines, the cell polarizes its cytoskeleton and engages in sustained
directional migration towards the attractant molecules (i.e. chemoattractant). We will provide a brief overview of
the biology of chemotaxis for neutrophils, and refer the reader to the aforementioned excellent reviews for a

more in depth treatment of the subject.
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2.2.1 Chemosensing

Prior to being activated by external cues, neutrophils stay in an inactive and immobile state. When
chemoattractant is present, neutrophils extend and retract lamellipodia—protrusions of the cell membrane
structured by actin filaments—to dynamically form pseudopods for roughly 60 second intervals. If a uniform
chemoattractant is present, neutrophils migrate more or less randomly until the cell senses a gradient of
chemoattractant and begins to migrate directionally. Neutrophils sense chemoattractants using transmembrane
chemoattractant receptors (e.g. fMLP-R and C5a-R) that become occupied by extracellular chemokines, and
these receptors activate heterotrimeric G-proteins that transduce the extracellular signals into an intracellular
activation cascade. The chemoattractant receptors are relatively uniformly distributed on the cell membrane,
and the local and temporary nature of the pseudopod formation allows neutrophils to rapidly change the
extension of pseudopodia in reaction to location changes of the source of chemoattractant. Once the cell
becomes polarized, neutrophils maintain the original leading edge of the cell and turns towards the new source
of chemoattractant rather than forming new lamellapodia.

2.2.2 Polarization & Locomotion

Neutrophils can become polarized in a uniform concentration of chemoattractant, however polarization is much
more likely when a gradient of concentration exists, leading to persistent migration towards the source of
chemoattractant (chemotaxis). When there is a difference as little as 1-2% in the number of receptors on
opposite ends of the cell occupied by chemoattractants, the neutrophil polarizes its cytoskeleton by increasing
the number of advancing pseudopodia on the anterior portion of the cell and enriching retracting uropods with
myosin in the posterior portion of the cell. Once activated and polarized, neutrophils have the ability to
persistently migrate towards a site of inflammation that is sending inflammatory signals (chemokines), or chase
down pathogens such as bacteria to phagocytose and clear the pathogen. The persistent migration of
neutrophils is determined by a variety of factors such as type of chemoattractant, steepness and profile of the
concentration gradient and other biophysical and biochemical factors in the neutrophils’ extracellular

microenvironment.
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2.3 The role of chemotaxis in disease

In the introduction we described chemotaxis as being central to the pathophysiology of many diseases. Indeed,
chemotaxis is relevant to the spread of metastatic cancer®; wound healing®:109119; the inflammatory response
by the innate immune system11.112; rheumatoid arthritis''3; chronic obstructive pulmonary disorder (COPD,
reference 114); and asthma.'51"7 The role that cell chemotaxis plays in the pathogenesis of these and many
other diseases has been a topic of intense interest over the last 50 years. Researchers have made significant
progress in identifying chemotactic cell types that are central to the pathogenesis of a disease, as well as the the
identification of cytokines that are relevant to the orchestration of these mobile cells.

For example, the dissemination of metastatic cancer cells from a primary tumor site throughout the
body is central to the pathophysiology of the disease. If a primary tumor is detected early, treatment regimens
and prognosis are greatly improved compared to late-stage detection.’'8 In other words, the cancer becomes
much harder to treat if the cells have migrated away from the primary tumor site; entered the nearby
bloodstream (created after angiogenisis has been initiated near the primary tumor); and extravasated from the
blood stream to form a secondary site. If the cancer cells have not mobilized from the primary tumor site, the
cancer can often be surgically removed or treated with local irradiation. Although directional migration is not
necessary for this process, there is evidence that metastases form more efficiently when the cells migrate
directionally."® Furthermore, researchers have shown that the chemotaxis of tumor cells towards macrophages
is important for intravasation into the blood vessel, and for invasion into the tissue of a secondary site.'20 Thus,
minimizing or disrupting the ability of cancer cells to undergo chemotaxis would likely lead to a reduction in the
metastasis of cancer cells and improved prognostic outcomes for cancer patients.

Asthma is another disease where chemotaxis—in this case the dysfunctionally regulated chemotaxis of
inflammatory cells—directly contributes to the pathogenesis of the syndrome. Asthma is a condition
characterized by chronic inflammation of the lungs, which ultimately leads to obstruction of airflow and
manifests in clinical symptoms such as wheezing, coughing, and shortness of breath. The condition has far-

reaching impact, affecting more than 300 million people worldwide.'2' Furthermore, asthma prevalence has
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increased significantly over the last 30 years in many regions, with some indications that prevalence may be
reaching a plateau in the developed world.17.122 Researchers have made significant progress uncovering the
mechanisms and pathophysiology of asthma, leading to improved treatment and management. However,
diagnosing asthma still remains a challenge for physicians'23-125, and misdiagnosis can lead to unnecessary
treatment; greatly increased medical costs'25; or more consequentially, missed treatment for vulnerable
populations such as the elderly.’23124 |n this case, mitigating the hyperchemotactic activity of inflammatory cells
could lead to improved clinical outcomes for asthmatic patients.

Cancer metastasis and asthma are two of many examples where chemotaxis plays a central role in the
pathophysiology of a disease. Researchers have studied theses pathways in an attempt to not only understand
the biology of a disease, but develop therapies that target areas of the pathway that may be vulnerable to
interventions. For instance, a therapy blocking the production of Interleukin-5 (IL-5)—a cytokine that is implicated
in mucus secretion; the recruitment of eosinophils to the lungs (leading to eosinophilia for asthmatic patients);
and airway hyper-responsiveness (AHR)'27—might decrease eosinophil and mast cell recruitment to the lungs
resulting in symptom relief for the patient. Anti-IL-5 clinical trials are currently currently underway'28.129, and this
is an example of how therapeutic interventions can be developed once the underlying pathway is uncovered. In
order to understand the role of cell chemotaxis for various diseases and facilitate the development of drug
therapies, researchers require robust in vitro assays to controllably and systematically study cell chemotaxis. In
the following sections, we will explore both traditional macroscale chemotaxis assays and more recently
developed microfluidic systems. Furthermore, we will explore how properly designed microfluidic chemotaxis
devices can potentially be used in a clinical setting for diagnostic and therapeutic purposes.

2.4 Traditional methods for studying cell chemotaxis

Several assays have been developed that have made significant contributions to our understanding of cell
chemotaxis (Figure 2). The first widely adopted in vitro assay for studying cell chemotaxis was developed by
Stephen Boyden in 196216, known as the “Boyden chamber” or “Transwell” assay. The Transwell assay is a two-

chamber system, with each chamber filled with media and separated by a microporous membrane (Figure 2A).
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Figure 2.2 Overview of macroscale chemotaxis assays that have been developed over the years. The
timeline below each assay indicates the date the technology was invented below each assay (not to scale). The
direction of the arrow indicates the direction of cell chemotaxis. The color shading indicates the formation of the

chemical gradient of chemoattractant.

The lower chamber contains a test substance of interest (e.g. chemoattractants), and the upper chamber
contains cells that may or may not respond to the test substance. During the course of an experiment, the source
compound diffuses across the porous membrane due to the concentration gradient that exists between the two
chambers. As we discussed earlier, chemotactic cells can sense the spatial distribution of chemoattractants and,
depending on the cell type and chemoattractant, migrate across the membrane and towards the source of the
concentration gradient. Multiple wells can be studied at once and in parallel to introduce proper controls (i.e. no
concentration gradient), or to test varying doses in order to comprehensively characterize the chemotactic
response of the cell type-compound combination. Following the introduction of the Boyden chamber, several
early studies demonstrated the utility of in vitro chemotaxis assays by characterizing the chemotactic response of
several cell types under various experimental conditions.6:130-132 Following the successes of the Boyden
chamber, researchers sought to develop new designs that offered different approaches to measuring cell

chemotaxis.
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Alternative in vitro chemotaxis assays that have been utilized in the biology community include the
Zigmond chamber'7; the Dunn chamber, which is a modification of the Zigmond chamber design’8; the under-
agarose assay'33; and micropipette-based'34 assays. A comparison of some of these chemotaxis techniques is
shown in Figure 2. The Zigmond chamber consists of two etched wells—a chemoattractant (source) well and a
well containing cells and media (sink)—that are separated by bridge that restricts convection of fluid from one
well to the other (Figure 2B). The cells are placed on an inverted coverslip spanning the two wells, allowing the
investigator to visually observe the cells undergo chemotaxis across the bridge as a chemical gradient is formed.
However, the gradients are short-lived (~1 hour) and somewhat unstable due to the evaporation that occurs
with this design. These drawbacks lead to the Dunn chamber design'8, where a spherical geometry was adopted
so the wells can be completely encapsulated by the coverslip to limit evaporation (Figure 2D). The under-agarose
assay is another early example of a technique that allowed the investigator to visually observe the migration of
cells over time. In the under-agarose assay, holes are punched in agarose gel and a chemoattractant is placed in
the holes to act as a source for the concentration gradient. Due to the concentration gradient that exists
between the source and the surrounding gel, the compound diffuses into the gel and cells sense the changing
spatial distribution of the source compound over time and migrate towards the source under the agarose gel.
This method provides a relatively simple and robust technique for creating one or more chemical gradients,
while visualizing the response of cells in a physically confined environment. Foxmann et al. utilized the multi-
source capabilities of the under-agarose assay to characterize the neutrophil chemotactic function in competing
gradients'35, and there are many other studies that utilize this technique.’36.137 However, as useful as these in vitro
chemotaxis assays have been over the years, researchers have discovered several limitations that limit the types
of biological questions that can be addressed.

Many of the technological limitations that arise from the assays are due to large sample volume
requirements; unstable or unpredictable gradient profiles; or usability issues that make it difficult to run the
desired experiment. For example, the most common macroscale chemotaxis assay in use today — the Transwell
assay — develops unstable chemical gradient profiles'3s; filters cells by size and deformability due to the rigid

microporous membrane the cells must cross'39; and delivers ambiguous results as chemotaxis and chemokinesis
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are difficult to differentiate in this system.'40 The under-agarose assay allows for visualization of the cell
migration path, but has an unstable chemical gradient that forms in all directions.'38 Additionally, under-agarose
assays has low spatial resolution with respect to source and cell placement because of the way the experiment is
conducted. The user is required to define these locations with a micropipet and crude hole punching methods
for the source of chemoattractant, both of which can be prone to significant variability. Therefore, while the
method is relatively simple to perform and can be useful for visualizing cell migration paths, the under-agarose
assay is not well-suited for reliable quantification of cell chemotaxis. Another popular and more modern visual
chemotaxis assay is the Micropipette assay (also known as the “Needle assay”). This technique offers significant
technical advances over these older techniques, such as high resolution real-time imaging (Figure 2C, reference
141). However, the method is also best suited for qualitative analysis because its onerous labor requirements
limit investigators to low throughput sampling. Another significant limitation of most macroscale assays is that
they require large sample volumes in order to isolate specific cell types of interest. For example, if one wishes to
perform a neutrophil chemotaxis experiment using these common macroscale techniques, the sample
preparation would require lengthy blood draws and cell purification protocols?8 that require tens of milliliters of
blood. This sample volume requirement limits the number of times one can sample a subject to probe their
neutrophil chemotactic function, thereby restricting the time resolution of the experiment. Additionally, the
large blood volumes needed makes sampling infants or small animals (e.g. mice, rats, etc.) for neutrophil
chemotaxis logistically complex, if not impossible.

Microfluidic technologies can play an important role in providing solutions to many of these limitations.
Indeed, over the last decade microfluidic engineers have either solved or greatly improved upon the gradient
stability and sample volume limitations of macroscale assays. In the following sections, we will explore why
microfluidic technologies are particularly useful for chemotaxis assays by describing the physics of fluids at the

microscale.
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2.5 Microfluidic methods for studying cell chemotaxis

Microfluidic devices are ideally suited to perform chemotaxis assays and offer significant advantages over
macroscale approaches. As we discussed earlier, chemotactic eukaryotic cells can sense spatial and temporal
perturbations in their microenvironment, and respond by directionally migrating towards the increasing
concentration of the stimulus. However, the cell cannot undergo chemotaxis if the changing concentration
occurs so suddenly that the receptors on the cell membrane cannot discern a difference in soluble factors from
one side of the cell versus the opposing side. Fortunately, the physics of fluids at the micro/nanoliter scale makes
creating diffusion dominant mass transport a relatively trivial task. The fluids at this scale are often characterized
by a series of dimensionless quantities'#2; the quantity that is most widely cited (and probably the least

interesting), is the Reynolds number (Re, Equation 1):

where v is the characteristic velocity of the fluid; Lo is the characteristic length scale in which the fluid is traveling;
and n is the kinematic viscosity of the fluid. For devices with dimensions on the micrometer scale that
manipulate fluids with typical velocities (v << m/s) and kinematic viscosity (e.g. aqueous solutions, oils, etc.), the
Reynolds number, Re << 1, is well under the transition from turbulent to laminar flow. Thus, the size scale of
microfluidic technologies dictates that fluids generally operate in the laminar flow regime. The implications of
this phenomenon for creating controllable gradients of soluble proteins are significant. Laminar fluids can be
manipulated, combined, and separated in highly predictable and reproducible ways without stochastic
convective currents (turbulence) disturbing the mass transport dynamics. Therefore, two or more neighboring
microfluidic streams can run adjacently to each other without turbulent mixing; instead, molecular diffusion
dominates the mass transport between the laminar fluids.

Diffusion a process characterized by Brownian motion, where molecules moving from a higher

concentration to lower concentration (i.e. thermodynamically driven), and the kinetics of this process are
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determined by the activation energy required to move the diffusing molecule (e.g. proteins) through a particular

medium (e.g. aqueous solution). In one dimension, diffusion can be modeled by (Equation 2):

Where d is the distance a molecule with diffusivity D travels in time t. There
is another dimensionless quantity that describes the ratio of convection of a
fluid compared to diffusion of a molecule within that fluid, known most
commonly as the Peclet number (Equation 3):

'ULO

3) Pe = —
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where v and Lo are still the characteristic velocity of the fluid and length-
scale of the system, respectively; and D is still the diffusivity of a molecule
from one fluid into the medium of an adjacent fluid. This number helps one
determine the relative importance of diffusion compared to the convection
of the fluid. In practice, the Pe number can be used to determine the
necessary length of a microchannel to allow complete diffusion of a
molecule from one fluid stream to another. For example, consider two fluids
- Fluid A and Fluid B - flowing in adjacent laminar flow streams at 10 um/s in
a microchannel with width of 500 um, and we wish to calculate the channel
length required for a protein with diffusivity of 50 um2/s to diffuse from Fluid
B to the channel edge for Fluid A (Figure 3). Due to the lack of convective
mixing on this scale, the protein B will take 20 channel widths, or 5 cm to
diffuse across Fluid A (a distance a few times the diameter of a human hair).

These numbers demonstrate that one can control diffusion well within

diffusion

Figure 2.3 Generic design of
two fluids flowing through a
microchannel in the laminar
flow regime. Diffusion of
molecules from Fluid B occurs
transverse to the fluid flow and
down the concentration

gradient towards Fluid A.
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microchannels, but without convection, transporting molecules from one area of a microchannel to another
takes considerable time.

Microfluidic engineers have leveraged the unique properties of fluids at the microscale to make
significant advancements in the capabilities of chemotaxis assays (Figure 4). The control of the cellular
microenvironment with highly predictable, diffusion-dominant fluid phenomena makes microfluidic devices
ideally suited tools for chemotaxis assays. A classic example of a microfluidic chemotaxis device that leverages
microfluidic fluid phenomena is the “christmas tree” design developed by George Whitesides' lab in 2000 (Figure
4A, reference 24). In this system, the authors created concentration gradients of various solutions by mixing fluid
streams with different source concentrations in serpentine microchannels, and then recombined the fluids with
different combinations of the source concentration after the serpentine channels meet downstream. The result
of these mixing operations is a user-defined concentration gradient of the original source molecules (Figure 4B).
This channel design both utilizes and contends with laminar flow phenomena in order to achieve highly
reproducible concentration gradients that are difficult or impossible to replicate using macroscale techniques.
The laminar flow properties of the system allow for the components of each source fluid to be separated and
then recombined in a predictable and controllable fashion. However, the lack of convection in the system means

a serpentine channel design must be utilized to allow for complete mixing due to the high Peclet number. This
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Figure 2.4 Schematic and data of the microfluidic “christmas tree” gradient generator. A. Design of the
serpentine gradient generator that shows the splitting and recombination of multiple fluid streams to create a

chemical gradient. B. Gradient profiles of fluorescent dye that show the versatility of the technique.
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channel design has been used for developing chemical gradients for multiple cell types, including neutrophils'43;
neural stem cells'#4; Dictyostelium discoideum'#5; and metastatic breast cancer cells.46
The “christmas tree” design is one example of leveraging microfluidic phenomena to develop highly

predictable chemical gradients, however many other gradient devices have been developed over the years using
microfluidics. For example, Wong et al. describe a microfluidic system that utilizes hydrogel barriers to
compartmentalize the source, sink, and cell channels.'#” Here, the authors utilize properties of the hydrogels that
enable its use in cell culture—namely the high viscosity of the hydrogel that prevents convective mass transport;
and the permeability of hydrogels so proteins can diffuse from on compartment to another (e.g. from the source,
to the cells, to the sink). In another class of static, no-flow microfluidic gradient generators, engineers have taken

advantage of the greatly increased resistance to fluid convection as microchannel height is decreased:

where Q is the flow rate of the fluid, AP is the pressure drop across the microchannel, and R is the fluidic
resistance of the microchannel. Equation 4 shows the that the convection rate of the fluid is inversely
proportional to the resistance in of the microchannel. For a microchannel with rectangular cross-section and
high aspect ratio (width of channel far greater/less than the height of the microchannel), the resistance in the

microchannel is given by:

~12plL

(5) R
wh3

where h and w are the height and width of the channel, respectively; L is the length of the microchannel; and u is
the viscosity of the fluid.! From Equation 5, we see that the resistance of a microchannel with a high aspect ratio
is inversely proportional to the cube of its height. Therefore, a devices can be engineered to be highly resistive to
convection by decreasing the height of the microchannel (e.g. 7-15 um) compared to the height of the cell,

source, and sink channels. This technique of separating microchannels that contain cells and reagents by low-
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height “diffusion channels” has been utilized to create no-flow gradient devices?7.148, and for microfluidic multi-
culture systems.'# This approach offers the benefits of highly controlled chemical gradients without requiring
tubing or active pumping systems, and conserving intercellular signaling that would normally be removed with
a convection-based design. Other microfluidic designs have been reported that emphasize user-friendly
operation to facilitate adoption by biologists, while generating robust chemical gradient profiles. For example,
our lab recently reported a two component chemotaxis device that sorts neutrophils within minutes’s, and can
easily form a chemical gradient by placing a lid with chemoattractant onto a base where the neutrophils have
been sorted.28 This technique enabled a new set of applications that were difficult or impossible to conduct
using macroscale chemotaxis assays, demonstrating how microfluidic systems can not only simplify, but
enhance the capabilities of biomedical researchers. This technique and its applications will be discussed in great
detail in subsequent chapters. The technological advancements in microfluidics combined with their
demonstrated advantages over macroscale assays allowed for their implementation in several clinical
applications.
2.6 Microfluidic chemotaxis for translational research
Assays that directly probe cellular chemotactic function have the potential to make valuable contributions to
medicine. The concept of probing the function of a cell-type to characterize a patient’s disease state is beginning
to show promising results in medical research. This approach seeks to elicit information from the cell-type of
interest in order to diagnose disease, or perhaps for monitoring drug therapies. However, the approach of using
cell chemotaxis function as a readout for clinical medicine in an embryonic stage, with few studies
demonstrating this approach to-date. These studies share several characteristics, such as superior control of the
biochemical gradient compared to macroscale chemotaxis assays; user-friendly operation helped by utilizing
passive pumping techniques'? for fluid handling; and the use of visual readouts that track cell migration over
time.

Neutrophils are a potential candidate cell-type for eliciting disease information based on chemotaxis

function because of their central role in the pathophysiology of several diseases, as well as their robust ability to
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undergo chemotaxis. Several studies have been conducted that probe neutrophils for diagnostic information.
27,7677148 For example, Butler et al. describe a neutrophil chemotaxis platform that analyzed neutrophils from
burn patients in order to characterize their health status.?” In this study, the authors found that the magnitude of
the burn injury negatively correlated with the speed of neutrophils migrating towards the chemoattractant, and
impaired neutrophil chemotaxis was observed as early as 24 hours after the patient was burned. This result
validates trends that have been observed in previous studies using traditional chemotaxis techniques, such as
the Transwell and Zigmond assays's9, although those studies did not observe changes in neutrophil function
until 72 hours after the patient was burned. Additionally, the authors in this study found a correlation between
total body surface area of the burn and neutrophil chemotaxis function of the patient, which earlier studies did

Device type I1: Shorter gradient A

Waste removal port
2

Source loading port

Cell loading port

Array of Side Channels (3 x 6 x 1000 um) Loading
e protocol

source

—
Neutrophils Direction of Neutrophil Migration

Figure 2.5 Recent user-friendly chemotaxis devices that have been utilized for clinical applications. A.
Neutrophil chemotaxis through cell-sized microchannels (3 um x 6 um) that allow for easy quantification; robust
persistent neutrophil chemotaxis; and precent convection from the source to the sink. B. A chemotaxis device
that also utilizes a low-height “diffusion channel” to prevent convection, along with a low-resistance “bypass” to
direct any potential convection in the diffusion channel. C. A neutrophil chemotaxis device that operates by
placing a lid containing chemoattractant onto a base containing the cells. Once the connection is made, the
chemoattractant can diffuse into the microchannel where the cells are visually tracked over time. Experimental

and modeling data of the gradient development are shown. Importantly, all three of these methods can be

operated using only a micropipette, and don't require complex fluid handling equipment of expertise.
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not uncover. The improved detection of disease phenotypes for the burn patients compared to macroscale
techniques is likely due to the improved sensitivity that microfluidic gradient generators can achieve. Keeping
user-friendly design considerations in mind, the authors designed this microfluidic chemotaxis device to operate
without any external fluid handling equipment (Figure 5A). In contrast, most traditional macroscale chemotaxis
assays would be difficult to operate in a clinical setting. This study demonstrates how chemotactic function can
provide rich, functional information that can potentially be used as a diagnostic, prognostic, and/or therapeutic
biomarker.

In our research lab, we have also explored the possibility of using neutrophil chemotaxis for diagnostic
applications.’8 Berthier et al. describe a microfluidic chemotaxis device that can easily setup biochemical
gradients in a high-throughput screen and automatically track neutrophil chemotactic function (Figure 5B). This
study analyzed the neutrophil chemotactic function from an infant who presented recurrent bacterial infections.
The analysis showed a significantly retarded neutrophil chemotactic response for the patient compared to both
healthy controls and the infant’s parents (0.7 um/s vs. 0.15-0.17 pm/s, respectively). The visual assay provided
clear morphological information of the neutrophils and quantitative characterization of the neutrophil
chemotaxis. Importantly, both pieces of information conveyed a signaling defect for the patient. Indeed, the
patient was later diagnosed with a rare genetic mutation in a GTPase Rac2 (D57N) that has been previously
reported in the literature for an infant with immunodeficiency.'*! This sort of rare immunodeficiency is difficult to
diagnose clinically, but this study demonstrates that a functional readout based on cell chemotaxis could
potentially aid in making the diagnosis. In another clinical study, we are employing an adaptation of a previously
published chemotaxis platform (Figure 5C, reference 28) to study whether neutrophil chemotaxis can be used as
a biomarker to characterize or diagnose asthma. In this study, we have utilized a microfluidic kit design, where all
the reagents required to run the assay are assembled in a complete, user-friendly assay. Additionally, the method
employs a neutrophil sorting technique?’s that can be performed in several minutes using blood obtained from a
lancet puncture. These features make it simple to rapidly perform the chemotaxis assay and makes the system
well-suited for implementation in a clinical setting. Preliminary results from this study indicate that neutrophil

chemotactic function may be impaired for asthmatic patients compared to non-asthmatic, allergic rhinitis
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patients (more details in Chapter 5). Although the results still need to be vetted with additional experiments and
broader patient populations, the study illustrates how microfluidic solutions can provide significant advantages
over macroscale assays for clinical applications. Furthermore, these works demonstrate that chemotaxis can be a
useful readout in the clinic to assist physicians with diagnosis or management of a variety of diseases.

Currently there are few studies that use chemotactic readouts in a clinical setting, and other cell types
beyond neutrophils have not been utilized for this purpose. However, given that there are migratory cell types
that are central to the pathophysiology of many disease, there are no technical or biological reasons why the
chemotactic function of other cell types could not be measured for clinical applications in the future. A new class
of user-friendly chemotaxis assays that are combined with sophisticated automated tracking software have been
published in recent years. These assays provide a compelling solution for physicians that wish to add additional
tools when performing differential diagnostic procedures.

2.7 Future outlook

The use of microfluidic chemotaxis technologies in biology and translational research is still its infancy, and the
likelihood of these techniques penetrating into mainstream clinical practice remains unclear. To-date, there have
been proof-of-concept studies that demonstrate how cell chemotaxis can be used to characterize or diagnose
clinical symptoms, and these functional readouts have the potential to yield highly personalized insights into the
disease phenotype for patients. However, the adoption of these techniques will likely be determined by whether
the chemotactic information can aid physicians in making diagnostic or therapeutic choices. This information
needs to add to the characterization of the patient beyond the clinical symptoms the patient exhibits and the
genetic/proteomic analysis that could be performed. Does the morphology of a migrating cell reveal information
about the disease? Does directionality or chemotaxis velocity of a cell indicate hyperactivity that is useful for
diagnostics or management of patient therapies? Recent studies have demonstrated that in some cases, the
answer to these questions is “yes,” but more studies are required in order to cement these techniques into

mainstream clinical practice. What is clear is that the advantages of using microfluidic technologies for
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personalized analysis of a patient is compelling, and microfluidics appears to offer the most promising
technological platform on which to build these novel assays.

2.8 Copyright permission

This chapter has been taken an adapted from my contribution to a book chapter currently in preparation. Figures
2,4, and 5 contain images that have been reprinted with permission from the original sources. Figure 2 from

references 16, 17, 134, and 18. Figure 4 from reference 24. Figure 5 from references 27, 148, and 28.
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Chapter 3

Fabrication of microfluidic devices with PDMS and polystyrene

3.1 Introduction

Microfluidic devices have been fabricated using a variety of techniques over the years using different material
systems such as glass36-39, silicon3233, thermoplastics®3-65, wax'52, papert?, and an elastomer material called
polydimethylsiloxane (PDMS; see Chapter 1 for more a more detailed treatment of this topic). The most common
fabrication method that has emerged over the last 15 years utilizes photolithography methods taken from the
semiconductor industry to rapid prototype (RPT) 3-D microfluidic molds on silicon wafers. Once the mold has
been fabricated, PDMS can be poured over the mold and cured over time to form a solid microfluidic negative of
the mold. This is the most common method utilized in our lab to create microfluidic devices, so this technique
will be briefly reviewed in this chapter. Furthermore, this chapter will outline a method we developed for the
fabrication of thermoplastic materials using hot embossing. The procedure enables investigators to create
pressure- and temperature-resistant replicates of the silicon mold that can be pressed into thermoplastics to
create microfluidic structures. Lastly, this chapter will explore some of the challenges associated with the
fabrication of low-height or high aspect ratio (AR) thermoplastic devices and offer possible solutions.

3.2 Fabrication of PDMS microfluidic devices

One could argue that the primary vehicle that has driven the growth and advancement of microfluidic
technologies in the last 15 years*3 can be attributed to the simple, accessible methods available to prototype and
develop novel microfluidic designs—namely soft lithography using PDMS.'53 The process of fabricating PDMS
microfluidic devices involves 5 primary steps: (1) design concept that has been translated into a 2D mask file; (2)
the spinning of a photo-curable liquid polymer called photoresist (we use a material called SU8) onto a polished
silicon wafer; (3) transposing the design onto the spun-on photoresist by masking ultraviolet (UV) light using the
mask created in the first step; (4) the development of the SU8 master into a mold by removing uncured

photoresist using a basic solution; and (5) pouring liquid PDMS onto the mold to create the microfluidic device (a



37

negative image of the mold). Following these five basic steps, a designer has the ability to conceive of a new
microfluidic concept and prototype new devices within 3-5 days depending on the details of the design. Even
faster techniques such as 3D RPT printing or micro-machining using CNC mills can also be used for microfluidic
device fabrication, however these methods can be expensive and create rough surfaces that make optical
imaging difficult or impossible. The following section briefly outlines the process of fabricating PDMS devices,
but does not offer a detailed treatment of the process as these methods are widely reviewed in textbooks and
the scientific literature.
3.2.1 Step-by-step fabrication process
The first step of the design process is creating a computer aided design (CAD) file of the mask (Figure 1). The
purpose of the mask is to define, in two dimensions, the features of the mold that will form in that layer of
photoresist (e.g. microchannels, ports, descriptive text, etc). Areas that are in black do not allow UV light to pass
through, while transparent areas of the mask that represent the design features permit the transmittance of UV
radiation.

A three dimensional (3-D) structure is created by adding additional layers of photoresist that can be
cured by additional 2-D masks. Layer-by-layer, the designer adds or subtracts features in order to add complexity

to the microfluidic device (e.g. channels or fluid access ports). The thickness of the photoresist layer defines the

Figure 3.1 2-D mask for the first layer of a microfluidic device. The areas in black block the UV light and areas

in white are transparent when printed and transmit UV.
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Figure 3.2 Thickness of photoresist is defined by the spin speed of the spinner and the viscosity of the
resist. SU8-50 is a lower viscosity photoresist than SU8-100, hence the displacement of the SU8-50 curve below

the SU8-100 curve for identical spin speeds. Source: obtained from microchem.com on February 2, 2013.

height of the microfluidic features exposed in that layer, and that thickness is determined by the viscosity of the
photoresist and the spin speed of the spinner (Figure 2). Following the spinning step, a soft bake step is required

to evaporate the solvent and densify the thin film. For the SU8 masters presented in this document, the soft-
bakes were raised from room temperature to a temperature of 95 °C at a controlled ramp rate of 250 °C/hr (or ~4

°C/min). The time of the soft bake is determined by the thickness of the photoresist (thicker resist layers take
more time). However, | found that an increase of roughly 50%-100% should be added to the specification
outlined by Microchem for the soft-bake time. Once the soft-bake has been completed, the layer may be
exposed by UV light to define the microfluidic features for that layer (Figure 3A). Following the exposure, a post-

exposure bake should be performed to selectively cross-link the UV-exposed portions of the polymer. This step
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Figure 3.3 Additional steps to SU8 RPT; top view on the left and side view on the right. (A) Selective

toss

exposure of SU8 layer defines microfluidic features. (B) Spin on additional layer of photoresist to add more
features and complexity to your microfluidic design. (C) In the second layer, only the circular features will be
exposed with UV light; these features will ultimately become through-hole fluid access ports. Note that the
connecting rectangle (the microchannel) does not appear in the second layer, which means that this feature is

defined in height by the thickness of the first SU8 layer. (D) Unexposed SU8 has been developed away, yielding a
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finished SU8 mold that can be used to make PDMS devices. Note the taller port features that appeared in two

SU8 layers compared to the shorter microchannel that only appeared in one SU8 layer.

should be performed at 95 °C (usually for 20-45 minutes), and like the soft-bake step, the wafer should be
allowed to controllably increase and decrease in temperature to mitigate thermal stresses in the material and
increase the structural integrity of the mold. Once this post-exposure bake has been completed and the features
have been defined for that layer, the process can be repeated to add additional layers to the device (Figure 3B-D).
Lastly, the mold is created by immersing the wafer-SU8 structure in a developer solution that selectively removes
SU8 that has not be exposed by UV light (Figure 3E), leaving only the design features of the device.

This simple and accessible method of rapid prototyping microfluidic designs allows for rapid design
iterations and is relatively cheap and accessible for academic research. However, PDMS is not the ideal choice for
commercial applications due is poor manufacturing scalability'54; and more importantly for our lab, PDMS is not
entirely compatible when working with cells. We attempted to address some of these concerns by offering an
alternative approach to microfluidic device fabrication.

3.3 Fabrication of Polystyrene microfluidic devices

Although PDMS has been a highly versatile material for the development of novel microfluidic technologies,
there are significant drawbacks to using PDMS in biology research (see detailed description in Chapter 1). PDMS
has been shown to leach uncross-linked oligomers into solution®?, which is highly undesirable when working
with cell culture systems. Furthermore, PDMS has been shown to absorb small hydrophobic molecules such as
hormones, steroids, and growth factors.>2 For many years the microfluidics community has been unaware of
these drawbacks of PDMS in some cases, or ignored these warning signs in others since they are inconvenient
problems to deal with.5 In order to use a new material system that addresses some of the compatibility
problems of PDMS with cell biology, we designed a thermoplastic fabrication process using standard hot
embossing and thermal bonding techniques. The method allows microfluidic engineers to create microfluidic
designs using their standard PDMS rapid prototyping workflow, but then extends the capability to create molds

for thermoplastic fabrication (Figure 4). The following sections describe the fabrication process for creating
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Figure 3.4 Microfabrication process workflows: comparing PDMS to thermoplastics. (A) PDMS-based soft
lithography process. Turnaround time from computer mask design to completed master mold is ~2-4 days. Costs
include mask, wafer, and SU8 photoresist. (B) Current thermoplastic-based microfabrication process. Approximately
10-15 days is required from design to usable mold; 1 h is required for embossing, bonding, and drilling access ports
(for a platform containing 50-100 ports). Costs include mold machining and polishing. (C) Streamlined thermoplastic-
based microfabrication process. Mold fabrication time is similar to that in method (A) with an additional epoxy casting
step. Costs are similar to those for method A with the additional cost of the epoxy. Devices were fabricated more

quickly by use of a through-hole embossing method that eliminated manual removal of access ports.

microfluidic molds; performing hot embossing on polystyrene (and by extension, other thermoplastics); and
enclosing microfluidic channels using thermal bonding (content taken and adapted with permission from an
original publication in Analytical Chemistry; see “Copyright permissions” for details). Lastly, this chapter describes
efforts underway to improve the limit for thermal bonding features with high aspect ratios or low feature heights

(e.g. ~6-8 um).
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Figure 3.5 Polystyrene microfabrication process. (A) Fabrication of a PDMS slab of uniform thickness to replicate
the SU8 master. (B) Casting of the epoxy in a PDMS cavity composed of the replicate of the SU8 mold and a PDMS

ring. (C) Cured epoxy mold. (D) Flattening of the PS sample to a desired thickness by use of metal shims. (E) Hot
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embossing of the PS sheet for through-hole fabrication (remove CA and COP for non-through-hole approach). (F)
Thermal bonding of two PS sample pieces. (G) Fabrication recipes for different hydraulic press procedures. Pressure
is nominal value calculated on the basis of mold surface area of 50 x 75 mm. Force-temperature functions used for
through-hole embossing are shown as an example. Temperature curve consists of heating, dwell, and cooling
phases. In the dwell phase, force may be successively ramped over time. During cooling, the final applied force

during dwell was maintained to prevent sink marks in the embossed part.

3.3.1 Epoxy Mold Fabrication

The first two steps in our process for thermoplastic fabrication were equivalent to those for the soft lithography
process described earlier in the chapter, namely, (1) the design and printing of photomasks and (2) the
fabrication of a master mold from SU-8 photoresist (Microchem, Newton, MA). Briefly, SU-8 photoresist was spin-
coated on a silicon wafer (WRS Materials, San Jose, CA) to the desired film thickness, prebaked, exposed to UV
light (EXFO, Mississauga, Canada), postbaked, and finally developed in propylene glycol monomethyl ether
acetate (PG-MEA; Sigma, St. Louis, MO). Draft angles on tall features were made by aligning the UV light-guide at
an angle of 30-35° from normal and manually rotating the wafer on a turning plate during exposure. Exposure
doses were doubled to account for the angled exposure and the rotation.

A negative mold of uniform thickness was made in PDMS (Dow Corning, Midland, MI) from the SU8
master using typical curing parameters (10:1 mixing ratio of elastomer base and curing agent, 90 °C, 1 h) (Figure
5A). Uniformity of the layer thickness was critical and was achieved by laying a large glass slide on top of two 2.5-
mm thick spacers. The PDMS slab was gently demolded from the wafer without detaching from the large glass
slide, thereby preventing shrinkage of the features. A 15-mm tall PDMS ring was laid around the features to form
a cavity into which a thermocurable epoxy (EC-415; see Materials and Preparation) was poured and allowed to fill
the negative-relief features of the PDMS mold (Figure 5B). Air bubbles trapped in the mold features were
dislodged manually with a sharp tool (e.g. dental tools or toothpicks). Desiccating the PDMS mold prior to

pouring the epoxy reduced the incidence of these bubbles. Following manufacturer’s specifications, the epoxy

was cured for 24 h on a 40 °C hot plate, followed by a four-stage heat treatment (93 °C for 2 h; 121 °C for 2 h; 149
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°C for 2 h; 177 °C for 2 h) in an oven and subsequent cooling to ~60 °C before removal from the oven. The result
was a solid positive-relief epoxy mold that replicated the original SU8 master (Figure 5C).

3.3.2 Materials and Preparation

PS raw materials were purchased from Goodfellow (Cambridge, MA) in various stock thicknesses, including 1.2
mm thick stock sheets (5T313120, amorphous), as well as 50, 125, and 250 um thick stock films (5T311050,
ST311125, and ST311250, respectively; biaxially oriented). Thick stock sheets can be precut to size with a razor
blade or a laser cutting machine (Jinan Artsign Ltd., Jinan City, China), whereas thinner stock films can be cut to
size with scissors. After cutting, PS sample pieces were either used as is, at 1.2 mm thickness, or flattened to other
desired thicknesses by use of a hydraulic heated press (see Hot Embossing). The PS sample was placed between
two mirror-finished stainless steel plates (McMaster-Carr, Elmhurst, IL) to ensure optical transparency. Note that
over time these plates can deform and scratch, and should promptly be replaced with this occurs. Two metal
shims (feeler gauge set; Grainger, Chicago, IL) were used as spacers on opposite sides of the PS part to ensure
uniform desired thickness (Figure 5D). Parameters used in the PS flattening protocol are listed as part of Figure
5G. As an alternative method to flattening PS sheets, desired thicknesses were also attained by stacking the
appropriate PS films together; for example, a 475 pm thick PS layer could be achieved by stacking one 250 um,
one 125 um, and two 50 pum layers together. This is a much faster and more convenient approach during the hot
embossing process. Cyclo-olefin polymer (COP) sheets were purchased from Ajedium Films (Ajedium, Solvay
Solexis Inc., Newark, DE) as 610 um thick sheets made from Zeonor COP (1420R grade). We tested three different
epoxies to determine the material most suitable for our applications and our processing requirements: (1)
Conapoxy FR-1080 (Cytec Industries Inc., Olean, NY); (2) RenCast 4037 (Freeman Manufacturing, Avon, OH); and
(3) EC-415 (Adtech Plastic Systems, Madison Heights, Ml). The strongest of the three materials was EC-415, since
the material strength is increased by aluminum microparticles. Like most composite materials, EC-415 benefits
from the “rule of mixtures’, whereby the strength properties of the microparticles proportionably contribute to
the overall strength of the material, while ductility is somewhat preserved by the matrix material (in this case, the

epoxy).
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3.3.3 Hot Embossing

Hot embossing was carried out by use of a programmable hydraulic press with heated platens (Model 3889,
Carver Press, Wabash, IN). Two different approaches were used for embossing microfeatures into PS, the choice
of which was dependent on the nature of the features. The first approach embossed the pattern into the PS
without penetrating the material (i.e., the non-through-hole embossing approach). In this approach, the
hydraulic press platens were first heated to an initial temperature of 125 °C, ~25 °C above the glass transition
temperature of PS. The PS sample was then loaded into the press in an arranged stack consisting of (from
bottom to top) (1) a mirror-finished stainless steel plate; (2) PS sample; (3) epoxy mold; (4) 1 mm thick silicone
rubber (McMaster- Carr, EImhurst, IL) to more uniformly distribute the pressure; and (5) ~380 um thick Teflon film
(McMaster-Carr, Elmhurst, IL; Figure 5E). After loading, the press was closed with an applied force of 900 kgf
(kilogram-force) (2000 Ibs) for 15 min (Figure 5G, non-through-hole emboss). An in-house cooling system,
consisting of a water chiller (Model ER301, Elkay, Oak Brook, IL; available from McMaster-Carr) and water pump,
was connected via tubing to the platens of the hydraulic heated press in order to accelerate the cooling step in
the recipe. Once cooled to ~70 °C, the press was opened, and the PS sample was carefully demolded from the
epoxy mold.

The second approach was used to emboss the pattern into the PS with penetration of the material at
specific locations (i.e., the through-hole embossing approach). With respect to microsystem designs, through-
holes are needed as access ports to the microsystem pattern. In this approach, the platens were first heated to
135 °C prior to loading the arranged stack containing the PS sample. The arranged stack was similar to the non-

through-hole approach but consisted of an additional 610 um thick COP sheet and a cellulose acetate film
(Cheap Joe's, Boone, NC) between the stainless steel plate and the PS sample. An automated embossing recipe
(Figure 5G, through-hole emboss) was applied to the stack via the hydraulic press. Cooling and demolding steps
were similar to the non-through-hole approach. Note that although PS is able to reflow at these temperatures,

the sample needed to be thinner than the height of the tallest mold features by ~100 um to achieve complete
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penetration of the mold; the feature heights of the mold can very from one side to the other, so the shortest
feature should be taken for the 100 um subtraction.

3.3.4 Thermal Bonding of PS Devices

To form enclosed PS devices, thermal diffusion bonding was applied to top and bottom PS sample pieces.
Depending on the design, the bottom PS sample was either a simple flat sheet without features (plain substrate)
or a PS layer consisting of embossed features; the top PS part was a PS layer containing microchannels and
through-hole access ports. In both cases, the top and bottom PS samples were blow-dried with compressed air
and arranged in a stack consisting of (from bottom to top) (1) stainless steel plate, (2) bottom PS layer, (3) top PS
layer, (4) COP sheet, (5) silicone rubber, and (6) Teflon film. The hydraulic press was preheated to 90 C for 10 min,
after which the stack was loaded and the press was closed with the required force and for the required time
(Figure 5F). The platens were cooled to ~70 C before the bonded PS device was removed from the press.
Different applied forces and bonding times were tested to determine optimal bonding parameters (see Bond
Strength Characterization). In separate experiments, thermal bonding was also tested after sonication (10 min,
50 C) and oxygen plasma treatment (30 sccm, 60 W, 12 s) on the PS samples.

3.3.5 Bond Strength Characterization

Bond strength was quantified by a crack propagation method and surface energy calculation as an
approximation.'ss Briefly, a 50 um thick metal shim was inserted between two bonded PS layers, resulting in
delamination of the bonded pieces in the form of a propagating crack line. The inserted shim and crack region
were imaged together on an Olympus SZX16 stereoscope (Olympus, Center Valley, PA), and the delamination
length (i.e., average distance between inserted shim and propagation crack line) was measured by ImageJ
software (NIH) (Figure 5D). Shorter delamination lengths corresponded to higher surface bond energies, referred
to as bond strength (joules per square meter) hereafter. We tested a minimum of three independently bonded
devices (n = 3) for nine different sets of bonding parameters (900, 1350, and 1800 kgf applied force, each at 15,
30, and 60 min, with no surface treatment) to determine trends associated with force and time. From these data,
one set of parameters was chosen (1350 kgf applied force, 30 min) for further analysis of bond strength with

different surface treatments (sonication and oxygen plasma).
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G. Effect of plasma treatment and sonication

Delamination Normalized

Condition Length [mm] Bond Strength
No Treatment 1.19 £ 0.02 1.00+0.06
No Plasma (S) 0.97 £ 0.17 279+1.59
No Plasma (S+l) 0.95 £ 0.04 252 +0.36

One-sided Plasma (S+l) 428 £0.65 0.007 £0.003
Two-sided Plasma (S+1) 2.30 £ 0.43 010+0.08

Figure 3.6 (A) UV exposure for SU-8 features with draft angles with rotation. (B) Deformation of the epoxy mold after

repeated through-hole embossing. (C) Cross-sectional images for optimal bonding condition (1350 kgf, 30 min) and

suboptimal condition (1800 kgf, 60 min) that led to significant channel deformation. (D) Schematic and image of bond

strength test. (E) Bond strength results determined by crack propagation method. Nine conditions were tested, all at

least in triplicate (all data points shown to indicate data spread). (F) Evaluation of device functionality by counting the

number of blocked channels after bonding with a given set of parameters. All 24 microchannels for each aspect ratio

were measured (heights of bars) and categorized as blocked (red) or unblocked (blue). (G) Effect of sonication and
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oxygen plasma treatment on bond strength (values normalized to no treatment control). n = 3 for all conditions tested.

Values represent average + SD. S = sonication; | = incubation at 37 C, 5% COa2.

3.3.6 Cross-Section Analysis

Cross-section analysis was performed on three representative sets of bonding parameters to illustrate how
bonding parameters affected cross-sectional shape of microchannels. Bonded devices were cut near the desired
cross-sectional plane on a VC-50 precision diamond saw (Leco, St. Joseph, Ml). The use of a diamond saw was
critical to achieve a highly precise cut and minimize the heat affected zone (HAZ) that occurs with more crude
cutting tools. The cut samples were wet-sanded to a glossy finish with 800- followed by 1200-grit sandpaper.
After the desired finish was achieved, the sectioned sample was sonicated in deionized water (10 min, 60 °C) and
dried. Imaging was performed on an Olympus SZX16 stereoscope.

3.3.7 Evaluation of Device Functionality

Bond quality and microchannel cross-sectional deformation were further evaluated by testing whether fluid flow
was blocked in microchannels after thermal bonding. We designed a microsystem containing microchannels of
three different (width-to-height) aspect ratios (AR = 10, 20, and 50), all with the same height of 10 pm. Twelve
microsystems were placed in a 3 x4 array on a single 50 x 75 mm device and fabricated by the through-hole
embossing method. The device was then bonded with five of the nine sets of bonding parameters tested for
bond strength: (1) 900 kgf, 15 min; (2) 900 kgf, 60 min; (3) 1350 kgf, 30 min; (4) 1800 kgf, 15 min; and (5) 1800 kgdf,
60 min. Tests were conducted by flowing colored dye into each microchannel on the device and counting the
number of blocked microchannels.

3.4 Results

The embossing and bonding protocols described in the previous section enabled simple fabrication of through-
hole microfluidic devices devices in polystyrene. By extension, this technique could be applied to other
thermoplastics such as COP and PMMA, with modifications to the temperature, pressure, and time parameters.

Note that COP is used as a backing material for the through-hole emboss step, so automated through-holes are
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more challenging if COP is used instead of PS since another backing material with an even higher Ty than COP
should be used.

We characterized the embossing and bonding processes in order to understand the limitations of the
methods described (Figure 6). The angular exposure of UV light reliably produced tapered features that greatly
assisted in the demolding process (Figure 6A). This was especially critical for tall features such as ports, which
could otherwise be prone to “T-topping”"—or wider dimensions at the top of the feature compared to the base—
during the SU8 photolithography process. We then characterized the deformation that occurs to the epoxy mold
and found that significant shortening in feature height was observed in early hot embossing trials, and then
began to asymptote after ~10 embosses to a ~30 um decrease in feature height (Figure 6B). The elevated
temperature and pressure likely accelerates the deformation process on the epoxy mold, before the material
begins strain hardening due the cyclical stresses applied to the material.

We also characterized the thermal bond strength for a variety of parameters (time, pressure) and
feature geometries (Figure 6C-F). As expected, an increase in pressure and time often positively correlated with
an increase in bond strength (Figure 6E), though channel collapse or deformation was sometimes observed for
longer bonding times. For these tests, the temperature was held constant at 90 °C (below the glass transition
temperature of PS), as this temperature provided the most robust bonding properties while limiting feature
deformation. Unfortunately, even at 90 °C the microchannels with higher aspect ratios (20-50) collapsed due to
material deformation (Figure 6F). Sonicating the pieces of polystyrene greatly increased the bond strength by
removing particulate matter on the surface of the PS that can obstruct the bond (Figure 6G), but the
improvements were not significant enough to lower the bonding temperature and prevent microchannel
collapse. Therefore, we sought alternative solutions such as plasma treating the surface to locally reduce the
activation energy required for bonding of the materials, although this can also decrease the bond strength
(Figure 6G). The following section describes an ongoing effort to improve the bonding of low feature heights
and higher aspect ratios, which may be important for certain microfluidic features such as “diffusion channels”

and cell migration applications (both described in Chapter 2).
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3.5 Hot embossing low feature heights and high aspect ratios
In order to improve bonding of polystyrene microfluidic devices with small features or high aspect ratios, we had
to develop strategies to reduce material deformation during the bonding process. This was already partially
achieved by thermally bonding devices at 90 °C, well below the glass transition temperature for polystyrene
(~100-105 °C). Unfortunately, even at 90 °C, the temperature and pressure we use to achieve reliable bonding
and enclosure of the microchannels lead to significant channel collapse under certain circumstances (Figure 6F).
The collapse of microchannels is due largely to the added temperature and pressure required to achieve
bonding over the entire device; since the platens in the hydraulic press are uneven and the epoxy mold itself is
uneven, the pressure is non-uniformly applied to the surfaces of the two pieces of polystyrene at the bonding
interface. There is no practical solution for addressing the unevenness of the platens and mold, so other
strategies to reduce material deformation are needed. The approach we chose was to move as far away in
temperature from the Tq to reduce bulk flow of the material, or if possible decrease the pressure applied during
the bonding process. For robust bonding to occur, the activation energy required to form intermolecular bonds
at the PS-PS bonding interface must be reduced.

To achieve bonding at temperatures even further below T4 we attempted plasma treatment-assisted
(PTA) thermal bonds. An oxygen plasma treatment (45 sccm for 2 min, 3 min pumping with gas off, 30 W, 30 s)
transforms the chemistry of the surface to a higher oxidative state and reduces the contact angle of liquids on
the thermoplastic surface.’¢ This strategy of functionalizing the plastic surface to reduce bonding temperature
has been successfully applied in the past for microfluidic devices made with PMMA and COC, two classic
thermoplastic materials used for microfluidic devices.’>” The following is a brief summary of the parameter-space
we investigated for the polystyrene bonding trials:

« Performed over 100 emboss and bonds with and without plasma treatments

« Kept plasma treatment largely constant (recipe above), although we did try to achieve an upper limit

of plasma treatment by over-treating devices. Over-treating led to exceptionally poor boding

« Attempted aspect ratios up to 80:1
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A Plasma treatment O No plasma treatment

‘ A 0-30% bonded area; pieces of PS easily come apart

30-70% bonded area; still not useful yield, but perhaps one area bonded well

70-90% bonded area; mostly good bonding; may have area around features that did not
bond well; possibly channel collapse

90-100% bonded area; nearly uniformly good bonding; may have area
perhaps edges did not bond properly; possibly channel collapse
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Figure 3.7 Summary of plasma assisted bonding trials. (A) Legend describing rough criteria for
characterizing bonds at different temperatures and pressures. (B) “Ideal” bonding conditions between two PS
devices that have been sonicated (no hot embossing). (C) Bonding for “real world” conditions, where one piece

of PS has been embossed and is non-uniform in height, and the other piece of polystyrene is a flat sheet.
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« Lowest feature height attempted was 8 um

« Temperature ranges from 65-120 °C tested

« Pressure ranges from 100 - 20,000 Ibs tested

« Low pressure, high temperature anneals tested to solidify bonds and induce hydrophobic recovery
3.5.1 Results
The results of the bonding trials are summarized in Figure 7. For a detailed and raw account of these bonding
trials, including post-bond photos; experimental details; and commentary; request the digital notebook file from
Dave Beebe. In short, none of the bonding parameters attempted produced reliable yields for the bonded
devices. Figure 7B. shows that the “ideal” bonds with two pieces of flat polystyrene perform better than the “real-
world” thermally embossed devices. This result was expected since the thickness uniformity of the polystyrene is
decreased significantly after the thermal embossing process, leading to a non-uniform pressure distribution
during the bonding process. Note that the plasma treated device bonded at 5000 Ibs and 80 °C produced an
excellent bond under “ideal” circumstances, but the deformation from the embossing procedure significantly
reduced the quality of the bond. This result suggests that the two competing factors—the surface defects
produced by the embossing process and the need for a uniformly flat surface for the bond—are sufficiently
incompatible that thermally bonding small features is not achievable with reasonable yields.
3.5.2 What does this mean for bonding low-feature heights in PS?
The overwhelming conclusion that one should draw from this study is that bonding small or high-AR features is
exceptionally challenging for thermoplastic microfluidic devices. Other common strategies for bonding such as
solvent bonding or adhesive bonding are likely to draw criticism when used with cells. Furthermore, these
methods are also not ideal for short feature heights. Solvent bonding is a destructive process, and erodes
material off of the plastic surface beyond the allowable tolerances for 6-8 um features. Adhesive bonding
requires the adhesive to be coated on the surface, which would fill in the small features that one wishes to bond;
compatibility issues with cells also arise when considering that adhesives would likely leach out into the cell

media.
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All materials have limitations in properties, manufacturability, etc, and polystyrene is not immune to this
fact. At least for now, one limitation of using PS for microfluidic devices is that the engineer must live with a
reduced lower limit in feature size, and an upper limit in aspect ratio. Perhaps PDMS, or even glass, are more
appropriate material choices when feature fidelity is a critical constraint on the device design. Alternatively, one
might consider other methods to hot embossing for stamping the microfluidic features into the PS; these
alternatives should mitigate the deformation that occurs during the embossing process, leading to bonding
behavior that more closely follows the improved “ideal” bonding case. CNC milling is one potential solution that
meets this criteria, however the roughness left on the channel ceiling after the milling process precludes devices
fabricated in this fashion to be used with optical microscopy. For many investigators that rely heavily on optical
imaging, this constraint would be a non-starter. Additionally, since only fluorescence imaging would be useful
with CNC milled devices, PS would be a poor choice of material due to its autofluorescent properties that can
occur after being heat-treated.%¢ Ultimately it is up to the engineer to take all of these limitations into
consideration before deciding what material choice is best for any given application.
3.6 Conclusion
This chapter has outlined basic techniques for fabricating microfluidic devices using PDMS and polystyrene. The
methods for fabricating PS devices have their limitations, primarily with bonding small features, and those
limitations should be taken into account when considering what material to use for a given application. Plasma-
assisted thermal bonds showed some promising signs to mitigate channel collapse for PS bonding, but
ultimately the non-uniformity in both the thickness of the PS and pressure distribution caused by the non-
parallel platens necessitate alternative approaches to fabricating devices with sub-10 - 20 um features.
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Chapter 4

Microfluidic kit-on-a-lid: a versatile platform for neutrophil chemotaxis assays

4.1 Introduction

As discussed in Chapter 2, cell chemotaxis is central to biological processes such as wound healing®, innate
immunity?, and cancer progression.®”.98 The Boyden chamber assay, developed in 19626, marked the first
advance in engineering platforms that enabled systematic in vitro measurements of a cell’s response to
chemotactic factors. Since the introduction of the Boyden chamber, other methods have been developed for
studying cell chemotaxis such as the Dunn'8, Zigmond'?, under-agarose'33, and micropipette-based'34 assays;
however, these techniques limit the types of biological and clinical questions that can be addressed.
Furthermore, these assays require lengthy blood draws and cell purification protocols’® that depend upon tens
of milliliters of blood to conduct an experiment. This limitation makes assaying neutrophil chemotaxis
challenging for circumstances in which milliliters of blood are not easily obtainable, such as for infants or small
animals.

Within the last decade, microfluidic platforms have demonstrated the ability to control the spatio-
temporal properties of chemical gradients in a precise and reproducible way.21.143.158.159 |n some microfluidic
applications the measurement of neutrophils has been used for clinical diagnostics27.76, demonstrating the
potential for translation of microfluidic methods into a clinical setting. However, few examples exist of
microfluidic techniques being utilized in hematology research. While the published microfluidic platforms meet
the technical requirements for neutrophil chemotaxis assays, they can be difficult to operate; require specialized
equipment not typically found in biology laboratories; are tailored for specific applications; and can be limiting
in experimental throughput. Furthermore, the vast majority of microfluidic chemotaxis assays do not leverage
the ability to use minute volumes of reagents and still rely on time consuming and extensive cell purification
methods.”8 The persistence of traditional chemotaxis techniques in the hematology research community is

perhaps evidence of some of these limitations for modern microfluidic approaches. Consequently, no dominant
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microfluidic chemotaxis platform has emerged that facilitates new avenues of research and is accessible to
hematology investigators.

Here we present a comprehensive microfluidic solution, dubbed Kit-on-a-lid-assay (KOALA) for
chemotaxis, that performs neutrophil purification from nanoliter volumes of blood in minutes; generates
repeatable chemotactic gradients; and does not require specialized equipment to operate. The platform makes
possible the study of neutrophil chemotaxis in infants or small mammals, and is particularly useful for dynamic
phenomena that need repeated sampling over multiple time-points. These features permit new applications;
make the assay accessible to a broad audience of investigators; and significantly shortens the time from the start
of sample collection to analysis (Figure 1a). The versatility of the KOALA platform was demonstrated through
several applications that are challenging or impossible using traditional techniques. Importantly, all the work
presented here was performed using only a micropipette and optical microscope, and no other external
equipment was required.

4.2 Results

In the KOALA platform, the neutrophil purification and gradient generation are decoupled in a microfluidic base
and a multi-function lid, respectively. The neutrophil purification is performed in microchannels that are located
in the base by utilizing a capture technique first reported in a flow-based system.”5 Briefly, neutrophils are
captured on a polystyrene surface functionalized by P-selectin, and subsequent washing steps remove the other
components of the whole blood. Fluid handling is based on passive pumping techniques, avoiding the need for
external active pumping systems.'2 The lid has two primary functions: 1) to house the reagents required to
generate the gradient of chemoattractant and 2) to prevent evaporation and flow, which is detrimental to the
proper formation of a soluble gradient in live-cell microscopy experiments.53 Following the neutrophil capture,
the chemotaxis assay is initiated by placing the lid onto the base, thereby allowing a chemoattractant in the lid
to controllably diffuse into the microchannel. During the experiment the lid can easily be removed, providing

fluidic access to the channels or allowing for the application of different lids.
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The versatility and enabling potential of the KOALA platform was demonstrated through several
applications that are challenging or impossible using traditional techniques. Flexibility of the experimental
design was significantly improved with the ability to perform different functions of the assay in different
locations, such as capturing mouse neutrophils in the vivarium; culturing cell monolayers in a cell culture hood
and incubator; and initiating the gradient at a microscopy facility. The ease of use, variability of applications, and
time savings are summarized in Figure 1. First, a monolayer of human umbilical vein endothelial cells (HUVECs)
was cultured and subsequently used to capture neutrophils from whole blood (Figure 1b). Second, the KOALA
platform enabled repeated neutrophil chemotaxis experiments on small mammals using ~150 nL of whole
blood per microchannel (Figure 1¢). This sample volume requirement is the lowest reported for leukocyte
purification and chemotaxis, and at least four orders of magnitude lower than traditional purification methods
currently used in hematology research.”® Finally, traditional 2D or 3D migration (Figure 1d,e) are both possible
with the KOALA platform because the gradient generation from the lid is functionally independent of the cell
preparation that is performed in the base microchannels.

4.2.1 Modeling fluid dynamics in microchannels

The method for purifying neutrophils from whole blood relies on pumping media through the KOALA
microchannels following the capture of neutrophils on the functionalized plastic or activated endothelium.
Therefore, we utilized a previously developed analytical model'6? in order to characterize the range of shear
stress generated by passive pumping in the microchannels. In brief, the flow rate in the microchannels is
controlled by the pressure generated by the surface tension of the liquid at the input port and the fluidic
resistance of the microchannel. The flow rate was calculated for both microchannel geometries presented in this
work using Laplace equation (Equation 1) to define the pressure drop at the input port, combined with the
Washburn equation (Equation 2) for determining the fluidic resistance of a microchannel with rectangular cross-
section (see Materials and Methods). The flow rate in the microchannels was calculated using Equations (1) and
(2) and numerical simulation (Figure 2). For the 180 um tall microchannels, which were used for neutrophil
capture on endothelial cells, the shear stress averaged 12 dyn/cm2. This value is in the physiological range of the

shear stresses measured in aorta and capillaries’®’, and below shear stress values causing damage to the cell
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Figure 4.1 Overview of the KOALA platform. (a) Comparison of the purification and chemotaxis protocols for
the KOALA platform and Transwell assay. Note that other traditional assays that utilize live-cell imaging (i.e.
Micropipette-based assays) take many hours to manually track the same number of cells that can be tracked
with automated JEX tracking in 3 minutes. (b-e) Applications of the KOALA platform for neutrophil chemotaxis
including neutrophils migrating on endothelial cells (b); a 2D chemotaxis assay for neutrophils obtained from
mice (c); a 2D chemotaxis assay for human primary neutrophils captured and sorted from a drop of whole blood;
(d) and neutrophil chemotaxis in a 3D matrix (e). Note: traditional purification methods and sample volumes

shown in 1a are required for 3D neutrophil chemotaxis.

monolayer.’$2 We found that for the 80 um tall microchannels, which were used for neutrophil capture on P-
selectin coated polystyrene, the shear stress averaged 0.1 dyn/cm2. These results show that the KOALA
microchannels are well-suited for use with cell monolayers and neutrophil sorting from whole blood.

4.2.2 Developing and characterizing KOALA and automated tracking

The ability to generate a stable and controllable chemical gradient for the duration of the experiment in a user-
friendly way was central to the development of the KOALA platform. Computer simulation suggested that we

would have good diffusion and gradient formation of our chemoattractant using the proposed hydrogel-based
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Figure 4.2 Velocity profile at the center of the microchannels for the base component of the KOALA
device. The fluid velocity at the center of the microchannel was approximately 0.12 mm/s, yielding a flow rate of
26 uL/s. The velocity profile is stable for the most part of the flow, which lasts for about 4 of a second, with a
brief spike towards the end. The spike occurring at the end of the analysis window is the result of a transition

between two phases of the analytical model.

delivery method (Figure 3a). Using fluorescent dye to monitor the profile of the gradient, we found that the
KOALA platform generates and maintains a chemical gradient for at least two hours (Figure 3b). These results
correlated closely with the predicted gradient determined using numerical simulation (Figure 3c). We found that
delivering the source of chemoattractant using a laden hydrogel was a simple and repeatable method.
Furthermore, we observed that the lid and hydrogel delivery method nearly eliminates flow and evaporation
during a typical neutrophil chemotaxis experiment (Supplemental Video 1), which are common problems for
static flow chemotaxis devices.

A second requirement of the KOALA device was the ability to purify neutrophils from whole blood on-

chip, following the capture of neutrophils on the P-selectin coated microchannels. This eliminates the need for
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Figure 4.3 Characterization of the chemical gradient generation and neutrophil sorting for the KOALA
platform. (a) COMSOL simulations of the diffusion of a chemoattractant loaded in a hydrogel sphere in the lid of
the assay, dipping into a microfluidic channel in the base. (b) Fluorescent microscopy images of an AlexaFluor
dye diffusing into the microchannel in the base of the KOALA platform. (c) Comparison of the concentration
profiles between the experiments and the numerical simulations. (d) COMSOL simulation of the shear stress in
microchannels of different heights and comparison with the efficacy of the whole blood washing. Scale bars for
b,d are 100 um; phase contrast images acquired using Slidebook software with an Olympus 1X-81 microscope
using 4x (NA=0.13) (b) and 10x (NA=0.30) (d) objectives at 37°C. Additional details on imaging in Materials and

Methods section under “Microscopy.”

extensive purification protocols. In order to minimize undesirable erythrocyte contamination, we characterized
the washing efficiency in the microchannels for various aspect ratios (Figure 3d). We determined that the aspect
ratio of the microchannel has a strong impact on the washing efficiency and we found that channel dimensions
of 800 pm by 80 um (aspect ratio of 10:1) was an optimal channel geometry that minimized erythrocyte
contamination (Figure 3d). Furthermore, we found that the KOALA microchannels captured a sufficient number
of neutrophils in the field of view of a microscope to obtain statistically relevant tracking information (Figure 4).

Additionally, we calculated the efficiency of neutrophil capture using KOALA by counting fluorescently tagged
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neutrophils in whole blood before and after washing (Figure 4). We found that the KOALA neutrophil sorting
technique captures ~80% of human primary neutrophils.

Finally, in order to manage the large quantities of cell migration data, collaborators Erwin Berthier and
Jaw Warrick developed a tracking algorithm, dubbed Je'Xperiment (JEX), to analyze large sets of phase contrast
timelapse data (Figure 5). Within 3 minutes, the software was able to track the neutrophils and output properties
of each cell such as its speed, chemotactic index (Cl), and directional velocity (Equations 3-5, respectively). The
automated algorithm produced comparable results to manual tracking using the “cell tracking” plugin of Image)J
in only a fraction of the time (Figure 5).
4.2.3 Neutrophil chemotaxis for different slopes of chemical gradient
In order to determine how the slope of the chemical gradient affected neutrophil chemotaxis, we developed a

KOALA device with multiple channel lengths to vary the steepness of the chemical gradient (Figure 6a);
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Figure 4.4 Capture efficiency of human neutrophils using the KOALA technique. (a,b) Phase contrast
Micrographs of whole blood in the base microchannels prior to the washing step (a) and after the washing step
(b). Fluorescent neutrophils within the blood are superimposed on the phase contrast images to show the
location of neutrophils. (c) Average neutrophil counts pre and post washing within the microchannels.
Neutrophils capture on average with 80% efficiency on the P-selectin substrate. Scale bars 100 um; phase
contrast and fluorescent images acquired using Slidebook software with an Olympus IX-81 microscope using a
10x objective (NA=0.30) at 37°C. Additional details on imaging in Materials and Methods section under

“Microscopy.”
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Figure 4.5 Je’Xperiment analysis workflow. JEX begins with the initial image in the timelapse (1); then the user
selects a target cell (2); then the software performs a convolution (3) and locates the cells based on the
convolved image (4). The cells are tracked from frame to frame (5), and filtering can be applied to further remove
erythrocytes or cells that were not well-tracked (6). The software outputs a list of position vectors for each track
and automatically yields outputs of interest (7), and has an interface to compare data over multiple samples and

outputs (8).

furthermore, a dose response varying the source chemoattractant concentration was performed to measure the
chemotaxis response for each channel length (Figure 6b; for raw data

and standard error, see Tables 1-3 in Appendix A). As expected, the random migration speed increased as the
channel length decreased, and little neutrophil movement was observed for shallow slope chemical gradients in
the longer channels (Figure 6c). A similar trend was observed with the chemotactic index, however this output
quickly reached a roughly constant value as the channel length decreased (Figure 6d). Interestingly, the

chemotaxis velocity reached a maximum value at an intermediate channel length for higher chemoattractant
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dose conditions, but then decreased as the channel length decreased (Figure 6e). These results demonstrate that
a microchannel length of 3 mm - the length chosen for the experiments shown in this work - enables robust
neutrophil chemotaxis under a range of chemoattractant doses. Supplemental Videos 2 and 3 show examples of
2D human neutrophil chemotaxis in 3 mm long microchannels, using source concentrations of 500 nM fMLP and
0 nM fMLP (control), respectively.
4.2.4 Neutrophil chemotaxis on an endothelial cell substrate
In order to study the different adherent and migratory states neutrophils exhibit under inflammatory conditions
in the blood vessel, we developed the KOALA platform to conduct neutrophil capture and chemotaxis on an
endothelial cell substrate (ECS). Because the KOALA approach only requires a micropipette to operate and is
easily transportable, we were able to integrate a confluent endothelial cell monolayer into the chemotaxis assay.
The confluent endothelial cell monolayer could then be activated by IL1-p to express E-selectin (Figure 7a); this
process mimics the inflammatory cascade in vivo, and allows for the capture of circulating neutrophils on the
endothelial surface as the whole blood passes through the microchannel. Note that unstimulated HUVECs did
not capture neutrophils using our KOALA platform, as expected (Figure 7a).

Following the neutrophil capture, a gradient of chemoattractant was formed in the microchannels by
placing the lid onto the base, initiating the ECS neutrophil chemotaxis assay (Figure 7b; Supplemental Video 1;
control — i.e. no chemoattractant - in Supplemental Video 4). When analyzing the area of randomly selected
neutrophils that were captured on the ECS, we observed a bimodal distribution of the neutrophils that could be
characterized by distinct morphological differences (Figure 8a). One neutrophil morphology appeared darker
and more spread on the endothelium when observed under phase contrast microscopy while the other
neutrophil morphology was more compact and lighter in appearance (Figure 7c). We termed these two
neutrophil morphologies as “Type I”and “Type II” henceforth for reference. The Type | neutrophil morphology had
less than half the area of Type Il neutrophils as they appeared under phase contrast (Figure 7b). Analysis of the
migration behavior of Type | and Il neutrophils showed significantly different migratory phenotypes (Figure 7d-
h). Type | cells displayed a significantly more directional chemotactic response than Type Il cells (Figure 7d,g). By

contrast, the Type Il morphology was highly spread, had limited directionality (Figured 7¢,d,g), and was
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Figure 4.7 Capture and migration of human primary neutrophils on endothelial cells. (a) Staining for E-
selectin on a HUVEC monolayer and corresponding polymorphonuclear leukocyte (PMN) capture from whole
blood. (b) PMN migration on HUVECs with red blood cells (RBC’s) on the side; automated tracks generated with
JEX; colors represent the formation of the chemical gradient - red indicates maximum chemoattractant source
concentration and yellow indicates the chemoattractant concentration in the sink. (c) Micrographs showing Type
I and Type Il neutrophil morphologies (also see Supplemental Video 5). (d) Representative tracks of each
neutrophil phenotype transposed to the origin. (e) Representative individual neutrophil tracks of chemotactic
index and directional velocity towards the chemoattractant, illustrating the differences in chemotactic function.
(f,g) Type | phenotype is significantly more directional and has a higher velocity towards the chemoattractant
than Type Il (*p<0.05; n=3); (h) no significant difference in random migration speed between the two neutrophil
phenotypes (n=3). Direct comparisons of neutrophil chemotaxis with controls shown in Figure A1 in Appendix A;
100 pm for a,b; 10 um for ¢; error bars show s.e.m.; phase contrast images acquired using Slidebook software

with an Olympus IX-81 microscope using a 10x objective (NA=0.30) at 37°C, except for micrographs shown in c.
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predominantly observed at the endothelial cell junctions (Supplemental Video 5). The Type | phenotype had a
significantly higher directional velocity than Type Il (Figure 7e,f); however, Type | neutrophils did not have a
significantly higher random migration speed than Type Il (Figure 7h). In control experiments, neutrophils
migrated randomly on the ECS, which is in contrast with the 2D and 3D applications of the KOALA platform
where neutrophils were immobile when no chemical gradient was present. As expected, neutrophils migrated
significantly less directionally, with lower speed and much lower chemotaxis velocity than cells in a chemical
gradient (Figure A2 in Appendix A; Supplemental Videos 1,4). Finally, we observed that neutrophils exhibit both
Type | and Type Il phenotypes in roughly even proportions at the beginning of the timelapse, and Type |l

neutrophils transition to Type | progressively during the timelapse over a span of 90 minutes (Figure 9).
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4.2.5 Neutrophil adhesion and migration from arthritic mice

The protocol for neutrophil sorting and migration was modified in order to probe the adhesion and chemotactic
behavior of neutrophils obtained from mice (see Methods and Materials). We show that the KOALA approach
allows for repeated evaluation of the neutrophil adhesion and chemotaxis properties of the animal by acquiring
whole blood from a small tail vein puncture without requiring animal sacrifice. Consistent with neutrophil
chemotaxis assays for mice reported in the literature’s3, mouse neutrophils required higher concentrations of
chemoattractant than their human analogue in order to activate and migrate (Figure 4a). Additionally, we did
not observe a significant difference in the migration speed, Cl, or chemotaxis velocity between the doses of

chemoattractant (Figure 10a-c).
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Figure 4.9 Characterizing the transition of neutrophil morphology from Type Il to Type | over time. The
neutrophils begin roughly evenly split between Type | and Type Il morphologies; however, Type Il cells transition
to Type | after about 30-45 minutes into the timelapse session. Slight increases in proportion of Type Il cells are
not due to neutrophils changing from Type | to Type Il, but rather due to neutrophils of each type entering and

leaving the analysis window. Each trial shows analysis on one representative microchannel for a 90 minute

timelapse session (n=3 total).
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Once we optimized the KOALA platform for mouse neutrophils, we demonstrated its utility and
sensitivity for the characterization of neutrophil adhesion and chemotaxis properties in a mouse disease model.

We obtained neutrophils from mice that spontaneously develop arthritis due to over-expression of human
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Figure 4.10 Capture and migration of mouse neutrophils from whole blood for TNF-Tg and WT mice. (a-c)
Chemoattractant (fMLP) dose response for neutrophils obtained from WT mice from a tail vein puncture,
showing the chemotactic index, speed, and directional velocity (n=3). (d,e) Representative micrographs of
neutrophil capture out of whole blood for arthritic (TNF-Tg) and WT mice. (f-i) Difference in the number of
neutrophils adhering to the P-selectin substrate, chemotactic index, directional velocity, and speed for
neutrophils from TNF-Tg and WT mice [**p<0.01 and *p<0.05; n=5 (f) and 3 (g-i)]. Note: no observable migration
for control (no fMLP). 100 um for d,e; error bars show s.e.m.; phase contrast images acquired using Slidebook

software with an Olympus IX-81 microscope using a 10x (NA=0.30) objective at 37°C.
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TNFa'641¢5 (Supplemental Videos 6,7). We found that neutrophils from these mice displayed a strong increase in
adhesion (Figure 10d-f) and a significant decrease in directionality (Figure 10g) compared to controls.
Additionally, we observed a trend towards decreased speed and directional velocity for neutrophils from arthritic
mice compared to wild type (Figure 10h,i). We observed that roughly one order of magnitude more neutrophils
from arthritic mice adhered to P-selectin coated microchannels, as would be expected (Figure 10d-f).
Furthermore, we saw a significant decrease in directionality (Figure 10g) of neutrophils from arthritic mice
compared to controls, as well as a trend towards decreased speed and chemotaxis velocity for neutrophils from
arthritic mice compared to wild type mice (Figure 10h,i).

4.2.6 3D neutrophil chemotaxis

In addition to 2D embodiments of neutrophil chemotaxis, the KOALA platform can be employed to study
migration in 3D matrices with minimal modification of loading protocols. This was accomplished by flowing and
polymerizing a hydrogel containing purified neutrophils into the microchannels. We show that neutrophil
migration and automated tracking is readily achievable by analyzing the 2D projected migration path of the cells
(Figure 5a; Supplemental Video 8). We observed that neutrophils in the presence of a chemoattractant could
migrate directionally in the 3D matrix, whereas cells in the control channels (no chemoattractant) were
completely immobile (Figure 11a,b). Additionally, we compared the 2D and 3D migration of human neutrophils
in the presence of 100 nM fMLP gradient (Figure 11c-e). Neutrophils migrating in 3D showed a trend of migrating
with a slightly higher speed than the 2D case, while being slightly less directional in their migration path. These
results demonstrate that KOALA can be used to directly compare 2D and 3D neutrophil chemotaxis, which may
be relevant for different physiological conditions.

4.3 Discussion

In this study, we report a microfluidic neutrophil chemotaxis platform that reduces sample volume requirements
by orders of magnitude compared to traditional techniques such as Boyden and Dunn assays. The KOALA
platform provides increased functionality and allows for new applications by decoupling the gradient

generation and migration aspects of the microfluidic platform. Using this approach, the chemoattractant
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Figure 4.11 Migration of purified human neutrophils in a 3D collagen matrix. (a,b) Neutrophils tracked
using JEX analysis, migrating in a 100 nM gradient of fMLP compared to no observable migration in the control
(gel with no chemoattractant); colors represent the formation of the chemical gradient - red indicates maximum
chemoattractant source concentration and yellow indicates the chemoattractant concentration at the sink. (c-e)
Comparison of neutrophil migration in a 100 nM gradient of fMLP for the 2D and 3D embodiments of the KOALA
platform, showing the chemotactic index, speed, and directional velocity. Note that standard purification
protocols were used for 3D migration experiments (see Materials and Methods). 100 um for a,b; error bars show
s.e.m.; phase contrast images acquired using Slidebook software with an Olympus IX-81 microscope using a 10x

objective (NA=0.30) at 37°C.

conditions and the neutrophil migration environment can be controlled without the protocol for one negatively
influencing the other. The KOALA chemotaxis platform utilizes a hydrogel to controllably diffuse the
chemoattractant into the microchannels without inducing undesired flows, thereby increasing reliability of the
gradient generation. The use of hydrogels has been shown to provide a semi-permeable structural material for
microfluidic devices that can mediate the transfer of soluble factors.66 In the KOALA platform, the hydrogel
prevents unintended flow of the chemoattractant into the microchannel during the initial contact of the lid and
base. Instead, the chemoattractant controllably diffuses into the microchannels due to the concentration
gradient that exists between the source and sink.

The techniques utilized by the KOALA platform to form a chemical gradient and purify neutrophils differ
significantly from traditional neutrophil chemotaxis methods, making direct quantitative comparisons

challenging. For example, the gradient profile and cell microenviroment in KOALA devices vary greatly from
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those of traditional methods such as the Boyden or micropipette-based assays. Additionally, the purification
method employed by KOALA removes potentially harmful steps that are common in traditional purification
protocols, such high-shear centrifugation, which has been shown to affect neutrophil function'¢?, and the cell
lysis step for eliminating erythrocytes'8, which can induce harmful osmolarity shock. We show that our
microfluidic approach reliably captures neutrophils efficiently (Supplemental Figure 2), and produces a linear
chemical gradient (Figure 2a-c), enabling neutrophil chemotaxis in a range of chemical microenvironments
(Supplemental Figure 5). This novel lid-based approach of delivering the chemotactic gradient makes the KOALA
platform amendable to studying neutrophil chemotaxis in multiple contexts, including 2D and 3D systems, over
an endothelium, and in both human and mouse models.

We report the first in vitro microfluidic assay that enables the direct monitoring of neutrophil
chemotaxis on an endothelial cell substrate (ECS). This embodiment of the KOALA platform permits investigators
to probe endothelial-leukocyte interactions that result in different phenotypes adopted by neutrophils.
Importantly, the decoupling of the cell manipulation and gradient generation (base and lid, respectively) enables
the investigator to culture endothelial cell monolayers and access the neutrophils and endothelial cells for
further immunocytochemistry at any point during the assay by simply removing the lid. The ECS neutrophil
chemotaxis assay revealed that neutrophils adopt two primary phenotypes in contact with endothelial cells,
which had the appearance of being more compact or highly spread under phase contrast microscopy (Type |
and ll, respectively). We observed that most of the Type Il cells transitioned to Type | cells during the course of a
time-lapse session, whereby they adopted the migratory behavior and morphology observed in the initially Type
| cells (Supplemental Video 5; Supplemental Figure 9). The Type | phenotype was significantly more directional
than Type Il and displayed higher migration velocity in the direction of the chemoattractant (Figure 3d-g). Type Il
phenotypes were commonly found at intercellular junctions, whereas the Type | phenotype was observed in all
locations on the cell membrane. This spatial organization may be the result of increased cell stiffness at the
intercellular junctions, which is known to elicit a more spread morphology.'6® Another possibility is that the
presence of transmigratory molecules (e.g. ICAM1 and VCAM1) that are preferentially expressed at these

locations' may cause the neutrophils to adopt a more adherent phenotype, resulting in the observed spread
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morphology. These experiments demonstrate that neutrophils exhibit multiple morphologies and variable
chemotactic behavior when they are captured on cytokine-stimulated endothelial cells, and further studies are
needed to determine the mechanisms of these neutrophil phenotypes. The KOALA platform equips investigators
with a simple tool to explore these interactions, which were difficult or impossible to study in the past.

The KOALA platform is the first demonstration of an assay capable of sorting, capturing, and purifying
neutrophils obtained from mouse blood without sacrificing the animal. An immediate consequence of our
technique is that animal waste for investigators may be reduced because the sacrifice of several animals is not
required to perform each neutrophil chemotaxis experiment. This is achievable because nanoliter volumes of
blood are sufficient to purify neutrophils for each microchannel in the KOALA platform, resulting in a total blood
draw of 3 L filling 15-30 microchannels. To the authors’ knowledge, this sample volume requirement is one
order of magnitude lower than the lowest achieved for leukocyte sorting and chemotaxis (<1 pL vs. 80 pL of
diluted blood?”s). Importantly, the repeated measurement of neutrophil adhesion and chemotaxis for the same
animal allows for the monitoring of neutrophil activity on mouse disease models in which the disease
phenotypes may take long periods of time to develop or where multiple sampling is advantageous.

As a demonstration of the neutrophil capture technique using a tail vein blood draw, we assessed the
function of neutrophils obtained from chronically inflamed mice (TNF-Tg) and compared them to WT. In mouse
arthritis models, chronic inflammation is observed, and neutrophils specifically are central to the pathogenesis of
this disease.’”? Using the KOALA platform, we observed a ~10 fold increase in the number of neutrophils that
adhered to the P-selectin coated surface for TNF-Tg mice compared to WT; furthermore, neutrophils from
chronically inflamed mice trended towards slower migration speeds and were significantly less directional
compared to neutrophils from WT mice. Investigators have shown that, for mice not experiencing chronic
inflammation, ~20-70 neutrophils should be present within one field of view of our microchannels.'”".172 Qur
average neutrophil capture falls within that range for WT mice, but is exceeded by roughly one order of
magnitude for TNF-Tg mice (Figure 4d-f). Thus, the neutrophil count data suggests that TNF-Tg mice display
strong neutrophilia, consistent with previous reports.’7° These experiments demonstrate the pertinence of the

KOALA technique and validate the use of the platform for studying neutrophils in the context of mouse
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inflammatory disease models. For the first time, this technique allows researchers to observe the development of
disease phenotypes in mice over time, providing greater insight into the dynamics of symptom development.
Furthermore, therapies such as antileukoproteinase-based treatments that target neutrophil adhesion to the
endothelium'73 can be systematically studied while monitoring neutrophil function over time. More generally,
the KOALA platform can be employed to study any disease where neutrophil adhesion and migration are central
to the pathogenesis of the disease.

A growing body of work shows that cellular migration in a 3D matrix displays significantly altered
phenotypes compared to 2D migration.'74-176 Therefore, an important requirement of the KOALA platform is to
have the ability to characterize neutrophil migration in 2D and 3D. Indeed, we demonstrate that the assay can be
utilized to conduct direct comparisons between protein-coated 2D substrates and 3D extra cellular matrix
environments. We observe that neutrophils migrate faster towards the chemoattractant in 3D compared to 2D,
confirming a trend that has been suggested by Kirsi et al. observed for migrating fibroblasts'?7; however, in
contrast to the latter study, we do not observe a higher migration directionality for 3D compared to 2D. Using
the KOALA platform, investigators have the opportunity to study neutrophil chemotaxis in 2D and 3D, while
subjecting the cells to comparable chemical gradient profiles and geometries. These features allow hematology
researchers to investigate neutrophil chemotaxis in multiple microenvironments and uncover differences in
phenotypes that may have been masked by biases inherent to a 2D in vitro system.

In summary, we have developed and characterized a microfluidic chemotaxis platform that incorporates
on-chip neutrophil purification; a novel lid-based gradient generation; and demonstrates gains in function,
operability, and versatility. Importantly, the assay significantly reduces the difficulty of performing challenging
experiments involving long-term cell cultures, animal/patient samples, and time-lapse microscopy. To
demonstrate this, we analyzed the morphology and migration of neutrophils on a HUVEC monolayer; neutrophil
chemotaxis from a tail vein puncture of chronically inflamed mice; and 3D neutrophil migration. The 50-10,000
fold reduction in blood requirements we achieved enables small mammal studies, where collection of more than

microliters of blood usually requires sacrificing the animal. The KOALA chemotaxis platform achieved increased
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functionality and simplicity of operation compared to standard techniques, making the assay well suited for
widespread adoption in hematology research laboratories.

4.4 Materials and Methods

4.4.1 SU-8 mold and PDMS fab

The microfluidic base and lid of the KOALA platform were fabricated using soft lithography methods with Poly-
dimethylsiloxane (Sylgaard 164, Dow Corning, Salzburg, Ml). First, multilayer molds were created using SU-8
negative photoresist (Microchem, Newton, MA). In brief, pattern designs were created using Adobe lllustrator
(Adobe, San Jose, CA) and printed on film (Imagesetter, Madison WI). A first layer was spun according to the
manufacturer’s specifications on a 150 mm diameter silicon wafer (WRS, San Jose, CA) using SU-8 50 to achieve
80 um thickness or SU-8 100 for thicknesses of 180 and 270 um. The photoresist was baked on hot plate and a
Omnicure 1000 UV light source (EXFO, Quebec, Canada) was used to transfer the pattern to the photoresist. After
a post-exposure baking step, the second, 400 um thick, layer was spun on the wafer and patterned. The mold
was then developed for 4 hours in SU-8 developer (PGMEA, 537543, Sigma, St Louis, MO) and washed with
acetone and iso-propyl alcohol. PDMS was prepared in a ratio of 10:1 base to cross-linking agent, degassed in
vacuum, and poured over the SU-8-silicon mold on a hot plate. A transparency (Cheap Joe’s, Boone, NC), a layer
of silicone (McMaster Carr, Eimhurst, IL), and a 5 kg weight, were placed on top of the mold, and baked at 80
degrees celsius for 4 hours. The base and lid of the KOALA device were adhered to tissue culture treated plastic
from an Petri-dish (NUNC, Portsmouth, NH) prior to use. Photolithography masks used by the authors to fabricate
devices is available upon request.

4.4.2 COMSOL modeling

A 3D model of the microchannel was developed using the COMSOL numerical simulation software (COMSOL,
Burlington, MA). For the diffusion analysis a 3 mm diameter hemisphere - the size of the hydrogel bead placed in
the KOALA lid - was drawn in the large port of the passive pumping microchannel and its initial concentration set
to 1 with a diffusion coefficient of 100 um2*s-1, corresponding to the diffusion rate of Alexa488 in hydrogel. A

diffusion coefficient of 300 um2*s-1 was used for all the low viscosity fluid-filled parts of the microchannel. Using



75

the diffusion simulation package with the GMRES solver, a time-dependent simulation was performed over 120
min, and the value of the concentration of chemoattractant was outputted for a horizontal plane placed 10 um
above the floor of the channel. Cross-section profiles taken along the axis of the channel were quantitatively
analyzed. For the shear rate analysis, the incompressible Navier-Stokes simulation package was employed with
an inlet pressure of 100 Pa and an outlet pressure of 0. A steady-state solution for the flow was found using the
UMF pack solver and the value of the shear stress was plotted on floor of the microchannel.

4.4.3 Gradient characterization

The stability of the gradient and the validity of the numerical simulation were verified experimentally using a
source concentration of 1 uM AlexaFluor488 dye (Molecular Probes, Carlsbad, CA) prepared in Matrigel (356231,
BD Bioscience). A 3 pL drop of gel was placed in every location of the lid of the KOALA platform and polymerized
in a humidified incubator. The channels in the base were filled with PBS and the lid was placed into contact with
the base. Fluorescent timelapse microscopy was performed using a 4x objective at intervals of 10 min for a
duration of 90 min at 37°C in an environmental-control chamber; an IX-81 microscope (Olympus, Tokyo, Japan)
was used to capture the images, which were then analyzed using the imageJ software with a line scan with a
width of 70 pixels. The concentration was normalized to the concentration observed when filling the channel
with stock fluorescent solution.

4.4.4 Preparation of hydrogel-chemoattractant mixture

N-formyl-methionine-leucine-phenylalanine (fMLP; F3506-10MG, Sigma-Aldrich, St. Louis, MO) was suspended in
dimethyl sulfoxide (DMSO; D2650; Sigma-Aldrich, St. Louis, MO) at 10 mM and stored at -80°C. The hydrogel-
chemoattractant (H-CA) mixture consisted of fMLP and Matrigel, mixed in a 1:1 ratio to a final gel concentration
of 4 mg/mL. The H-CA mixture was prepared before each chemotaxis experiment. For all doses of
chemoattractant, the fMLP dilution was performed in PBS (Invitrogen, Grand Island, NY) prior to mixing with the
hydrogel.

4.4.5 Endothelial cell culture

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza (Walkersville, MD), and regularly

cultured on tissue culture-treated flasks pre-coated with 1.5 pug/cm?2 of bovine plasma fibronectin (FN) (Sigma-
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Aldrich, St. Louis, MO). HUVECs were maintained in EGM BulletKit media (CC-3124; Lonza) consisting of EBM-2
basal medium supplemented with 2% fetal bovine serum (FBS), bovine brain extract with heparin, hEGF,
hydrocortisone, and gentamicin/Amphotericin B. HUVECs were fed every other day, passaged every 3 to 4 days
at 90% confluence, and only passages 4-6 were used in microchannel experiments. To prepare HUVEC
monolayers, microchannels were first primed with 10 uL PBS followed by 3 pL FN at 100 pg/mL. Microchannels
were incubated at 37°C for 1 h in humidified trays to allow FN adsorption to the bottom substrate. After
incubation, FN was replaced twice with 3 yL HUVEC media. HUVECs were seeded at 4,000 cells/uL 1.25 uL per
microchannel, and allowed to adhere and culture until confluency (48 h). HUVEC microscale cultures were either
used in neutrophil experiments when confluent. Activated HUVEC monolayers in microchannels were induced
with 10 pg/mL interleukin-1p (IL-1B) for 4 h before performing neutrophil capture.

4.4.6 Neutrophil capture from whole blood on HUVECs

After obtaining consent at the time of the blood draw, whole blood was obtained from a lancet puncture on the
finger of a self-reported healthy donor. The human subject protocol was approved by the University of Wisconsin
Center for Health Sciences Human Subjects Committee. In brief, the skin was thoroughly cleaned with an alcohol
swab and a disposable lancet (Safety Lancet, 02-675-160, Fischer Scientific) was lightly pressed against the skin
and actuated. The first drop of blood was discarded and the finger pressed to obtain a drop of blood of about
5-10 uL on the bottom of a flat sterile petri-dish. 3 uL of blood was pipetted into a reservoir containing 18 uL of
PBS and mixed gently. Following IL-1f stimulation, neutrophils were captured out of dilute whole blood in
preparation of performing the chemotaxis assay. 1 pL of dilute whole blood was passed through each
microchannel two times, with each pass 30 seconds apart. After allowing neutrophils to capture for 4 minutes,
erythrocytes were removed by performing 3 washes with 3 uL of PBS, alternating the aspiration of PBS-blood
mixture between the input and output ports. The PBS was replaced twice with 3 uL of EGM BulletKit media
(CC-3124, Lonza) with 20 mM HEPES (25-060-Cl; Mediatech, Manassas, Va).

4.4.7 Modeling fluid dynamics in microchannels

Using Equations (1) and (2), an analytical model and a numerical simulation was performed to calculate the flow

rate in the microchannels of the KOALA platform. The dimensions used in the analytical model were: a volume of
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3 L of fluid dispensed on the input port of the channel of length 3 mm, width 0.8 mm and height 200 um; the
input port had a diameter of 1.5 mm and the output port is assumed to have a much larger diameter than the
input port.

4.4.8 Neutrophil chemotaxis for varying gradient slopes

In order test neutrophil chemotaxis for different slopes of the chemical gradient, we fabricated a separate KAOLA
device using methods described in SU-8 mold and PDMS fab. The base microchannels had lengths of 6, 5, 4, 3, 2,
and 1 mm in order to change the slope of the chemical gradient; the height and width of the microchannels
were 80 um and 800 um, respectively; the input and output ports had diameters of 1.5 mm and 2.5 mm,
respectively, with heights of 600 um. The neutrophil sorting and image capture was performed as described in
the Washing efficiency characterization section. Four doses of fMLP were tested: 0 M (control ),100 nM, 500 nM, 1
mM. Each dose was tested for three separate experiments (n=3). During each experiment, the neutrophil
chemotaxis for each channel length was observed and automatically tracked using Je'Xperiment software.

4.4.9 Washing efficiency characterization

Different base microfluidic channels for the KOALA platform were fabricated according the methods described in
the PDMS fabrication section with channel thicknesses of 80, 180, 270 um. Each of these devices were coated for
30 min with 100 ug/mL human recombinant P-Selectin (R&D Biosystems, Minneapolis, MN). 3 uL of blood from a
lancet puncture were collected and diluted in 18 uL of PBS and 1 L of the latter solution was inserted into the
microchannel base. Subsequently, the content of the microchannel were washed 3 times with 3 pL of PBS and
images were taken on a IX-81 microscope using the 10X magnification objective.

4.4.10 Je'Xperiment tracking

Stacks of phase contrast images taken for each channel on the KOALA platform were exported into .tiff format
and loaded into the Je'Xperiment software (available upon request). An automated algorithm was developed to
track migrating neutrophils automatically. First, the user selects a representative neutrophil in one of the image
stacks. Second, the algorithm performs a convolution on each image of the stack and identifies local maxima in
the image produced. Maxima found are linked together into tracks by using an overall distance minimization

strategy to find extensions of the tracks at each time-frame that minimize the overall displacement of the
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neutrophils. Possible erythrocyte contaminants, wrongfully tracked particles, and dead or immobile neutrophils,
are removed using a track filtering. The final tracks were analyzed to obtain their mean speed, chemotactic index,
and directional velocity.

4.4.11 Comparing automated Je'Xperiment and Image)J cell tracking

The accuracy of the automated software Je'Xperiment was assessed by comparison with experiments analyzed

manually using the “Cell-tracker” plugin of ImagelJ (http://rsbweb.nih.gov/ij/). Three channels coated with E-
selectin and three channels coated with P-selectin were used to capture neutrophils and record their chemotaxis
to fMLP. In each channel 5 neutrophils were selected and tracked manually as well as analyzed using JEX.
4.4.12 HUVEC immunostaining

Immunostaining was performed to verify presence of PECAM-1 at intercellular junctions, and upregulation of E-
selectin upon activation using IL-1p. After 4 hours, HUVECs were fixed, permeabilized, and immunostained with
either monoclonal anti-human E-selectin antibody (BBA1; R&D Systems Inc., Minneapolis, MN) or monoclonal
mouse anti-human CD31 (MCA1738T; AbD Serotec., Oxford, UK) and Hoechst 33342 nuclear dye (H1399,
Invitrogen, Carlsbad, CA). Images of the culture were acquired on a Nikon Eclipse Ti inverted fluorescence
microscope coupled to a Nikon DS-QiMc CCD camera (Nikon Instruments, Melville, NY). A 10x objective
(NA=0.30) was used for images shown in Figure 3a and a 20x objective (NA=0.50) was used for micrograph in
Figure S3. NIS-Elements software (Nikon Instruments, Melville, NY) was used to capture and export the images
in .tif format. A dry imaging medium was used for all captured images. ImageJ software was used to adjust the
contrast of the images; the image processing was conducted uniformly across the entire image.

4.4.13 Tracking neutrophil chemotaxis on HUVECs

Stacks of phase contrast images taken for each channel on the KOALA platform were exported into .tif format
and loaded into imagelJ using the “import stack” tool. The imagelJ plugin “Cell tracker” was used to track the
migrating neutrophils on top of the endothelial cell monolayer. For each image stack, the two distinct
morphologies of neutrophils were tracked using 10 cells of each phenotype tracked over at least 40 frames. 6

image stacks from 6 microfluidic channels were used for each repeat, and 3 independent repeats were
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performed. The tracked images were outputted using imagelJ, and the quantification of the migration speed,
Chemotactic Index (Cl) and directional velocity was performed using Excel (Microsoft, Redmond, WA).

4.4.14 Determining Type Il to Type | transition

Neutrophils exhibiting the Type | and Type Il morphologies were counted throughout a 90 minute timelapse to
determine the proportions of each cell type over time. The “Cell counter” plugin of imageJ was used for cell
counting. A representative channel was analyzed for three separate experiments. The neutrophils exhibiting
Type | and Type Il morphologies were counted every 5 minutes for the entire 90 minute timelapse. The
proportion of Type Il neutrophils at each point was calculated by dividing the number of neutrophils exhibiting a
Type Il morphology by the total number of cells counted in that frame (sum of Type | and Type Il cell counts).
4.4.15 Measuring the area of Type | and Type Il neutrophils

The area of the cells as seen under phase contrast microscopy was measured for neutrophils with Type | and Type
Il morphologies; the area of erythrocytes were also measured for reference. Once the correct scale was set in
imageJ, the tracer tool and measure function were used to calculate the area of the cells. Representative
neutrophils and erythrocytes across 6 microchannels were measured (52 Type Il, 59 Type |, 25 erythrocytes).
4.4.16 Capture efficiency experiments

Neutrophils (at ~1x106 cells/mL density) were purified (details in “Human neutrophil purification”) and then
tagged with calcein-AM stain (L-3224; Invitrogen, Grand Island, NY). The calcein-AM was prepared by mixing 1 pL
of calcein-AM with 1 mL of PBS. Cells were then placed into the diluted calcein-AM and incubated at 37°C for 15
minutes. 3 uL the tagged cells were then resuspended into 15 pL of whole blood and injected into the
microchannels. Phase contrast and fluorescent images were taken of 5-6 microchannels prior to washing, and
then the normal washing procedure was performed. Images of the microchannels were taken again after
washing. Cells were counted manually using the imageJ plugin “Counter” for both the pre and post-wash
channels. Count data from 5-6 channels were averaged, yielding an average count for a single experimental
output (n=1). Three replicates (n=3) were performed. The capture efficiency was calculated by dividing the
average number of neutrophils captured after washing was performed by the average number of neutrophils

before washing was performed.
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4.4.17 Mouse maintenance

TNF transgenic mice of the 3647 line were bred, cared for, and housed according to the University of Wisconsin
Institutional Animal Care and Use Committee. Mice that were positive for the TNF transgene by Polymerase
Chain Reaction (PCR) and littermate controls were used from 1.5 to 8 months of age.

4.4.18 Statistical analysis

Open source software, Mstat (http://www.mcardle.wisc.edu/mstat/) was used to perform statistical analysis on
the data gathered. The Wilcoxon signed rank test (two-tailed, paired) was used to determine statistical
significance. This test was used to determine the significant differences between categories where normality
could not be assumed. Each output (chemotactic index, speed, directional velocity, and count) was individually
measured for 2-6 microchannels and each channel output value was averaged to yield a single experimental
output (n=1). Three (n=3) replicates were performed for all chemotaxis experiments. Five (n=5) replicates were
performed for mouse neutrophil count data.

4.4.19 Mouse blood draw and neutrophil capture

Prior to the blood draw, microchannels were coated with 100 pg/mL concentration P-selectin (737-PS-050; R&D
Systems, McKinley Place, Minneapolis, MN) for at least 30 minutes at 4°C. Mice were anesthetized using
isofluorane until they did not experience pain from paw pinch and were then subjected to a tail snip. A 3 pL drop
of blood was removed, which was then diluted into 18 pL PBS. 1 pL of dilute whole blood was passed through
each microchannel two times, with each pass separated by 30 seconds. A minimum of 0.5 pL of dilute blood was
tested to reliable fill the microchannel for neutrophil capture. After allowing neutrophils to capture for 4 minutes,
erythrocytes were removed by performing 3 washes with 3 pL of PBS, alternating aspiration of PBS-blood
mixture between the input and output ports. The PBS was replaced twice with 3 uL of Hanks Buffered Salt
Solution (HBSS; 21-023-CV; Mediatech, Manassas, Va ) with 20 mM HEPES. Supplemental Methods

Additional methods on fabrication of the KOALA microfluidic devices; characterization of the KOALA platform;
mixing the chemoattractant and hydrogel; the culture of endothelial cells; staining protocols for
immunocytochemistry; description of statistical analysis; mouse blood draw and neutrophil capture; and details

regarding cell tracking techniques can be found in the Supplemental Materials.
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4.4.20 Microscopy

For all time-lapse experiments, phase contrast images were taken using an Olympus IX-81 optical microscope
(Olympus, Tokyo, Japan) with a 10x objective that had a numerical aperture (NA) of 0.30; the images were
captured using a SPOT RT Monochrome CCD camera (Diagnostic Instruments, Inc, Sterling Heights, Ml). For
characterization of the chemical gradient using fluorescent dye, a 4x objective with NA=0.13 was used. The time-
lapse experiments were conducted in an incubation chamber at 37°C; prior to the start of an imaging session,
the samples were allowed to warm to 37°C for a minimum of 15 minutes. Slidebook software (Intelligent Imaging
Innovations, Denver, CO) was used to capture the time-lapse images. The data was exported into .tif format prior
to cell tracking. The imaging medium was dry for all images shown in this work. For HUVEC monolayer
immunostaining, images were acquired on a Nikon Eclipse Ti inverted fluorescence microscope coupled to a
Nikon DS-QiMc CCD camera (Nikon Instruments, Melville, NY); see additional details in Supplemental Methods.
For higher resolution imaging of neutrophil morphologies, an Olympus IX-70 optical microscope (Olympus,
Tokyo, Japan) with 20x objective set at 1.5x (30x effective) was used; The NA of the objective was 0.45 and a
Hamamatsu camera (model C4742-80-12AG; Hamamatsu Photonics, Hamamatsu City, Japan) was used to
capture the images using Metamorph software (Molecular Devices, Sunnyvale, CA).

4.4.21 Neutrophil migration on HUVECs

Following the neutrophil capture, a lid containing 100 nM fMLP was placed onto the base of the device,
contacting the hydrogel-chemoattractant mixture (H-CA) to the output port of the migration channel. An image
was taken every 30 seconds in each microchannel for 90 minutes.

4.4.22 Mouse neutrophil migration

Following the neutrophil capture, a lid containing various doses of H-CA was placed onto the base of the device,
contacting the H-CA drop with the output port of the migration channel. Phase contrast images were taken with
a 10x objective using an Olympus IX-81 optical microscope. An image was taken every 30 seconds in each
microchannel for 120 minutes. For dose response experiments, fMLP concentrations of 1 mM, 100 uM, 10 pM,

and 0 M control (gel only) were used. For TNF-Tg and WT mice migration experiments, 1 mM fMLP was used.
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4.4.23 Human neutrophil purification

According to the manufacturer’s recommendations, we purified peripheral blood neutrophils from human blood
using Polymorphprep according to the manufacturer’s recommendations (Nycomed, Sheldon, UK). All donors
were self-reportedly healthy, and we obtained informed consent at the time of the blood draw. The human
subject protocol was approved by the University of Wisconsin Center for Health Sciences Human Subjects
Committee.

4.4.24 3D neutrophil migration

Following purification, human neutrophils were suspended in a 3D matrix by mixing 3 pL of cells at a density of
~1x106 cells/mL into 18 L of Type | rat collagen (354249; BD Biosciences) to a final concentration of 5 mg/mL.
The cell-collagen mixture was incubated at 37°C for 15 minutes, alternating the microfluidic device orientation
between upside-down and right-side-up, until gel was solidified. Sacrificial deionized water (DI) was placed
around the device to mitigate evaporation. A lid containing 3 pL H-CA mixture was placed onto the base and
time-lapse image acquisition was performed as previously described.

4.4.25 Equations

We used an analytical model for estimating the flow rate in a microchannel generated by passive pumping. An
important assumption of the model is a negligible pressure at the output port, which we can reasonably assume
in this case given the much larger output port diameter. The pressure drop generated by surface tension is
determined using the Laplace equation (1), where y is the interfacial energy of water and air, R(t) is the radius of
curvature of the input drop through time, and AP is the pressure drop between the input and output of the
channel. The flow rate generated by a given pressure drop in a microfluidic channel of rectangular cross-section
can be written as a function of AP using the Washburn equation (2), where n is the viscosity of the fluid, L is the
length of the channel, A is the aspect ratio of the channel, w is the width of the channel, h is the height of the

channel, and Q(t) is the flow rate through time.
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The speed, chemotaxis index (Cl), and directional velocity of a tracked neutrophil were calculated using
Equations (3-5), where n is the number of frames of the timelapse image, ti is the time interval between frames
i-1 and i, oxi and dyi are the displacements along the x and y axis respectively between times i-1 and i, and AT is
the time interval between the first and last frame of the timelapse.

The speed, chemotaxis index (Cl), and directional velocity of a tracked neutrophil were calculated using
equations (3-5), where n is the number of frames of the timelapse image, ti is the time interval between frames
i-1 and i, oxi and dyi are the displacements along the x and y axis respectively between times i-1 and i, and AT is

the time interval between the first and last frame of the timelapse.
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Chapter 5

Characterizing asthma from a drop of blood using neutrophil chemotaxis

5.1 Introduction

Asthma is a chronic inflammatory disorder of the lungs that is associated with airway hyperresponsiveness (AHR)
and obstructed airflow"’, affecting more than 300 million people worldwide.'2' Over the last 30 years, asthma
prevalence has increased significantly in many populations, with some indications that prevalence may be
reaching a plateau in the developed world.17.122 Significant progress has been made in identifying primary
mediators involved in the pathophysiology of asthma. Several cell types such as T helper cells (Ty1/Tn2),
dendritic cells, mast cells, macrophages, eosinophils and neutrophils play central roles in the pathology of
asthma. 15116127178 Additionally, various cytokines that regulate the leukocyte trafficking-such as interleukins
(IL), interferon gamma (IFN-y), and tumor necrosis factor-alpha (TNF-a) — have been identified and targeted in
drug therapies. The recruitment of leukocytes to the lungs, particularly eosinophils and neutrophils, is central to
the pathogenesis of asthma. Increased numbers of eosinophils are prominently observed in the lung tissue and
bronchoalveolar lavage (BAL) fluid for most asthmatics.''6 Neutrophils play a more critical role in severe asthma,
where elevated counts of eosinophils are often not observed in the BAL fluid.'7® An overview of the role of
neutrophils in asthma is shown in Fig. 1A. Although significant progress has been made in uncovering mediators
in the pathology of asthma, these gains have not yet greatly improved our ability to define clinically relevant

phenotypes of asthma in patients.

Asthma is diagnosed clinically by physicians, informed by the patient’s medical history; spirometry tests
that measure lung function; reversibility of AHR; along with several other potential metrics.'8 These diagnostic
techniques measure the effects of the inflammatory response in the lung by assessing airway constriction; nitric
oxide production; and the resulting clinical symptoms. However, all of these diagnostic tests require patient

compliance, which can be challenging when diagnosing children or the elderly.'8" Additionally, many asthma
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diagnostic tests partially rely on the patient experiencing clinical symptoms that are variable during or around
the visit to the physician. Perhaps these common characteristics of current diagnostic techniques contribute to
difficulties in diagnosing asthma, particularly in certain subpopulations. For example, in a recent Canadian study
involving ~500 obese and non-obese subjects, Aaron et al. found that ~30% of the test subjects had been falsely
diagnosed with asthma by physicians.’?5 Additionally, it is well established that the elderly are consistently
under-diagnosed for asthma.'23.124 Therefore, additional tools are needed to improve the diagnosis of asthma.
Furthermore, current asthma assessments do not inform the clinician of disease severity, expected clinical

course, and risk of exacerbations.

In order to improve characterization of asthma in the clinic, we have developed a handheld microfluidic
chip that can identify functional measures of asthma from a drop of whole blood. Microfluidic systems have
several characteristics that make them well-suited for clinical use, including low sample volume requirements
626, simple integration with automated fluid handling systems'82; and diffusion-dominant laminar fluidic
phenomena that allow for precise control of a cell’s microenvironment.8.142143 |ndeed, microfluidic-based tools
are increasingly being utilized in clinical research for diagnostic purposes.327.60.76.87.183-185 Neutrophils have been
used to diagnose clinical conditions in human patients based on proteomic and genomic analysis’¢ and
chemotaxis behavior?7.159, demonstrating that assays measuring cell function can be used for diagnostics. In this
work, we assay the neutrophil chemotactic function in a blind study in order to identify quantitative domains
that can be used to discriminate asthma from non-asthmatic allergic rhinitis. This approach of directly measuring
the effector cell in the pathology of asthma differs from traditional diagnostic tests, which measure the variable
effect of inflammation on airway constriction (Fig. 1B,C). Importantly, we developed methods to simplify the
sample preparation, assay protocol, and data analysis that offer significant time savings over traditional
macroscale'617.134 and microscale'#3 chemotaxis techniques, allowing for the translation of the technology into
the clinic. We analyzed 34 patients, and discovered that neutrophil chemotaxis can be used to discriminate
asthma from non-asthmatic, allergic rhinitis patients with sensitivity and specificity of 96% and 73%, respectively.

The results of the clinical application of our microfluidic device represent a first step demonstration of how
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asthma can potentially be diagnosed and managed based on cellular function, rather than largely by clinical

observations.

5.2 Results

We adapted a microfluidic neutrophil chemotaxis platform that we previously developed2® in order to assay the
neutrophil function of mildly asthmatic and non-asthmatic patients in a clinical setting. Briefly, the diagnostic
chip has two primary components: (1) a functionalized migration channel in the base, where the rapid
neutrophil purification and chemotaxis are performed, and (2) a multi-function lid that houses all the reagents
required for the diagnostic test and mitigates evaporation, which can be detrimental for long-term open
microfluidic experiments.33 The purification is accomplished using a P-selectin-coated polystyrene surface,
whereby whole blood is pumped into the microchannels allowing neutrophils to bind to the P-selectin, and
other components of the whole blood (e.g. erythrocytes, plasma, etc.) are removed using subsequent laminar
flow wash steps.”> In our assay, the blood and reagents are passively pumped through the microchannels'?,
enabling all of the fluid handling steps using only a micropipette and requiring no external pumping systems.
Once the purification is complete, a lid containing a hydrogel-chemoattractant mixture (H-CA) is placed onto the
base component, contacting the H-CA drop with the migration channel and initiating the chemotaxis
experiment (Fig. 1B; reference 28). For step-by-step instructions on performing the diagnostic assay, see
Appendix B. Following a timelapse capture of the neutrophil chemotaxis, the data is automatically tracked and
analyzed using custom tracking software, dubbed Je'Xperiment (JEX), eliminating the need for onerous manual
cell tracking . Three outputs were measured to characterize the neutrophil chemotactic function: the absolute
migration speed (independent of the direction the cells move); the chemotactic index (displacement of the cell
throughout the timelapse divided by its total path length); and chemotaxis velocity (speed of the cell in the
direction of increasing concentration of chemoattractant). The diagnostic microfluidic chip was employed in a
clinical setting to assay the neutrophil chemotactic function of mildly asthmatic and non-asthmatic patients in

order to elucidate possible diagnostic domains between the two patient groups.
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Figure 5.1 Overview of different diagnostic techniques and the role of neutrophils in the pathology of

asthma. (A) Summary of the role of neutrophils in the pathology of asthma, showing neutrophil adhesion and

transendothelial migration; chemotaxis mediated by macrophages and T-helper cells; and neutrophilia in the

lung tissue that leads to airway remodeling and airflow obstruction. (B) Proposed microfluidic method for

phenotyping asthma patients by measuring upstream of the asthma pathology with rapid neutrophil sorting

and chemotaxis (1); automated high-throughput microscopy and automated cell tracking (2); and asthma

diagnosis on the basis of chemotaxis outputs (3). (C) Traditional clinical asthma diagnostic methods occur
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downstream of the asthma pathology by measuring the effect of leukocyte inflammation on airway obstruction,

nitric oxide output, or clinical symptoms.

5.2.1 Characterizing neutrophil isolation and chemotaxis

We sought to characterize the neutrophil capture technique for blood samples obtained from the clinic. Using
the protein-based neutrophil sorting procedure, we found that ~89% of neutrophils remained on the surface
following subsequent wash steps (Fig. 2A). Furthermore, we found that the surface could be enriched with
neutrophils by simply passing whole blood through the microchannels multiple times prior to the washing
procedure (Fig. 2B); this was advantageous if neutrophil capture was particularly low and more neutrophils were

required to obtain meaningful chemotaxis data.

Following the neutrophil isolation, we characterized the migration of human neutrophils in a linear
chemotactic gradient using the potent chemoattractants, interleukin-8 (IL-8) and formyl-Methionyl-Leucyl-
Phenylalanine (fMLP; Fig. 2C); Supplemental Video 1). For all control experiments (i.e. gel and media, no
chemoattractant), neutrophils remained unactivated and there was no observable migration (Supplemental
Video 2). Additionally, we compared neutrophil chemotaxis for neutrophils on a P-selectin and E-selectin
substrates in order to determine the effects of different capture proteins on the neutrophil chemotaxis function
in a linear gradient of fMLP (Fig. 2D). No significant differences were observed in the chemotaxis outputs,
indicating that either protein coating could be used for the purification and chemotaxis. For the assay of patient
samples, we used 100 pg/mL P-selectin for the substrate coating and 100 nM fMLP for the source of
chemoattractant, as we observed robust neutrophil capture and chemotaxis using these experimental
conditions. In order to obtain sufficient neutrophil enrichment from clinical samples, blood was passed through

the microchannels two times prior to neutrophil purification.

5.2.2 Measuring neutrophil chemotactic function for asthmatic and non-asthmatic patients

After we characterized the neutrophil chemotaxis assay using human blood samples, we employed the

microfluidic device in a clinical setting to analyze the neutrophil function for a cohort of patients that were
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Figure 5.2 Characterization of diagnostic chip for performing neutrophil chemotaxis from a drop of

blood. (A) Capture of neutrophils, or polymorphonuclear leukocytes (PMN’s), from clinical blood samples before

and after laminar flow wash steps; capture efficiency was 89% (n=4). (B) Increase in neutrophil capture on P-

selectin-coated microchannels with additional passes of blood across the microchannel substrate (n=3). (C)

Chemoattractant (CA) dose response for neutrophils obtained from healthy human patients, measuring the

absolute migration speed (a), chemotactic index (b), and chemotaxis velocity (c); timelapse imaging for 120

minutes (n=3). Note: no observable neutrophil migration in controls (gel without CA). (D) Neutrophil chemotaxis

in a linear gradient of fMLP with a source concentration of 100 nM; timelapse imaging for 90 minutes (n=3).
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clinically characterized as asthmatic or non-asthmatic (Table 1). The absolute migration speed, chemotactic
index, and chemotaxis velocity for all the patients are shown in Fig. 3A (see “Calculating chemotaxis outputs”in
Materials and Methods). The absolute migration speed and chemotactic index of the neutrophils did not differ
significantly by asthma status (p=0.33 and p=0.49, respectively). However, the chemotaxis velocity for asthmatic
patients was significantly reduced compared to non-asthmatic patients (p=0.002). To our knowledge, this is the

first report of a difference in neutrophil chemotaxis between asthmatic and non-asthmatic patients.

In addition to determining the patients’ neutrophil chemotaxis function, patients were characterized
using several other measures commonly employed in the clinic, such as FEV; %Predicted, FEV1/FVC ratio,
eosinophil count (Eos#), %Reversibility, and Fraction of exhaled nitric oxide (FeNO). Comparisons between our

Table 5.1: Characteristics of Study Subjects

Characteristic Asthma (n=23) No Asthma (h=11)
Age* (range), yr. 36 (20-52) 33 (20-48)
Men, No. 13 8
Blood EQOS count, #/mm3 293 (60) 242 (73)
FEV1, %Predicted 91.2(18.6) 104.2 (31.4)
FEV1/FVC, ratio 0.772 (0.161) 0.802 (0.242)
Reversibility, % 7.66 (.951) 3.60 (0.945)
FeNO, ppb 47.0 (9.79) 24.5 (7.34)
Allergic, No. (%) 22 (95.6) 10 (90.9)
Current asthma symptoms, No. “Yes"” 1 0

Average value shown with s.e.m. in (---), unless otherwise indicated.
*Age reported for patient’s baseline characterization.

neutrophil chemotaxis outputs and spirometry measurements did not reveal any correlations that could be used
to confirm or invalidate our test (Figures B1-5 in Appendix B). However, the comparison of neutrophil chemotaxis

velocity with FeNO measurements — an emerging clinical marker that positively correlates with the number of
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Figure 5.3 Neutrophil chemotaxis for blood samples obtained from the clinic and comparison with FeNO

measurements. (A) No statistically significant difference in neutrophil migration speed (i) and chemotactic

index (ii) for asthmatic and non-asthmatic patients; neutrophil chemotaxis velocity (iii) is significantly lower for

asthmatic patients (n=23) compared to non-asthmatic patients (n=11);*P=0.002. (B) Comparison of neutrophil

chemotaxis velocity and an emerging clinical diagnostic test (FeNO), showing higher neutrophil chemotaxis

velocity for non-asthmatic patients correlating with lower FeNO values. (C) Diagnosis based on multiple

chemotaxis outputs, as shown in Figure 1B; other chemotaxis outputs (Cl and absolute migration speed) do not

improve diagnostic performance. All chemotaxis data tracked and analyzed with JEX. Error bars show s.e.m.

inflammatory cells present in the lungs - revealed an increase in neutrophil velocity at lower values of FeNO (Fig.

2B); the absolute neutrophil migration speed and chemotactic index did not show similar correlations (Fig. B6).

Importantly, patients with increased neutrophil chemotaxis velocity had measures of FeNO below the typical

diagnostic cutoff point (20-40 ppb) that clinicians often use to diagnose asthma.186-189
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5.2.3 Determining chemotaxis domains for asthmatic from non-asthmatic patients

Following the identification of the neutrophil chemotaxis velocity as a potential biomarker for asthma, we
examined the receiver operator characteristics (ROC) of the chemotaxis velocity data in order to determine the
optimal domains to discriminate the patient groups (Fig. 4A). We observed that using a chemotaxis velocity of
1.545 um/min as the threshold for diagnosis of asthma, this biomarker correctly identified 22 of 23 asthma
subjects (sensitivity 95.7%, 95% confidence interval 87.0-100.0) and 8 of 11 non-asthma subjects (specificity
72.7%, 95% confidence interval 45.5-100.0). The other chemotaxis measures — chemotactic index and migration
speed - had poor sensitivity and specificity due to the non-significance in these outputs between asthmatic and
non-asthmatic patients (Fig. 3A,B). Finally, we compared the sensitivity and specificity’ of our diagnostic test to

other quantitative tests reported in the literature (Fig. 4B; Table B1 in Appendix B). We found that our neutrophil
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Figure 5.4 Performance of microfluidic assay compared to traditional methods. (A) Receiver operator
characteristic (ROC) curve for the neutrophil chemotaxis velocity patient data, showing the optimal sensitivity
and specificity at a diagnostic cutoff of 1.545 um/min. (B) Comparison of our method to techniques reported in

the literature (see Table Bl for in Appendix B for additional details).
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chemotaxis diagnostic marker is amongst the most sensitive measures reported, although not as specific as

other diagnostic methods.

5.3 Discussion

Asthma is a complex and heterogeneous disease with multiple phenotypes, and accurately diagnosing the
severity and/or phenotype of asthma continues to present difficulties for physicians.23-125 The varying
phenotypes of asthma has led some to suggest that it is a syndrome, or multiple distinct diseases that share
common symptoms.''5117 |n current clinical practice, there is no single test that physicians rely on to diagnose
asthma, but rather a series of tools that are both qualitative and quantitative in nature (Fig. 1C). Most
quantitative diagnostic tests currently in use measure the physiological effects of inflammatory cells — such as
neutrophils and eosinophils — on the lungs, which is in contrast to our direct measurement of neutrophil
function.’ One method that has been proposed for defining the different phenotypes of asthma is by the
predominant inflammatory cell type involved - eosinophilic (elevated eosinophil counts), neutrophilic (elevated
neutrophil counts), and paucigranulocytic (normal neutrophil and eosinophil counts).15116.192 However, this
method of categorizing the patient groups does not take into account the functional status of these
inflammatory cells. Mild asthma has been linked most strongly with eosinophils, while neutrophils have been
implicated in the pathology of severe asthma. Interestingly, we observed that neutrophils obtained from mild
asthmatic patients exhibit impaired chemotactic responses in a linear gradient of chemoattractant compared to
neutrophils from non-asthmatic patients (Fig. 3A). To our knowledge, this is the first time altered neutrophil

chemotactic function has been linked to asthma.

One possible explanation for the decrease we observed in neutrophil chemotaxis velocity for asthmatic
patients is an increase in adhesion between asthmatic neutrophils and the P-selectin substrate coating the
microchannels in our diagnostic chip. Dang et al. have reported that leukocytes from allergic-asthmatic patients
exhibit higher surface expression of P-selectin glycoprotein ligand-1 (PSGL-1)'93, which mediates neutrophil
binding to P-selectin.'94 Therefore, our diagnostic assay may be detecting an increase in neutrophil adhesion to

the substrate, resulting in reduced neutrophil chemotaxis velocity towards the chemoattractant. Importantly,
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this result could not easily be observed by performing a cell count of leukocytes in the peripheral blood or BAL,
as has largely been done in past studies.’89.19519 We show that our microfluidic chip and automated readout
method is sensitive enough to detect these differences in neutrophil function, which can then be used as a basis
for classifying asthma. Given this capability of our microfluidic device to measure functional activities of
inflammatory cells that correspond to clinical features of disease, we propose that analyses of neutrophils on
alternate substrates or the analysis of other inflammatory cells such as eosinophils using our method will provide

a composite measure for enhanced identification of clinically relevant phenotyping of asthma.

Our proposed method has several features that enabled its translation into a clinical setting. First, a
focus on user-friendly operation; transportability; scalable thermoplastic fabrication; and rapid sample
processing and data analysis were central to the design of the assay. The fluid handling in our system does not
require any external pumps or tubing, and the lid-based method of generating a gradient of chemoattractant
enables the robust and repeatable implementation of the technique. Once the sample processing is completed
in the clinic, the device can easily be transported to a microscopy facility to conduct the automated imaging and
analysis. An important distinction between our approach and other clinical diagnostic methods, such as
spirometry or questionnaires, is that our technique does not rely on patient compliance. Our method objectively
probes the chemotactic function using neutrophils obtained from a drop of blood, rather than testing clinical
symptoms that may or may not be present during the patient’s visit. Indeed, nearly all patients in this study were
not experiencing symptoms of asthma during their baseline characterization (Table 1). ROC analysis indicated
that using an optimal neutrophil chemotaxis velocity of ~1.55 um/min, our method achieved sensitivity and
specificity of 96% and 73%, respectively. This performance compares favorably to other diagnostic tests reported
in the literature (Fig. 4C; Table B1). Additionally, we observed a correlation between higher neutrophil
chemotaxis velocity and lower FeNO values for patients in our study (Fig. 2B), further validating the efficacy of
the microfluidic diagnostic test. Note that the sensitivity of our assay is significantly higher than diagnosing
asthma based on the spirometry and FeNO measurements of these patients (Fig. 2B; Figures B1-5). For example,

if a cutoff value of 30 ppb is chosen for diagnosis on the basis of FeENO measurements, 40% (6/15) of asthmatic
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patients would be characterized as non-asthmatic. These results are a first demonstration of how neutrophil
chemotaxis — and more generally, a readout based on effector cell function - can potentially be used to classify
asthma, rather than relying solely on clinical symptoms. Furthermore, since our tool provides a quantitative
readout, it is interesting to consider the possibility that this tool can also serve as a measure for disease severity.
Thus, another potential clinical application is the routine measurement of neutrophil chemotaxis velocity in
asthma patients to determine the level of asthma control, or more importantly, risk for future exacerbations of

asthma.

In order to further validate our method, additional studies are required to determine how much the
specificity of our test is influenced by other inflammatory diseases. Chronic obstructive pulmonary disease
(COPD) is an example of a disease that driven by neutrophil inflammation.’# In general, COPD is difficult to
distinguish from severe asthma using existing quantitative clinical tests since the symptoms closely resemble
each other; in our study, COPD was an exclusion criterion, so the study subjects were asthmatic, non-asthmatic,
allergic, or some combination (Table 1). In practice, our diagnostic technique would likely be used in
combination with existing clinical protocols to make the diagnosis, rather than exist as a standalone test.
Furthermore, the information-rich readout provided by cell migration analysis allows for the comprehensive
study of neutrophil dysfunction that occurs for other inflammatory diseases. For example, we have previously
utilized a similar chemotaxis technology to analyze neutrophils obtained from an arthritic mouse model'64, a
disease where neutrophil inflammation is known to regulate dysfunction.'”? In this study we observed a ~10 fold
increase in neutrophils from arthritic mice adhering to the substrate; a significant decrease in neutrophil
directionality; but no significant difference in chemotaxis velocity compared to wild-type mice.28 Importantly,
the neutrophil defect observed in this prior study differs significantly from the asthmatic neutrophil phenotype
characterized in this work, suggesting that differences in neutrophil function could be observed to differentiate
other inflammatory disorders from asthma. Our method minimizes the training, equipment, and labor
requirements necessary to perform these assessments, making the characterization of other inflammatory

diseases possible.
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In conclusion, we report a comprehensive microfluidic solution for discriminating asthma from non-
asthmatic, allergic rhinitis patients based on the chemotactic function of patient’s neutrophils. The technology is
handheld and easily transportable; can purify neutrophils from whole blood obtained from a lancet puncture
within five minutes; and reports whether a patient is asthmatic or non-asthmatic with sensitivity of 96% and
specificity of 73%. Importantly, the user-friendly design features of the assay enabled the application of the
technology in a clinical setting, and we identified a previously unknown correlation between reduced neutrophil
chemotaxis velocity and asthmatic patients. This work suggests that neutrophil chemotaxis may be a potential
biomarker for asthma, though additional studies are required to investigate whether the specificity is reduced in

broader populations.

5.4 Materials and Methods

5.4.1 Study Subjects

Peripheral blood and related clinical data was obtained from normal or asthmatic donors ranging in age from 18
to 55 years. Informed consent was obtained before participation and the study was approved by the University

of Wisconsin Health Sciences Institutional Review Board, Protocol Numbers H 2008-0096 and 2010-3071.

5.4.2 Clinical diagnosis of asthma and allergy

Allergic individuals are defined as having a skin test positive to at least one of 12 aeroallergens. Asthmatic
individuals are defined as having at least a six month history of asthma based on clinical findings such as cough,
wheeze and shortness of breath. Additionally asthmatics may be currently taking the following medications;
inhaled short acting B-agonist (as needed and < 6 puffs/day during an acute cold), low dose inhaled corticoid

steroids, Advair, and/or a daily non-steroid controller medication.

5.4.3 Human blood draw and neutrophil isolation for capture experiments

Neutrophils were prepared from heparinized peripheral blood obtained from adult donors. Neutrophils were

isolated by density fractionation over Percoll 1.090 g/ml. The cell pellets were collected and contaminating red
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blood cells were lysed by hypotonic lysing. Purified neutrophils were on average >95% pure and the

contaminating cells were eosinophils.

5.4.4 FeNO measurements

FeNo measurements were collected just prior to blood draw. FeNO values were measured during a 10-15 sec.
exhalation using the NIOX-MINO (Aerocrine Inc; Morrisville, NC) analyzer, according to the manufacture’s
instruction. Briefly, patients were instructed to be seated with no nose clip, and to fully exhale away from
mouthpiece. Patients then inhaled on the mouthpiece, maintaining a tight lip seal, to near total lung capacity
over approximately 2- 3 secs. Once total lung capacity was achieved, patients were instructed to slowly exhale
keeping a constant flow for 10-15 sec. while continuing to maintain a tight lip seal. FeNO value was obtained by

only one measurement, according to the manufacturer’s instruction.

5.4.5 Spirometry measurements

Spirometry was performed and analyzed according to currently approved American Thoracic Society Guidelines
(ATS).197 Briefly, Forced expiratory volume for 1 second (FEV1) and Forced vital capacity (FVC) were collected
using a Nspire KOKO spirometer (nSpire Health, Inc.; Longmont, CO), and the best FVC and FEV1 values from
three reproducible measurements were used. FEV1 % predicted was determined using NHANES Ill derived data.
Reversibility was determined by change in FEV1 or FVC after 4 puffs of albuterol were administered and the

subject rested for 10 minutes.

5.4.6 Device fabrication in PDMS and polystyrene

Microfluidic devices were fabricated out of both Poly-dimethylsiloxane (PDMS) and Polystyrene. The master for
the microfluidic base and lid of the diagnostic chip were fabricated using soft lithography methods with PDMS
(Sylgaard 164, Dow Corning, Salzburg, Ml). First, multilayer molds were created using SU-8 negative photoresist
(Microchem, Newton, MA). Briefly, pattern designs were created using Adobe lllustrator (Adobe, San Jose, CA)
and printed on film (Imagesetter, Madison WI). A first layer was spun according to the manufacturer’s

specifications on a 150 mm diameter silicon wafer (WRS, San Jose, CA) using SU-8 50 to achieve 80 pm thickness.
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The photoresist was baked on hot plate and a Omnicure 1000 UV light source (EXFO, Quebec, Canada) was used
to transfer the pattern to the photoresist. After a post-exposure baking step, the second, 400 um thick, layer was
spun on the wafer and patterned. The mold was then developed for 4 hours in SU-8 developer (PGMEA, 537543,
Sigma, St Louis, MO) and washed with acetone and iso-propyl alcohol. PDMS was prepared in a ratio of 10:1 base
to cross-linking agent, degassed in vacuum, and poured over the SU-8-silicon mold on a hot plate. A
transparency (Cheap Joe's, Boone, NC), a layer of silicone (McMaster Carr, Eimhurst, IL), and a 5 kg weight, were
placed on top of the mold, and baked at 80 degrees celsius for 4 hours. The base and lid of the diagnostic device
were adhered to non-tissue culture treated plastic from an Petri-dish (NUNC, Portsmouth, NH) prior to use.
Photolithography masks used by the authors to fabricate devices are available upon request. For polystyrene
devices, hot embossing fabrication techniques were utilized as previously described.6* A mold for the lid of the
diagnostic device was rapid prototyped (FineLine Prototyping; Raleigh, NC) from a source file created by
SolidWorks (Dassault Systemes SolidWorks Corporation; Waltham, MA), and then converted into an epoxy mold

for hot embossing.64

5.4.7 Preparation of hydrogel-chemoattractant mixture

N-formyl-methionine-leucine-phenylalanine (fMLP; F3506-10MG, Sigma-Aldrich, St. Louis, MO) was suspended in
dimethyl sulfoxide (DMSO; D2650; Sigma-Aldrich, St. Louis, MO) at 10 mM and stored at -80°C. The hydrogel-
chemoattractant (H-CA) mixture consisted of fMLP and Matrigel, mixed in a 1:1 ratio to a final gel concentration
of 4 mg/mL. The H-CA mixture was prepared before each chemotaxis experiment. For all doses of
chemoattractant, the fMLP dilution was performed in PBS (Invitrogen, Grand Island, NY) prior to mixing with the

hydrogel.

5.4.8 Neutrophil sorting from whole blood and chemotaxis assay

The human subject protocol was approved by the University of Wisconsin Center for Health Sciences Human
Subjects Committee. The diagnostic chip was coated with human recombinant P-selectin (R&D Biosystems,
Minneapolis, MN) at 4°C for at least 30 minutes. After obtaining ~150 pL from the asthma clinic (see subsection,

“Human blood draw”), 3 pL of the whole blood was pipetted into a reservoir containing 18 pL of PBS and mixed
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gently. Neutrophils were captured out of dilute whole blood in preparation of performing the chemotaxis assay
by pumping 1 uL of dilute whole blood through each microchannel two times, with each pass 30 seconds apart.
After allowing neutrophils to capture for 4 minutes, erythrocytes were removed by performing 3 washes with 3
pL of PBS, alternating the aspiration of PBS-blood mixture between the input and output ports. The PBS was
replaced twice with 3 pL of EGM BulletKit media (CC-3124, Lonza) with 20 mM HEPES (25-060-Cl; Mediatech,
Manassas, Va). The lid containing the H-CA and the microchannels were placed in a humidified container at 37°C
for 5 minutes prior to placing the lid onto the base and initiating the chemotaxis assay. For all chemotaxis

experiments in the diagnostic assay, 100 nM fMLP and 0 nM fMLP (gel only control) were used.
5.4.9 Calculating chemotaxis outputs

The neutrophil chemotaxis outputs for this work were calculated the same as described in Chapter 5. The
absolute speed, chemotactic index (Cl), and chemotaxis velocity (or directional velocity towards the formation of
the gradient of chemoattractant) of a tracked neutrophil were calculated using Equations 1-3, where n is the
number of frames of the timelapse image, ti is the time interval between frames i-1 and i; dx; and dy; are the
displacements along the x and y axis, respectively, between times i-1 and i; and AT is the time interval between

the first and last frame of the timelapse.
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5.4.10 Microscopy

For all time-lapse experiments, phase contrast images were taken using an Olympus IX-81 optical microscope

(Olympus, Tokyo, Japan) with a 10x objective that had a numerical aperture (NA) of 0.30; the images were
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captured using a SPOT RT Monochrome CCD camera (Diagnostic Instruments, Inc, Sterling Heights, Ml). The
time-lapse experiments were conducted in an incubation chamber at 37°C; prior to the start of an imaging
session, the samples were allowed to warm to 37°C for a minimum of 15 minutes. Slidebook software (Intelligent
Imaging Innovations, Denver, CO) was used to capture the time-lapse images. The data was exported in .tif

format and processed using JEX. The imaging medium was dry for all images shown in this work.

5.4.11 Capture efficiency experiments

Neutrophils (at ~1x10¢ cells/mL density) were purified (details in “Human neutrophil purification”) and then
tagged with Calcein-AM stain (L-3224; Invitrogen, Grand Island, NY). The Calcein-AM was prepared by mixing 1
pL of Calcein-AM with 1 mL of PBS. Cells were then placed into the diluted Calcein-AM and incubated at 37°C for
8 minutes. 3 yL the tagged cells were then resuspended into 15 pL of whole blood and injected into the
microchannels. Phase contrast and fluorescent images were taken of 6 microchannels prior to washing, and
then the normal washing procedure was performed. Images of the microchannels were taken again after
washing. Cells were counted manually using the imageJ plugin “Counter” for both the pre and post-washed
channels. Count data from 6 channels were averaged, yielding an average count for a single experimental output
(n=1). Three replicates (n=3) were performed. The capture efficiency was calculated by dividing the average
number of neutrophils captured after washing was performed by the average number of neutrophils before

washing was performed.

5.4.12 Neutrophil enrichment on the microfluidic device

Following the neutrophil tagging steps outlined in, “Capture efficiency experiments,” whole blood was injected
with tagged neutrophils into eight P-selectin-coated microchannels. Additional blood was passed through
microchannels, separated by 30 seconds, with sets of two microchannels receiving an additional whole blood
sample. Therefore, the first set of microchannels received 1 pL of whole blood each, the second set of two
microchannels received 2 pL of whole blood each, the third set of two microchannels received 3 pL of whole
blood each, and the fourth set of two microchannels received 4 pL of whole blood each. After allowing

neutrophils to capture for 4 minutes, erythrocytes were removed by performing 3 washes with 3 pL of PBS,
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alternating the aspiration of PBS-blood mixture between the input and output ports. Cells were counted

manually using the imageJ plugin “Counter.”

5.4.13 Statistical analysis

The associations between asthma diagnosis and chemotaxis outputs (speed, chemotactic index, and chemotaxis
velocity) were examined using the Wilcoxon rank sum test. The sensitivity and specificity for asthma diagnosis at
varying thresholds of chemotactic velocity were summarized using the receiver operator characteristic (ROC)
curve. The optimal chemotaxis velocity threshold for asthma diagnosis was chosen to maximize the sum of
specificity and sensitivity. Confidence intervals for sensitivity and specificity were constructed using 2000
stratified bootstrap replicates.'®8 Each chemotaxis output was individually measured for 3-6 microchannels per
subject, and the channel output values were averaged to yield a single value for each subject. Analyses were

conducted using Mstat version 5.5 (http://www.mcardle.wisc.edu/mstat/) and R version 2.14 (R Core Team (2012).

R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.

ISBN 3-900051-07-0, URL http://www.R-project.org/) A two-sided p-value less than 0.05 was regarded as

significant.
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Chapter 6

Other useful neutrophil assays and applications

6.1 Introduction

Prior to this chapter | have presented versatile methods for performing neutrophil chemotaxis assays, and
applied these technologies to research and clinical applications. This chapter will maintain the theme of
methods for neutrophil purification and analysis, but provide preliminary data for other assays currently in
development. Furthermore, other applications that would benefit from KOALA chemotaxis technology will be
discussed in significant detail. The data presented in this chapter is all preliminary, and provides some foreword-
looking guidance for other ways that microfluidics can be useful for neutrophil research.

6.2 Neutrophil sorting from whole blood using IFAST

In addition to conducting studies that characterize neutrophil chemotactic function, it is useful to interrogate
cells for proteomic and genomic information. The utility of having a simple device that can easily capture
neutrophils from whole blood for genetic or protein analysis was recently demonstrated by Toner, et. al.76 In this
study, neutrophils from burn patients and healthy donors were captured with CD66b specific antibodies in a
closed microfluidic cartridge; these devices were operated by untrained personnel and had high capture
efficiency and clearly resolved, time-dependent transcriptional events that evolved during the patient’s healing
process. This technology was also applied to analyze BAL fluid from asthmatic patients??, showing the versatility
of the approach for a variety of applications. The method to purify neutrophils from whole blood that | have
been presented in previous chapters could potentially be extended to proteomic and genomic analysis, but
these channels randomly fix neutrophils on the surface and do not allow for the cells to be transported to
multiple locations. This is not ideal for some applications, particularly when a higher concentration of the cells

are desired or the user wishes to conserve the whole blood while extracting the neutrophils.



binding well miscible phase filter elution well

(1))

Figure 6.1 Schematic illustrates processing for purifying neutrophils from whole blood using CD66b
specific antibodies. After an hour of binding the beads to the antibodies (30 min) and the antibodies to the

cells neutrophils (30 min), a magnet is used to pull the cells through the miscible phase filter, leaving behind
RBC’s and then dispersed in the elution well. The fluorescent images show calcein-dyed neutrophils for

determining purification efficiencies. For already purified neutrophils (shown in figure) the capture efficiency is

~95% (n=3). For neutrophils captured out of whole blood, the efficiencies are much lower (~30-40%).

To solve this problem, we applied another cell sorting technology from our lab7980 that still meets the
sample volume and rapid purification performance of the KOALA platform. The technique—dubbed Immiscible
Filtration Assisted by Surface Tension (IFAST)— is an alternative approach that utilizes hydrophilic and
hydrophobic chambers to separate cells that are specifically bound to beads and ultimately pulled across (Figure
1). In this case, we used a CD66b-specific antibody that was attached to functionalized magnetic beads, and then

the beads were dispersed into the whole blood, specifically binding neutrophils (and a small number of
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eosinophils). After binding, the neutrophils were dragged across an oil phase with a magnet, while leaving
behind (though still conserving) all the erythrocytes, plasma, and other components of whole blood. Once the
cells have been sorted, one can interrogate them for molecular information and potentially correlate this with

chemotaxis data gathered at similar time-points.

Preliminary results indicate that the capture efficiency of neutrophils that have already been purified
from whole blood is ~95% (n=3) using this technique. This result establishes a theoretical upper limit for what
ideally could be achieved using this method, since capturing cells from whole blood only reduces the efficiency
due to non-specific chemical and physical obstructions. Indeed, subsequent trials that attempted to capture
calcein-dyed neutrophils spiked in whole blood reduced the capture efficiency to ~30-40% (n=3)—well below
acceptable limits. Clearly, further development is required before this technique could be reliably used for rapid
neutrophil purification. Adjustments that would likely improve capture efficiency include: (1) using biotinylated
beads; (2) adjusting capture time, temperature, and mixing rate; and (3) adjust the heparin concentration in
whole blood. Once the capture efficiency is improved, an investigator would have complimentary rapid
neutrophil purification techniques that could be employed together to perform a different assays at roughly the

same time.

6.3 A neutrophil oxidative burst assay for research and clinical applications

Once a neutrophil has been recruited during an inflammatory response to a wounding site'"?, one of its primary
functions when the cell encounters a pathogen is to engulf and degrade the foreign object.'®® Upon recognizing
a pathogen, the neutrophil undergoes a series of biophysical and biochemical changes that allow the cell to
contort its plasma membrane around the pathogen until the object is fully engulfed (see Figure 2.1 in Chapter 2).
After the pathogen has bean encapsulated, a membrane-bound enzyme called nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH-oxidase) begins to reduce oxygen species, increasing the production
of 02~ and ultimately H20, a process that is often referred to as “oxidative-"or “respiratory bursts.” Once the

pathogen has been phagocytosed and is encapsulated in a phagosome, the neutrophil undergoes
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degranulation, rapidly releasing reactive oxygen species (ROS) to destroy the pathogen. In some rare cases, the
host may have a genetic or other type of defect that prevents oxidative bursts, resulting in recurrent bacterial
and fungal infections.200 This condition, called chronic granulomatous disease (CGD), results from dysfunctional
NADPH-oxidase machinery, which prevents the host from properly destroying pathogens when infected. CGD
occurs in one out of every 250,000 patients2°?, and is likely fatal if not diagnosed and properly treated.

Currently CGD is diagnosed using one of two methods: (1) with flow cytometry to identify fluorescently
labeled phagocytes; and (2) a nitro blue tetrazolium (NBT) test, which yields a “blue score” that positively
correlates with NADPH-oxidase, thereby acting as a surrogate marker for ROS production. Both of these
methods are effective at diagnosing CGD, however flow cytometry is more expensive; time consuming; and not
always available (especially in low-resource settings). Improvements have been made to the NBT assay that
allows the user to test from whole blood, however these tests can sometimes yield ambiguous results and still
miss some variants of CGD.292 We sought to adapt the neutrophil sorting techniques used in the KOALA
neutrophil chemotaxis assay to create a fast, cheap, and reliable oxidative burst assay that can be performed
using blood obtained from a lancet puncture. The technique can be performed using two pipetting steps, and
can report a result in ~45 minutes. This method could potentially be applied to the diagnosis of CGD in the clinic,
or used in a research setting for the measurement of ROS production in neutrophils.

6.3.1 Methods

Oxidative burst assay

The base component of the KOALA assay described in Chapters 3 and 4 was used for the oxidative burst assay
(no lid required). 100 ug/mL human recombinant P-selectin was pre-coated in the microchannels for 30 minutes
at 4 °C. Note that channels can be coated, dried, and the devices frozen (-20 °C) at an earlier time-point to further
automate the assay. A lancet puncture was then performed and the whole blood diluted in PBS at a ratio of 1:6.
The dilute whole blood was then pumped through the microchannels twice (once also acceptable if capture was

sufficient). After 3 minutes, 5 uL of the multi-reagent solution (DHR and +/-PMA, in PBS) was pumped through
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the microchannels and allowed to incubate for 30 minutes at room temperature. The channels were then placed
on an automated microscope stage and imaged using fluorescence microscopy and phase contrast.

Reagents

Dihydrorhodamine 123 (DHR) and Hoechst 33342 nuclear dye were purchased from Molecular Probes (Eugene,
OR, USA) and were stored at -20 °C. Phorbyl 12-myristate 13-acetate (PMA) and Diphenyleneiodonium chloride
(DPI) were purchased from Sigma Aldrich (Milwaukee, W1, USA). PMA was dissolved in DMSO at a stock solution
concentration of 1.6mM and stored at -20 °C. DPI was dissolved in de-ionized water at a concentration of 10mM,
and stored at room temperature. All reagents for the neutrophil sorting assay are identical to those used in
Chapters 3 and 4.

Image Analysis

Image J was used to analyze fluorescent images. Fluorescent images from the Hoechst stain were used to
identify all cells present within the viewing window. After background subtraction using a rolling ball (radius =
50 pixels), nuclei were identified by thresholding. The binarized features were dilated using a 3x3 mask since
Hoechst only captures the cell region. The analyze particles command was used to select the objects regions.
Object regions identified within the Hoechst image was used to select regions within the DHR fluorescent image
containing the cells. Mean DHR fluorescent values within a cell structure and the sum of all pixels within the cells
was calculated.

6.3.2 Preliminary results

We have validated that this simple method of neutrophil sorting and staining accurately and reliably reports ROS
production in healthy donors in under 45 minutes (Figure 2; n=2 donors). The Hoechst stain effectively targeted
the neutrophils’ nuclei, and this image was used to identify the cells in the field of view. The cells were then
bound and tagged individually in ImageJ, and those borders were imported into the DHR image to visualize
whether the neutrophils in the microchannels produced ROS. The assay correctly showed that neutrophils that
were not activated by PMA were not generating ROS in significant quantities. However, there was a small

baseline ROS production even in unactivated cells since the neutrophils are from healthy donors and not
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phase contrast nuclear stain DHR ox. burst stain

Figure 6.2 Phase contrast and fluorescent images of neutrophils from a healthy donor. The nuclear stain

-- PMA stimulation

+PMA stimulation

identifies the location of all the neutrophils in the field of view (FOV). The Dihydrorhodamine (DHR) stain reports
the presence of hydrogen peroxide. (A) As expected, the neutrophils that have not been activated by phorbol
myristate acetate (PMA) did not undergo oxidative bursts, whereas the PMA-activated neutrophils report ROS

production (B). Note the change in morphology of the activated and unactivated cells. Scale bar is 100 pm.

patients with CGD. We have conducted a dose response of the DHR reporter in order to obtain the best possible
contrast between activated and non-activated cells (representative data in Figure 3; n=3 experiments have been
completed). A dilution ratio of 1:500 (DHR in PBS) yields the highest contrast and was used for subsequent
experiments.

In addition to performing these proof of concept and DHR characterization experiments, we have also
initiated dose response trials on an inhibitor that blocks NADPH-oxidase (DPI) in order to mimic CGD in healthy

donors. Preliminary experiments (n=2) have revealed that DPI effectively blocks ROS production, and the DHR
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Figure 6.3 Representative dose response curve for the DHR reporter for activated and non-activated
neutrophils. The 1:500 dilution of DHR in PBS provides the highest contrast between the two neutrophil
activations states. As expected, neutrophils without PMA activation exhibit little or no ROS production, whereas
significant ROS is observed for activated cells. Two channels per dose; box plots show the median (center line),
25th and 75t percentiles, and standard deviation. Note that some spontaneous activation does occur in
neutrophils for healthy individuals. Subsequent experiments with an inhibitor (DPI) that block ROS (mimicking
CGD) show even less ROS production than unstimulated neutrophils, whether the inhibited cells have been

stimulated or not.

reports an even lower fluorescence intensity for PMA-activated, NADPH inhibited cells, compared to non-PMA
activated healthy donors. These early results indicate that we can effectively mimic CGD in vitro following a
human lancet puncture. Furthermore, the test performed in Figure 2 was conducted by a user with one single
training session, demonstrating the user-friendliness and simplicity of the technique.

Additional experiments are still envisioned to complete the development of the assay. First, we will

conduct a dose response on the PMA activation to test whether the contrast between “CGD patients” (DPI
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inhibited) and healthy donors can be improved even further. Second, we have obtained a neutrophil-like cell line
(PLB-985) that have a knock-down for genes that encode functions for ROS production, once again providing
another way to mimic CGD. The “disease” cells will be compared with controls. Lastly, we will examine ways to
automate the assay by freezing down and vacuum sealing the reagents; pre-coating the channels with P-
selectin; adjust the inter-microchannel spacing so a multi-micropipette can be used to pump all the channels in
parallel; fabricate the devices using CNC milling and hot embossing the devices in polystyrene since optical
clarity is not required; and explore fluid handling methods that eliminate the need for a micropipet entirely.9
Note that we have compared the fluorescence readout in glass and polystyrene microfluidic devices to ensure
the autofluorescence of PS dose not impede the assaysé; indeed, there was no noticeable difference in assay
sensitivity between the two materials. These preliminary results demonstrate that somewhat complex and time-
consuming oxidative burst assays can be dramatically simplified, requiring only minimal modifications to the
neutrophil sorting techniques used in the KOALA neutrophil chemotaxis assays.

6.4 The influence of lifestyle factors on neutrophil function

Neutrophils are involved in a complex equilibrium of immune protection and autoimmune damage. While the
recruitment of neutrophils to a wound or infection is critical to the healing process and immune protection, a
large or prolonged response can lead to healing deficiencies, scaring and tissue damage. The ability to measure
the amplitude of a response for a specific patient in an in vitro wound model, and the variation of this response
when the patient is subjected to certain activities/diet, could bring valuable insight into the physiology of the
innate immune system. As discussed in Chapters 4 and 5, traditional neutrophil chemotaxis assays require large
volumes of blood and a long purification process.”® This lengthy purification process has been shown to affect
neutrophil function'67 and strictly limits the number of draws possible from a single patient. The KOALA platform
largely eliminates these drawbacks as it has the capability to purify neutrophils from a lancet puncture in less
than 5 minutes and easily setup a biomolecular gradient of chemokines for the chemotaxis assay. In this case,
KOALA permits truly novel studies that were not possible in the past because they were unsafe (require too

much blood), or did not benefit from the dramatically improved time resolution that KOALA can achieve for
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neutrophil chemotaxis. Therefore, we are interested in assaying the chemotactic function of neutrophils
surrounding discrete “lifestyle factor” events that are believed to affect, in one way or another, the innate
immune system but are not well understood.
6.4.1 Brief review of the literature and hypotheses
Using traditional cell biology assays, researchers have identified several factors that may play important

roles in regulating neutrophil function. Lifestyle and diet factors, amongst others, have been shown to impact
neutrophil count, migration, and biochemical function. For example, sleep deprivation has been linked with
higher neutrophil count203, despite a known immunodepressive effect. Physical exercise shows increase in
neutrophil count and increase in neutrophil degranulation.204 Diet factors, such as caffeine and ethanol ingestion
have been linked with neutropenia and reduced neutrophil migration and oxidative bursts. Building on this
research, we intend to probe the role of these lifestyle factors on neutrophil migration. We have several
questions we would like to answer:
. How does moderate to strenuous cardiovascular exercise influence the migratory behavior of neutrophils in healthy

patients?

- Hypothesis: Exercise induces a rise in neutrophil count and decrease in chemotaxis velocity due to
increased tissue damage, more activated platelets, and other effects described in prior studies. The
literature shows:

» The effects of exercise and caffeine on leukocyte count have been investigated205, however
these studies were limited in scope due to the blood sampling method and assays available.
» Intense exercise may cause bronchial epithelial damage, inducing a strong response in
neutrophil activity206,
+ How does limited sleep for one night or several nights in a row affect neutrophil function? What is the effect when
combining sleep deprivation with exercise or caffeine intake?
- Hypothesis: Sleep deprivation induces a decrease in neutrophil adhesion possibly but not limited to

diminished ICAM-1/LFA-1 interaction. The literature shows:
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» Cytokines regulating sleep (e.g. TNF-a and IL-1) may be altered, increasing chance of
infection.207

» A significant increase in neutrophil count was observed after 3 days of sleep restriction (four
hours) compared to a control group.203

+ Heavy alcohol consumption has long been linked to problems with immunity. How does moderate to heavy ethanol
ingestion affect neutrophil behavior? How does it affect neutrophil function over time? Are there consumption levels
where the effect is positive?

- Hypothesis: Ethanol consumption induces an increase of neutrophil adhesion and decrease in
chemotactic response possibly linked to the production of pro-inflammatory cytokines. The literature
shows:

» Increased expression in the neutrophil adhesion molecule ICAM-1 is observed in mice
exposed to ethanol and subsequently burned (although burning could certainly account for
this increase). The ethanol and burn combination increased the morbidity rate amongst these
mice compared to mice with no ethanol exposure.208

» Alcoholic liver disease (ALD) results, in part, from infiltration of activated neutrophils into the
liver, causing tissue damage after acute alcohol exposure.209

» Phelps et al. and others have shown significantly reduced motility for patients that have
ingested ethanol.210

« How does moderate caffeine consumption affect neutrophil adhesion, migration, and morphology?

- Hypothesis: Exposure to chronic and/or high doses of caffeine will reduce the inflammatory response
of neutrophils, thereby decreasing neutrophil migration velocity. Previous studies have shown:

» Caffeine consumption alters the cyclic AMP/protein kinase pathway, which inhibits
expression of the pro-inflammatory cytokine TNF-a.2"!

» The adenosine Aza receptor expression from platelets increases following caffeine

consumption, promoting an anti-inflammatory effect.2'2
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» Caffeine ingestion has been found to reduce neutrophil migration in a transwell assay (after
in-vivo ingestion) at clinically relevant concentrations.2'0

All of these studies indicate that various lifestyle factors significantly alter immune function in humans. However,
these studies were limited in scope due to experimental constraints from the assays that were used by the
investigators. The time and expense of performing traditional chemotaxis assays also inherently (albeit
indirectly) limits the number of patients that can be sampled. To date, most studies testing neutrophil function
on human patients have included a small number of subjects with few or no repeats (ref. 213 — 8 subjects; ref.
203 —17 subjects; ref. 205 — 20 subjects). The KOALA platform leverages ultra-low volume blood sampling to
enable highly time-resolved neutrophil tracking surrounding a “lifestyle factor” event, along with automated
imaging and analysis. This combination of rapid neutrophil purification procedures with an easy-to-use device
enables frequent sampling and large quantities of data acquisition, permitting studies that were simply not
achievable using traditional methods. Results from the prior studies that use traditional neutrophil analysis
techniques show measurable differences in neutrophil counts, protein expression, and chemotaxis; one would
anticipate seeing definitive trends in our studies using a modern microfluidic approach, given the technological
improvements the KOALA platform provides.
6.4.2 Proposed methods for lifestyle factors study
This section details how one could potentially undergo the lifestyle factors study. Each lifestyle factor is
addressed, and values for the “dose” of the lifestyle factor are suggested based on comparable studies in the
literature. Figure 4 details a proposed workflow for the study.

Caffeine ingestion: Subjects would be exposed to various doses of caffeine from common commercially
available products, in the limit of 600 mg (approx. equivalent to the caffein intake from a large 20 oz coffee) per
day. After selection and consent, a control assay should be performed on the subject to establish their baseline
neutrophil chemotaxis function. In the following hour, subjects would be provided with a disclosed dose of
caffeine in the form of a commercially available drink (e.g. Starbucks™ coffee, Coca Cola™). After the caffein

ingestion, lancet punctures would be performed regularly to measure the evolution of neutrophil function.
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Figure 6.4 Schematic illustrating sequence of events for a subject participating in a lifestyle factor
experiment. *The sleep deprivation experiment requires a change (A) measurement; therefore, the subject must
be first tested at night and in the morning after little or no sleep. Then a separate experiment would then be
conducted with the same time-points, only allowing a “normal” (e.g. 7-9 hours) amount of sleep and comparing
the two A values. **The number of lancet punctures should be determined before beginning the experiment.
The highest number of lancet punctures that should be performed in a day would likely be ~5 times over several
hours. The upper limit of 9 lancet punctures accounts for the possibility of lancet punctures at much later time-

points (e.g. 24-48 hours after the initial experiment).

Exercise: Subjects would execute a defined exercise routine on a stationary bike, determined by their average
heart rate (maximum average of 160 bpm and absolute maximum of 190 bpm) and duration of exercise
(maximum 30 min); frequent sampling of the donors'lactic acid content may also be included to further
characterize the exercise level throughout the session. After selection and consent, a control assay should be
performed on the subject to measure their baseline neutrophil chemotaxis function. In the following hour,
subjects would ride the exercise bike, and their heart rate and general status should be assessed continuously.
Subjects would be required to “cool down” for a minimum of 5 minutes. Within the 10 minutes following the
exercise lancet punctures should be performed once, or regularly over multiple time-points to measure the
evolution of neutrophil function.

Ethanol: All subjects should be tested with a breathalyzer to ensure a starting breath alcohol level of zero,

and a lancet puncture should be performed to assess baseline neutrophil function. The subjects would then be
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given 1.5 oz of 86 proof liquor mixed in with a“mixer” on ice. Subjects would be permitted to consume the drink
at their own pace, although no slower than one drink per hour. Before being served a subsequent drink, subjects
should undergo breath alcohol testing and examination for signs of intoxication by a supervising researcher.
Participants should not be permitted further alcohol containing drinks once their breath alcohol level surpasses
0.08 mg/dL or signs of clinical intoxication became evident (slurred speech, balance instability, alteration of
mental status). Once the minimum breath alcohol level is reached, lancet punctures should be performed
regularly to measure the evolution of neutrophil function. Subjects should be required to stay within the facility
until breath alcohol levels are below 0.08 mg/dL, and should not be permitted to drive upon leaving the session.
Sleep deprivation: Two sleep deprivation procedures could be investigated, testing the effects of acute and
chronic sleep deprivation on neutrophil function. The first procedure consists of a 30 hour period without sleep.
The first lancet puncture should be performed in the afternoon, 6-10 hours after awakening. The subject would
be asked to avoid sleeping the following night and the investigators would confirm donor compliance the
following morning. The following day a second lancet puncture should be performed 30 hours after awakening.
The second procedure induces chronic sleep deprivation defined by 3 consecutive nights with 4 hours of sleep.
The first lancet puncture would be performed on the first day of the test and the second lancet puncture would
be performed on the 4th day. Sleep deprivation may induce a temporary decrease in cognitive ability, and a
difficulty to perform mentally taxing tasks. During the sessions, research supervisors should assess the subjects
state and will propose the subject rest within the research facilities if required. Additionally, commercially
available sleeping monitors could be worn to characterize the quality of sleep.
6.4.3 Preliminary results for neutrophil chemotaxis and exercise study
Preliminary pilot testing was conducted to test the effects of exercise on neutrophil chemotactic function. The
KOALA device and neutrophil sorting procedures described in Chapter 4 were used for the neutrophil
chemotaxis assay.
Experimental design
The source of chemoattractant was 100 nM fMLP (or gel without CA for the control). Prior testing of neutrophil

chemotactic function revealed significant variation in function throughout the day, as expected (Figure 5).
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Figure 6.5 Neutrophil function throughout the day. Graph shows increasing chemotactic index and migration
velocity for the two donors tested throughout the day (n=4 repeats). CA source was 100 nM fMLP. Channels coated

with 100 pg/mL for 1 h.

Therefore, we were interested in obtaining the change in neutrophil function surrounding the exercise session.
For each experiment, three lancet punctures were performed over a period of several hours. The first lancet
puncture and purification was performed (t=T;) prior to the exercise session, and following purification in
KOALA, the device was placed in a microscope incubator set at 37 °C for 45 minutes with the lid placed on the
device; thus, the gradient was forming during this time, but the neutrophils were not being monitored with
timelapse microscopy yet. Following this first purification, a rigorous exercise session was performed on a
Schwinn, variable resistance exercise bike for 30 minutes (estimated maximum heart rate of 160-185 bpm based
on prior experience). Heart rate or lactic acid tracking was not performed for these experiments, although should
be considered for future studies. Immediately following the exercise session, another lancet puncture and blood
purification was performed (t=T); the second sample was placed in the incubator at 37 °C for 45 minutes with

the lid placed on the device. Timelapse microscopy was initiated on the first sample 45 minutes after T,
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(microscopy setup described in Chapters 4 & 5). One hour after the completion of the exercise session, a third
lancet puncture and purification was performed (t=T3). The 45 minute timelapse imaging sessions were
separated by one hour, with 15 minutes between sessions for positioning and focusing on each microchannel.
Results

Preliminary results for the exercise trials are shown in Figure 6. The analysis of the change in neutrophil function
over time shows a marked decrease in neutrophil chemotaxis velocity and increase in directionality. Further, this
result demonstrates that these changes occur on a relatively short time-scale, and that the chemotaxis readouts
provided by KOALA are sensitive enough to detect changes in neutrophil function on this time-scale. Controls
that measure the change in neutrophil function without exercise over this these time-points still need to be

conducted in order to verify that the lifestyle factor caused the change in function. Furthermore, it would be

Changes in neutrophil chemotaxis after exercise
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Figure 6.6 Neutrophil function after an exercise session. Graph shows average change in neutrophil chemotactic
index (green) and chemotaxis velocity (blue) following an exercise session for one donor (n=6 repeats). CA source
was 100 nM fMLP. Channels coated with 100 pg/mL overnight prior to the start of the experiment. No observable
migration for controls. Note that error bars are not shown because the graph displays the change in average

chemotaxis values, which cannot be easily represented by S.D. or S.E.M.
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interesting to test neutrophil chemotaxis in a uniform concentration of chemoattractant in order to asses
differences between chemotaxis and chemokinesis. Nonetheless, these preliminary results represent a promising

first demonstration of how these lifestyle factor experiments can be conducted.

6.5 Conclusion

This chapter discussed additional in vitro tools currently in development that can potentially contribute to the
study of neutrophils in both a research and clinical context. Furthermore, an outline was presented for a study
that could leverage the beneficial aspects of the KOALA chemotaxis method to potentially provide novel insight
into how common dietary and wellness choices affect the innate immune system. Importantly, all of the assays
discussed in this chapter—KOALA; the oxidative burst assay; and rapid cell sorting with IFAST—can be used in
concert to provide the investigator with a powerful set of tools to perform neutrophil studies.
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Chapter 7

Developing a biomimetic wound-on-a-chip

7.1 Introduction

All the microfluidic technologies presented to this point were designed with the intention of replacing or
enhancing standard cell biology or clinical diagnostic assays. However, as discussed in Chapter 1, there is a new
class of microfluidic technologies that have been designed with fundamentally different goals. These so called
“organ-on-a-chip” devices integrate multiple advancements in microscale technologies into a single system. This
class of technologies aim to recapitulate in vivo organ function while maintaining in vitro control over the design
and execution of the assay.9! Ultimately, these systems may be employed in drug discovery and research
applications, curtailing the use of animal models and enabling more experimental control for the researcher. The
final chapter of my dissertation focuses on developments underway in the MMB lab that aim to contribute to
this emerging area of research through the development of a “wound-on-a-chip” device.

In addition to stimulating neutrophils with recombinant chemoattractants such as IL-8 or fMLP, an
opportunity exists to perform novel wounding assays, with the wound acting as the source for neutrophil
migration. In this scheme, one cultures a cells in 2D or 3D (e.g. epithelial cells and/or fibroblasts) in one or more
chambers of a multi-culture microfluidic device, and monitors the chemotaxis of neutrophils toward the cells
after a wounding event. The wound can be as simple a scratch (mimicking traditional wounding assays), or other
types of wounds such as tribological wounding, chemical wounding, laser wounding, electrical wounding, or
exposure to ultra-violate light. These wounding assays would provide insight into the kinetics and mechanisms
of wounding that are currently poorly understood, with the ability to leverage a powerful screening approach.

The following sections describe the technology platform currently in development and some
preliminary results. In order to simplify the problem, the wounding component and the neutrophil extravasation

component of the assay have been developed separately and in parallel. This means that parts of the technology
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are in different stages of development, as will be evident from the preliminary results. However, this approach
has allowed for a more rapid progress of the neutrophil extravasation model.

7.2 Neutrophil extravasation from a microfluidic biomimetic blood vessel

The process of neutrophil recruitment to a site of inflammation can be described by three primary stages: (1)
tethering and capture of neutrophils on an activated area of the endothelium; (2) firm arrest and and
intravascular crawling prior to transendothelial cell migration (TEM) across the blood vessel; and (3) chemotaxis
towards the wound or site of infection.111.214215 Neutrophil extravasation is dependent upon several factors
biophysical and biochemical factors that determine whether the cells can efficiently emigrate from the blood
stream. The stiffness of the matrix surrounding the blood vessel has been shown to strongly influence neutrophil
TEM.216.217 Additionally, ligand expression such as ICAM-1216218, PECAM-11"1, and MAC-12'? are important for the
extravasation process. Most neutrophil TEM studies have been conducted using a modified Boyden Chamber
assay design, or intravitial microscopy; but these assays are not ideal because intravital microscopy can be
difficult and expensive to perform, and modified Boyden Chambers do not faithfully recapitulate in vivo
conditions of the blood vessel.

Recently several microsystem engineering groups have demonstrated blood vessel-on-a-chip models
that have been applied to diagnostic878° and research?20 applications. Furthermore, others have shown
neutrophil or neutrophil-like TEM assays using macroscale2'¢ and microscale assays.22' However, none of these
methods integrate biophysical, chemical, and geometric considerations into a comprehensive neutrophil
extravasation model that mimics in vivo function. This section details efforts underway in our lab to develop this

comprehensive solution for applications in research and drug discovery.

7.3 Methods

Devices were fabricated in PDMS using standard lithography discussed in previous chapters. Please refer to
earlier chapters for procedures such as SU8 master fabrication; PDMS mixing ratios and curing time and

temperature; and plasma treatment protocols.
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7.3.1 Preparation of the hydrogel solution

A hydrogel consisting of extracellular matrix (ECM) proteins made of a final concentration of 6.0 mg/mL Type |
collagen (rat tail, BD Biosciences, Bedfrod, MA, USA), and 25% Matrigel (BD Biosciences, Bedford, MA, USA) was
used experiments. Prior to each experiment, roughly 133 pL of hydrogel solution was made and placed on ice
until it was needed for creating the lumen. To make the hydrogel, 1.6 uL of a neutralizing basic solution (5.0 N
NaOH) was added to 20 uL of 5x PBS. This solution was then added to 78.4 mL of the collagen |, and left on ice for
about 5 minutes. Finally 33 uL of Matrigel was added to the hydrogel solution and the solution was set on ice

until it was needed.

7.3.2 Creating lumen structures

Prior to patterning lumens, devices were oxygen-plasma-treated to bond the PDMS channels to a glass surface
(the inside of a glass-bottom Petri dish, MatTek, Ashland, ME, USA), and to render the inside of the chambers
hydrophilic. The bonding procedure should not include an elevated temperature step to solidify the PDMS-glass
bond since the glass bottom on the Petri dish can fall off from this process. The devices were coated with either
200 pL/mL fibronectin (Fn) or 1 mg/mL Poly-D-Lysine (PDL) to increase the adhesion of the hydrogel to the
microchannel walls; this helps to ensure media does not convect through from side channels during an
experiment. PDL coatings were performed the night before an experiment for 2-4 hours, followed buy a 24 hour
baking step in a dry oven at 80 °C. The Fn coating was performed on the same day as the experiment; after 20
min Fn coating at room temperature, the Fn solution was aspirated from the microchannels. A previously
described method called viscous finger patterning was performed to create lumen through a hydrogel.222 Briefly,
the above hydrogel solution was pumped into a microchannel, and then media was pumped through the
hydrogel, driven by surface tension (Figure 1a). Once the lumens were formed, the channels were placed in an

incubator while the endothelial cells were being passaged (minimum of 10 minutes).
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Figure 7.1 Schematic and data showing the creation of a blood vessel-like model surrounded by ECM. (A)

Lumens are created in a hydrogel by first filling the center channel in a multi-channel microfluidic device. Once
the liquid “pins” at the edge of the migration/diffusion channels, media is pumped through the center of the
hydrogel, creating a 3D cylindrical space in the hydrogel. Following incubation to solidify the hydrogel,
endothelial cells and media are passively pumped through the lumen and continuously rotated on a motor for
even cell seeding. (B) Confocal microscopy image showing the stained EC’s; scale bar is 100 um. Schematic and
image are provided courtesy of Lauren Bischel, who developed this method. The images were taken and

adapted from the original source with permission.
7.3.3 Lining lumen with endothelial cells

For the studies presented in this chapter, HUVECs were used to line the lumen. The lumens were created by using
one of two methods. (1) Seeding the channels four times, rotating the device 90° every 15 minutes; or (2) the

devices were placed on rotating motor, and the cells were seeded once. The latter option was used for all recent
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experiments (and for data presented in this chapter). Once the cells have been passaged, the cells were
resuspended in media to a concentration of 40,000 cells/uL. 2 pL of the cell solution was passively pumped into
the lumens, and the Petri dish was securely attached to the motor (BBQ Rotisserie Variable Speed Reversible
Brushless Gear Motor, Wondermotor, CA, USA); placed in an incubator; and turned on at 2 RPM for 30 min to 60
minutes to allow for cell attachment to the lumen. Then, the devices were removed from the motor and placed in
an incubator for a minimum of 2 hours before being perfused with fresh media via passive pumping to rinse
unattached cells. After 24-48 hours, the endothelial cells had formed cell-cell junctions around the interior of the

lumen (example shown in Figure 1b).

7.3.4 Activation protocols and blood seeding

The endothelial cells need to be stimulated by various cytokines in order to induce the expression of ligands
important for neutrophil capture and TEM. Briefly, the endothelial cells were activated with TNFa (R&D systems;
Minneapolis, MN; 210-TA-010) at concentrations of 10-50 ng/mL; activation was started between 12-24 hours
prior to the seeding of whole blood or purified neutrophils. 10 ng/mL of IL1-f was added to the TNFa solution 4
hours prior to blood or neutrophil seeding. The activations were either performed directly within the lumen, or
occasionally in the adjacent “chemoattractant channel” to more closely mimic in vivo stimulation. The cell
seeding was performed with either whole blood with Calcein dye for the visualization of neutrophils; whole
blood with fluorescently-labeled purified neutrophils; or fluorescently labeled purified neutrophils. For the whole
blood draw, the procedure was performed after obtaining consent, and whole blood was obtained from a lancet
puncture on the finger of a self-reported healthy donor. The human subject protocol was approved by the
University of Wisconsin Center for Health Sciences Human Subjects Committee. In brief, the skin was thoroughly
cleaned with an alcohol swab and a disposable lancet (Safety Lancet, 02-675-160, Fischer Scientific) was lightly
pressed against the skin and actuated. The first drop of blood was discarded and the finger pressed to obtain a
drop of blood of about 5-10 pL on the bottom of a flat sterile petri-dish. 3 uL of blood was pipetted into a
reservoir containing 9 puL of HUVEC media and mixed gently. The blood was then mixed 1:1 with Calcein AM dye

that had been diluted from stock at a ratio 1:500 in HUVEC media. For purified neutrophil preparation, see
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Chapter 5. Once fresh media replacements were performed to remove activation reagents, 2 L of the blood/
neutrophil samples were placed in the lumens for the TEM experiment. The devices were either left horizontally
in the incubator; tilted slightly towards the chemoattractant channel (for gravity-assisted TEM); or tilted 90°
towards the chemoattractant source so the neutrophil TEM and chemotaxis were oriented parallel to the

formation of the chemical gradient. For the source of chemoattractant, 100 nM - 2 uM fMLP was used.

7.3.5 Imaging for neutrophil extravasation from blood vessels

Imaging was conducted on an Olympus IX-81 microscope at 37 °C (see Chapters 4-6). Phase contrast and
fluorescent images were taken at predetermined time-points, including z-stack images when endpoint analysis
was performed. For timelapse imaging, images were acquired every 30-60 seconds for up to 5 hours. Timelapse

imaging was usually performed immediately after seeding the blood in the lumens. Endpoint analysis was
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Figure 7.2 Purified neutrophil extravasation from EC-lined lumen into collagen ECM. (A) Phase contrast
image with several neutrophils having extravasated from the “blood vessel” into the migration channel. (B)
Fluorescent image showing neutrophils in different focal planes. The circled area near the migration channel is in
focus. 2 uM fMLP chemoattractant on left channel; 6.0 mg/mL collagen in migration channel; scale bar 100 um;

Image taken 12 hours after 25 ng/mL TNFa stimulation.
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performed between 12-24 hours after blood seeding. Note that beyond 48 hours, the HUVECs are likely starved

of reagents and the neutrophils are unhealthy, necrotic, apoptotic.

7.4 Preliminary results

We have observed neutrophil extravasation out of the endothelial-cell lined lumen and into the surrounding
extracellular matrix. This process has been observed in real-time using timelapse microscopy, as well as using
endpoint image analysis (i.e. imaging the channels after a predetermined amount of time). Neutrophils
extravasated from the lumen most often when they had already been purified from whole blood via density
centrifugation methods. Figure 2 shows an example of purified neutrophils that have been fluorescently tagged
leaving the lumen and migrating towards an increasing concentration of a chemoattractant. This image was
taken 12 hours after the endothelial cells were stimulated with TNFa, which up-regulates the expression of
transmigratory proteins such as PECAM-1.1"" Note that after 12 hours, the gradient of fMLP had likely
disappeared since it diffuses on a much faster timescale than the extravasation and migration occur. We
modeled this diffusion process experimentally in the lumen device with an Alexa Fluor 488 dye, and discovered
that the gradient in concentration was significantly reduced after 2-3 hours between the source and sink
(Supplementary Video 1). Furthermore, it is noteworthy that the neutrophils have only started migrating in the
diffusion channel, but have likely traveled ~200-300 um from the lumen (vertically and horizontally) over a
period of 12 hours. This yields an average migration rate of ~15-25 um/hr, which is well below the anticipated
migration rate of neutrophils in 3D (see Chapter 4). The diminished neutrophil chemotaxis velocity can likely be
attributed to the elimination of the chemical gradient early in the experiment (Supplementary Video 1). The
neutrophils likely traveled the full distance while a gradient in the chemoattractant still existed, and then lost
directionality as the sink became saturated with chemoattractant (Supplementary Video 2). In addition to
observing purified neutrophils extravasate from the lumen, we have also observed neutrophils in whole blood
exit the lumen (Figure 3). This result was less common than observing purified neutrophil extravasation, likely

because the neutrophil concentration is far lower in whole blood samples. Additionally, the neutrophils are not
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Figure 7.3 Neutrophil extravasation from blood vessel microfluidic device. Neutrophils tagged with Calcein
dye (shown in green) extravasate out of an EC-lined lumen into the extracellular matrix. Whole blood was
obtained from a lancet puncture. Phase contrast image with superimposed fluorescence image of neutrophils.

Schematic above the image illustrates the experimental setup.

be able to sense chemoattractant concentration gradients when surrounded by whole blood (Supplementary

Videos 3 & 4), though haptotaxis and durotaxis signals are much more relevant for intraluminal crawling and TEM
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in vivo since blood flow can disrupt chemokine gradients.223

Despite having observed neutrophil TEM in this in vitro wounding model in some instances, the assay
does not consistently work as intended. Yield can be low (~50%) when fabricating the lumens initially, which
makes it more challenging to perform the experiment. Additionally, the endothelial cells did not always
withstand the activation protocols, and can look markedly less healthy or dead prior to the blood cell seeding.
Lastly, the mechanical properties of the surrounding hydrogel, largely dictated by the viscous fingering
protocols, may not be ideal for neutrophil TEM. These problems and others still need to be solved as they

currently limit the reliability and performance of the assay.

7.5 Neutrophil response to in vitro cell wounds

The most popular wounding assay performed in cell biology is known as the “scratch assay’, and the simplicity of
the name accurately reflects the nature of the method. When one wishes to perform a scratch assay, the
investigator simply cultures a confluent monolayer of cells, usually in a plastic petri dish, scratches the cells with
a micropipette tip, and then watches the “wound closure” over time.22* While this method is extraordinarily
simple and accessible, it has poor reproducibility; usually is conducted in 2D, limiting its physiological relevance;
and does not correlate wounds with the inflammatory response of leukocytes. Over the last decade, other
wounding methods have been developed that aim to improve upon the repeatability of the scratch assay, such
as using PDMS stencils for monitoring cell migration?3199.225; continuous flow patterning of trypsin to selectively
remove cells225; electrical wounding??7; high-throughput stamp wounding228; and other methods. However,
none of these techniques attempt to measure the response of neutrophils to wounded cells. Zebrafish229.230 and
murine23’ models have been used to correlate wounding dynamics with neutrophil response, revealing
important mechanistic insights into the role or neutrophils in wound healing. Experiments conducted in these
more sophisticated in vivo models highlight the benefits of correlating wounding dynamics with the response of

inflammatory cells. Thus, we aim to develop a comprehensive in vitro wounding model that integrates neutrophil
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Experiment Conditions Readout Results
Wounded BEAS-2B; HUVECs.
Wounding cells Control wrapped in foil. 30 . Cells rarely died, even after 15
. . . Live/Dead .
with ultraviolet second to 15 minute UV stain (/D) minute exposure. 24 hours post-

light

exposure. UVB and UVC
radiation

exposure, cells still healthy.

wounding cells

Lateral flow patterning device
used to shear HUVECs w/ beads.

Phase contrast

Not enough shear to damage
cells. PMP patterning dominated

ith beads and i f b t, so th ticl
. .ea ° a‘n Wounding w/ PMPs and magnet image (.) YAMESne S.o < SRR
magnetic particles . wound size could not reliably pattern a
below the microchannel " . .
wounding strip.
HUVECs and BEAS-2B d
. ° an. Ppose Cells looked unhealthy w/
Wounding w/ to salt rich (10x PBS) or . ) )
Hyper/hypotonic deionized water. 1-5 minute Live/Dead hypertonic wound, but still lived.
; stain DI wounds killed cells, but lysed

salt solutions

exposure times. Simple straight
microchannels used.

cells difficult to measure w/ L/D.

. Cells in mono-culture (2D/3D). image of .
Scratch assays in morphology and lack of motility
. L Human mammary fibroblasts & wound; . ) )
open microfluidic . identical to negative controls.
normal dermal fibroblasts; and timelapse "
chambers and . Positive controls (100 nM fMLP)
. HUVECs tested. Measured cell tracking of ) .
multi-well plates ” . S always induced neutrophil
conditioned media, or cond. neutrophils in h taxis. indicating th
media and cell lysate; 6-24 hrs KOALA chemotaxis, Indicating the assay

P200 pipet tip used to create

circular or straight-line scratches.

post-wound

Phase contrast

No measurable neutrophil
response detected. Neutrophil

functioned properly.

Conditioned media | Cancer cells kept in culture for image of
- . response detected, except for
from Cancer cells to | up to 5 days. Conditioned media cancer cells; me motility following 5 d
study cancer as tested. Cell types: MDA231 timelapse some motiiity folowing > days
. . of culture for MDA231 (w/out
“over-healing breast cancer cells; LnCaP tracking of .
" . o feeding, so may have been cell
wound prostate cancer cell line neutrophils in d dation)
KOALA egradation

Phase contrast

No measurable neutrophil

response with different types and magnitudes of wounds in order to study innate immunity in a more
physiologically relevant manner.
We have explored a variety of cell wounding technologies but have yet to reliably measure neutrophil

chemotaxis in response to a wound. A brief summary describing some of these efforts is provided in Table 1.
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collagen and cells
out of focal plane

Normal dermal fibroblasts in 2D
following wound

Figure 7.4 Bright field image of normal dermal fibroblasts following micropipet wound. The image was
taken 24 hours following a circular scratch wound with a p200 micropipet tip. Collagen and cells removed from
the wound can be seen in the upper left corner. Inset shows zoomed in view of fibroblasts that have proliferated
and migrated in 2D. This experiment was carried out within a well of a 48-well plate. The scale bar on upper right

shows is 100 um.

Several different types of wounds have been explored, including wounding with ultraviolet (UV) light; wounding
with salt-rich (10x PBS) and low-salt (deionized water) solutions; shearing cells with laminar flow-patterned?2
beads or paramagnetic particles (PMP’s); scratch wounds of cells in 2D and 3D; and co-culture of cancer cells or

their conditioned media with purified neutrophils (to model cancer as an “over-healing wound”).

These methods have not stimulated convincing neutrophil chemotaxis. The most common method of wounding
performed in these experiments was a simple scratch assay of cells cultured in 2D or 3D (Figure 4). Once the cells

were wounded, a period of time was allowed to pass for the release of inflammatory cytokines in the media.
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After the pre-determined amount of time had had elapsed, the conditioned media or media and cell lysate were
tested in the KOALA assay for chemotaxis. Other attempts were made to directly measure a neutrophil response
following a scratch wound in a microfluidic co-culture device, however the device did not sufficiently withstand
convection between the co-culture chambers. For measuring neutrophil response to cancer cells, either the
conditioned media was measured in KOALA, or the cancer cells were cultured directly in the lid in 3D to act as
the source of chemoattractant. However, the cells cultured in the lid contracted heavily on the surrounding 3D
matrix, and changing the curvature such that the drop of gel could no longer contact the neutrophil channels in
the base. The gel contraction problem was reduced when higher ratios of Matrigel were mixed in with collagen,
although constraining extracellular matrix properties to allow for the proper function of the KOALA chemotaxis
assay is not an acceptable compromise. Evidently, more assay designs and cell combinations need to be

explored before the wounding portion of the assay can reliably generate an inflammatory response.
7.6 Conclusion

The development of a biomimetic “wound-on-a-chip” device is still in its early stages, though not without
promising preliminary results. On the neutrophil extravasation side of the model, we have observed neutrophil
TEM out of whole blood and into the surrounding ECM, albeit with some inconsistency. The assay development
strategies going forward should involve the testing the biophysical, biochemical, and geometric parameter
spaces of the assay. For testing the biophysical microenvironment, different ECM densities and stiffness values
should be tried since this is known to strongly influence neutrophil TEM. However, the challenge with changing
the physical properties of the gel is that this also alters the structural design and integrity of the assay.
Additionally, the constant flow of blood in the lumen should also be explored in the future, since shear forces are
known to affect the morphology endothelial cells directly, as well as the bonds they form with neutrophils and
subsequent TEM. Further trials should also be conducted on the activation protocols of the endothelial cells,
though this has been tested relatively thoroughly thus far and the values used are consistent with those that
have been reported in the literature. Finally, geometric confinement of the neutrophils may significantly aid in

neutrophil TEM since this is often how neutrophils leave the blood stream in vivo. Unfortunately, viscous
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fingering cannot effectively pattern lumens on the size-scale of capillaries, which means other methods will be

required to make smaller vessels, such as angiogenisis through lithographically-constrained microchannels.220

The cell wounding portion of the assay still needs considerable improvement before it can be integrated
with the in vitro blood vessel component of the model. A wide variety of wound and cells types have been
explored so far, but none have induced a detectable neutrophil chemotactic response. It is not yet clear why
neutrophils are not able to respond to wounded cells in vitro. One possible culprit is that the experiments to-
date have only been conducted in mono-culture, and perhaps the correct combination of different cell types is
required using multi-culture designs to generate the necessary signaling proteins. Furthermore, improvements
should be made in device designs to accommodate direct measurement of the neutrophil response in co-culture
with the wounded cells. This setup has been attempted in the past by separating two chambers with a hydrogel
barrier, but convection was still a significant issue due to the pressure imbalance between the two chambers.
Other device designs should be used to mitigate the convection issue, such as utilizing a short channel height
for the connection diffusion channels (see Chapter 2; example in reference 159). The technical issues
surrounding the wounding assay are far from insurmountable. Going forward, efforts should be placed in
determining what biological conditions are required to generate an inflammatory response from neutrophils in

vitro, since technical problems in the assay are relatively easy to solve.

7.7 Supplementary video captions

Video 7.1 Modeling of a chemical gradient in the lumen device. Diffusion of fluorescent dye modeling small
chemoattractants such as fMLP. The timelapse is 120 minutes long. The source of Alexa Fluor 488 is located at the
top of the video. Fluorescent images acquired using Slidebook software with an Olympus IX-81 microscope

using a 4x objective at 37°C.

Video 7.2 Purified neutrophils extravasating from an endothelial cell-lined lumen. Human neutrophils on
extravasating from the “blood vessel” towards 2 uM fMLP. Early in the experiment a neutrophil leaves the lumen

in the upper migration channel; later in the timelapse, neutrophils extravasate into the lower migration channel.
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The timelapse is 120 minutes long. Phase contrast images acquired using Slidebook software with an Olympus

IX-81 microscope using a 10x objective (NA=0.30) at 37°C.

Video 7.3 Fluorescently tagged neutrophils in whole blood. Human neutrophils migrating towards 100 nM
fMLP on P-selectin-coated polystyrene in KOALA. The neutrophils have not been purified from whole blood, and
do not migrate well. The timelapse is 60 minutes long. The source of chemoattractant is located on the right side
of the video. Fluorescent images acquired using Slidebook software with an Olympus IX-81 microscope using a

10x objective (NA=0.30) at 37°C.

Video 7.4 Fluorescently tagged neutrophils purified from whole blood. Human neutrophils migrating
towards 100 nM fMLP on P-selectin-coated polystyrene in KOALA. The neutrophils have been purified from
whole blood, and chemotaxis is much more persistent than in the non-purified channels. The timelapse is 60
minutes long. The source of chemoattractant is located on the right side of the video. Fluorescent images

acquired using Slidebook software with an Olympus IX-81 microscope using a 10x objective (NA=0.30) at 37°C.

Video 7.5 Example of human neutrophils in response to NDF cells in KOALA. Human neutrophils on P-
selectin-coated polystyrene, with hydrogel and mixed with conditioned media from NDF cells cultured in a 3D
collagen matrix, 6 hours after a scratch wound. Neutrophils show no movement throughout the timelapse. The
timelapse shown is 60 minutes long, although the cells were monitored for 5 hours. Phase contrast images

acquired using Slidebook software with an Olympus IX-81 microscope using a 10x objective (NA=0.30) at 37°C.

Video 7.6 Example of human neutrophils in response to HMF cells in KOALA. Human neutrophils on P-
selectin-coated polystyrene, with hydrogel and mixed with conditioned media from HMF cells cultured in a 3D
collagen matrix, 6 hours after a scratch wound. Neutrophils show no movement throughout the timelapse. The
timelapse shown is 60 minutes long, although the cells were monitored for 5 hours. Phase contrast images

acquired using Slidebook software with an Olympus IX-81 microscope using a 10x objective (NA=0.30) at 37°C.
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Concluding remarks
The work | have presented in this document aims to provide new capabilities for biology and clinical
investigators to study neutrophils in the context of disease. The design of these new microscale assays
emphasized achieving significant gains in experimental capability, while not sacrificing operability by untrained
personnel. Indeed, one could argue that the KOALA neutrophil chemotaxis assay is easier to use in many ways
than traditional macroscale methods. The KOALA platform was applied to study both research and clinical
questions, demonstrating the utility of the technique. The success of these projects was strongly aided by the
beneficial collaborations that were formed between our lab and external biology and clinical groups on campus.
In order to further increase the impact of novel techniques being developed by microfluidics engineers,
both the biology and engineering communities should continue to pursue close collaborations. In addition to
providing individual, hands-on attention to these external groups, the microfluidics field must continue to
innovate on the design, manufacturing, and packaging of microfluidic tools in order to export these devices with
reasonable scale. Furthermore, engineers should focus on developing comprehensive solutions that solve real
problems in the biology and medical communities. Considering the compelling advantages microfluidic
technologies offer for many problems in cell biology, the potential impact the field can have on mainstream

biology research and clinical diagnostics remains promising.
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Appendix A

Captions for Supplementary Videos A1-8 and Supplementary Figures A1-2.

Supplementary video captions

Video A1. Demonstration of the intraluminal crawling assay in KOALA. Human neutrophils migrating
towards 100 nM fMLP on a HUVECs monolayer, tracked automatically with JEX. The timelapse is 90 minutes long.
Note that the erythrocytes along the edge of the channel remain relatively static, showing the KOALA method
enables a static flow, diffusion-dominant microenvironment; the erythrocytes are not completely washed
because the culture of HUVECs in the microchannel requires taller microchannels that do allow for efficient cell
sorting. The source of chemoattractant is located on the left side of the video. Phase contrast images acquired
using Slidebook software with an Olympus IX-81 microscope using a 10x objective (NA=0.30) at 37°C. Additional
details in on imaging Materials and Methods section under“Microscopy.”

Video A2. Example of human neutrophils migrating in a gradient of chemoattractant. Human neutrophils
migrating towards 500 nM fMLP on P-selectin-coated polystyrene, tracked automatically with JEX. A channel
length of 3 mm is shown, which represents the geometry used for all the embodiments of KOALA shown in this
work. The timelapse is 90 minutes long. The source of chemoattractant is located on the left side of the video.
Phase contrast images acquired using Slidebook software with an Olympus IX-81 microscope using a 10x
objective (NA=0.30) at 37°C. Additional details on imaging in Materials and Methods section under “Microscopy.”
Video A3. Example of control (no chemoattractant) for 2D chemotaxis in KOALA. Human neutrophils in 2D
on P-selectin-coated polystyrene, with hydrogel and media (no chemoattractant mixed in the hydrogel).
Neutrophils show virtually no movement throughout the timelapse. Note that some erythrocyte movement is
observable over the course of the timelapse, likely due to a temperature gradient in the microscope incubator
causing slight fluid convection. The timelapse is 120 minutes long. The source, which in this case does not

contain chemoattractant, is located on the left side of the video. Phase contrast images acquired using Slidebook
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software with an Olympus IX-81 microscope using a 10x objective (NA=0.30) at 37°C. Additional details on
imaging in Materials and Methods section under “Microscopy.”

Video A4. Demonstration of the intraluminal crawling assay in KOALA with no chemoattractant. Human
neutrophils migrating towards 0 nM fMLP (control) on a HUVECs monolayer, tracked automatically with JEX. The
timelapse is 90 minutes long. The source of chemoattractant is located on the left side of the video. Phase
contrast images acquired using Slidebook software with an Olympus IX-81 microscope using a 10x objective
(NA=0.30) at 37°C. Additional details in on imaging Materials and Methods section under “Microscopy.”

Video A5. Transient Type | and Il neutrophil phenotypes on HUVECs. Zoomed in view of neutrophils
migrating on HUVECs showing the cells switching between the transient Type | and Il phenotypes; the video is
45 minutes long. The source of chemoattractant is located on the left side of the video. In most cases, neutrophils
that adopted a Type Il phenotype eventually adopted the behavior and morphology of originally Type | cells.
Phase contrast images acquired using Slidebook software with an Olympus IX-81 microscope using a 10x
objective (NA=0.30) at 37°C. Additional details on imaging in Materials and Methods section under “Microscopy.”
Video A6. WT mouse neutrophils in a gradient of chemoattractant. WT mouse neutrophils migrating on P-
selecting coated polystyrene surface towards 1 mM fMLP, automatically tracked with JEX. The timelapse is 120
minutes long. The source of chemoattractant is located on the left side of the video. Phase contrast images
acquired using Slidebook software with an Olympus IX-81 microscope using a 10x objective (NA=0.30) at 37°C.
Additional details on imaging in Materials and Methods section under “Microscopy.”

Video A7. TNF-Tg mouse neutrophils in a gradient of chemoattractant. TNF-Tg mouse neutrophils migrating
on P-selecting coated polystyrene surface towards 1 mM fMLP, automatically tracked with JEX. The timelapse is
120 minutes long. The source of chemoattractant is located on the left side of the video. Note that significantly
more cells have been captured on the P-selectin coated surface than in Video S3. Phase contrast images
acquired using Slidebook software with an Olympus IX-81 microscope using a 10x objective (NA=0.30) at 37°C.
Additional details on imaging in Materials and Methods section under “Microscopy.”

Video A8. 3D human neutrophil chemotaxis. Neutrophils obtained from a human using a lancet puncture,

migrating towards 100 nM fMLP in a 3D collagen matrix [5 mg/mL]. The source of chemoattractant is located on
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the left side of the video. Note that several cells are in and out of the focal plane throughout the time-lapse
session, however JEX software analyzes the cells’ 2D projected path. The timelapse is 90 minutes long. Phase
contrast images acquired using Slidebook software with an Olympus IX-81 microscope using a 10x objective

(NA=0.30) at 37°C. Additional details on imaging in Materials and Methods section under “Microscopy.”
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Figure A1. Je’Xperiment vs. ImageJ. Comparison of neutrophil chemotaxis speed from tracking data obtained
automatically using Je'Xperiment and manually using the Cell-tracker plugin of ImageJ for neutrophils captured
on a P/E-selectin coated substrate. Results show that automated tracking produces results equivalent to manual
tracking for P-selectin. The difference for the E-selectin can reside in the decreased capture efficiency, and

therefore a higher erythrocyte count that be tracked by JEX, which can lead to erroneous tracking.
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Figure A2. Comparing migration for neutrophils on ECS with a chemical gradient and control. (a-c)

Average speed, chemotactic index, and chemotaxis velocity for neutrophils migrating on a monolayer of
activated HUVECs with 100 nM gradient of fMLP and control (n=3). HUVECs were activated with IL1-f for 4 hours
prior to neutrophil capture and purification from whole blood. All three chemotaxis outputs were significantly
higher for neutrophils in a chemical gradient compared to controls, where slower, less directional migration was

observed (*p<0.05).
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Appendix B
Captions for supplementary videos; Supplementary Figures B1-6; and Table B1.
Supplementary video captions

Video B1- Example of human neutrophils from a clinical patient sample migrating in a gradient of
chemoattractant. Human neutrophils migrating towards 100 nM fMLP on P-selectin-coated polystyrene. The
timelapse is 90 minutes long. The source of chemoattractant is located on the left side of the video. Phase
contrast images acquired using Slidebook software with an Olympus IX-81 microscope using a 10x objective

(NA=0.30) at 37°C.

Video B2- Example of control (no chemoattractant) of human neutrophils from a clinical patient sample.
Human neutrophils on P-selectin-coated polystyrene, with hydrogel and media (no chemoattractant mixed in
the hydrogel) as the source located on the left side of the video. Neutrophils show no movement throughout the
timelapse. Note that some erythrocyte movement is observable over the course of the timelapse, likely due to a
temperature gradient in the microscope incubator causing slight fluid convection. The timelapse is 90 minutes
long. Phase contrast images acquired using Slidebook software with an Olympus 1X-81 microscope using a 10x

objective (NA=0.30) at 37°C.
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Figure B.1 FEV1 %Predicted compared
to neutrophil chemotaxis speed (A),
chemotactic index (B), and (C)
chemotaxis velocity. The speed and
chemotactic index do not show any
correlations with FEV1 %Predicted for
asthmatic and non-asthmatic patients.
Patients with higher neutrophil
chemotaxis appear to correlate with

higher values of FEV1 %Predicted.
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Figure B.2 FEV1/FVC compared to
neutrophil chemotaxis speed (A),
chemotactic index (B), and (C) chemotaxis
velocity. No apparent correlations between
the neutrophil chemotaxis outputs (A-C)
and FEV1/FVC measurements. Asthmatic
and non-asthmatic patients have
spirometry measurements that span across
the full range of FEV1/FVC values, and there
are no apparent correlations between
neutrophil chemotaxis and FEV1/FVC

values.
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Figure B.3 Concentration of
eosinophils in peripheral blood
compared to neutrophil chemotaxis
speed (A), chemotactic index (B), and (C)
chemotaxis velocity. No apparent
correlations between the neutrophil
chemotaxis outputs (A-C) and eosinophil

counts.
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Figure B.4 %Reversibility compared
to neutrophil chemotaxis speed (A),
chemotactic index (B), and (C)
chemotaxis velocity. Only asthmatic
patients are reported since insufficient
data is available for non-asthmatic

patients.
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Figure B.5 FeNO compared to
neutrophil chemotaxis speed (A) and
chemotactic index (B). No apparent
correlations between the neutrophil

chemotaxis outputs and FeNO values.
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Figure B6. Workflow of performing the microfluidic asthma characterization assay

Diagnostic chip base microchannels for neutrophil sorting & chemotaxis

chemotaxis
microchannels

alignment hole

wells for sacrificial
drops of water

sample and reagent
WA

A) Image shows the features of the “base” component of the asthma diagnostic
chip. Prior to performing the neutrophil sorting and chemotaxis, the microchannels
should be coated with recombinant human P-selectin (see Materials and Meth-
ods). The channels should be rinsed with two replacements of PBS prior to flowing
in dilute blood and initiating the assay.

Lid component of diagnostic chip for reagents and preventing evaporation
alignment protrusions

chemoattractant well

evaporation mitigation
housing

sacrificial water curtain

packagihg seal

pre-packaged assay reagents

B) Image shows the features of the “lid” component of the asthma diagnostic chip,
with the dyed liquid representing different reagents in the assay. The diagnostic
assay can be pre-packaged by filling the lid with the required reagents to run the
diagnotstic test. Reagents can be frozen down and sealed, allowing the user to
simply remove the seal and thaw the reagents prior to initiating the assay.



C) Remove the seal and allow the reagents to thaw at room temperature (1-2
minutes). The seal should be removed before the media has thawed to prevent
reagents from adhering to the seal following the solid-to-liquid phase change.

D) Pipet 3 uL drops of the hydrogel-chemoattractant (H-CA) mixture into the
“chemoattractant well.” If 3 uL drops do not realiably make contact to the output
port drops of media in the base microchannels, larger volumes of H-CA should be
used. The H-CA mixture is represented by the green liquid.
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E) After performing a lancet puncture on the finger of the patient, dilute the whole
blood into PBS in the vacant “blood” well (see Methods and Materials). Pump 1 uL
of dilute blood into the microchannel for neutrophil capture. Blood can be passed
through the microchannels multiple times to further enrich the surface with neutro-
phils. Perform several wash steps to remove erythrocytes from micorchannels.

F) Pipet 6 uL drops PBS into the wells for sacrificial liquid. These drops help to
mitigate evaporation during the timelapse imaging portion of the assay.
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G) After heating up the lid and base of the diagnostic assay to 37 degrees celcius

in an humidified chamber (~3 minutes), use the alignment protrusions and wells to
place the lid onto the base. The H-CA (shown in green) should make contact with

the media in the base microchannels, allowing for diffusion of the chemoattractant
into the microchannels to form a chemical gradient.

H) Image shows lid-base combination of the diagnostic assay. The liquid droplets
of PBS in the sacraficial liquid wells will wick into the hydrophilic channels in the lid
to form a “liquid curtain” to mitigate evaporation. Once the lid has been placed
onto the base, the chip can be placed on a stage for timelapse imaging.
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Table B1: Comparative diagnostic performance of other methods compared to microfluidic test

Diagnostic Test Cutoff Sensitivity | Specificity Citation
46 32 93 Schneider, 2009.
20 77 64 Fortuna, 2007.
20 64 59
Miedinger, 2007.
47 42 96
FeNO (ppb)
13 85 80 Dupont, 2003.
19 85 52 Kostikas, 2008.
40 79 90 Fukuhara, 2011.
20 67 52 Menzies, 2008.
3 41 75 Fortuna, 2007.
%Eos (BAL) 1 72 80 Hunter, 2002.
5 85 92 Park, 1998.
8 mg/mL 91 90 Hunter, 2002.
PC20 - 78 94 Miedinger, 2007.
16 mg/mL 41 85 Fortuna, 2007.
FEV1 80 22 100 Fortuna, 2007.
FEVI/FVC 76.6% 61 60 Hunter, 2002.
Chemotaxis Test 1.545 (um/min) 96 73 -





