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Abstract
Immune cell migration and chemotaxis plays a key role in immune response.
Further research to study the mechanisms of immune cell migration and to develop
clinical applications requires advanced experimental tools. Microfluidic devices can
precisely apply chemical gradient signals to cells, which is advantageous in quantifying
cell migratory response. However, most existing microfluidic systems are impractical to
use without specialized facilities and research skills, which hinders their broad use in
biological and medical research communities. In this thesis, we integrated several new
developments in microfluidic gradient generating devices, compact imaging systems, onchip cell isolation, cell patterning, and rapid data analysis, to provide an easy-to-use and
practical solution for immune cell migration and chemotaxis experiments. Using these
systems, we quantitatively studied neutrophil migration for both research and clinical
applications.
First, we developed a compact USB microscope-based Microfluidic Chemotaxis
Analysis System (UMCAS), which integrates microfluidic devices, live cell imaging,
environmental control, and data analysis to provide an inexpensive and compact solution
for rapid microfluidic cell migration and chemotaxis experiments with real-time result
reporting. To eliminate the lengthy cell preparation from large amounts of blood, we
developed a simple all-on-chip method for magnetic isolation of untouched neutrophils
directly from small volumes of blood, followed by chemotaxis testing on the same
microfluidic device. Using these systems, we studied neutrophil migration in gradients of
different chemoattractants, such as interleukin-8 (IL-8), N-formyl-methionyl-leucyl-
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phenylalanine (fMLP), and clinical sputum samples from Chronic Obstructive Pulmonary
Disease (COPD) patients.
Previous studies have shown that COPD is correlated with neutrophil infiltration
into the airways through chemotactic migration. The thesis work is the first application of
the microfluidic platform to quantitatively characterizing neutrophil chemotaxis to
sputum samples from COPD patients. Our results show increased neutrophil chemotaxis
to COPD sputum compared to control sputum from healthy individuals. The level of
COPD sputum induced neutrophil chemotaxis was correlated with the patient’s
spirometry data.
Collectively, the research in this thesis provides novel microfluidic systems for
neutrophil migration and chemotaxis analysis in both basic research and clinical
applications. The developed microfluidic systems will find broad use in cell migration
related applications.
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Chapter 1
Introduction
1.1

Overview of directed cell migration and chemotaxis

1.1.1 Directed cell migration and chemotaxis
Cell migration is an essential phenomenon in a vast variety of biological
processes. For example, bacteria are able to find food by sensing and swimming towards
the gradient of food molecules, or to flee from unfavorable chemicals [1]. At an injury
site, a physiological direct current electric field (dcEF) is produced and can attract
epithelia cells towards wound [2]. The fibroblasts respond to gradients of platelet-derived
growth factor and migrate into the site of a wound [3]. These cells promote healing by
reforming the extracellular matrix (ECM) to provide a scaffold for new cell growth and to
contract the wound. Metastatic cancer cells have shown the ability to take advantage of
the chemotactic signaling pathway used by other cells to respond to gradients of
molecules such as epithelial growth factor (EGF) to migrate out of the tumor, into the
blood stream and eventually into other tissues [4].
Another set of processes heavily dependent on directional cell migration is that of
the immune system [5]. Cells of the innate immune system, such as neutrophils and
macrophages, respond to a variety of chemoattractants, produced by invading pathogens,
damaged tissues or other components of the immune system, in order to migrate to the
site of an infection and to locate and phagocytose pathogens [6]. The trafficking of
lymphocytes and dendritic cells of the adaptive immune system is highly dependent on
directional cues [7]. Chemoattractic signals recruit these cells to secondary lymphoid
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tissues (SLT) such as lymph nodes to enable communications between antigen-presenting
cells and effector cells. Later, the effector cells respond to chemical guiding signals to
exit SLT and circulate throughout the body for immune surveillance.
Cell migration can be regulated by many externals signals, such as the mechanical
properties (mechanotaxis or durotaxis) [8], surface chemical gradient (haptotaxis) [9],
soluble chemical gradient (chemotaxis) [10], thermal gradient (thermotaxis) [11], and
electric field (electrotaxis or galvanotaxis) [12]. Among them, chemotaxis research shows
a significantly high ratio due to its critical importance both in biology and medicine
researches [13]. Two types of chemotaxis has been widely studied, the bacteria
chemotaxis and eukaryotic cell chemotaxis.
The mechanism of chemotaxis between these two groups is quite different. The
bacteria can’t sense the spatial concentration gradient due to their small size. Instead,
they used temporal sensing mechanism to decide whether the moving direction is correct
towards the higher concentration [14]. In contrast, the eukaryotic cells can sense the
minute concentration difference across their body and then trigger complex downstream
signal cascades and cytoskeleton re-organization to drive directional migration toward the
gradient [15]. For example, Dictyostelium cells and neutrophils need a concentration
difference of 1-percent between front and tails along their length [16, 17].
Chemoattractants are the molecules capable of eliciting chemotactic responses. A
number of chemoattractants have been identified. The formyl peptides, such as N-formylmethionyl-leucyl-phenylalanine

(fMLP),

are

bacterial

by-products

which

have

characteristic chemoattractant effects in neutrophils and monocytes [18]. The
complement proteolytic fragment C5a and C3a are another type of chemoattractants for
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neutrophil and monocytes [19]. Chemokines are a family of small cytokines involved in a
variety of immune responses [20]. The chemokines can be classified into four subfamilies
by the arrangement of the conserved cysteine residues: CXC, CC, CX3C and XC.
Chemokines act as chemoattractants of specific types of leukocytes by activating G
protein-coupled receptors. The homing and trafficking of T cells during an adaptive
immune response is highly regulated by the chemokines CCL19 and CCL21 and their
receptor CCR7 [21]. CXCL-8 (also called interleukin-8, IL-8) is a well-known
inflammatory chemokine for guiding the neutrophils migrating into the damaged area
during infection or injury [22]. Leukotrines are another type of chemoattractants in
leukocyte chemotaxis, which are produced by the oxidation of arachidonic acid. A typical
member of this group is Leukotrine B4 (LTB4), another extensively studied neutrophil
chemoattractant [23].
Study of the cell chemotaxis has great clinical significance in many aspects. For
example, modification of the chemotactic ability of pathogens can help decrease or
inhibit the ratio of infections. The disorder of chemotaxis has high relevance in the
development of many diseases. For example, impaired CCR7-dependent T-cell
chemotaxis was reported in HIV-infected patients [24]. In Chediak-Higashi syndrome,
the chemotaxis response of granulocytes are decreased by 60% compared with the normal
cells [25]. Reduced neutrophil chemotaxis has also been described in burn victims [26]
and in patients with bacterial sepsis or diabetes [27, 28]. Understanding the underlying
mechanism of cell chemotaxis in diseases can provide new insights to better monitor and
cure these diseases.
1.1.2

Neutrophils, neutrophil migration and chemotaxis
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Neutrophils are the most abundant white blood cells. Neutrophils play an essential
role in innate immune system as the primary cellular defenders against infection [6].
During infection, neutrophils are guided towards the site of infection following a
sequence of tightly regulated steps, including rolling and adhesion in the inner wall of
blood vessel, transmigration through gaps between endothelial cells, and chemotactic
migration guided by tissue-derived chemoattractants such as IL-8 and LTB4, as well as
the pathogen-derived chemoattractants such as fMLP. After recognition of pathogens by
specific surface receptors, neutrophils then engulf the microorganisms and utilize
oxygen-dependent and oxygen-independent microbicidal approaches to destroy infectious
agents.
Neutrophils are widely used as model cell system for cell migration and
chemotaxis studies because they are fast-migrating cells and show robust response to
multiple chemoattractants. To name a few, researchers have studied neutrophil migration
in overlapping gradients of different chemoattractants [29], in temporal switching
gradient [30], in confined structures [31], and in two-dimensional (2-D) [32] and threedimensional (3-D) microenvironments [33]. These studies help understand the underlying
mechanism in neutrophil migration and provide useful implications for studying the
migration of other cells types.
1.1.3 Conventional cell chemotaxis assay
Chemotaxis research requires assays that can configure controlled chemical
concentration gradients. Several conventional experimental methods have been
developed and widely used for testing a chemotactic response of cells (Fig. 1.1). A
pioneer chemotaxis chamber was constructed by Boyden in 1962 (Fig. 1.1A) [34]. A
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membrane filter with small holes was placed to separate the chamber into an upper
chamber and a lower chamber. Cells were loaded into the upper chamber, while the
chemoattractants was filled into the lower one. A diffusion-based gradient through the
filter was generated. If a significant number of cells moved through the filter, it
confirmed the chemotaxis for that cell type. The Boyden chamber was limited by
uncontrolled gradient generation and invisible cell migration process.
Subsequently, in order to enable real time monitoring of single cell migration, the
Zigmond chamber was developed [17]. The Zigmond chamber was constructed by two
horizontal wells and a shallow channel on the top to connect them. Cells were placed
onto a glass coverslip that was placed over the device, bridging the two wells so that the
cells contacted with the medium in the shallow channel. The wells were filled with
different concentration of chemoattractant and a diffusion based concentration gradient
was developed over the bridge. Then the migration of cells towards the higher
concentration can be observed. The Dunn chamber is a variant of the Zigmond chamber
where the two wells were concentrically placed (Fig. 1.1B) [35].
The micropipette-based method is another widely used chemotaxis technology
because of its simplicity. A chemoattrantant is introduced near the cells via a
micropipette tip and a concentration gradient is generated due to the diffusion (Fig. 1.1C)
[36]. The steepness of the gradient can be controlled by varying the distance between the
cells and the pipette, as well as the chemical injection rate.
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Figure 1.1 Conventional chemotaxis assays.
(A) The Boyden chamber [34]; (B) The Dunn Chamber [35]; (C) The Pipette-based assay
[36].
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1.2

Overview of development of microfluidics
In the late 1970s, Terry et al. in Stanford University developed a miniature gas

analysis system based on the principles of gas chromatography [37]. The device used
photolithography and chemical etching techniques to make a sample injection valve and a
1.5-m-long separating capillary column on a 5-cm-diameter substrate silicon wafer. This
remarkable device opened up the research field of microfluidics. However, the follow-up
on this early device has been modest for a long time. Some other works in this period
focused on developing on the fabrication of the micro components such as the micro
valves, pumps, mixers and sensors [38-41]. Most of these early systems were fabricated
by technologies derived from microelectronics – photolithography and etching in silicon
and glass. The limited applications of this microfluidics were the chemical analysis using
the methods such as capillary electrophoresis [42] and liquid chromatography [43].
Starting from 1990s, the microfluidics developed rapidly since more research
groups realized the benefits of using microfluidics in their applications and joined the
effort to develop this area. Many ideas from different fields of science started to converge
at biological and chemical analysis on microscale. The publications increased sharply and
can be roughly classified into two types: the first type was the development of fabrication
techniques, including the new selections of materials and fabrication methods; the second
type was the diverse applications of microfluidics in many subjects, including analytical
chemistry and biochemistry [44], cell biology [45], drug discovery [46], clinical testing
[47] and biosystems applications [48]. Microfluidic devices have shown a number of
advantages in these applications: the ability to use very small quantities of samples and
reagents, and to carry out separation and detections with high resolution and sensitivity;
7

low cost; and short times for analysis. In the remaining part of this section, I will
introduce the fabrication methods of the microfluidics devices based on their materials
and the diverse applications of microfluidics.
1.2.1 Fabrication of microfluidic devices based on the materials
1.2.1.1 Silicon and glass microfluidic devices
Most of the early microfluidic devices were fabricated in silicon and glass
because they can take advantage of the technologies already existing in the
microelectronics and microelectromechanical systems. Microfluidic structures in glass or
silicon devices were usually fabricated with microfabriction methods, including several
photolithography and etching steps, which are a direct adaptation of the processes
developed by the semiconductor integrated-circuit industry [49]. The processes normally
start with the deposition of metal or dielectric thin film onto a silicon wafer or glass
substrate. A photolithography step then transfers a pattern or image from a photomask
onto a photo-sensitive and etch-resistant photoresist coating deposited over the film. The
patterned photoresist is used as a template and mask for the subsequent etch steps to
pattern the thin film. Once the desired features are etched into silicon wafer or glass
substrate, a bonding process is usually performed to attach a cover on top, forming the
reaction chambers and fluid channels.
1.2.1.2 Polymer microfluidic devices
Although silicon and glass are attractive materials for fabricating microfluidic
devices, the fabrication methods of these types of devices suffers from a large number of
complex process steps, use of harmful wet chemistry reagents, and high cost. The
introduction of polymer microfabrication technologies has opened new possibilities for
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microfluidic applications. Polymers as substrate materials can avoid many of the abovementioned fabrication challenges. They have a wide range of material properties:
mechanical properties, optical characteristics, temperature stability, and resistance against
chemicals, and can be biodegradable, and are normally low-cost.
The common fabrication methods of polymer devices include hot embossing,
injection molding, and elastomer casting. The selection of methods is dependent on the
materials. Hot embossing and injection molding are suitable for the thermoplastic and
duroplastic polymers, while elastomeric polymer devices are usually fabricated using
elastomer casting. The hot embossing microfabrication process is straightforward [50].
After fabrication of the master mold, it is mounted in the embossing system together with
a planar polymer substrate. Both are heated to a temperature just above the Glass
Transition Temperature of the polymer material. The pattern is then imprinted into the
polymer by pressing the mold on the polymer substrate at certain pressure.
Inject molding is another widely used technology in the macroscopic world to
fabricate polymer components, which has also been applied for the fabrication of
microfluidic devices [51]. The process starts with the melt of raw polymer material. This
melt is then transported forward toward the mold cavity. The molten material is then
injected under high pressure into the evacuated cavity, which contains the mold insert as
the master structure.
A process finding increasing use mainly in the academic world is casting of
silicone based elastomers. Casting generally offers very flexible and low-cost access to
planar microchannel structures and is therefore very well suited for rapid prototyping. In
this microfabrication technique, a mixture of the elastomer precursor and its curing agent
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are poured over the molding templates. These templates can be made by variable
methods, such as silicon surface micromachining, lithographically patterning of a
photoresist layer and might be surface modified for better mold release. After curing, the
soft elastomer copy can simply be peeled off the mold and placed against a planar
surface, for example, a glass slide, a plastic sheet, to form closed channels. Among the
elastomers, polydimethylsiloxane (PDMS) has become the most widely used material for
making microfluidic device in research labs owing to its suitable optical property,
biocompatibility, low-cost, and fabrication control, therefore ideal for rapid prototyping
of different designs [52].
1.2.1.3 Paper microfluidic devices
In 2007, Martinez et al. at used a photolithography technique to make a paperbased microfluidic channels [53]. They patterned paper to create well-defined,
millimeter-sized channels, comprising hydrophilic paper bounded by hydrophobic
polymer. By building microfluidic channels on paper, liquid flow is confined within the
channels and can be guided in a controlled manner. After that, many paper-based
microfluidic devices have been developed, providing a novel system for fluid handling
and fluid analysis for a variety of applications including health diagnosis, environmental
monitoring as well as food quality testing [54].
The reasons why paper becomes an attractive substrate for making microfluidic
systems include: (1) it is a ubiquitous and extremely cheap cellulosic material; (2) it is
compatible with many chemical/biochemical/medical applications; and (3) it transports
liquids using capillary forces without the assistance of external forces [54]. Fabrication of
paper-based microfluidic devices is based on patterning sheets of paper into hydrophilic
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channels (paper) bounded by hydrophobic barriers. The patterning process defines the
width and length of paper-based microfluidic channels; the thickness of the paper defines
the height of the channel.
There are many techniques reported in the literature for fabricating paper-based
microfluidic devices: (1) photolithography [53] (2) plotting with an analogue plotter [55]
(3) ink jet etching [56, 57] (4) plasma treatment [58] (5) wax printing [59-61] (6) paper
cutting [62, 63] (7) ink jet printing [64] (8) flexography printing [65] (9) screen printing
[66] and (10) laser treatment [67]. The main application of paper-based microfluidic
devices is to provide a low-cost, easy-to-use, and portable analytical platform for
chemical and biochemical assays. However, the limitation of the paper microfluidic
devices is that the limit of the detection is usually high, making them insufficient for the
analysis of samples of very low concentration [54].
1.2.2 Microfluidic applications in chemistry
Microfluidic devices have been widely applied to protein and nucleic acids
analysis [44]. Profiling proteomics is used to identify all of the proteins in a sample or to
compare changes in protein expression between several samples. Due to the complexity
of the proteome, accurate analysis requires a great deal of sample processing, including
proteolytic digestion, followed by multidimensional separations and mass spectrometry.
The traditional way to prepare sample for profiling proteomics typically requires hoursdays and the process is tedious. In contrast, microfluidic devices have shown great
promising in this field. For example, Liu et al. used surface adsorbed trypsin in micro
channels to enable complete digestion in less than 5s [68]. Also, sample purification and
concentration can be carried out in microfluidics [69].
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Traditionally, enzymatic assays and immunoassays are performed in microtitre
plates (plastic trays containing arrays of isolated wells). Microfluidic devices can perform
enzymatic studies without interference between individual elements and consume small
volumes of enzyme. Jiang et al. patterned antigens on a membrane via a microfluidic
network, and then positioned the membrane under a microdilution network to carry out
serially-diluted immunoassays to detect multiple antigens on the patterned surface [70].
This fluidic network enables the simultaneous quantitation of several molecules that vary
widely in concentration. Wang et al. developed an integrated microfluidic solid-phase
ELISA platform for rapid and ultrasensitive detection of proteins. The microwellpatterned assay chamber structure of the device significantly reduces the volume of
chemifluorescent reaction, markedly improving the sensitivity and speed of ELISA.
Martinez et al. developed a paper microfluidic device that can simultaneous detect
glucose and protein in 5ul of urine [53].
Microfluidic devices have also been applied to protein crystallization, a process
that serves as the basis for X-ray crystallography for determining the protein’s threedimensional structure. Zhou et al. developed a 3× 52 array platform involving nanoliter
dispensing for screening protein crystallization conditions [71].
The conventional biochemical DNA analysis requires several steps in common,
including precise volume measurement of reagent and DNA-template solutions; mixing
of solutions; controlled thermal reaction of the mixture; loading of the reaction products
onto an electrophoresis device; and detection of reaction products. The complete process
is time-consuming and labor-intensive. The required volume of reagent and samples is
big and the expensive equipment makes the testing costly. However, all of these complex
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processes can be performed in a single microfluidics device. Burns et al. developed such
an integrated nanoliter DNA analysis device, which integrated fluidic channels, heaters,
temperature sensors, and fluorescence detectors in a single device [72]. The device is
capable of measuring aqueous reagent and DNA-containing solutions, mixing the
solutions together, amplifying or digesting the DNA to form discrete products, and
separating and detecting those products. In DNA analysis, the polymerase chain reaction
(PCR) process is widely used as a molecular biological tool to replicate DNA, and can
create copies of specific fragments of DNA by cycling through three temperature steps.
However, the conventional PCR instruments usually have low ramping rate in the
temperature range relevant for PCR, which results in long analysis time. Instead, as
demonstrated in the first PCR chip by Northrup et al. [73, 74], the microfluidic-based
PCR technologies have facilitated DNA amplification with much faster rates as the result
of smaller thermal capacity and larger heat transfer rate between the PCR sample and
temperature-controlled components.
1.2.3 Microfluidic applications in cell biology
Microfluidic devices provide an excellent platform for the sorting and culture of
cells, and are an extremely useful tool for the investigation of cellular responses to
various stimuli [45]. Advantages offered over traditional methods include costeffectiveness, controllability, low volume, high resolution, and sensitivity.
Cell separation is a useful cell manipulation tool in the microfluidic device,
capable of isolating cells of interest from a complex background. Various types of cell
separation methods have been developed, based on mechanical forces, dielectrophoresis
(DEP), optical interactions, magnetic interactions and biochemical interactions. Warkiani
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et al. developed a slanted spiral microfluidics for the ultra-fast, label-free isolation of
circulating tumor cells [75]. The technique utilizes the inherent Dean vortex flows
present in curvilinear microchannels under continuous flow, along with inertial lift forces
that focus larger circulating tumor cells against the inner wall. By using a single spiral
microchannel with one inlet and two outlets, they have successfully isolated and
recovered more than 80% of the tested cancer cell line cells spiked in 7.5 mL of blood
within 8 min with high purity. For optical methods, fluorescent sorting in microfluidic
devices have been demonstrated. Fu et al. developed a microfabricated fluorescenceactivated cell sorter, which provides higher sensitivity and no cross-contamination at a
lower cost [76]. The cells are manipulated with electro-osmotic flow. DEP is another
excellent approach to sort cells. Viable from nonviable human lung cancer cells (A549luc-C8) have been separated using DEP operating at 16 MHz [77].
For precision cell analysis and manipulation, it is often desirable to trap cells and
culture them in defined locations. The trapping or patterning of cells in different locations
in microfluidics can be divided into three types. The first method is the microcontact
printing, which is a simple method for directly patterning biomolecules on surfaces.
Inking a stamp is done by simply adsorbing proteins from solution onto the hydrophobic
surface of a PDMS stamp. After the stamp is rinsed, dried, and placed in contact with a
surface, adhesion forces cause proteins to transfer from the stamp to the printed surface.
Chen et al. used this technology to culture cells in the confined micropatterned substrates
that contains extracellular matrix-coated adhesive islands [78]. They found that the cell
shape of the human and bovine endothelia cells was able to govern whether individual
cells grow or die. The second method is to use the microfluidic channel to deposit the
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cells and proteins onto surfaces. Chiu et al. developed a three-dimensional microfluidic
system to pattern proteins and mammalian cells on a planar substrate [79]. The 3-D
topology of the microfluidic network in the stamp makes this technique a versatile one to
pattern multiple types of proteins and cells in complex, discontinuous structures on a
surface. The third method is to use the topological structure to confine cells in a defined
geometry. Lee et al. developed a nanoliter scale microbioreactor array for multiplexed
quantitative cell biology [80]. An addressable 88 array of three nanoliter chambers was
demonstrated for observing the serum response of HeLa human cancer cells in 64 parallel
cultures. The individual culture unit was designed with a ‘‘C’’ shaped ring that
effectively trapped the cell and decoupled the central cell growth regions from the outer
fluid transport channels.
As mentioned before, cell migration is an essential phenomenon in a variety of
biological processes. Microfluidic device is well suited for the cell migration studies due
to its great ability to generate well-defined external stimulation environment. For
example, Hsu et al. used a micropatterning technique to generate step changes of
collagen surface density [9]. Due to haptotaxis, endothelial cells (ECs) developed focal
adhesions and migrated into the area with higher surface density of collagen. In the same
device, they also introduced different levels of fluid shear stress on ECs in the direction
perpendicular to collagen stripes to investigate the interactions between haptotaxis and
mechanotaxis. Their results suggest that shear stress beyond a certain threshold can be a
predominant factor to determine the direction of EC migration. Physiological dcEF
produced at the wound and electrical attraction of epithelial cells for wound recovery is
well-known. Research towards better understanding the mechanisms of electrotaxis is an
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important and rapidly growing area with direct relevance to wound care. Li et al.
developed two microfluidic devices allowing controlled application of electric fields
inside the microfluidic channel to study the lymphocyte electrotaxis [81]. Their results
showed that anti-CD3/CD28 antibodies activated human blood T cells migrate to the
cathode of the applied dcEF.
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1.3

Overview of recent microfluidic-based chemotaxis studies
This section is based on the following publication: “J.D. Wu, X. Wu and F. Lin,

“Recent developments in microfluidics-based chemotaxis studies". Lab on Chip. 2013,
13(13):2484-99.”.
Compared with conventional cell migration assays as mentioned in the previous
section [17, 34, 82, 83], microfluidic devices provide a new experimental platform for
quantitative cell migration and chemotaxis studies under better controlled gradient
conditions [84].
1.3.1 Microfluidic gradient generation
Microfluidic gradient-generating devices can be broadly categorized as: 1) flowbased devices; and 2) flow-free devices. The flow-based devices rely on laminar flow
mixing in microfluidic channels to create highly controlled chemical gradient profiles. On
the other hand, the flow-based devices require peripheral chemical perfusion and expose
cells to shear forces. By contrast, the flow-free devices produce gradients by free
diffusion of chemicals in a static fluidic environment; therefore, they are less dependent
on external controls and the flow effect on cells is minimized. However, the flow-free
devices are compromised for its flexibility of controlling gradient profiles. Therefore,
both flow-based and flow-free devices require innovations to overcome their respective
limitations. In this section, some recent new developments in microfluidic gradient
generation are highlighted.
1.3.1.1 One-dimensional gradient generation
Most microfluidic devices generate one-dimensional (1-D) chemical gradients.
The network gradient generators [85] are commonly used for chemotaxis studies [86, 87].
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These devices can produce a well-defined 1-D gradient but require external fluid
perfusion. To release the device from external perfusion, Gao et al. used gravity-based
passive pumping to drive the fluid into the network channels for gradient generation [88]
(Fig. 1.2A). A pressure balancing circuit was added before the downstream network
channels to balance inlet flows. The network channels create the required fluidic
resistance to maintain the low flow rate over a long time. Recently, Xu et al. used
commercial osmotic pumps for portable and long-term gradient generation [89]. Despite
the attractive portability of these devices, they are limited to fixed flow rate or single use
of the osmotic pumps.
In contrast to the designs to simplify fluid delivery, another approach aims at
further realizing the potential of microfluidic network devices for flexibly generating
different gradient profiles [90-98]. As one example in this direction, Wang et al.
developed a microfluidic device that connects multiple upstream network modules to the
downstream cell seeding chambers. Fluid delivery are modulated by on-chip valves to
control input chemical configurations and fluidic path through the network module for
flexible gradient generation in both soluble and surface-bound forms [91] (Fig. 1.2B).
Furthermore, an array of parallel micro-wells within the cell culture area was etched into
the underlying glass coverslip. This feature selectively increases the chamber height at
locations where cells reside, which help reduce flow-induced shear stress. On the other
hand, these sophisticated features for controlling gradients and cells are compromised by
the more complicated device fabrication for making on-chip valves and micro-wells.
Beta et al. reported a new method that combines a microfluidic device with the
photochemical release of caged signalling molecules to generate tailored stimuli on the
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length scale of single cells with subsecond switching time [99]. Such an approach enables
spatiotemporal gradient stimulation with high resolution while it requires caged
chemoattractant molecules and laser scanning.
While the flow-based devices provide the powerful feature for gradient control, it
simplifies the physiological autocrine and paracrine effects among migrating cells and
can cause shear stress to cells. In addition, it has been shown that the actual gradient
across the cell in a flow-based device can significantly differ from the gradient in a
smooth channel without cells [100].
In addition to the flow-based devices, various flow-free microfluidic devices were
developed for generating 1-D gradients. Many flow-free devices require physical barriers
such as membrane or gel to increase the fluidic resistance as a means to control chemical
diffusion [89, 101, 102]. Although this method is useful, it also increases the complexity
of the fabrication process and the time for gradient establishment. Berthier et al.
developed a microfluidic device for gradient generation based on free chemical diffusion
between the source and the sink through thin microfluidic channels [103]. Furthermore, a
useful bypass channel with much larger dimensions than the gradient channel was
designed to connect the source and the sink for balancing the pressure. Kong et al.
employed a microfluidic device with a similar bypass bridge channel to investigate
fibroblast chemotaxis in EGF gradient [104]. Despite the simplicity, these devices are
more suitable for maintaining gradient over short-term.
Based on the similar principle, different ladder-shaped devices (i.e. two side
channels connected by multiple thin parallel microgrooves) have formed a distinct class
of flow-free microfluidic gradient generators [105-108]. In most of these devices, two
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parallel channels are designed as perfect source and sink by continuous replenishment of
chemicals. Horizontal microgrooves, which connect the two parallel source/sink
channels, serve as the gradient channels. The ladder-shaped devices allow parallel
gradient generation in a flow-free environment. The main limitations of these devices are
the requirement of more complicated multi-depth channel fabrication and the limited
gradient channel height required for gradient generation.
Instead of generating gradients in the thin microgroove channels, another class of
microfluidic gradient device consisting of three parallel channels has been developed.
Those three-channel devices typically consist of parallel side channels as the source and
sink, which are connected to a center gradient channel through barrier structures. Some
devices of this class use microgrooves as the barrier to connect the source/sink channels
with the gradient channel [109-111]. Keenan et al. developed a variant of the threechannel device, in which an array of microjets (or microgrooves) were used to connect
the two side channels and control the release of chemicals into the open cell culture
reservoir [109] (Fig. 1.2C). This device allows rapid variation of gradient profiles.
In addition to the microgroove-based approach, gels were introduced to the threechannel microfluidic device to enable controlled 1-D gradient generation [89, 112-117].
Cheng et al. developed a microfluidic gradient generator that consists of three parallel
channels patterned on a piece of agarose gel [115] (Fig. 1.2D). Source and sink chemical
solutions flow through the two outer channels and the chemicals diffuse across the
agarose gel into the center channel to form a linear gradient at the steady state.
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Figure 1.2 Examples of 1-D microfluidic gradient generation.
(A) A standalone microfluidic network gradient generator using on-chip passive pumps
and a flow balancing circuit [88]; (B) A microfluidic device that combines multiple
upstream network modules, the downstream cell seeding chambers and on-chip
pneumatic valves for flexible gradient generation [91]; (C) A microfluidic device for
generating flow-free gradient in an open environment [109]; (D) An agarose gel-based
microfluidic device for generating flow-free gradients [115].
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1.3.1.2 Two-dimensional gradient generation
Because a 1-D gradient simplifies the in-vivo chemical gradient environment, an
increasing number of studies have been directed toward generating controlled gradients
in a two-dimensional (2-D) plane using microfluidic devices [118-120]. Over recent
years, innovations in developing new microfluidic devices for generating 2-D gradients
with diverse approaches have shown promising progress. Atencia et al. developed a
microfluidic palette, which can generate spatiotemporally controlled 2-D gradients [119]
(Fig. 1.3A & 1.3B). In this device, the gradient chamber and the chemical infusion
channels are separated into different layers, so that multiple gradients can be generated
and superimposed in the flow-free gradient chamber in a 2-D plane. Changing the
chemical inputs can modify 2-D gradients in space and in time. The applicability of the
developed device was demonstrated to study chemotactic response of bacteria
Pseudomonas aeruginosa (P. aeruginosa) to glucose. Choi et al. presented a different
method by introducing self-assembled microspheres to control chemical diffusion for
rapid generation of superimposed multiple gradients in 2-D [120] (Fig. 1.3C & 1.3D).
The developed system was used to study preferential bacteria chemotaxis in multiple
competing chemoattractant sources, and the results identified aspartate as the preferred
chemoattractant over galactose and ribose. In addition, this device was used to
demonstrate the dynamic control of bacteria positioning to sequential changes of
chemical gradients from different angles in a 2-D plane. Other strategies for producing 2D gradients include the floating gradient method reported by Qasaimeh et al. [121];
gradient generation in an open environment reported by Wright et al. [122]; and optical
manipulation of chemical microsources reported by Kress et al. [123].
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Figure 1.3 Examples of 2-D microfluidic gradient generation.
(A) The microfluidic palette device uses stacked multi-layer channels for generating 2-D
gradients [119]; (B) Picture of superimposed gradients in the microfluidic palette device
[119]; (C) The 2-D microfluidic gradient-generator incorporating self-assembled
microspheres [120]; (D) Picture showing self-assembled microspheres at the chemical
entrance to the gradient chamber [120].
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1.3.1.3 Three-dimensional gradient generation
Cells migrate in three-dimensional (3-D) tissue environments in vivo. Compared
with cell migration in 1-D or 2-D gradients, in which cells adhere to a 2-D substrate, cell
migration in a 3-D microenvironment requires the ability of cells to squeeze through
ECM [124]. Therefore, it is important to develop microfluidics-based biomimetic
approaches to study cell migration in 3-D environments. Many 3-D microfluidic devices
were derived from 1-D gradient devices by incorporating 3-D ECM for gradient
generation and cell migration [33, 105, 125-128]. For example, the ladder-shaped devices
were modified for gradient generation in 3-D ECM [105, 127]. Saadi et al. extended the
use of the ladder-shaped device to generate gradients in 3-D gels (Fig. 1.4A). This
method later was further developed to vary gradient profiles by adjusting the relative
geometry of the microgroove channels on each side of the gradient channel [106]. Kim et
al. reported a ladder-shaped device for 3-D gradient generation in a standard 96-well
format [129]. As an alternative approach, Haessler et al. modified the 1-D agarose gel
based three-channel device to allow 3-D cell migration applications (Fig. 1.4B). In this
device, agarose gel walls are used to control chemical diffusion from the source/sink
channels to the center gradient channel, which contains cells in 3-D gel matrix [125]. The
developed device was used to demonstrate murine dendritic cell chemotaxis to
chemokine gradients. Although 3-D gradient devices provide more physiologically
realistic environments for cell migration, further improvement and innovation are
required to enable more flexible control of gradient generation.
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Figure 1.4 Examples of 3-D microfluidic gradient generation.
(A) The microfluidic ladder device for gradient generation in 3-D gel [105]; (B) The
microfluidic device with agarose gel walls to separate source/sink channels to the
gradient channel for gradient generation in 3-D ECM [125].
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1.3.2 Chemotaxis studies based on cell types
Highly controlled chemical gradients in microfluidic devices offered a powerful
research approach for studying gradient sensing and chemotaxis of different cell types.
High motility cells such as bacteria and neutrophils were first tested in microfluidic
gradient devices. In recent years, a broader range of cell types have been studied using
microfluidic devices. In this section, we highlight recent microfluidic chemotaxis studies
based on cell types.
1.3.2.1 Bacteria
Bacteria are able to measure chemical gradients towards favourable chemicals or
away from unfavourable ones. Because bacteria swim in soluble medium, its migration is
strongly influenced by flows. Both flow-based and flow-free microfluidic gradientgenerating devices have been extensively used for bacteria chemotaxis studies.
Escherichia coli (E. coli) and Salmonella typhimurium (S. typhi) are closely
related bacterium. Particularly, E. coli is well-studied as a model system for bacteria
chemotaxis. Microfluidic devices have been used for chemotaxis studies of these bacteria
cells [89, 113, 114, 130-134]. For example, Ahmed et al. characterized E. coli
chemotaxis in steady single linear or non-linear gradient using a flow-free microfluidic
device, and the experimental data are consistent with the established mathematical model
[117]. In 1-D competing gradients produced in a flow-based microfluidic device that
mimic the human gastrointestinal environment, Englert et al. showed that the quorumsensing molecule autoinducer-2 preferentially induces chemotaxis of E. coli and thus
represents a preferential signal for pathogen colonization in the gastrointestinal tract
[135]. Kalinin et al. used a three-channel microfluidic device to demonstrate logarithmic
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gradient sensing of E. coli cells [113]. Using a similar device, the same group examined
E. coli migration in opposing gradients of methyl-aspartate and serine, and the results
demonstrated the direct dependence of E. coli chemotaxis on the ratio of the respective
receptor numbers (i.e. Tar/Tsr) for the two chemoattactants [114]. Kim et al. presented an
agarose-gel based microfluidic method for testing preferential chemotaxis of E. coli cells
to different chemoattractant sources [102]. Using the 2-D microfluidic gradient generator
by incorporating self-assembled microspheres Choi et al. showed that S. typhi are more
sensitive to aspartate than galactose or ribose in competing gradients of these
chemoattractants [120],.
In addition to E. coli and S. typhi, chemotaxis of other bacteria cells was also
studied using microfluidic devices. For example, Chen et al. and Jeong et al. examined P.
aeruginosa chemotaxis using different microfluidic devices [136, 137]. Kim et al.
demonstrated steering polystyrene beads by the attached chemotaxing Serratia
marcescens (S. marcescens) cells using a three-channel microfluidic gradient device
[112]. Moreover, several microfluidic chemical pulse injectors were employed to study
the migratory responses of marine bacterium. Among them, Stocker et al. showed the
accumulation response of Pseudoalteromonas haloplanktis (P. haloplanktis) cells to a
nutrient pulse [138]; The same group further examined migratory responses of various
marine microorganisms to nutrient patches including chemotactic responses of P.
haloplanktis [139].
1.3.2.2 Dictyostelium discoideum
Aggregation of the social amoeba Dictyostelium discoideum forms a multicellular
structure that is enabled by the migration of Dictyostelium cells towards a cAMP gradient
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[140]. Like E. coli, Dictyostelium serves as a chemotaxis model system but for eukaryotic
cells. Using a flow-based microfluidic gradient device, Fuller et al. showed that
Dictyostelium chemotaxis depends on both the steepness and the local concentration of
the cAMP gradient [141]. Skoge et al. studied the localization of intracellular
chemotactic signaling molecules in Dictyostelium cells using microfluidic devices and the
results help understand signaling amplification mechanisms for cell directional sensing
[142]. Meier et al. applied a flow-based microfluidic device to study Dictyostelium cell
responses to spatially alternating chemoattractant gradients [143]. The results showed the
frequency-dependent ability of cells to adjust their orientation to switching gradients and
furthermore the differential role played by PI3-Kinase in mediating cell reorientation
during different stages of chemotactic aggregation. More recently, Ameselem et al. used
microfluidics-based experimental data to assist in developing stochastic descriptions of
Dictyostelium chemotaxis [144] and to test

the theoretically predicted control of

chemotaxis by signal-to-noise ratio [145].
1.3.2.3 Immune cells
Compared to bacteria or Dictyostelium, immune cells exhibit more diverse subsetdependent and tissue-specific chemotaxis patterns. Immune cells respond to a wide range
of chemoattractants including bacteria-derived peptides, complement factors, lipid
products and chemokines. Chemotaxis mediates various immune responses such as
recruitment of neutrophils to sites of infection, and homing of dendritic cell and
lymphocytes to specific tissues.
Neutrophils respond to bacterial-derived chemoattractants such as fMLP and
tissue-derived chemoattractants such as IL-8 and LTB4. Herzmark et al. employed a
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microchannel network and membrane valves for quantitative chemotaxis analysis of
differentiated neutrophil-like HL-60 cells in fMLP gradients [94]. Liu et al. applied a
switching gradient in a microfluidic device to study the role of PI3-Kinase for cell
orientation and migration responses [97]. Instead of limiting cells to a single gradient
channel, Ambravaneswaran et al. developed a microfluidic maze with co-existing
migration paths to examine the directional decision-making behaviors of neutrophils [31].
Irimia et al. employed a previously developed microfluidic gradient device that allows
fast gradient switching to provide experimental data for constructing an adaptive-control
model for neutrophil chemotactic orientation [146]. Sackmann et al. presented a versatile
microfluidic assay for rapid neutrophil chemotaxis analysis in both 2-D and 3-D
environments [147]. The developed assay was validated to compare the adhesion and
migration of neutrophils from chronically inflamed and wild-type mice.
Dendritic cell can take up antigens from inflamed tissue and traffic into T cell rich
areas of secondary lymphoid organs through chemotaxis mechanisms. Several
chemokines, including CCL19, CCL21 and CXCL12, have been implicated in mediating
dendritic cell migration and trafficking in SLT. Ricart et al. employed a flow-based
microfluidic device to examine dendritic cell chemotaxis in different single or combined
chemokine gradients and to compare their relative chemoattraction [148]. The same
group incorporated micropost arrays with the microfluidic network gradient device to
study the traction force of dendritic cells during chemotaxis and chemokinesis [86]. The
PDMS micropost arrays were fabricated on glass coverslips and bonded to the
microfluidic gradient generator. Cells adhered to the microposts and the forces exerted by
the cells on the microposts were measured by the displacements of the microposts. Using
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a 3-D microfluidic gradient device, Haessler et al. demonstrated the stronger dendritic
cell chemotaxis to CCL21 in competing gradients of CCL19 and CCL21 [149]. Also
focusing on secondary lymphoid tissue-related chemokines, our group employed a simple
flow-based microfluidic gradient generator to study the migration of activated human
blood T cells in different CCL19 and CCL21 gradient configurations [21].
1.3.2.4 Stem cells, cancer cells and other tissue cells
Stem cells can uniquely give rise to different specialized cell types that construct
functional tissues or organs. Therefore, it is important to characterize and understand the
homing mechanisms of different stem cell types in tissues. Wong et al. analyzed the
migration of neural stem cells under various chemical conditions using an agarose gelbased microfluidic device, and the results showed the effect of over-expression of
epidermal growth factor receptors on cell motility [150]. Xu et al. used a portable flowbased microfluidic gradient device to monitor chemotaxis of bone marrow mesenchymal
stem cells [89]. Our group studied the growth and migration of rodent adipose-derived
stem cells to an EGF gradient using a simple flow-based microfluidic gradient generator
[151].
Migration and chemotaxis of various cancer cells are largely responsible for the
translocation and spread of tumors. Zhang et al. developed a microfluidic model that
reconstitutes the principal components of blood vessels, including vessel cavity,
endothelium, and perivascular matrix containing chemokines, to study the migration of
salivary gland adenoid cystic carcinoma cell aggregates [152]. Mosadegh et al. employed
the microfluidic network gradient generator to show the role of EGF for promoting breast
cancer cell chemotaxis in a chemokine gradient [153].
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Directed migration of tissue cell types is an important enabling process for their
growth and assembly pertaining to specific biological and physiological functions.
Barkefors et al. employed a flow-based microfluidic gradient device to investigate
endothelial cell migration in response to hill-shaped gradients of vascular endothelial
growth factor A and fibroblast growth factor 2 [154]. The results from quantitative
gradient-region specific cell migration analysis helps better understand how endothelial
cells approach growth factor sources and the corresponding shifting of migration
phenotype of these cells. In another study using a flow-free microfluidic gradient device,
Shamloo et al. investigated endothelial cell polarization and chemotaxis, with a focus on
the distinct roles played by the absolute concentration and the gradient of vascular
endothelial growth factor [110] . Kong et al. used a flow-free microfluidic gradient
device with a unique bridge balancing channel to quantitatively characterize chemotactic
responses and sensitivity of fibroblast to EGF gradients [104]. Wu et al. employed a
three-channel microfluidic gradient device to demonstrate the differential requirement of
lamellipodia for fibroblast chemotaxis and haptotaxis [155].
1.3.3 Chemotaxis studies in complex environments
Comparing to conventional cell migration assays, microfluidic devices are
advantageous to flexibly manipulate complex spatiotemporal chemical gradients and
construct defined geometric environments for cell migration.
Chemoattractant fields are presented to cells in complex spatiotemporal patterns
in tissues, and cells can integrate and prioritize multiple chemotactic signals for effective
navigation and positioning. Microfluidic devices can uniquely configure defined coexisting chemoattractant gradients and thus are well-suited for studying the complex
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chemical guiding mechanisms. Ricart et al. employed a microfluidic network gradientgenerator to study dendritic cell migration in competing chemokine gradients on a 2-D
substrate [148]. The results showed that CCL19 is more effective for attracting dendritic
cell migration than CCL21 or CXCL12. By contrast, Haessler et al. showed that cells
preferentially migrate towards the CCL21 gradient over a competing CCL19 gradient in
3-D ECM using a flow-free microfluidic gradient device [149]. The opposite
observations of the relative chemotactic potency between different chemokines for
dendritic cell in these two studies possibly reflect different cell gradient sensing and
migration mechanisms in 2-D substrates or in 3-D ECM. Our group employed a simple
flow-based microfluidic gradient device to examine T cell migration in different single or
combined CCL19 and CCL21 gradients that mimic different lymph node sub-region
gradient profiles [21] (Fig. 1.5A). Particularly, our results showed the interesting
repulsive T cell migration in a combined field of CCL19 and CCL21. Together with
mathematical modeling, our group proposed a dual CCR7 ligand mediated combinatorial
guiding mechanism for T cell migration and trafficking in SLT. Besides lymphocytes and
dendritic cells, some microfluidics-based approaches were also applied to study bacteria
chemotaxis in co-existing chemoattractant gradients [102, 114, 120, 135]. These
quantitative cell migration studies in co-existing gradients help understand the
mechanisms for cell migration and trafficking in physiological contexts. Further studies
in this direction require improved knowledge of gradient profiles in vivo.
During inflammation, immune cells navigate through complex tissues and traffic
to the target site. Similarly, tumor cells from their primary site invade surrounding
regions by migrating through complex tissue environments. Recently, microfluidic
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devices were designed to engineer complex planar geometries for studying how cells
make directional migration decisions. Ambravaneswaran et al. developed a microfluidic
maze consisting of bifurcating channels to investigate the directional decision-making of
neutrophils [31] (Fig. 1.5B). The results show that neutrophils can undergo highly robust
and efficient chemotactic navigation. Specifically, in complex maze-like channels,
neutrophils are able to select the most direct route toward the chemoattractant source with
high efficiency. The more effective chemoattractant gradient toward the short path
experienced by neutrophils at the junction of the short and long path is suggested to assist
cells to distinguish different paths and make directional migration decisions.
Physiological cell migration environments are often spatially confined. Such
geometric confinement can be mimicked using microfluidic devices to examine its effect
of on cell migration and chemotaxis. Fu et al. developed a device that consists of an array
of microchannels mimicking the tight syncytium of endothelial cells that lines the
capillaries, which are encountered by tumor cells during metastasis [156]. The study
showed that nuclear deformation is a critical and rate-limiting step for transmigration of
highly metastatic human breast cancer cells in the confined microfluidic channels. Tong
et al. employed a microfluidic device, which can directly compare inherent migratory
potential among multiple cell types [157] (Fig. 1.5C). The results showed that physical
confinement created by reduced microchannel dimensions can affect cell morphology and
migration speed.
Microfluidic devices can be used to create controlled co-culture cell systems,
which allow quantitative cell migration studies in physiologically-relevant environments
that involve complex cell-ECM and cell-cell interactions. Zhang et al. developed a
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microfluidic system, which mimics vessel cavity, endothelium, and perivascular matrix
containing chemokines, to investigate the transendothelial invasion of tumor cells [152].
This developed system allows detailed analysis of the attachment and transendothelial
invasion of tumor aggregates. Similarly, Han et al. presented a microfluidics-based
inflammation model for quantitative measurements of neutrophil transendothelial
migration (TEM) in a 3-D environment during inflammatory responses [158] (Fig. 1.5D).
The developed microfluidic system incorporated 3-D ECM, concentration gradients of
various inflammatory molecules including fMLP and IL-8, and a co-culture of
endothelial cells and neutrophils.
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Figure 1.5 Examples of microfluidic cell migration and chemotaxis studies in
complex environments.
(A) T Cell migration studies in chemokine gradients mimicking a lymph node sub-region
led to the proposed combinatorial guidance model for T cell trafficking in secondary
lymphoid tissues [21]; (B) The chemotaxis assay for studying neutrophil directional
decision-making in bifurcating microfluidic channels [31]; (C) The influence of
microfluidic channel width on migrating human osteosarcoma cells morphology and
speed [157]; (D) Microfluidic system for studying transmigration of neutrophils in
response to different inflammatory chemoattractants in a dose-dependent and timedependent manner [158].
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1.3.4 Chemotaxis studies with a medical or commercial application focus
More easily used microfluidic products and interfaces are required as
microfluidics is increasingly accepted as a useful approach for cell migration and
chemotaxis studies. In addition to basic research, microfluidic cell migration systems are
extending their use to biomedical applications. Moreover, commercial microfluidic
gradient devices and cell migration systems have been developed, suggesting the market
potential of these products.
Butler et al. developed a simple microfluidic device to study the correlation of
neutrophil motility to burn injury [26]. The device consists of a chemoattractant source
channel connected to an array of side channels to allow gradient generation and
neutrophil chemotaxis measurement for burn injured patients (Fig. 1.6A). The results
showed correlated neutrophil motility with the total burn surface area in patients 72 hours
after burn injury (Fig. 1.6B), suggesting the potential of microfluidic chemotaxis systems
for clinically oriented studies. Towards this direction, various autoimmune diseases with
implicated alteration of chemotaxis of neutrophils or other immune cell types may be
targeted as potential diagnostic applications for microfluidic chemotaxis systems [159,
160].
To enable potential clinical applications, the problem of the current lengthy and
interfering cell isolation procedures must be addressed to allow easier and reliable
microfluidic chemotaxis experiments as well as faster test result reporting. Agrawal et al.
developed a microfluidics-based method for directly capturing neutrophils from a drop of
finger blood by flowing the blood sample to the neutrophil capturing adhesion molecule
coated channel [161]. The captured neutrophils were subsequently used for chemotaxis
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experiments on the same chip. A similar neutrophil capturing approach combined with
automated cell tracking analysis was reported to be able to rapidly analyze neutrophil
chemotaxis in a chronically inflamed mouse model [147].
Other important issues that need to be addressed for clinical applications include
experimental throughput and automation to meet the requirement of rapid parallel testing
of different conditions and samples. Berthier et al. reported a high-content neutrophil
chemotaxis screening system for biomedical applications [103]. The developed system
incorporated surface tension based passive pumps for chemical transport, allowing highly
parallel gradient generation and chemotaxis testing (Fig. 1.6C). The performance of this
system was evaluated using cell samples from infants with severe and recurrent bacterial
infections, and the results showed impairment of neutrophil chemotaxis to fMLP. These
research advancements and commercialization suggest the practical future use of
microfluidic chemotaxis systems in clinical settings.
Another commercialized microfluidic chemotaxis device is the µ-Slide developed
by Ibidi [162]. The device can create chemical gradients in the gradient chamber based
on controlled chemical diffusion between two volumetrically defined chemical chambers.
The device follows an optimized operation protocol and uses specifically designed
sealing plugs for controlled chemical filling and diffusion to maintain a stable gradient
for a long period of time.
Finally, an integrated microfluidic cell migration system, the EZ-TAXIScan
system, is commercially available. The key feature of this system is that it integrates live
cell imaging modules with a microfluidic device to enable cell migration and chemotaxis
experiments in a portable manner [163]. The system also allows high-throughput
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chemotaxis experiments on a single chip, and includes automated data analysis software.
Since its commercialization, a number of cell types have been tested for chemotaxis using
this system [164-166].
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Figure 1.6 Examples of application-driven microfluidic chemotaxis studies.
(A) The microfluidic device for testing motility of neutrophils from burn injured patients
[26]; (B) Correlation between neutrophil motility 72 hours after burn injury to the total
burn surface area [26]; (C) The high-content microfluidic chemotaxis device. The figure
above the device picture (the inserted picture shows the liquid handling robot) shows the
principle of surface tension based passive pumping for fluid infusion in the microfluidic
device [103].
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1.4

Overview

of

recent

developments

in

microfluidic-based

electrotaxis assays
This section is based on the following publication “J.D. Wu and F. Lin, Recent
developments in electrotaxis assays. Advances in Wound Care, 2014, 3(2):149-155.”.
Among the diverse guiding mechanisms, electrotaxis or galvanotaxis, cell
migration in response to dcEF, can direct the migration of various cell types such as
epithelial cells [12], endothelial cells [167], cancer cells [168] and immune cells [169].
Physiological dcEF produced at the wound and electrical attraction of epithelial cells for
wound recovery is well-known. Research toward better understanding the mechanisms of
electrotaxis is an important and rapidly growing area with direct relevance to wound care.
Sophisticated in-vitro electrotaxis assays provide the important experimental platform for
electrotaxis studies.
The dish-based assays are the current gold standard for in-vitro electrotaxis
measurements and have been widely adapted to study electrotaxis of various cell types
[168, 170, 171]. In addition, microfluidic devices, which can better control electric field
applications and the cell migration environments, have been increasingly developed and
used for electrotaxis research [172]. Despite the successful use of these experimental
tools, it is challenging to effectively address more advanced scientific questions and meet
higher technical requirements for the rapidly growing electrotaxis research. For example,
parallel experiments are required to compare cell migration in different dcEF, thus
allowing more efficient electrotaxis analysis and minimal variations among devices.
Furthermore, electrotaxis analysis in 3-D environments is required to better simulate the
situation in wound tissues. It is also important to analyze cell migration in response to
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dcEF and other co-existing guiding signals, which occurs in wound healing. In addition
to single cell electrotaxis, collective migratory behaviors of cell groups in response to
dcEF, which is the migration mode of many relevant cell types in wound healing, need to
be understood. Finally, it is of great interest to use electrotaxis for sorting applications.
Research in these areas will require further development of electrotaxis assays to meet
specific requirements.
Indeed, a number of new microfluidic-based electrotaxis assays have been
recently reported, providing improved experimental throughput and capabilities for
configuring more complex and physiologically relevant cell migration environments, and
for sorting electrotactic populations. In addition, several previously developed assays
have been used for studying collective electrotactic cell migration. These technological
developments provide advanced experimental tools for electrotaxis research. In this
section, we highlight some of these new developments.
1.4.1 Multi-fields assays
In most in-vitro electrotaxis assays, only single dcEF strength can be configured
in each experiment and only one experiment can be done at a time. Therefore, observing
cell responses in different conditions requires multiple experiments in a sequential
manner. High throughput electrotaxis assays are needed for parallel electrotaxis
experiments. Huang et al. developed a microfluidic electrotaxis device, which can
generate multiple dcEF in a single microchannel [173]. The device consists of a straight
microchannel with three consecutive segments of different width. Thus, three different
dcEF can be generated in different segments. Using this device, electrotaxis of different
lung cancer cell lines was compared and correlated with their metastatic potential.
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However, different channel widths result in different flow speed, which can potentially
complicate electrotaxis analysis due to flow-induced shear stress. To overcome this issue,
Tsai et al. reported an improved microfluidic device, which can generate different dcEF
with uniform flow speed (Fig. 1.7A) [174]. In this device, the main channel is divided
into four segments without varying the channel width and each segment is connected to
the cathode via a different channel path. Thus, different dcEF is generated in different
segments with comparable internal flow speed. In addition to validating the developed
device for testing electrotaxis of lung cancer cells, the device was further used to
demonstrate and characterize cathode-directing electrotaxis of HSC-3 oral squamous cell
carcinoma cells. Further development of microfluidic electrotaxis devices is expected to
further increase the experimental throughput, and these devices can be applied to more
effectively test electrotaxis of various cell types relevant to wound healing.
1.4.2 3-D assays
Currently, most of the electrotaxis experiments investigate cell migration on a 2-D
substrate. However, cells can migrate in both 2-D and 3-D tissue environments in vivo
and cell migration in 2-D and 3-D can be largely different. Compared with cell migration
on a 2-D substrate, cell migration in a 3-D microenvironment requires the ability of cells
to squeeze through ECM. Therefore, it is important to develop biomimetic approaches to
study the effect of dcEF on cell migration over 3-D topology. Zhang et al. reported the
use of 3-D matrigel for studying electrotaxis of human induced pluripotent stem (hiPS)
cells [175]. The cells were mixed with matrigel followed by transference to the
electrotactic chamber. The study showed that dcEF can stimulate and direct hiPS cell
migration in 3-D. Sun et al. developed a 3-D scaffold to study electrotactic response of
42

lung cancer cells (Fig. 1.7B) [176]. A PDMS-based microfluidic device was used to
generate uniformly sized bubbles in gelatin by injecting gelatin solution and nitrogen gas
from two different inlets. The bubbles were then collected and the 3-D scaffold was
formed by chemical cross linking and degassing. The pore size is well-controlled and
uniform in the scaffold. Cells were easily seeded into the scaffolds using a pipette, and
the scaffold was integrated into a polymethylmethacrylate (PMMA)-based electrotactic
chamber for cell migration experiments. Using this device, different electrotactic cell
migration was observed in 3-D comparing to it on a gelatin-coated 2-D substrate. Further
optimization and development of 3-D electrotaxis assays will enhance their use for
studying electrotaxis of relevant cell types in wound healing in more realistic ECM,
which simulates wound tissues in vivo.
1.4.3 Co-existing fields assays
Diverse environmental signals such as chemical, electrical, and mechanical
signals are presented to cells in a complex and co-existing manner to guide cell
migration. Some examples include effective neutrophil navigation in co-existing
chemical gradient arrays [177]; dendritic cell migration guided by co-existing soluble and
surface bound chemokine gradients [178]. In wound healing, a combination of dcEF,
chemical gradients and other cues provide co-existing guiding environments to direct the
migration of relevant cell types at the wound. Interestingly, dcEF was suggested to
override other guiding cues to direct cell migration in wound healing [2]. Improved
knowledge of the competition between electrical and chemical guidance will help
researchers better understand cell migration in electrochemical guiding environments and
inspire new therapeutic applications by electrically manipulating cell migration. Li et al.
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reported a microfluidic device that can configure co-existing chemical gradients and
dcEF in a controlled manner (Fig. 1.7C) [179]. In this device, laminar flow mixing was
used to maintain chemical gradients in the main channel with minimized disturbance by
the dcEF applied from the side wells. Using this device, it was shown that T cells migrate
more strongly toward the cathode of dcEF in the presence of a competing chemokine
gradient under specific experimental conditions. Thus, external dcEF applications may be
used clinically to manipulate the migration of relevant cell types over co-existing tissue
produced chemical guiding factors for mediating wound healing. More recently, Song et
al. developed a microfluidic device to monitor cellular migration in response to dcEF and
fluid shear stress in single, simultaneous, and sequential modes [180]. In this device,
constant dcEF in the microchannel is maintained by a feedback control loop. The
developed device was used to study fibroblast migration in response to co-stimulating
dcEF and fluid shear stress. While wound produced dcEF is well known, fluid shear
stress can also be induced by interstitial fluid loss in the connective tissue toward the
wound. Separate dcEF or flow stimulations induce electrotactic cell migration or
migration along the flow direction respectively. Simultaneous dcEF and flow
stimulations enhance directional cell migration. When dcEF and flow are applied
sequentially, cell migration is affected by the applied stimulation as well as pre-existing
stimulating conditions. Thus, electrotaxis of fibroblast under flow conditions may benefit
wound healing comparing to electric field or fluid shear stress based guidance alone.
These studies showed promise for investigating cell migration in complex multi-fields
guiding environments in wound healing and motivate further development of electrotaxis
assays to permit more advanced studies.
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1.4.4 Electrotactic sorting
Caenorhabditis elegans (C. elegans) is a widely utilized model organism in
biology research. Electrotaxis of C. elegans has been studied in direct current, alternating
current or pulse electric fields [181-183]. Research using C. elegans often requires
sorting worms by their stages or separating normal worms and mutants. Besides various
existing sorting methods, electrotaxis provides a simple and effective way to sort C.
elegans. Manière et al. demonstrated separation of normal worms from mutants by their
electrotactic motility in electrophoresis agar gel [184]. The gel box is easy to fabricate
and the method allows for sorting a large number of worms. Rezai et al. spatially
separated different worms in a simple planar microchannel with a narrowed trap region
based on the age-dependent or stage-dependent electrotactic responses of worms [185]. In
addition, continuous sorting can be achieved in a parallel manner. Han et al. proposed
another sorting strategy based on the size-dependent motility and electrotaxis of worms in
a micro-structured channel [186]. This device features hexagonally arrayed
microstructures. The study established the relationship between the worm size and the
geometry of the environment, which was used to optimize the sorting performance.
Integration of sorting and downstream analysis in an automated and high-throughput
manner will lead to improved and broad future applications. Furthermore, the possibility
of sorting cells based on electrotaxis should be explored. If successful, it will provide a
method to identify and isolate cells with different electrotactic migration ability for both
further basic electrotaxis research and tissue engineering applications.
1.4.5 Electrotaxis assays for studying collective cell migration
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In wound healing, large epithelial sheets migrate collectively as a group in
defined directions and maintain tight cell-cell adhesion. Li et al. adapted the dish-based
electrotaxis assay to study electrotaxis of epithelial sheets [187]. The study showed that
cells in monolayer migrated much more efficiently and directionally than isolated cells.
Furthermore, E-cadherin mediated cell-cell adhesion is essential for collective
electrotactic migration. A force sensing assay with PDMS pillar arrays was integrated
into the electrotaxis chamber to measure traction force during cell migration (Fig. 1.7D).
Using this assay, it is shown that the traction forces of the leading edge cells in an
epithelial sheet orient with dcEF, leading collective electrotaxis. Further research toward
better understanding electrotaxis of wound healing related cell types in their
physiological group format will provide important scientific basis for deriving effective
therapeutic strategies for wound healing. Successful use of existing cell migration assays
for studying collective electrotaxis will certainly motivate development of more
sophisticated assays to better suit the need of collective electrotaxis experiments.
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Figure 1.7 Illustrations of new developments in electrotaxis assays.
(A) Illustration of the microfluidic device for generating multiple dcEF with uniform
flow [174]; (B) Illustration of 3-D electrotaxis assay [176]; (C) Illustration of the
microfluidic device for generating controlled co-existing dcEF and chemical gradients
[179]; (D) Illustration of the traction force assay [187].
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1.5

Neutrophil chemotaxis in chronic obstructive pulmonary disease
Chronic obstructive pulmonary disease (COPD) is one of the most common lung

diseases resulting from narrowed airway that causes breath difficulty [188]. The long
time exposure of lung to the noxious particles or gases, such as cigarette smoke, is
regarded as the main causes for COPD. In 2002, COPD was the fifth leading cause of
death worldwide and was predicted by World Health Organization to climb to the third in
2030. Spirometry is the current "gold standard" for COPD diagnosis, which measures the
ratio of the forced expiratory volume in the first second to the forced vital capacity
(FEV1/FVC) [189]. Currently there is no cure for COPD. The lifestyle changes such as
quitting smoking and avoiding lung irritants can slow the progress of the disease. Some
medicine treatments such as bronchodilators can help to relax the muscles around the
airways and make breathing easier. Inhalation of steroids may help reduce airway
inflammation in the patients with severe COPD.
Previous studies have shown an increased number of neutrophils in bronchial
tissue of COPD patients and its correlation to the severity of airflow obstruction [188,
190-193]. Two chemoattractants of neutrophils, such as IL-8 and LTB4, has then been
detected in sputum and BAL fluid from the patients. Further studies suggested that these
two chemoattractants play important roles in recruiting neutrophils to the airways through
chemotactic mechanisms that cause inflammation and tissue damage [194-197]. Genetic
disorders such as Alpha-1 Antitrypsin Deficiency (A1AD) can also cause COPD and
affects the disease progression [198]. The COPD patient’s sputum induced neutrophil
chemotaxis has been demonstrated in vitro, and is associated with COPD progression
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[199]. Overall, the neutrophil chemotaxis plays a central role in COPD. Understanding
the mechanisms involved will lead to the design of appropriate therapeutic strategies.

1.6

Motivation and outline of the thesis
Given the importance of chemical gradient directed cell migration and the

suitability of microfluidic devices for cell migration studies in better controlled cellular
environments, we are motivated to develop microfluidic devices to quantitatively
characterize neutrophil chemotaxis for both research and clinical applications.
Specifically, we focused on developing compact and easy-to-use microfluidic systems to
characterize human neutrophil chemotaxis in single or overlapping gradients of
chemoattractants. Furthermore, we proposed to apply the novel microfluidics-based
approach to better characterize neutrophil chemotaxis induced by clinical sputum samples
from patients with COPD and explore its potential for disease diagnosis and monitoring.
The thesis is organized as follows：Chapter 1 provides background information
about directed cell migration and chemotaxis, development of microfluidics. Because our
lab’s research focuses on the investigation of cell response induced by soluble chemical
field and electrical field using microfluidic devices and I have been involved in both
studies. I also give an overview of the recent developments in microfluidic-based
chemotaxis studies and electrotaxis assays in this chapter. These two parts are based on
two of my published review papers. In addition, this chapter provides the background
information of neutrophil chemotaxis in COPD. Finally, the chapter gives out the
motivation and outline of this thesis.
Following the introduction chapter, Chapters 2-4 are sandwiched by three
published and one submitted research publications. All these works aim to apply
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microfluidic systems to investigate neutrophil chemotaxis in basic research and clinical
applications. Chapter 2 describes a compact microfluidic system using a USB microscope
for neutrophil migration studies. Chapter 3 describes a microfluidic platform for
evaluating the relationship between neutrophil chemotaxis and COPD. Chapter 4
describes an all-on-chip method, including on-chip cell isolation, cell patterning, and cell
chemotaxis, for testing neutrophil chemotaxis induced by fMLP and COPD patient’s
sputum. Finally, I conclude the thesis and discuss the future directions in Chapter 5. In
the appendix, I described a method to develop a standalone gradient generator for
chemotaxis studies which is used in Chapter 2, as well as a method for rapid fabrication
of the microfluidic device using a desktop craft-cutter for cell migration studies. Some
methodologies used in different chapters are similar such as neutrophil preparation and
soft-lithography. I included full details of all the methodologies for each result chapter to
ensure that sufficient and accurate methodological information is provided within each
chapter and in consistence with my corresponding research publications.
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Chapter 2
A compact microfluidic system for cell migration studies
This chapter is based on the following publication: “J.D. Wu, L.P. Ouyang, N.
Wadhawana, J. Li, M. Zhang, S. Liao, D. Levin and F. Lin, A compact microfluidic
system for cell migration studies, Biomedical Microdevices, 2014, 16(4): 521-528”.
This part of work was performed in the first two years in my Ph.D study. We
wanted to develop portable and low-cost imaging system to perform cell migration
experiment and expected such a system can be further applied to point-of-care clinical
applications. To simplify the complex setup of gradient generation using the traditional
pump and tubing chemical infusion system, we also developed a standalone pump-free
microfluidic gradient generator. The system was validated by testing neutrophil
chemotaxis, a well-studied model for the eukaryotic cell chemotaxis. In this study, L.P.
Ouyang, who was a graduate student at the University of Winnipeg, helped write the
Matlab code to perform the cell counting analysis. I assembled the system, performed the
cell migration experiments, did the manual tracking analysis, and wrote the manuscript
for publication.

2.1

Overview
Microfluidic systems can better control cellular microenvironments and therefore

are increasingly used for cell migration research. However, most existing systems are
impractical to use without specialized facilities and researchers. In this chapter, I
developed a compact USB microscope-based Microfluidic Chemotaxis Analysis System
(UMCAS) to remove this barrier. This system integrates microfluidic devices, live cell
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imaging, environmental control and data analysis to provide a solution for rapid
microfluidic cell migration and chemotaxis experiments with real-time result reporting.
This developed system was successfully validated by testing neutrophil chemotaxis.

2.2

Introduction
Cell migration is a fundamental process that is important for many physiological and

pathological processes ranging from immune response to tissue development and to
cancer metastasis [5, 200, 201]. Among the diverse environmental guiding mechanisms,
chemical concentration gradients (i.e. chemoattractant gradients) can direct the migration
of many cell types, a process termed chemotaxis [202]. Aside from the importance of
chemotaxis in our understanding of fundamental cell biology, this mechanism has high
potential to be targeted in therapeutic applications for cell migration related diseases and
physiological problems due to its broad applicability, high diversity and specificity. For
example, various adhesion and chemotactic molecules have been targeted clinically for
treating autoimmune diseases [5] and altered neutrophil chemotaxis has been implicated
in airway diseases and burn injury patients [26, 160].
Traditionally, chemotaxis is measured by Boyden chamber or transwell assays,
and other conventional cell migration assays [17, 34, 35]. Rapid development of
microfluidics enabled quantitative cell biology studies in well-controlled cellular
microenvironments, and there is a growing trend of applying microfluidic devices and
systems for cell migration and chemotaxis research [172, 203]. However, a major barrier
that prevents microfluidic cell migration systems from becoming a common research tool
in life science labs is its requirements of device fabrication capability, live cell imaging
facilities, and the associated skills in researchers. Furthermore, the current gold standard,
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single-cell tracking method for analyzing cell migration data (which in many cases is
done manually) can extract quantitative parameters to evaluate the cell movement such as
chemotactic index, cell migration angles, migration speed, motility coefficient, persistent
migration time or distance, and mean square displacement. However, this process is timeconsuming and labour-intensive, and often times the analysis outcomes vary depending
on the availability of specialized software and the researchers’ experience and judgement.
These above-mentioned limitations have been recognized by the microfluidics
community and in recent years have motivated researchers to develop simple and easy-touse systems for microfluidic cell migration and chemotaxis studies. Particularly,
researchers have started exploring the use of webcams as compact and cheap microscopy
systems for imaging tissues and cells [204, 205]. These systems were designed to fit into
conventional incubators and thus are compatible for use with common life science
research facilities. Additionally, the use of a cell phone camera for imaging tissues and
cells was also explored [206]. However, such a system is not capable of monitoring live
cell functions such as directional cell migration, which requires much more sophisticated
controls. Although several automated particle tracking programs are freely-available to
researchers [207], their performance significantly varies depending on image quality, cell
density and morphology. Recently, a study reported the successful use of an automatic
cell tracking program for analyzing neutrophil chemotaxis showed new promise in this
area [147]. Furthermore, commercial products for microfluidic cell migration and
chemotaxis studies have become available. For example, the µ-Slide Chemotaxis
developed by ibidi (Germany) offers the microfluidic chemotaxis device with a
standardized experimental protocol. However, performing the chemotaxis experiments
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using this device relies on the availability of specialized imaging and cell culture
facilities. To our best knowledge, the only system that integrates all components for
microfluidic cell migration and chemotaxis experiments in a relatively portable manner is
the EZ-TAXIScan system (ECI Inc., Japan). However, this system remains prohibitively
expensive to many researchers.
Motivated by the need of a compact, integrated and inexpensive system to enable
easy microfluidic chemotaxis experiments, we in this study developed a USB
microscope-based Microfluidic Chemotaxis Analysis System (UMCAS). The UMCAS
integrates microfluidic devices, live cell imaging, environmental control, and data
analysis to provide an inexpensive and compact solution for rapid microfluidic cell
migration and chemotaxis experiments with real-time result reporting. Furthermore, a
smartphone-based module was developed for remote experiment data monitoring. The
system was validated by testing neutrophil chemotaxis to an IL-8 gradient.

2.3

Materials and methods

2.3.1 System assembly
The detailed design of UMCAS is illustrated in Fig. 2.1. The basic system
consists of a USB microscope (VMS-004D, 400X magnification, Veho, UK), a
microscope stand with an adjustable XY stage and LED light illumination (DP-M06,
Oriental Inspiration Limited Company), and a high lumina blue LED (Blue Rebel LED,
470nm, 700mA, LUXEON STAR LEDs). The stand holds the USB microscope
vertically, providing position control for focus adjustment. The stand is connected to a
computer (Windows XP or above, 1 GB free disk space and 1024 MB RAM is
recommended, a Bluetooth adaptor is required for the remote monitoring module) via a
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USB cable to power the intensity adjustable LED for cell imaging. The USB microscope
is connected to the PC for image acquisition. The high lumina blue LED for gradient
visualization is covered with a condenser lens to focus the light beam, and is in contact
with an iron block as the heat sink. The blue LED is powered via an adaptor and is
installed to a custom-machined angle adjusting arm sitting on an aluminum rotating basering, allowing 3-D position adjustment of the LED to best illuminate the microfluidic
device for gradient visualization. In addition, a transparent heater (Minco, MN) was
mounted on the stage contacting the microfluidic device for controlling the temperature
during cell migration experiment. The heater is controlled by a sensorless temperature
controller (Minco, MN) and the temperature was calibrated to 37 °C using a digital
thermometer (VWR, Canada). The heater is powered via a custom-made adaptor. The
assembled system is mounted to a polyethylene box with transparent and removable top
and front covers for system protection and easy experiment setup. The box is installed
with carrying handles and cable storage pocket. This completes the UMCAS assembly.
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Figure 2.1 Illustration of the UMCAS.
(A) The setup of the whole system; (B) The imaging module; (C) The control and
analysis software interface; (D) The smartphone application for real-time remote data
monitoring.
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2.3.2 Microfluidic device preparation
A previously developed flow-based “Y” shape microfluidic device [10] and a
flow-free microfluidic device [179] (Appendix A.1) were used to test the UMCAS. Both
devices were fabricated using the standard optical lithography and soft-lithography
method as detailed previously [10]. Briefly, the device was designed in Freehand 9.0
(Macromedia) and the design was printed to a transparency mask by a high-resolution
printer with at least 2400 dpi resolution. The device masters were fabricated in The Nano
Systems Fabrication Laboratory (NSFL) at the University of Manitoba. The design was
patterned on a silicon wafer by contact photolithography with SU-8 photoresist
(MicroChem, MA), yielding ~100 µm thickness. The PDMS replicas were then
fabricated by molding PDMS (Dow Corning, MI) against the master. Chemical reservoirs
were created by punching holes out of the PDMS using sharpened punchers. The PDMS
replica was then plasma bonded to a 50 mm x 75 mm glass coverslide to complete the
device fabrication.
2.3.3 Cell preparation
Human whole blood was obtained from healthy volunteers (in collaboration with
The Clinical Institute of Applied Research and Education at Victoria General Hospital in
Winnipeg, Manitoba, Canada, under an approved human ethics protocol). Peripheral
blood mononuclear cells (PBMCs) were removed using standard gradient centrifugation
method. The remaining content in the blood sample after PBMCs isolation was mixed
with Dextran-500 to partially separate red blood cells (RBCs) to the bottom portion of the
blood sample. The neutrophil enriched upper portion of the blood sample was transferred
to a new tube and RBCs in the sample was further removed by hypotonic lysis for 30
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seconds using 0.2% saline buffer. Isolated neutrophils were washed with 0.85% saline
buffer 2 times and re-suspended in RPMI-1640 medium before experiments. Neutrophils
were used for experiments within 8 hrs after isolation.
2.3.4 Experimental setup
Microfluidic devices were coated with fibronectin (0.25 mg/mL, BD Biosciences,
MA) for one hour followed by 0.4% BSA blocking for another hour at room temperature
before use. For loading human blood neutrophils to the fibronectin coated device with the
above described coating protocol, we recommend adding cells at high concentration (e.g.
~107/mL in small volume) to efficiently settling enough cells in the channel. For the
flow-free device, RPMI medium and IL-8 solution (12.5 nM in RPMI, R&D Systems)
mixed with FITC-Dextran 10 kDa were added to the two side wells to allow gradient
generation in the center channel by free chemical diffusion (details are provided in
Appendix A.1). For the “Y” shape device, the IL-8 solution and RPMI medium were
infused into the device at 0.2 µL/min by syringe pumps to generate a flow-based gradient
in the microfluidic channel. The device was placed on the heater and maintained at 37 oC.
The gradient of FITC-Dextran (with similar molecular weight of IL-8) was visualized
using the blue LED and the USB microscope. Cell migration in the microfluidic device
was then imaged and recorded by the UMCAS.
2.3.5 Data analysis
2.3.5.1 Manual tracking analysis
As the reference method, time-lapse cell migration images acquired by the
UMCAS were analyzed by single-cell tracking using the “Manual Tracking” plug-in in
NIH ImageJ. The tracking data were then exported to Excel (Microsoft) and Origin
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(OriginLab) for analysis using the previously established methods [10]. Specifically, the
movement of cells was quantitatively evaluated by 1) the percentage of cells that
migrated towards the gradient; 2) the Chemotactic Index (C.I.), which is the ratio of cell
displacement toward the gradients to the total migration distance; and 3) the average
speed (V), calculated as the ratio of total migration distance to the experiment period.
Five independent cell migration experiments were performed for each condition tested.
All parameters are presented as the average value ±standard error of the mean (SEM).
2.3.5.2 Cell distribution and digital scoring analysis
A custom program was developed in MATLAB for automated cell distribution
analysis in real-time during the cell migration experiment and the program was integrated
to the control program in the UMCAS (Figure 2.1C). As illustrated in Figure 2.2, the
region of interest (ROI) in the image was selected for analysis. Cells in the ROI were
segmented from the background by applying a high-pass Gaussian filter and thresholding
using specialized functions available in the MATLAB Image Processing Toolbox to
smooth the image and enhance the contrast respectively. Morphology operations
including erosion followed by dilation steps were applied to further reduce noise in the
image.
The processed images were used for cell distribution analysis. Briefly, a search
window (slightly bigger than the cell size) was defined to scan the entire image. During
the scanning, the gray intensity of each pixel within the window was summed and
compared to a threshold intensity to identify candidate cells. Then a refined search within
the candidate cell-containing region was performed to locate the cell position by scanning
the region with a search window for maximum total pixel intensity. Once a cell was
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identified, the pixel intensity of the corresponding cell region was set to zero to avoid a
duplicated search. The identified cells were counted in 10 equally spaced divisions across
the channel width and along the chemical gradient direction. The cell count in each
division was normalized to the total cell number and presented as a distribution histogram
over the 10 divisions along the gradient.
Although clear biased initial cell distribution in the channel was disqualified for
further analysis, variation of initial cell distribution among experiments and non-moving
or flowing cells in the background were found to complicate the cell distribution analysis.
To improve the comparison, the variation of cell distribution between the beginning and
the end of the experiment was digitized. This digital scoring analysis was started by
calculating the difference of normalized cell count between the end and the beginning of
the experiment in each division. If the difference was > 0, the score was set to 1; if the
difference was < 0, the score was set to -1. If the difference was = 0, the score was set to
0. Next, the scores for division 1-5 were added to calculate the left-side score (low IL-8
half of the channel), and the scores for division 6-10 were added to calculate the rightside score (high IL-8 half of the channel). Finally, the difference between the right-side
score and left-side score were calculated to determine the final Chemotaxis Score.
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Figure 2.2 Illustration of automated image and data analysis in the UMCAS.
(A-D) Illustration of automated cell-image processing for cell recognition. The original
image and the image after each step of processing (i.e. Gaussian filter, thresholding and
morphology operation) are shown; (E-F) Illustration of automated cell counting and
distribution analysis. The identified cells in different divisions in the channel (E) and the
corresponding cell number distribution in different divisions (F) are shown.
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2.3.6 Remote data monitoring
The remote data-monitoring module was implemented based on the wireless
communication between a custom-made application program installed in a smartphone
(Nexus S, Google Company) and the UMCAS software operated in the laptop computer.
The smartphone used ver. 2.3 of the Android operating system and was able to receive
and plot the cell distribution analysis data wirelessly sent from the UMCAS software in
real-time through the Bluetooth SPP protocol.

2.4

Results and discussion

2.4.1 Portability and cost comparison between traditional systems and the
UMCAS
Traditional microfluidic cell migration systems require stationary imaging
facilities within a research lab. In comparison, UMCAS was assembled into a box with
the side dimension of ~50 cm and the total weight of ~10 kg. Two carrying handles were
installed on the side of the box. A hole was drilled in the back of the box to allow cable
connections from the UMCAS to the external laptop computer. A cable storage pocket
was mounted next to the cable hole in the back of the box. The top and front windows of
the box are transparent and removable. This design made the UMCAS truly portable and
easy to set up the experiment. We verified the portability of the UMCAS by conveniently
transporting the UMCAS to different rooms in our research building and to another lab
located on the medical campus of our university (~30 min’s drive from the University of
Manitoba Fort Garry campus) and then successfully performing cell migration
experiments using the UMCAS. There is significant room to further reduce the size and
weight of the box by optimizing the box design and selecting lighter materials. If needs,
62

UMCAS can also be used without the box, which only weighs ~700 g and the system can
be easily disassembled to be carried in a bag to a remote site for re-assembling and
experiment. These improvements and alternative approaches will further increase the
portability of the UMCAS.
The required imaging facility for traditional microfluidic cell migration systems
typically includes a fluorescent microscope, a CCD camera, syringe pumps (if fluid
perfusion is required for the microfluidic device) and a temperature control system.
Based on our experience, these instruments will easily cost over $10,000 for a basic
system configuration. By comparison, the total hardware cost for the current prototype
version of UMCAS is less than $800 including material costs for the USB microscope,
microscope stand, LED and heater/controller, plus the material and labour costs for
making the box and assembling the system in the machine shop of the Department of
Physics and Astronomy at the University of Manitoba. The computer, control software
and smartphone are not included in the cost estimate. In the current prototype version of
the UMCAS, a significant portion of the total cost (~60%) resulted from the initial costs
of the custom-designed and fabricated box. This cost is expected to significantly reduce
for duplicating the developed UMCAS with the established box design and
fabrication/system assembly procedures, and by selecting more cost-efficient materials.
2.4.2 Validation of microscopy performance of the UMCAS
Gradient generation using the developed microfluidic devices was characterized
by measuring FITC-Dextran 10 kDa gradient in the gradient channel. We used the blue
LED in the UMCAS to excite FITC-Dextran in the device and imaged the FITC-Dextran
gradient in the gradient channel using the USB microscope. The image showed clear
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chemical gradient in the device (Fig. A.1F) and thus the system is effective to verify
chemical gradient before performing chemotaxis experiment. On the other hand, due to
the low resolution of the current model of USB microscope and non-uniform blue LED
illumination, the measured gradient profile by UMCAS is not sufficient for quantitative
characterization. Higher resolution USB microscopes with integrated LED illumination
will further improve fluorescent imaging capability of the UMCAS.
To qualitatively validate the UMCAS for visualizing and correctly recognizing
cells in the microfluidic device, we observed cells settled in the fibronectin-coated
microfluidic channel by the USB microscope with integrated image processing in the
UMCAS (as detailed in the Materials and Methods section). The UMCAS was able to
resolve all cells in the channel with acceptable resolution for visualizing cell migration
(Fig. 2.2A). The image quality was improved when we removed the Minco thermaclear
heater between the stage and the device, which is known to reduce optical transparency
by at least 30% (however, the Minco heater does not affect cell identification in this
study). Other types of heaters that have less optical effect on cell imaging can also be
considered (e.g. a temperature control box with circulating hot air or hot water can be
incorporate). In addition, recent studies have reported the successful use of custommodified webcam to allow improved optical adjustments for visualizing tissues and cells
with relatively satisfying image quality [205]. A USB microscope at comparable cost but
with higher resolution will further improve the image quality. These modifications can be
included in the next version of the UMCAS to improve cell-imaging capability.
2.4.3 Validation of the UMCAS for neutrophil migration analysis
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To validate the UMCAS for cell migration and chemotaxis studies, we performed
migration experiments of human blood neutrophils over 20 min period using both flowfree microfluidic device and flow-based microfluidic device. In the flow-free device, the
medium control, a uniform 12.5 nM IL-8 field, or a 12.5 nM IL-8 gradient were tested.
The cell migration images were first analyzed by traditional single-cell tracking analysis.
The results clearly show random cell migration in medium control and uniform IL-8, but
strong chemotaxis toward the IL-8 gradient, as measured by the percentage of cells that
moved toward the gradient and by the Chemotactic Index (Fig. 2.3A & 2.3B). As
expected, cells migrated at higher speed in the uniform IL-8 or the IL-8 gradient
compared with the medium control (Fig. 2.3B). These results validated effective
neutrophil migration and chemotaxis experiments in the UMCAS. The manual tracking
analysis allowed visual inspection of the experiment to check if there was i) a significant
change in the total cell number in the time-lapse images; ii) if there was significant bias
in the initial cell distribution; and iii) if there were too many non-migrating cells or
flowing cells in the background. These data were used to determine the suitability of the
experiment for the automated cell distribution and digital scoring analysis.
To validate the real-time chemotaxis analysis in the UMCAS, automated cell
distribution and digital scoring analysis in the UMCAS software were applied to the same
neutrophil migration experiments. The results show that the image processing method can
correctly identify and count cells in the microfluidic channel (Fig. 2.2). To enable a rapid
chemotaxis analysis report without single-cell tracking, we analyzed the cell distribution
in equally space divisions across the gradient channel and along the gradient direction.
Ideally, the shifted cell distribution toward the gradient will indicate chemotaxis.
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However, the cell distribution analysis itself was often affected by the initial cell loading
and the background non-migrating or flowing cells in the flow-free device. Therefore, we
further developed a digital scoring method to compare the change of cell distribution over
the experiment period in each division with the focus on the sign of change, but not the
absolute change level. Furthermore, we summed up the digitized scores for the left-side
divisions and the right-side divisions and then calculated the difference of the summed
right-side score and the left-side score to enhance the comparison. This Chemotaxis
Score gives the final readout of the analysis. Although this method did not necessarily
reflect chemotaxis strength, it provided a simple way to distinguish random migration
and chemotaxis in a relatively noisy system, as shown by the significantly higher
Chemotaxis Score in IL-8 gradient compared to medium or uniform IL-8 control (Fig.
2.3C). These results are consistent with the manual tracking analysis: the chemotaxis
score for the IL-8 gradient experiment is higher than it for the control experiments;
manual tracking analysis shows that the percentage of chemotaxing cells and chemotactic
index for the IL-8 gradient experiment is higher than it for the control experiments.
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Figure 2.3 Neutrophil chemotaxis analysis in the flow-free device using the UMCAS.
(A) Percentage of the cells migrated towards the gradient by manual cell tracking
analysis; (B) C.I. and speed by manual cell tracking analysis; (C) Automated digital
scoring analysis. The data are presented as average ± SEM. ** indicated that significance
level was p<0.01. A minimum p-value of <0.05 was considered statistically significant.
Five independent experiments were repeated for each condition.
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In addition to the flow-free device, we used the standard “Y” shape flow-based
microfluidic gradient device to test neutrophil chemotaxis in the UMCAS. The results
clearly show neutrophil chemotaxis to the IL-8 gradient (Fig. 2.4). As the background
cells were better controlled in the “Y” shape flow-based device, we were able to perform
automated cell tracking analysis (Fig. 2.4E), allowing more accurate and quantitative cell
migration assessment in the UMCAS. As expected, the cells tend to migrate towards the
flow direction, which is consistent with the literature [100, 208]. The use of a syringe
pump significantly affects the compactness and cost of UMCAS. In this regard, gravity
flow-based devices without the requirement of external pumps have been reported [88].
The automated cell analysis data in the UMCAS can be transmitted to a
smartphone for real-time display within the Bluetooth signal transmission range using the
remote data-monitoring module (Fig. 2.1). This added feature can be useful for
researchers to more flexibly obtain updated experimental results. Further developing this
module by engaging a central server will enable long-range remote data monitoring.
In addition to PDMS microfluidic devices, we fabricated a plastic microfluidic
device using a previously developed craft-cutting method [209]. This method allows easy,
fast and inexpensive device fabrication of flexible designs within 30 min using a desktop
craft-cutter comparing to PDMS devices that require lengthy mask fabrication by
photolithography and subsequent soft-lithography process. Gradient generation and
neutrophil chemotaxis in the craft-cut plastic device were successfully demonstrated
(Appendix A.2).
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Figure 2.4 Cell distribution and tracking analysis of neutrophil chemotaxis in the
“Y” shape device.
Cell image captured by the UMCAS at the 0th min (A) and the 20th min (C) of the
chemotaxis experiment to an IL-8 gradient. Corresponding normalized cell distribution at
the 0th min (B) and the 20th min (D); (E) Cell tracks (normalized to a common origin).
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2.5

Conclusion
In conclusion, the UMCAS integrates all necessary components required for

carrying out microfluidic chemotaxis experiments in a compact manner with the added
features of real-time data analysis and wireless remote data monitoring, thus offering a
full practical solution for microfluidics-based cell migration and chemotaxis analysis
without the requirement of specialized facilities and research skills.
The developed UMCAS system has advantages in ease of operation, portability
and cost efficiency comparing to existing systems. In addition, the UMCAS is compatible
with different customized microfluidic devices (e.g. PDMS and glass devices with both
flow-based and flow-free based gradient generation) and has high potential for further
reduction of system size and cost. The main limitations of the current version of UMCAS
are its low imaging capability (not suitable for high-resolution cell imaging and
quantitative fluorescence microscopy) and simple environment control (no CO2 and
humidity control). These limitations can be readily improved upon further development
of UMCAS. We envision that this developed system will find broad applications in cell
migration and chemotaxis research.
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Chapter 3
A microfluidic platform for evaluating neutrophil chemotaxis
induced by sputum from COPD patients
This chapter is based on the following publications:
“J.D. Wu, C. Hillier, P. Komenda, R. Lobato de Faria, D. Levin, M. Zhang and F.
Lin, A microfluidic platform for evaluating neutrophil chemotaxis induced by sputum
from COPD patients, PLoS ONE, 2015 May 11;10(5):e0126523”.
“J.D. Wu, L.P. Ouyang, M. Zhang, S. Liao, C. Hillier, P. Komenda, R.L. de Faria
and F. Lin, Assessing neutrophil chemotaxis in COPD using a compact microfluidic
system, The 36th Annual International Conference of the IEEE Engineering in Medicine
and Biology Society (EMBC’14), Chicago, U.S.A., August 26-30, 2014.”
This part of work was performed in the middle period of my Ph. D. study. During
that time, I gained enough knowledge of using microfluidic devices to perform the cell
migration experiments. I wanted to further apply these technologies to investigate deeper
biological questions. Meantime, the collaboration between our lab and the local hospital
was established. So I took this opportunity to quantitatively study the relationship
between neutrophil chemotaxis and COPD. We used both a traditional microfluidic
system and the compact system described in Chapter 2 to perform this study. In addition,
we developed an easier and more stable standalone microfluidic gradient generator
compared the one described in Chapter 2. In this study, I performed the experiment,
analyzed the data, and wrote the manuscript for publication.

3.1

Overview
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Chronic Obstructive Pulmonary Disease (COPD) is a common lung disease
characterized by breathing difficulty as a consequence of narrowed airways. Previous
studies have shown that COPD is correlated with neutrophil infiltration into the airways
through chemotactic migration. However, whether neutrophil chemotaxis can be used to
characterize and diagnose COPD is not well established. In this chapter, we developed a
microfluidic platform for evaluating neutrophil chemotaxis to sputum samples from
COPD patients. Our results show increased neutrophil chemotaxis to COPD sputum
compared to control sputum from healthy individuals. The level of COPD sputum
induced neutrophil chemotaxis was correlated with the patient’s spirometry data. The cell
morphology of neutrophils in a COPD sputum gradient is similar to the morphology
displayed by neutrophils exposed to an IL-8 gradient, but not a fMLP gradient. In
competing gradients of COPD sputum and fMLP, neutrophils chemotaxis and cell
morphology are dominated by fMLP.

3.2

Introduction
Neutrophils are the ‘first responders’ to the site of inflammation and play

important roles in the human innate immune system [210]. Chemotaxis, a process
whereby cells migrate toward a chemical concentration gradient, critically mediates
neutrophil recruitment in tissues [211]. The biological mechanisms of neutrophil
chemotaxis are highly complex and involve sophisticated cellular machinery for gradient
sensing and migration [22]. Neutrophils express multiple chemoattractant receptors and
can respond to individual chemoattractant gradients or their combinations [29]. Terminal
chemoattractants, such as fMLP, and intermediate chemoattractants, such as IL-8, trigger
hierarchical chemotactic signaling and define distinct migration characteristics in
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neutrophils [212]. IL-8 can induce bi-directional migration of neutrophils in a dosedependent manner [30]. Furthermore, spatiotemporal variations of IL-8 gradient profiles
result in different migratory responses of neutrophils [30]. Taken together, neutrophil
chemotaxis is coordinated by complex environmental factors. Changes of these factors
can modulate cell migration patterns and their associated physiological outcomes.
Indeed, disorders of neutrophil chemotaxis are associated with various diseases
such as asthma, chronic obstructive pulmonary disease (COPD), sepsis, diabetes, and
kidney failure [28, 196, 213-215]. Among them, COPD is one of the most common lung
diseases resulting from narrowed airways that cause breathing difficulty [188]. Longterm exposure of lungs to noxious particles or gases, such as cigarette smoke, is
considered to be the main cause for COPD [188]. In 2002, COPD was the fifth leading
cause of death worldwide and the World Health Organization (WHO) has predicted that
COPD will become the third leading cause of death by 2030 [93]. Spirometry, which
measures the ratio of the forced expiratory volume in the first second to the forced vital
capacity (FEV1/FVC), is the current "gold standard" for COPD diagnosis [189]. The
main limitation of spirometry is that it requires patient cooperation, which can be difficult
for patients with severe conditions, or if the patients are unable to follow the procedures
[94]. Secretions of chemotactic factors such as IL-8 and LTB4 in the airways recruit
neutrophils, leading to inflammation and tissue damage [160, 194-197]. Neutrophil
chemotaxis induced by sputum of COPD patients has been demonstrated in vitro, and is
associated with COPD progression [199]. Measurement of neutrophils, or the level of
chemotactic factors responsible for recruiting neutrophils, in the patient’s sputum have
been proposed as new diagnostic markers for COPD [196]. Thus, it is of great interest to
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further assess neutrophil chemotaxis to the sputum of COPD patients as a means of
diagnosing COPD at the cellular function level.
Previous neutrophil chemotaxis studies in COPD were based on traditional cell
migration assays, such as the transwell assay and the under-agarose assay [160, 198].
Variations among these cell migration assays, and their common limitation in gradient
control, has made it difficult to obtain reliable chemotaxis measurements, and in some
cases has lead to contradictory results [199, 216]. Clinical factors such as the patient’s
medical history and condition, methods of sample acquisition and processing, and the
choice of control reference further complicate the interpretation of the chemotaxis results.
Microfluidic devices provide a powerful new experimental tool for quantitative single
cell migration and chemotaxis analysis owing to their ability to configure well-defined
chemical concentration gradients, as well as having advantages in miniaturization, low
reagent consumption, real-time visualization of cell migration, and high throughput [10,
13, 105, 217-219]. Indeed, microfluidic devices have been widely used for studying
neutrophil migration and chemotaxis [13]. In addition to research applications to better
understand the biological mechanisms underlying neutrophil chemotaxis [22, 32], several
studies have reported the use of microfluidic devices for testing neutrophil chemotaxis
with clinical samples for different disease models such as burn injury and chronic
inflammation [26, 147]. Most recently, a microfluidic system was successfully used to
rapidly test neutrophil chemotaxis from a drop of blood for asthma diagnosis [219].
In the present study, we developed a new microfluidic platform for evaluating
neutrophil chemotaxis to the sputum samples from COPD patients. This platform allowed
us to quantitatively characterize COPD sputum induced neutrophil chemotaxis.
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Furthermore, we employed this system to assess the potential of neutrophil chemotaxis as
a new clinical measure for COPD that may enable future point-of-care applications.

3.3

Materials and methods

3.3.1 Sputum sample preparation
Ethics approval for obtaining sputum samples from COPD patients and healthy
subjects (Protocol number: J2012:140) was granted by the Joint-Faculty Research Ethics
Board at the University of Manitoba. Informed consent form was obtained from all
participants. Spontaneous sputum samples were collected from COPD patients (based on
spirometry and physician diagnosis) and healthy control subjects at the Seven Oaks
General Hospital in Winnipeg, Manitoba, Canada. For this initial proof-of-concept study,
sputum samples from a small cohort of total 5 COPD patients and 5 healthy control
subjects were used. The clinical descriptors of the participants are summarized in Table
1. The sputum samples were transferred to 1.5mL Eppendorf tubes and mixed with an
equal volume of 0.1% dithiothreitol (Fisher Scientific). The samples were vortexed and
placed in a water bath at 37 °C for 15minutes (min) to homogenize them. The samples
were then centrifuged at 2800rpm for 10min. The supernatants were collected and
centrifuged again at 3000rpm for 5min to completely remove cellular components. The
supernatants were stored at -80 °C before use. The supernatants were diluted by 10X in
migration medium (RPMI-1640 with 0.4% BSA) for chemotaxis experiments.
3.3.2 ELISA for measuring IL-8 concentration in sputum samples
The IL-8 concentration in the sputum samples was measured using a commercial
ELISA kit (Cedarlanelabs, ON) and a multi-plate reader at 450nm (Synergy 4 HT). Each
sputum sample was assayed in duplicate.
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3.3.3 Neutrophil preparation
To reduce the variation of neutrophils among different donors, we used the
neutrophils from one third-party healthy blood donor for each set of cell migration
experiments. Ethics approval for obtaining blood samples from healthy human donors
(Protocol number: J2009:030) was granted by the Joint-Faculty Research Ethics Board at
the University of Manitoba. Informed consent form was obtained from all participants.
Peripheral blood mononuclear cells (PBMCs) were removed using standard gradient
centrifugation method. The remaining contents of the blood samples after PBMCs
removal were mixed with Dextran-500, which partially separates the red blood cells
(RBCs) to the bottom portion of the blood sample. The neutrophil enriched upper portion
of the blood sample was transferred to a new tube and RBCs in the sample were further
removed using a RBC lysis buffer (BioLegend, CA). Isolated neutrophils were washed
with RPMI-1640 for 2 times and re-suspended in RPMI-1640 medium before
experiments. Neutrophils were used for experiments within 8 hours (hrs) after isolation.
3.3.4 Microfluidic device preparation
The microfluidic device was fabricated in Polydimethylsiloxane (PDMS) (Dow
Corning, MI) using the standard photolithography and soft-lithography methods. Briefly,
the device pattern was designed in Freehand (Macromedia) and the design was printed to
a transparency film as the photomask. The design was then patterned in SU-8 photoresist
(MicroChem, MA) on a silicon wafer by UV exposure through the photomask. The
photoresist pattern was used as a positive mold to make PDMS replicas. Holes (5mm
diameter) were punched out of PDMS as solution wells and the outlet. The cell migration
channel is 350µm in width and 100µm in height. The PDMS replica was then plasma
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bonded to a glass slide. The microfluidic device was coated with fibronectin (0.25
mg/mL, BD Biosciences, MA) for 1 hr followed by a 0.4% BSA blocking step for
another hour at room temperature to prevent non-specific binding.
3.3.5 Chemotaxis experiment setup
After seeding neutrophils onto the fibronectin-coated microfluidic channel, the
two inlet wells of the device were filled with 100 µL of chemoattractant-containing
migration medium and the migration medium alone (RPMI-1640 with 0.4% BSA)
respectively. Then the outlet well was emptied. The pressure difference between the inlet
and outlet wells establishes flows of the solutions from the inlet wells into the channels.
Mixing of the flows generates a gradient of chemoattractant in the microfluidic channel
(Fig. 3.1A & 3.1B). The gradient was calibrated by adding FITC-Dextran 10 kDa to one
of the solutions and measuring the fluorescent profile. The device was placed under an
inverted microscope (Nikon Ti-U) with an environmental control enclosure chamber
(InVivo Scientific) to maintain the temperature of the microscope stage at 37 °C.
Differential interference contrast (DIC) time-lapse images of cell migration were
captured every 10 seconds (s) for 15-20 min.
3.3.6 Data analysis
3.3.6.1 Cell migration analysis
The neutrophil migratory behaviors in different conditions were analyzed by
previously established manual tracking methods [10]. Specifically, the individual cell
trajectories were obtained using the “Manual Tracking” plug-in in NIH ImageJ. The
movement of cells was quantitatively evaluated by 1) C.I., which is the ratio of cell
displacement toward the gradient to the total migration distance; and 2) the average speed
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(V), calculated as the ratio of total migration distance to the experiment period. At least 3
independent experiments were performed for each condition and at least 50 cells were
tracked for each experiment.
3.3.6.2 Cell morphology analysis
We calculated the cell’s aspect ratio using Fiji, an image processing package for
ImageJ. Briefly, the cell boundary was segmented, and the best fitting ellipse of the cell
boundary was calculated. The aspect ratio was calculated as the ratio of the major axis to
the minor axis of the best fitting ellipse.
All parameters are presented as the average value ± SEM. Statistical analyses
were performed with Student's t-test (for two samples) and ANOVA (for more than two
samples). p < 0.05 (*) is considered significantly different.

3.4

Results

3.4.1 Development of a simple microfluidic chemotaxis device
A simple microfluidic device was developed for rapid and quantitative test of
neutrophil chemotaxis in this study (Fig. 3.1A). The following features of this device
make it suitable for chemotaxis testing in this study: 1) This device generates controlled
and stable chemical gradient based on continuous laminar flow mixing in the main
gradient channel. The gradient generation principle is similar to the previously
characterized “Y” shape microfluidic gradient generator [10]; 2) This device does not
require external pumps for fluid infusion. The flows are maintained by the pressure
difference between the source inlet wells and the outlet well. Thus, this standalone device
allows simple experiment setup, rapid gradient generation and chemotaxis testing; and 3)
Similar to a previously reported design [88], this device uses a pressure balance zone to
78

stabilize the flows from different source inlet wells. This design makes the downstream
gradient generation insensitive to the variation in solution volume of the source inlet
wells. Therefore, the requirement of assay operation accuracy is reduced. Compared to
the previous design that uses a complicated downstream network of microfluidic
channels, the current design is significantly simplified by using simple zigzag channels
before and after the pressure balance zone. This design allows faster gradient generation.
We monitored the gradient stability in the main gradient channel by measuring the
fluorescent intensity profile of FITC-dextran over 2 hrs. Our results show that a gradient
was generated within the first minute after adding the solutions to the source inlet wells
and was stable over the 2 hr period, which is sufficient for the neutrophil chemotaxis
experiment (Fig. 3.1B). When a known chemoattractant, or the supernatant of a COPD
patient sputum, was added to one of the inlet wells, it generated a chemoattractant
gradient in the downstream gradient channel. Our results show clear neutrophil
chemotaxis to the gradient (Fig. 3.1C & 3.1D). The chemotaxis results will be described
in the following sections.
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Figure 3.1 Illustration of the microfluidic device for testing neutrophil chemotaxis.
(A) Illustration of the microfluidic gradient generator with a pressure balance zone. Red
and blue dyes were injected into the device for visualization of the channels; (B) The
fluorescent image of the FITC-Dextran gradient in the mirofluidic channel and the
corresponding gradient profiles at different time points; (C) A representative image of
neutrophils in a COPD sputum gradient in the microfluidic channel at the end of the
20min migration experiment; (D) The corresponding cell tracks for the experiment in
(C).
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3.4.2 Characterizations of neutrophil chemotaxis to known chemoattractants using
the microfluidic device
We validated the developed microfluidic device by testing neutrophil chemotaxis
to single and competing gradients of recombinant chemoattractants IL-8 (10 nM) and
fMLP (100 nM). These selected IL-8 and fMLP concentrations were demonstrated to
induce neutrophil chemotaxis and a clear dominating effect of fMLP over IL-8 in
directing neutrophil migration in competing gradients of these two chemoatttractants [29,
32, 177]. In single IL-8 or fMLP gradients, neutrophils showed strong chemotaxis
towards the gradient as measured by the C.I. (Fig. 3.2A). In competing gradients of IL-8
and fMLP that were configured in the opposite directions, neutrophils preferentially
migrated towards fMLP (Fig. 3.2A). This result is consistent with previous reports that
demonstrated the dominant neturophil chemotaxis toward fMLP over IL-8 [177], and the
underlying signaling hierarchy of fMLP over IL-8 in directing neutrophil chemotaxis
[212]. The migration speed was comparable in all conditions (Fig. 3.2A).
In addition to directionality and motility measurements of neutrophil migration,
we further compared the morphology of chemotaxing cells in different IL-8 and fMLP
gradient conditions. In single IL-8 gradient, cells displayed a narrower cell front and an
elongated tail (Fig. 3.2B). By contrast, in single fMLP gradients, cells displayed a wide
cell front without clear formation of a tail (Fig. 3.2B). These observations are consistent
with the previous reports in the literature [220]. Consistently, in competing gradients of
IL-8 and fMLP, the cell morphology was similar to those displayed in single fMLP
gradients (Fig. 3.2B). The cell morphological difference was characterized by the aspect
ratio measurement (Fig. 3.2C).
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Considering all the data, the microfluidic device was successfully validated with
respect to measuring neutrophil chemotaxis in different gradient conditions with
satisfying fidelity.
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Figure 3.2 Neutrophil migration in different IL-8 and fMLP fields in the
microfluidic device.
(A) C.I. and migration speed in different IL-8 and fMLP fields; (B) Representative
images of cell morphology in different IL-8 and fMLP fields; (C) Aspect ratio of cells in
different IL-8 and fMLP gradients. Positive C.I. indicates cell migration towards the
chemoattractant source labeled on the top; negative C.I. indicates cell migration towards
the chemoattractant source labeled at the bottom.
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3.4.3 Characterizations of neutrophil chemotaxis to sputum from COPD patients
and healthy control subjects using the microfluidic device
We then used the microfluidic device to test neutrophil chemotaxis to sputum
from COPD patients versus healthy control individuals. Our results showed that single
COPD sputum gradients and single healthy control sputum gradients induced strong
neutrophil chemotaxis as measured by the C.I. (Fig. 3.3A). The levels of C.I. generated in
response to the COPD sputum gradients were significantly higher compared with the
levels of C.I. generated by the healthy control sputum gradients (Fig. 3.3A). The
migration speed is comparable (Fig. 3.3A). These results suggest that neutrophil
chemotaxis to a sputum gradient measured in our microfluidic device can distinguish
COPD patients and healthy control subjects.
We further tested neutrophil chemotaxis in competing gradients of fMLP versus
sputum from COPD patients or healthy control individuals. In competing gradients of
fMLP and the COPD sputum, neutrophils preferentially migrated towards the fMLP
gradient (Fig. 3.3A). Similarly, in competing gradients of fMLP and the healthy control
sputum, neutrophils also preferentially migrated towards the fMLP gradient (Fig. 3.3A).
The migration speeds were comparable (Fig. 3.3A). Following the same analysis method
as in the previous section, we compared the cell morphology in different sputum
gradients. Our results revealed that the cell morphology in single COPD or healthy
control sputum gradients was similar to the morphology of cells in IL-8 gradients (Fig.
3.3B). In competing gradients of fMLP and sputum (COPD or healthy control), the cell
morphology was similar to that of cells exposed to single fMLP gradients (Fig. 3.3B).
The cell morphology differences in different gradient conditions were quantitatively
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characterized by measuring the cell’s aspect ratio (Fig. 3.3C). Collectively, these results
suggest that neutrophil chemotaxis to sputum may be induced by different levels of
tissue-derived chemoattractants such as IL-8 in the sputum. Consistently,

ELISA

measurements showed significantly higher IL-8 levels in COPD sputum than that in the
healthy control sputum (i.e. average 3.58 ± 0.41 times higher), which is in conceptual
agreement with previous reports in the literature [196].
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Figure 3.3 Neutrophil migration in different sputum (COPD or healthy control) and
fMLP fields.
(A) C.I. and migration speed in different sputum and fMLP fields; (B) IL-8 concentration
in COPD sputum (n=3) and healthy control sputum (n=3); (C) Representative images of
cell morphology in different sputum and fMLP fields. (D) Aspect ratio of cells in
different sputum and fMLP gradients. Positive C.I. indicates cell migration towards the
chemoattractant source labeled on the top; negative C.I. indicates cell migration towards
the chemoattractant source labeled at the bottom.
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3.4.4 Characterizations of neutrophil chemotaxis to sputum from COPD patients
and healthy control subjects using the compact microfluidic system
In addition to use the traditional microfluidic system to test the clinical samples,
we then applied the previously developed USB microscope-based Microfluidic
Chemotaxis Analysis System (UMCAS) (Details in Chapter 2) to assessing neutrophil
chemotaxis in COPD (Fig. 3.4A & 3.4B). Our results showed that UMCAS is effective
for measuring neutrophil chemotaxis to sputum sample from COPD or healthy control
patients. The sputum from both COPD patients and healthy control patients induced
neutrophil chemotaxis (Fig. 3.4C & 3.4D). C.I. is relatively higher for COPD sputum
induced neutrophil chemotaxis than it induced by healthy control sputum (Fig. 3.4D).
The cell speed is more comparable under both conditions (Fig. 3.4D). The comparison of
C.I. and cell speed between COPD and healthy control using the compact system is
consistent with those using the traditional microscope described in section 3.4.3. Because
of the limited resolution of the UMCAS, we didn’t compare the cell morphology. The
current results demonstrated the practical use of UMCAS for clinically-oriented research
while further efforts are required to assess the potential of neutrophil chemotaxis as a
clinical biomarker at the cellular function level for COPD.
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Figure 3.4 Illustration of neutrophil chemotaxis in COPD using a compact
microfluidic system.
(A) A picture of UMCAS; (B) An example of microfludic chemotaxis device and the
cell image; (C) Cell tracks in the COPD sputum gradient from one representative
experiment using UMCAS; (D) Comparison of Chemotaxis Index and migration speed
between COPD and healthy control from all experiments. *, indicates that the
significance level was p < 0.05.
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Finally, we attempted to search for possible correlations between different
neutrophil chemotaxis parameters (i.e. C.I. and the migration speed), and between the
neutrophil chemotaxis parameters and the conventional COPD diagnosis parameter (i.e.
the spirometry data). The clinical descriptors and chemotaxis measurements for the
COPD patients in this study are summarized in Table 3.1. Our results show no
correlation between C.I. and the speed for cells in the same experiment (Fig. 3.5A) or for
different COPD patients (Fig. 3.5B & Table 3.1). Interestingly, 4 out of the total 5
COPD patients showed clear correlation between C.I. and FEV1/FVC (R=0.93) (Fig.
3.5C). Specifically, increased C.I. is correlated with decreased FEV1/FVC. The patient
who did not follow this correlation has a younger age, a low FEV1/FVC as well as a low
C.I. However, no correlation between the cell migration speed and FEV1/FVC is found
(Fig. 3.5D).
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Figure 3.5 Correlations between neutrophil chemotaxis parameters and spirometry
data.
(A) No correlation is found between C.I. and migration speed in COPD sputum gradient
from a single representative experiment; (B) No correlation is found between C.I. and
migration speed from different COPD sputum samples; (C) Correlation between C.I. and
FEV1/FVC. The dashed ellipse highlights the data with significant correlation; (D) No
correlation is found between the migration speed and FEV1/FVC. The error bars indicate
SEM.
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Table 3.1 The clinical descriptors and the chemotaxis measurements of the COPD
patients and healthy control subjects in this study.
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3.5

Discussion
Previous microfluidics-based clinical studies focused only on testing the changes

in the migration and chemotaxis of a patient’s neutrophils to defined chemoattractants as
a result of disease [199, 216]. In this study, and for the first time, we established an
effective microfluidic platform for quantitative analysis of neutrophil chemotaxis to
COPD sputum samples. This is also the first time that clinical samples from chronic
disease patients were used as chemoattractant source for microfluidics-based chemotaxis
studies. Therefore, our results better reflect the migration and chemotaxis properties of
neutrophils under pathological conditions.
Furthermore, our test results provide quantitative evidence, at the single cell level,
for significantly different levels of neutrophil chemotaxis to sputum from COPD patients
versus healthy control subjects. Our data also provide a range of quantitative
characterizations of neutrophil migration and chemotaxis to COPD sputum, including
directionality, motility, and cell migratory morphology. In addition to directly
quantifying neutrophil chemotaxis to sputum, competition of sputum and defined
chemoattractants in directing neutrophil migration provides another complementary
measurement. These results offer a panel of quantitative descriptors based on neutrophil
chemotaxis to discriminate COPD and non-COPD samples, and suggest the important
chemotactic factors in the sputum sample responsible for neutrophil chemotaxis.
In contrast to an intriguing earlier study that studied neutrophil chemotaxis for
asthma diagnosis using a microfluidic device [219], our results show an interesting
correlation between the C.I. of neutrophils to the sputum versus spirometry data of COPD
patients. This suggests a possible correlation between neutrophil chemotaxis and the
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severity of COPD, and the potential of using the chemotaxis characteristics to identify
COPD in a particular stage. Further testing with a larger cohort is required to clarify this
correlation. In addition, it will be very interesting to investigate the potential diagnostic
value of this new microfluidics-based test by correlating neutrophil chemotaxis to the
patient’s medical history, such as the exacerbation record to improve disease group
classification, risk prediction, and treatment strategy [221].
Microfluidic analysis of neutrophil chemotaxis has been recently demonstrated
for successful diagnosis of asthma [219]. Our study provides another example of
successful use of a microfluidic platform for diagnosis of inflammatory lung disease, by
assessing neutrophil chemotaxis. These two studies suggest the promise of new
biomarkers at the cellular function level for disease diagnosis and monitoring. On the
other hand, microfluidic cell analysis often requires specialized research facilities, such
as microfabrication and live cell microscopy labs, as well as highly-skilled personnel to
perform the experiments and analyze the data. These requirements present significant
challenges for adopting microfluidic methods for a routine test in clinical settings. To
overcome these limitations, recent studies have demonstrated the promise of practical
point-of-care applications based on microfluidic chemotaxis analysis [147]. In this
direction, on-chip capture of neutrophils directly from a drop of blood, based on specific
antibody or adhesion molecules for recognizing neutrophils, has been demonstrated [161,
222]. The captured cells can be directly used for chemotaxis analysis in the same
microfluidic chip, which significantly reduces the current lengthy process for cell
isolation and requires only minimal amounts of blood for each test. Pump-free standalone
microfluidic gradient devices have been employed to minimize the requirement of
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external instrument controls, such as syringe pumps or other pressure sources. The
microfluidic gradient generator used in this study provides highly controlled flow-based
chemical gradients without external fluid perfusion instrument. It has the advantage in
fast generation of stable gradients compared with free diffusion-based standalone
microfluidic gradient devices [13, 101]. The relatively simple and compact design of this
device has the scaling potential to enable high-throughput tests on a single chip by
integrating multiple test units in parallel. In addition, various image analysis methods
have been developed to allow automated single cell tracking analysis, thus eliminating
the need for lengthy and laborious post-experiment tracking analysis and permit instant
result report [147].
To ultimately enable point-of-care test, the entire microfluidic system including
microfluidic device, gradient generation and calibration, on-chip cell capturing,
environmental control, chemotaxis experiment, image acquisition and automated data
analysis and result reporting should be integrated to meet the requirements in portability,
cost factor, ease-of-operation and reliability for clinical use. Toward this direction, we
have previously reported a compact microfluidic chemotaxis analysis system (i.e.
UMCAS) with most of the above listed features and demonstrated its effective use for
measuring neutrophil chemotaxis to an IL-8 gradient [223]. This UMCAS system was
effectively used to test neutrophil chemotaxis to sputum samples and the results are
consistent with the results in this study using traditional microscopy. Therefore, the
microfluidic chemotaxis system has the potential for on-site clinical COPD diagnosis.
In the current study, we used neutrophils from a third-party healthy blood donor
to compare their chemotaxis to different sputum samples from CODP or non-COPD
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patients. It has also been reported that neutrophil from COPD patients in different stages
will have different chemotaxis behaviors [199]. Similar effect was also reported in other
neutrophil chemotaxis mediated lung diseases such as asthma [224]. Therefore,
chemotaxis

of

neutrophils

from

COPD

or

non-COPD

patients

to

relevant

chemoattractants such as IL-8 and LTB4 should be compared. It will also be important to
further compare chemotaxis of neutrophils from COPD or non-COPD patient to their
own sputum samples, which will determine if there is any patient specific response.
Previous studies using conventional cell migration assays have also showed that
neutrophil chemotaxis to the sputum from COPD patient with A1AD is higher comparing
to the sputum from non-A1AD COPD patients [198]. The developed microfluidic method
can be readily used to quantitatively assess the effect of A1AD under better controlled
experimental conditions, which may enable discrimination of COPD patients with or
without genetic disorders.
In conclusion, our study demonstrated for the first time successful use of a
microfluidic system for assessing neutrophil chemotaxis to clinical samples from COPD
patients, and suggested the potential of this new method to assist COPD diagnosis and
monitoring at the point-of-care.
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Chapter 4
An all-on-chip method for testing neutrophil chemotaxis
induced by fMLP and COPD patient’s sputum
This chapter is based on the following manuscript: “J.D. Wu, C. Hillier, P.
Komenda, R. Lobato de Faria, S. Santos, D. Levin, M. Zhang and F. Lin, An all-on-chip
method for testing neutrophil chemotaxis induced by fMLP and COPD patient’s sputum,
Technology, accepted 2016”.
This part of the work was performed during the last two years of my Ph. D. study.
In all the previous experiments, we separated the cells using the traditional centrifugation
method, which is a lengthy and complex process. In order to enable the on-chip
neutrophil isolation from few volumes of whole blood, I have tried several methods
including using P-selectin as capture molecules and using DI water to lyse the RBCs and
lymphocytes in a short time while neutrophils are still alive. None of these methods gave
satisfactory results. Then in the autumn of 2014, we got a new magnetic neutrophil
isolation kit for negative neutrophil selection directly from whole blood (EasySep Direct).
I wondered if we could integrate this kit into our microfluidic device to enable neutrophil
isolation and chemotaxis in a same chip. This idea was successfully validated in this
paper. I performed the experiments, analyzed the data, and wrote the manuscript for
journal publication.

4.1

Overview
Neutrophil migration and chemotaxis is a fundamentally important biological

process and has direct relevance to various health problems. Microfluidic devices provide
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useful experimental tools for quantitative analysis of neutrophil chemotaxis in controlled
microenvironments. However, such experiments often require specialized research
facilities and lengthy cell preparation from large amount of blood. In this chapter, we
report a new, yet simple, all-on-chip method for magnetic isolation of untouched
neutrophils directly from small volumes of blood, followed by chemotaxis testing on the
same microfluidic device. Furthermore, we incorporated a cell-docking structure to the
microfluidic device for better control of the cells’ initial positions before the chemotaxis
test and for improved data analysis. The whole experiment can be done in less than 25
minutes. We successfully validated this method by testing neutrophil chemotaxis to both
purified chemoattractant (i.e. fMLP) and clinical samples (sputum from patients with
Chronic Obstructive Pulmonary Disease). Thus, the “all-on-chip” method can be a useful
tool for research and clinical applications that require rapid and accurate chemotaxis
testing of untouched neutrophils.

4.2

Introduction
Directional cell migration plays important roles in many biological processes and

diseases such as host defense, tissue generation and metastactic cancers [5, 200, 201].
Among the various environmental guiding mechanisms [17, 171], chemical gradient can
direct the migration of different cell types by chemotaxis. Neutrophils are an important
type of white blood cells that play a crucial role in host defense. Its immune functions
rely critically on chemotaxis [225]. Neutrophils are a well-established cell model for
studying cell migration and chemotaxis [17, 22], and neutrophil chemotaxis has been
targeted for disease oriented research [26, 219, 226] . Traditionally, neutrophils are
isolated by density gradient centrifugation based method [227], which is time-consuming,
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requires large amounts of blood, and can cause cell activation and damage. Magnetic cell
isolation method can further enrich neutrophils from the polymorphonuclear (PMN)
fraction of the blood [228]. However, the magnetic method typically still requires
centrifugation and has higher reagent cost. Nevertheless, traditional neutrophil isolation
methods are widely used for different cell migration assays.
Compared with conventional cell migration assays, microfluidic devices provide
useful experimental tools for quantitative cell migration and chemotaxis analysis in wellcontrolled chemical gradients [13]. Various microfluidic gradient devices have been
developed and applied to neutrophil chemotaxis analysis [13]. In particular, several
studies have demonstrated neutrophil migration testing directly from blood by integrating
on-chip neutrophil isolation with adhesion-based neutrophil capturing or geometric
confinement [161, 219, 229]. Recently, a new magnetic neutrophil isolation kit for
negative neutrophil selection directly from whole blood has been developed (EasySep
Direct) [230]. In this study, our primary objective was to integrate the EasySep Direct kit
with a microfluidic device for all-on-chip neutrophil chemotaxis testing directly from
blood. The useful features of this method include: 1) isolation of neutrophils at high
purity directly from whole blood; 2) the enabling of rapid neutrophil chemotaxis
experiments directly from a small amounts of blood using small volumes of cell isolation
reagents; and 3) the enabling of on-chip chemotaxis testing using negatively selected
neutrophils, which avoids possible activation and damage during traditional cell isolation
processes. Two types of microfluidic devices were developed in this study. A previously
reported microfluidic gradient generator (i.e. type I device) [226] was adapted to validate
the cell isolation method. The type II device integrated a cell-docking structure so that the
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cells are aligned next to the gradient channel and therefore the subsequent cell migration
in response to the applied chemoattactant gradient can be easily and more accurately
quantitated. To validate this method, we tested neutrophil chemotaxis to fMLP, a wellknown neutrophil chemoattractant, and to sputum from patients with COPD, which has
been shown to attract neutrophils [160].

4.3

Materials and methods

4.3.1 Microfluidic device preparation
The preparation of the microfluidic chemotaxis device has been previously
described [226]. Briefly, the master of the microfluidic device was fabricated using the
standard photolithography method. Two types of master were fabricated. The type I
device was fabricated using a single layer photolithography method. The pattern was
designed using AutoCAD software and printed onto a transparency film as the
photomask. SU-8 photoresist (~ 60 µm thick) was spin coated on a silicon wafer. The
pattern design was transferred to the photoresist by UV-exposure through the photomask.
The type II device with the cell-docking structure was fabricated using a two-layer
photolithography method [231]. A first layer of SU-8 (~ 4 µm) pattern was fabricated on
the silicon wafer. Then another layer of SU-8 (~ 60 µm thick) pattern was aligned on the
top of the first layer. The polydimethylsiloxane (PDMS) replica of the pattern was
fabricated by the standard soft-lithography method [226]. Holes (4 mm diameter) for the
two chemical inlet wells and one outlet well were punched out of the PDMS replica.
Then the PDMS replica was plasma bonded to a glass slide to complete the microfluidic
device assembly. The thin ~ 4 µm channel in the type II device was designed to pattern
cells by preventing cells from entering the gradient channel before the gradient is applied.
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The microfluidic channel was coated with fibronectin for one hour followed by BSA
blocking for another hour in room temperature before cell migration experiments.
4.3.2 Collection of sputum and blood samples
The sputum samples from COPD patients were collected at the Seven Oak
General Hospital in Winnipeg Manitoba (Canada). Research Ethics Board approval was
obtained from the University of Manitoba. Supernatant from the sputum was prepared
following the protocol as described previously [226]. The supernatant was used as
chemoattractants for neutrophil chemotaxis experiments. Blood samples from healthy
donors were collected at the Victoria General Hospital in Winnipeg under a separate
approved human research ethics protocol.
4.3.3 On-chip cell isolation, cell migration experiment and analysis
The type I microfluidic device and the experimental procedures for the all-on-chip
neutrophil chemotaxis testing are illustrated in Fig. 4.1. The microfluidic device follows
the same design we reported previously [226], but the area near the outlet was specially
shaped to allow easy attachment of the magnets. The serpentine input channel in each
side is 60 mm long and 200 µm wide. The gradient channel is ~6mm long and 350 µm
wide. This device allows rapid generation of chemical gradient in the microfluidic
channel for chemotaxis experiments in a pump-free manner.
For on-chip neutrophil isolation, 10 µL of whole blood was added into a 1.5 mL
Eppendorf tube. Then 2 µL of antibody cocktail and the magnetic particles (Ab-MP)
from the neutrophil isolation kit for negative neutrophil selection (EasySep™ Direct
Human Neutrophil Isolation Kit, STEMCELL) were added to the tube and mixed with
the blood. The blood-Ab-MP mixture was incubated at room temperature for 5 minutes.
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Two small magnetic disks (5 mm diameter and 1 mm thick (CAT# 44202-1, Indigo
Instruments) were vertically attached to the two sides of the outlet well. The medium in
the inlet and outlet wells was aspirated before loading the blood-Ab-MP mixture. Two
microliters of the blood-Ab-MP mixture was loaded to the center of the outlet well using
a pipette tip. The magnetically-conjugated cells moved to the side walls of the outlet well,
driven by the magnetic force, while neutrophils were free to enter and settle on the
fibronectin-coated gradient channel. Then chemoattracatant solution (prepared in RPMI1640 with 0.4% BSA) and the medium were added to the inlet wells. Two
chemoattractant solutions were used: 1) 100nM fMLP; 2) 10X diluted supernatant of the
sputum from COPD patients. Because of the pressure difference between the inlets and
outlet of the gradient channel, the solutions flowed into the gradient channel and a
concentration gradient of the chemoattractant was generated based on laminar flow
mixing. FITC-Dextran 10kDa (Sigma-Aldrich, MO; final concentration 5 μM in RPMI1640) was added to the chemoattractant solution to verify gradient formation by
measuring the fluorescent intensity profile in the channel. At this point, the magnets were
removed from the device, and flow prevented cells in the outlet well from entering the
channel.
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Figure 4.1 Illustration of the all-on-chip method for neutrophil chemotaxis analysis
using the type I device.
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The type II device is illustrated in Fig. 4.2. The dimensions of the gradient
channels are similar to the type I device except the width of the gradient channel of the
type II device is 280 µm. The gradient generation method and cell isolation procedures
were similar to those described for the type I device. To test the stability of the gradient,
we measured the fluorescence intensity profile of FITC-Dextran in the gradient channel.
The results showed stable gradient profile over an hour, which is sufficiently long for the
cell migration experiment in this study (Fig. 4.2E). Instead of isolating cells from the
outlet as in the type I device, the magnetic cell isolation takes place through a separate
cell-loading port and channel on one side of the gradient channel. The cell-loading
channel connects to the cell-docking region. All the inlets and outlet were emptied before
loading the blood. However, medium remains inside the cell loading channel and the
bottom of the cell loading port. A few microliters of blood-Ab-MP mixture was added to
the cell loading port and mixed with the medium. The isolated neutrophils flowed into the
cell docking region driven by the pressure flow between the cell loading port and the
gradient channel inlets/outlet. The cells were trapped and aligned next to the gradient
channel in the cell-docking regions because of larger cell size comparing to the ~4 μm
high docking channel.
Cell migration was recorded by time-lapse imaging at 6 frames per minute using a
Nikon Ti-microscope with an environmental control chamber to maintain the temperature
at 37 C throughout the experiment. After the experiments, 10-100 individual cells from
the time-lapse images for each experiment were tracked to calculate quantitative cell
migration parameters including C.I. and migration speed using the established method
[10]. C.I. is the ratio of cell displacement toward the gradient to the total migration
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distance. The migration speed is the ratio of total migration distance to the experiment
period. The cell morphology analysis was performed by measuring the aspect ratio
following the previously described method [226]. Basically, the aspect ratio was
calculated as the ratio of the long axis and short axis of the best fitting ellipse of the cell
contour. Because the cells were patterned with the same starting position relative to
gradient in the type II device, we analyzed the cell migration distance along the direction
of the gradient into the gradient channel as a measure of chemotaxis.
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Figure 4.2 Illustration of the all-on-chip method for neutrophil chemotaxis analysis
using the type II device.
(A) Illustration of the type II device; (B) The enlarged view of the cell-docking structure;
(C) The dimension of the gradient channel and the cell-docking structure (unit: µm); (D)
The image of patterned cells before and after applying the gradient; (E) The gradient
profile at different time points in type II device. Note the 0th min indicates a few minutes
after the medium and the chemoattractant solution were added to the inlets.
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4.3.4 Cell staining and imaging
Cells (isolated by the on-chip method) in the microfluidic channel were fixed with
methanol and then stained by 1:20 diluted Giemsa stain solution (Rowley Biochemical)
[232]. Then the stained cells were washed with deionized water and imaged by an
inverted light microscope. In a separate experiment, cells (isolated by the on-chip
method) in the microfluidic channel were stained with FITC-conjugated anti-CD66b
antibody (CAT# 10419, STEMCELL) for cell surface CD66b expression followed by 2X
PBS wash and imaging with a fluorescence microscope.
4.3.5 Statistical analysis of the data
At least three independent experiments were performed for each condition for all
experiments. All parameters are presented as the average ± SEM. Statistical analyses
were performed using Student's t-test. p < 0.05 (*) was considered significantly different.

4.4

Results

4.4.1 Characterizations of on-chip neutrophil isolation
First, we verified that without using the microfluidic device, the EasySep Direct
kit enabled isolation of polymorphonuclear (PMN) cells at high purity (i.e. >95%) from
larger volumes of blood, as shown by the standard flow cytometric analysis (Fig. 4.3A).
Next, we validated the on-chip method by on-chip Giemsa staining (Fig. 4.3B) and
CD66b staining (Fig. 4.3C). The Giemsa staining showed typical ring-shaped and lobeshaped nuclei feature of the neutrophils. The CD66b staining also showed positive result.
These results suggested that the on-chip isolation method enabled effective isolation of
PMN cells at high purity (near 100%) from much smaller volumes of blood. Because the
on-chip method starts from very small volumes of blood, the amount of isolation reagent
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is also significantly reduced (i.e. 25-fold less than the standard bulk isolation with the
EasySept Direct kit), while still providing enough cells for the subsequent chemotaxis
experiments in the same device. The whole on-chip cell isolation can be completed in
less than 10 minutes.
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Figure 4.3 Validation of cell isolation.
(A) Forward Scatter (FSC) vs Side Scatter (SSC) plot from flow cytometry shows high
purity of PMN cells by standard bulk cell isolation using the EasySep Direct kit; (B)
Giemsa staining images (60X) of the cells in the microfluidic channel isolated using the
on-chip method; (C) DIC images, CD66b-FITC staining images and merged images
(10X) of the cells in the microfluidic channel isolated using the on-chip method.
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4.4.2 Direct on-chip testing of neutrophil migration to fMLP and sputum from
COPD patient using the type I device
We next validated the type I device by testing neutrophil chemotaxis to a wellknown chemoattractant, fMLP. After the on-chip cell isolation, a 100 nM fMLP gradient
or medium flow alone as the control was applied to the cells in the gradient channel, and
cell migration was recorded for 15 minutes. Because the cell migration experiment was
immediately following the on-chip cell isolation in the same device, the whole
experiment from blood to chemotaxis testing was done in less than 25 minutes. C.I. and
migration speed in the fMLP gradient were significantly higher compared to the medium
control, thus clearly demonstrating chemotaxis to fMLP using this all-on-chip method
(Fig. 4.4A). This result is consistent with the previous result using the traditional
isolation method as described in section 3.4.2.
We previously demonstrated neutrophil chemotaxis induced by sputum from
COPD patients using a similar microfluidic device and the traditional cell isolation
method [226]. This study suggested the potential of microfluidics-based neutrophil
chemotaxis test for clinical COPD diagnosis. However, the lengthy traditional cell
isolation method and the associated requirements in facility, as well as cost and skills,
present a major bottleneck for clinical applications. We believe the all-on-chip method
provides a rapid and cost effective solution. To further validate the on-chip method, we
evaluated neutrophil chemotaxis to COPD sputum. Our results clearly demonstrated
neutrophil chemotaxis and motility induced by COPD sputum, as shown by the C.I. and
migration speed (Fig. 4.4A). Compared with the medium control, both CI and cell speed
in the fMLP and COPD sputum gradient are much higher. These results demonstrate the
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chemoattractant gradient stimulated neutrophil chemotaxis. Furthermore, CI but not cell
speed in the fMLP gradient is higher than it in the COPD sputum gradient. These results
are in qualitative agreement with our previous study using a similar type of device [226].
However, the underlying biological mechanisms require further investigation. The
quantitative cell migration parameters in different sets of experiments can also depend on
the chemoattractant doses, blood donors and COPD sputum samples. Consistent with our
previous results using the traditional cell isolation method [226], we found elongated cell
morphology (higher aspect ratio) in the COPD sputum but fan-shape cell morphology in
the fMLP gradient (lower aspect ratio) using the on-chip method (Fig. 4.4B). Consistent
with our previous work [226], the cell morphology in the COPD sputum is similar to it in
the IL-8 gradient, suggesting that neutrophil chemotaxis to the COPD sputum gradient is
mainly induced by tissue-derived chemoattractants such as IL-8 in the sputum. The
observed difference in cell morphologies induced by different chemoattractant gradients
requires further investigation to explore the underlying mechanisms.
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Figure 4.4 Validation of neutrophil chemotaxis to a fMLP gradient and a COPD
sputum gradient using the on-chip method in the type I device.
(A) Comparison of C.I. and migration speed in the medium control, a 100nM fMLP
gradient, and a COPD sputum gradient; (B) Comparison of cell morphology in the COPD
sputum gradient and the fMLP gradient using the on-chip method.
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4.4.3 Direct on-chip testing of neutrophil migration to fMLP and sputum from
COPD patient using the type II device
In some experiments using the type I device, we found the cells could not attach
well to the fibronectin coated channel under flow. Furthermore, in the type I device, there
is no control of the cells’ initial positions in the channel relative to the gradient, which
complicates the accuracy of the chemotaxis analysis. To overcome these limitations, we
further developed a type II device by incorporating cell-docking structures. As shown in
Fig. 4.2D, the cells isolated from the whole blood were successfully trapped in the celldocking area. The stuff outside the docking area and stuck at the edge of gradient channel
should be some broken cells and debris, which is observed to have limited affection to the
cell migration. After the on-chip cell isolation, the cells were exposed to the medium
flow, and the cell migration was recorded for 15 minutes as the control. During this
period, very few cells crossed the barrier and moved into the gradient channel (Fig.
4.5A). Then a 100 nM fMLP gradient was applied to the gradient channel. Many more
cells responded quickly and migrated into the gradient channel (Fig. 4.5A). Similarly,
the cells showed migratory response to the COPD sputum gradient in the type II device
(Fig. 4.5A). The results show higher CI and migration speed in the fMLP gradient than
those in the COPD sputum gradient (Fig. 4.5C). In addition, cells migrated a longer
distance toward the fMLP gradient than the COPD sputum gradient over the 15 minutes
experiment (Fig. 4.5D). This observation indicates the more persistent chemotactic
migration of neutrophils to the fMLP gradient and is consistent with the higher CI in the
fMLP gradient than the COPD sputum gradient in both the type I device and the type II
device (Fig. 4.4A & 4.5C). The variations of quantitative cell migration parameter
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comparison between the type I and type II device in this study can be in part due to
neutrophils from different blood donors. In addition, the initial cell alignment in the low
concentration region of the chemoattractant gradient in the type II device is believed to
cause the significantly higher CI but lower cell speed, and different cell speed
comparison between the fMLP gradient and the COPD sputum gradient comparing to the
type I device without initial cell alignment.
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Figure 4.5 Validation of neutrophil chemotaxis to a fMLP gradient and a COPD
sputum gradient using the on-chip method in the type II device.
(A) Comparison of cell distribution in the medium control, a 100nM fMLP gradient, and
a COPD sputum gradient at the 0th minute and the 15th minute after applying the gradient;
(B) Illustration of the analysis of the cell migration distance. The green line denotes the
edge of the gradient channel. The orange line denotes the cell migration distance towards
the gradient direction; (C) Comparison of CI and migration speed in a 100nM fMLP
gradient and a COPD sputum gradient; (D) The averaged cell migration distance into the
gradient channel along the direction of the gradient in a 100nM fMLP gradient and a
COPD sputum gradient.
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4.5

Conclusion
In this study, we demonstrated a simple, effective, and robust all-on-chip method

for testing neutrophil chemotaxis. Previously, we used a similar microfluidic device to
study neutrophil chemotaxis to sputum from COPD patients using both traditional
microscopy-based method and a portable imaging system [226, 233]. However, the
traditional cell preparation method significantly limits the efficiency of neutrophil
chemotaxis experiment and makes it difficult to run the test in clinical settings. The
developed all-on-chip method effectively removed this bottleneck. The previous cell
chemotaxis analysis using the simple gradient generator is complicated by the uncontrolled initial cell positions in the gradient [226], and we have recently shown that cell
migration is sensitive to the cell’s current and previous gradient exposure [234]. To this
end, the integrated cell-docking function in the type II device provides an effective
solution and the cell migration distance analysis permits easy chemotaxis quantification
without cell tracking. It will be interesting and useful to further compare the quantitative
chemotaxis parameters between traditional cell isolation method and the on-chip method.
Collectively, the “all-on-chip” method provides a useful tool for research and clinical
applications that require rapid and accurate chemotaxis testing of untouched neutrophils.
Similar methods can be applied to other cell types upon availability of the corresponding
magnetic cell isolation kits.
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Chapter 5
Conclusion and outlook
Compared with the traditional investigation tools, the microfluidic platform offers
a well-controlled, repeatable method for creating stable concentration profiles so that the
cell migration experiments can be performed accurately and efficiently. In this thesis, we
developed several microfluidic devices and systems for investigating neutrophil
chemotaxis for both research and clinical applications. We provided a complete solution
with minimum complexity and maximum efficiency for performing a cell migration
experiment, including on-chip cell isolation from few microliters of whole blood,
standalone microfludidic gradient generator, compact imaging system, and rapid data
analysis. We successfully validated these systems by testing the neutrophil chemotaxis to
single or competing gradients of well-known chemoattractants such as IL-8 and fMLP.
Furthermore, we for the first time applied a microfluidic system to investigate the
neutrophil chemotaxis induced by the sputum from patients with COPD, suggesting the
use of this method as a potential diagnosis tool and biomarker for COPD.
The works described in this thesis are worthy of further study in many directions.
For example, the compact microfluidic system UMCAS described in Chapter 2 has
plenty of room for further improvement.

With the technology development, smart

phones now can offer great imaging quality and calculation ability. Our lab recently has
started a project to develop smart phone based microfluidic system, which uses the
camera in the smart phone as the imaging component to observe the cell migration in the
microfluidic device. A prototype system has been developed and successfully validated
by performing the neutrophil migration experiments. Further work will be conducted to
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enable the real time cell migration analysis in the smart phone. Compared with UMCAS,
the smart phone microfluidic system has advantages of being smaller in size and
eliminates of the use of an external computer for data analysis.
Although we have shown some interesting relationships between the sputuminduced neutrophil chemotaxis and COPD, further testing with a larger cohort is required
to clarify this correlation. In addition, it will be very interesting to investigate the sputuminduced neutrophil chemotaxis using the patient’s own blood cells. These experiments
can be much more easily performed using the all-on-chip method described in Chapter 4
and it has the potential to be performed at point-of-care. Furthermore, more direct
isolation kits from whole blood for other cell types have been developed, such as T-cell
subsets and NK cells. All these cell types have great importance in migration related
basic and clinical researches. The all-on-chip method can be easily adapted for the study
of these cell types.
In additional to the immune cell migration experiments, the microfluidic devices
with the cell docking structure described in Chapter 4 can be applied to some low-speed
migration cells. Our lab has validated this device for cancer cell and stem cell migration.
Another potential application of this device is for chemotactic separation of chemotactic
cells and non-chemotactic cells since these two types of cells can be separated by the cell
docking structure in the channel.
For the basic research aspects, further efforts will be required to better understand
the underlying biological mechanism in cell migration at the molecular level. Many
current chemotactic signaling pathway researches still reply on the use of the traditional
migration assay, possibly due to the requirement of specialized skills of using
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microfluidic devices. By integrating the cell biology approaches and the microfluidic
technologies developed in this thesis, we can further test signaling mechanisms for
neutrophil chemotaxis, such as activation of G proteins, their downstream effectors PLC
and PI-3 kinase, the activation of small GTPases of the Rho family, and new pathways
may be identified.
Another direction is to combine the microfluidic and the mathematic tools to build
better physical models to represent the cell migration. Our lab has developed a
microfluidic device to characterize neutrophil migration under spatially varying profiles
of interleukine-8 gradients. Our results show that neutrophils display a transition from
chemotaxis to flowtaxis when they migrate across the steep gradient interface, and the
relative efficiency of this transition depends on the cell’s chemotaxis history. We are now
working on a mathematic model based on the G-protein and ligand-receptor dynamics
and attempting to explain the memory effect in the experimental findings. Currently,
there are not many studies working on collective cell chemotaxis compared with the
single cell migration. The cell cluster has shown interesting different chemotaxis
behaviors [235]. We can further extend the developed microfluidic systems into this area.
For the clinical aspects, many other diseases have been report to be highly
correlated to the disorder of neutrophil chemotaxis, such as bacterial sepsis or diabetes.
Better understanding the mechanism and relationship of cell chemotaxis in diseases using
the microfluidic system will provide new insights in monitoring and curing these diseases.
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Appendix
A.1. A standalone microfluidic device for gradient generation and
chemotaxis studies
The microfluidic device design parameters were directly adapted from a previous
device we developed for configuring superimposed chemical gradients and electric fields
(Fig. A.1). However, the principle of flow-free gradient generation of this device in the
present study is different from the flow-based gradient generation as in the previous study
[179]. It consists of a 350 m-wide and 1 cm-long center gradient channel, which is
connected to two 8 mm diameter chemical wells by 20 thin channels (40 µm in width and
3 mm in length) on each side. Two 3 mm diameter wells were designed at the two ends of
the center gradient channel.
To generate a chemical gradient, all chemical wells were firstly emptied and new
solutions were added. Specifically, 25 L of RPMI media was added to the 3 mm
diameter wells at the two ends of the center channel; 150 L of RPMI media mixed with
FITC-Dextran 10 kDa (5 M) and 145 L of RPMI media were added to the two 8 mm
diameter wells simultaneously. In our experience, the small volume difference between
the cell tracker solution and the medium added to the two wells helps quickly establish
the cell tracker gradient in the channel. FITC-Dextran gradient was monitored by
fluorescent time-lapse microscopy. Our results show that a FITC-Dextran gradient was
established in the center gradient channel in less than 5 min and maintained stable for at
least 45min (Fig. A.1B & A.1C), which is at least sufficient for experiments with fast
migratory cells such as neutrophils and T lymphocytes.
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To validate UMCAS for visualizing chemical gradient in the microfluidic device,
we first added food-coloring dye to the standalone microfluidic device. Gradients of
food-coloring dye can be clearly seen in the center gradient channel using the USB
microscope (Fig. A.1D & A.1E). Furthermore, we added FITC-Dextran to the standalone
microfluidic device. Then we used the blue LED in UMCAS to excite FITC-Dextran in
the device and imaged the FITC-Dextran gradient in the center gradient channel using the
USB microscope. The image showed clear chemical gradient in the device (Fig. A.1F)
and thus the system is effective to verify chemical gradient before performing chemotaxis
experiment.
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Figure A.1 Standalone microfluidic gradient generator.
(A) Schematic illustration of the device design with simulated gradient; (B) Image of
FITC-Dextran gradient using a traditional microscope; (C) Plot of gradient profile over
time; (D) A picture of the device. The two inlet reservoirs are filled with food coloring
dye solutions; (E) Image of food-coloring dye gradient taken by UMCAS; (F) Image of
FITC-Dextran gradient using UMCAS.
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A.2. Craft cut plastic microfluidic device for chemical gradient
generation and chemotaxis studies
Following a previously reported craft-cutting method [209], we designed a simple “Y”
type microfluidic gradient device using the software Silhouette Studio and cut the design
to a double-sided adhesive tape (4Mil Melinex, 100 µm thick, Fralock, CA) using a
desktop craft cutter (CAMEO, Silhouette America Inc.). The channel width is ~500 µm.
Similarly, holes were cut to a separate transparency film (2Mil Melinex, 50 µm thick,
Fralock, CA) that aligns with the inlets and outlet of the channel in the adhesive layer.
Next, the protective layers of the tape were removed and the tape was sandwiched
between the transparency film and a glass slide to form the microfluidic channel. The
inlets were bonded to pre-made PDMS blocks using epoxy glue as the interface for
tubing connection (holes that match the tubing size were punched out of the PDMS
blocks before bonding). The outlet was bonded to a pipette with the tip removed for
waste collection. The whole process from designing to finishing the device assembly can
be finished in less than 30 min depending on the complexity of the design (Fig. A.2A-C).
Chemical gradient was generated in the plastic device by chemical infusion to the device
through tubing using syringe pumps (Fig. A.2D & A.2E). Furthermore, neutrophil
chemotaxis to an IL-8 gradient in the plastic device was successfully demonstrated (Fig.
A.2F & A.2G). The developed device can be used with UMCAS or a conventional
imaging setup for cell migration studies in a rapid and inexpensive manner without the
requirement of specialized fabrication facilities and lengthy device preparation
procedures.
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Figure A.2 The craft-cut plastic microfluidic device for gradient generation and
neutrophil chemotaxis studies.
(A) A picture of the craft cutter; (B) Illustration of device assembly; (C) A picture of the
completed microfluidic device with PDMS interfaces and the waste outlet; (D)
Fluorescent picture of FITC-Dextran 10kD gradient in the channel; (E)

Measured

gradient profile; (F) Migration tracks of neutrophil to a 12.5 nM IL-8 gradient. in the
plastic device. The tracks were normalized to a common origin; (G) Chemotaxis Index
and Speed of the neutrophil chemotaxis experiment (presented as average ± SEM).
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