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Abstract
Growth Factor-Induced Cell Migration Using Microfabricated Devices
by
QINGJUN KONG

Adviser: Professor MARIBEL VAZQUEZ

Over a quarter of a million people undergo surgical procedures to repair soft
tissue such as ligaments and tendons in the United States each year. Multiple
methodologies have been developed to enhance ligament healing in recent decades, as
these tissues require years to fully recover mechanical properties. Growth factors have
been widely applied to enhance soft tissue healing via cell proliferation and migration, as
well as synthesis of extracellular matrix proteins.

Growth factor-induced cell migration is essential to tissue repair, as it is one of
the first biological processes to initiate and regulate healing quality. Growth factors
stimulate cells via receptor binding and intracellular signal transduction, which initiate
multiple functions to achieve cell migration. Despite the volume of research in cell
migration, it is still incompletely understood because of the complicated interactions
between growth factors and their receptors, signal transduction pathways, and the effects
of extracellular environment, including pH and temperature. Published findings have

illustrated that growth factor gradients can direct cell migration, while increasing growth



factor concentration primarily increases random cell motility. It has also been
demonstrated that the spatial profiles and exposure time of growth factor gradients play
important roles in cell migration. However, how these gradients impact cell migration
remains incompletely understood.

In the past decade, researchers have developed various bioassays from macro-
scale to micro-scale that facilitate the study of growth factor-induced cell migration. The
conventional bioassays designed in macro-scale, such as transwell assays, Zigmond
chambers and scratch wound assays, lack precise measurements of growth factor
concentration and gradient around individual cells over time. Hence, they cannot provide
a platform with which to accurately analyze growth factor gradient-driven cell migration.
Microfabrication, often integrated with imaging technology and computational modeling,
has been widely used in biological studies to provide quantitative methodologies and
platforms of single-cell analysis to investigate cell migration.

This work has utilized microfabrication to develop a novel microfluidic device,
called the Bridged pLane System, to study cell migration in response to different
spatiotemporal gradients of Epidermal Growth Factor (EGF). We have developed an
optimal loading method to seed cells within the microenvironment, by examining how
shear stress-induced cell-cell interconnections, cell-extracellular matrix interactions, and
cell morphology affect cell migration. We observed that cell migration was EGF
gradient-dependent, while EGF concentration also played an important role in regulating
cell migration. Transient EGF gradients were found to be less effective on cell motility
than steady-state gradients. The population of motile cells increased with EGF gradients,

but decreased when higher EGF concentrations were used. Further, our experimental



results suggest that EGF concentration and gradient are integrated to regulate cell
migration.

Herein, we provide a platform with which to study cell migration with
quantitative measurement of imposed growth factor gradients. This work can be applied
to benefit a variety of cell migration investigations including tissue healing,

immunological response, and cancer metastasis.
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CHAPTER 1

Introduction

1.0 Background

Each year in the United States, approximately 8 million people consult orthopedic
surgeons with medical problems of bone, cartilage, ligament and tendon. Over half a
million grafting procedures of bone [1, 2] and a quarter million surgical procedures of
cartilage [3, 4] are performed in the United States each year. Further, it is estimated that
more than 2 per 1,000 people in the general US population experience knee ligament
ruptures each year, including the anterior cruciate ligament (ACL) injury, medial
collateral ligament (MCL) injury, and posterior cruciate ligament (PCL) injury [5, 6].

Ligaments are soft connective tissues that connect bones to stabilize joints, guide
motion, and prevent excessive joint motion [2, 7]. The ligament is composed of fibroblast
cells, approximately 20% by volume, and extracellular matrix (ECM), 80% by volume [2,
8]. Approximately 70% of ECM is water, while the remaining 30% are solids including
collagen, elastin, proteoglycans and glycoproteins [2]. In healthy ligaments, fibroblast
cells exhibit spindle-like morphology, and are arranged in a complex three-dimensional
network of parallel rows [9]. In vivo, fibroblasts are about 15um in length and 8um in
diameter [7], and have branched cytoplasm with one or two nucleoli and reduced rough
endoplasmic reticulum. During ligament development, fibroblasts proliferate, migrate
and also synthesize collagen within ECM [5, 7, 8]. When external mechanical stimulus is
applied, fibroblasts convert mechanotransduction signals into biological processes, such

as modulation of fibroblast migration [10], synthesis and degradation of ECM proteins



[10], and release of growth factors [11]. Type I collagen is the major component of ECM,
and provides strength and allows flexibility and movement of ligaments.

Ligament repair is a complex biological process, and often takes years to fully
recover. Over the past decades, various methodologies have been developed to enhance
ligament healing. However, healing quality and healing time remain the major concerns
in ligament repair. In order to help enhance ligament healing, we must first understand

how a ligament is healed and what factors play important roles in the healing process.

1.1  Ligament healing

Wound healing of ligaments is generally processed in four phases: Inflammation,
Migration, Initial remolding, and Final remolding [7, 12, 13]. During wound healing,
platelets aggregate and cause the release of growth factors to stimulate white blood cells
to move into the area of injury and remove contaminating bacteria [14]. Fibroblasts are
also triggered to migrate to the wounds, but fibroblast motility is low due to intrinsic
problems of avascularity and encapsulation with synovial fluid in ligament healing [2].
Such problems delay the initial remolding of the early scar [7, 12, 13], and therefore the
entire process of wound healing.

The growth factors released by platelets assist fibroblast proliferation and ECM
synthesis, and trigger fibroblast alignment along the ECM for constrictive force
generation, which helps facilitate wound closure [14, 15]. Further, as such growth factor-
induced migration plays an important role in tissue repair [8, 15, 16], our work seeks to
examine how fibroblasts migrate in response to the exogenous growth factors. Treatment

with growth factors has been shown to improve healing quality and accelerate the healing



process. In our work, we investigate how growth factors affect the migratory response of

MCL-derived fibroblasts.

1.2 Epidermal growth factor and epidermal growth factor receptor signaling

Ligament injuries result in the release of growth factors that initiate the wound
healing process [17, 18]. After injury, accumulated platelets are known to secrete growth
factors, including Platelet-Derived Growth Factor (PDGF), Epidermal Growth Factor
(EGF), and Transforming Growth Factor-p (TGF- ). Among these growth factors, EGF
has been shown to play an important role in the repair processes after injury [15] by
promoting cell proliferation and collagen synthesis in acute wounds [5, 8, 15]. EGF has
also been demonstrated to attract fibroblasts and inflammatory cells to wounded sites, as
well as regulate the migration, proliferation and differentiation of fibroblasts [16, 17, 19-
21]. Clinical trials for human chronic wound therapeutics have also illustrated that the
addition of topical EGF shortens ligament healing time [15]. Further, both in vitro and in
vivo studies have shown that EGF can accelerate and improve wound healing by binding
to the EGF receptor (EGFR) and triggering subsequent EGFR signaling.

The EGFR, as a Receptor Tyrosine Kinase (RTK) [22], is a globular protein of
170kDa and 1186 amino acids. RTKs are transmembrane receptors with an extracellular
portion on the cell surface for ligand binding, and an intracellular, cytosolic portion used
for activation of internal signaling cascades. The cytosolic portion contains tyrosine
residues that are targets for the tyrosine kinase portion of the receptor, as seen in Figure
1.1A. EGFR is activated when the EGF ligand binds to its extracellular portion, and

causes phosphorylation, as illustrated in Figure 1.1B and Figure 1.1C.
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Figure 1.1: The structure and activation of an EGF receptor tyrosine kinase. The EGF
receptor is a transmembrane protein, composed of an extracellular part and an
intracellular part (A). The extracellular portion of the receptor binds to ligands. Inside the
cell, a portion of the receptor has tyrosine kinase activity (B). The remainder of the
receptor contains a series of tyrosine residues (Tyr) that are substrate for tyrosine kinase.
The activation of receptor tyrosine knases starts with the binding of EGF, causing
receptor aggregation and phosphorylated (C). (Borrowed from [22])

Once the EGF ligand binds to its corresponding RTK receptor, i.e. EGFR, signal
transduction is initiated. Receptor tyrosine kinases initiate signal transduction cascades
via multiple pathways, including the Mitogen-Activated Protein Kinase (MAPK)
pathway, Phosphoinositide-3 Kinase (PI3K) pathway and Phospholipase C-y (PLC-y)
pathway [22-26]. Upon RTK phosphorylation, cytosolic proteins activate a second
messenger pathway, such as the well-known Ras pathway, to transduce the extracellular
binding signal within the cell. Ras is particularly important for the regulation of growth,
proliferation, and migration of ligament fibroblasts [22].

The activation of EGFR affects cytoskeletal organization, integrin-mediated

cell/substrate linkages and intracellular force generation, and eventually triggers cell



migration [27]. As a result, EGF is targeted in this work as a means to promote ligament

repair via enhanced fibroblast migration to the wounded sites.

1.3 Cell migration

Different cell types exhibit distinct patterns of migration. For example, sperm are
known to swim [28], while bacteria swarm and glide [29]. Blood cells are observed to
roll [22], while fibroblasts in general crawl [30]. Fibroblast migration is composed of
four steps [22, 30]: 1) Extension of a protrusion; 2) Attachment of the protrusion; 3)
Translocation; 4) Detachment, as seen in Figure 1.2. During this migration, cells first
produce two types of protrusion at the leading edge: The thin sheet-like cytoplasm called
lamellipodium and the slender cytoplasm called filopodium (Figure 1.2A). The
cytoplasmic protrusion attaches to a substrate and forms new adhesive sites at the leading
edge (Figure 1.2B). Afterwards, the cells are pulled forward for translocation via
contractile forces (Figure 1.2C). Simultaneously, the contraction at the trailing edge
releases the cells from attachment at the trailing edge. In some events, this detachment at

the trailing edge could cause some part of cells broken from the cell body (Figure 1.2D).
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Figure 1.2: Schematics of crawling-like cell migration. When a cell migrates on a
substrate, the leading edge of the cell forms protrusion (A). The cytoplasmic protrusion
attaches on substrate and form a new adhesion point (B). Cells translocate with
detachment at the trailing edge (C). Part of trailing edge is broken from the cell body (D).
(Borrowed from [22])
1.4  Effects of exogenous stimuli on cell migration

Cell migration is complex, and largely regulated by intracellular activity and
interactions among cells, exogenous stimuli and substrates. Exogenous stimuli such as
electrical field [31], mechanical forces [32] and chemical reagents [23] are well known to
affect cell migration. Mechanical stress and growth factor are largely studied in clinical

applications and laboratory research since they play important roles in enhancing wound

healing.

1.4. A Mechanical stress and substrate stiffness
Mechanical stresses can guide cell migration and enhance cell motility via
mechanotransduction. The mechanotransduction from ECM to fibroblast cells and

fibroblast to fibroblast have been demonstrated to modulate fibroblast migration,



adherence, and synthesis or degradation of ECM [10]. Fibroblasts are able to sense force-
induced deformations (strains) in their ECM and respond to mechanotransductions [11].
Additionally, researchers indicated that surface integrins, i.e. transmembrane proteins
interconnecting ECM and cells, could also act as ‘strain gauges’, triggering intracellular
signal pathways in response to changes in mechanical stress [11]. When fibroblasts
migrated within ECM, integrins regulated attachment and detachment of cells within the
ECM [7, 22, 33], which therefore could largely affect cell motility. Stiffness of substrates
where cells are attached can also affect cell migration, as researchers have illustrated that
high density of collagen ECM can cause low cell motility [34]. The study of mechanical
force-induced cell migration may provide clues to help understand ligament healing and

methodologies with which to enhance ligament healing.

1.4. B Growth factor gradients

As fibroblasts migrate in response to growth factors, various researches have
shown that both growth factor concentration and growth factor concentration gradient can
affect cell migration. When growth factor concentration around cells increases, cell
motility is enhanced. However, studies have also demonstrated that such cell motility is
growth factor concentration-dependent [16], as higher concentration could down regulate
receptor binding [24, 35] and inhibit fibroblast migration [5]. Growth factor
concentration has been reported to affect distribution of low-affinity EGF receptor and
high-affinity EGF receptor [36]. This suggests that a threshold of growth factor

concentration may exist to regulate cell migration.



While growth factor concentration was found to increase cell motility, it was also
reported to reduce directionality of cell migration [23, 27]. By contrast, growth factor
gradient promotes directed cell migration while increasing cell motility [23]. Fibroblasts
have been observed to polarize as a way to sense ligand gradient when stimulated during
cell migration, as shown in Figure 1.3A and 1.3B. However, other cells, such as
neutrophils, are not obviously mobilized to localize signaling molecules and possess
specific spatial sensing mechanisms for directional sensing [23]. Fibroblast cells are able
to sense steep and shallow ligand gradients with migratory responses. Growth factor
gradients were reported to enhance receptor sensitivity at the leading edge, when cells
were polarized [37-39]. This could therefore cause higher chemoattractive differences
between the leading edge and the trailing edge, which eventually increases cell motility
and promote directional cell migration. A small difference of ligand concentration around
the cell microenvironment could then be augmented due to the cellular asymmetrical
sensitivity and may stimulate cell function for a long period of time. The receptor
occupancy plays an important role in regulating cell migration [40]. The receptor
occupancy difference of as little as 5% between the front and the back of a cell could
cause the cell to generate internal response and may eventually induce persistent cell
migration [23, 37].

Ligand gradient profiles have been recently reported to distinctly affect cell
migration. Linear ligand gradients enhance cell migration as an asymmetric ligand
concentration difference between the leading edge and trailing edge occurs. Non-linear

gradients have shown to stimulate cells with higher cell motility than the linear gradients



[41]. Additionally, parabolic and exponential gradients have been generated to investigate

how different gradient profiles affected cell migration [42, 43].

No gradient Leading edge  Gradient

Excitation

il

Inhibrtion

Time

Figure 1.3: Schematics of cell polarization and intracellular activity in response to ligand
stimulation. Cells do not exhibit polarized morphology when wuniform ligand
concentration is used (A). When ligand concentration gradient is formed, cells display
polarized morphology with leading edge faced higher ligand concentration (B). Ligand-
generated excitation and intracellular inhibition increase over time and reach balanced
(C). The net response varies over time. (Borrowed from [23])

The time that ligand gradients are imposed on cells plays an important role in
regulating intracellular activity, and therefore affects cell migration. This is because the

equilibrium of the binding between ligand and receptor is dynamic, and also time-



dependent [40]. As the time of stimulation via ligand gradients increases, cell response,
such as migration, is observed to be less active [23, 37]. The local excitation global
inhibition (LEGI) model attempts to explain this phenomenon [37, 44], as illustrated in
Figure 1.3C. Based on this model, excitation from ligand gradients increases over time,
while inhibition from intracellular activity, such as receptor endocytosis, also increases
but slowly over time. Therefore, cells are initially stimulated to migrate but exhibit less
active as time increases. Cells may finally stop directional migration when excitation and
inhibition are balanced. Transient-state ligand gradients were also found to affect cell
migration [43, 45, 46]. However, the transient gradients appeared to have fewer effects
on cell migration than the steady-state gradients. One of the possible explanations is that
the binding between integrin and substrate was weakened [47] when transient ligand
gradients existed. By contrast, steady-state gradients provided continuous stimulation on
cells, which was observed to enhance cell attachment [39, 48]. However, study of how

transient ligand gradients affect cell migration has not yet been widely reported.

1.5  Traditional migration assays

In order to study growth factor-induced migration, various bioassays and
methodology have been developed and utilized. Many conventional bioassays examine
cell migration by counting the numbers of cells that accomplish a given translocation [16,
49, 50], while others investigate migration using real-time imaging [51, 52]. Some
bioassays use structural proteins, such as matrigel and collagen, as an ECM-like medium
to deliver ligands and examine cell migration in 3-D ECM [53], while others use liquid-

state media to transport ligands and study cell migration on a 2-D substrate [54]. Some

10



assays focus on the study of ligand gradient-induced cell migration [55], while others

only apply uniform ligand concentration upon cells [52].

1.5. A Boyden assay

A large amount of chemotaxis research has been performed using a system called
the modified Boyden chamber or transwell assay [16], which was originally developed by
Stephen Boyden in 1962 [49]. Here, researchers count the number of cells that migrate
though a thin, collagen-coated membrane as induced by the diffusion of chemoattractant
molecules normal to the membrane [56, 57], as illustrated in Figure 1.4A. Despite the
wealth of data obtained using Boyden chambers, results are limited to comparative, time-
averaged data in response to ligand concentration gradients that are roughly
underestimated as one-dimensional. In fact, how the cells migrated inside the Boyden
chamber through the porous membrane can not be observed. Hence, whether, or how,
cells changed their morphology and/or produced extracellular matrix proteins can not be

answered using the assay.

1.5. B Zigmond assay

Another commonly-used migration assay is the Zigmond assay, which was
developed by Sally Zigmond in 1977 [45, 58]. This bioassay enables researchers to
visualize cell migration, but is limited to large sample size. The Zigmond assay is
composed of two parallel channels that are etched into a glass slide and separated by a
ridge, as seen in Figure 1.4B. A coverslip where cells are cultured onto is inverted and

then placed on the glass slide. Ligand solution and culture media are subsequently input

11



into the source channel and the sink channel, respectively, to generate ligand
concentration gradient. Cells are visualized to migrate on the coverslip from the source
region toward the sink region. Gradients vary over time and display a pseudo-steady-state
in only 1 hour. This time-dependent ligand distribution along the coverslip further causes
difficulties to quantitatively measure ligand concentration and gradient across each cell.
Moreover, this assay lacks flexibility to modify the ligand gradients that are already
established during experiments. Since the assay is open, evaporation is another inevitable

problem to limit its further applications.

1.5. C Dunn chamber

In 1997, the Dunn chamber was designed by Graham Dunn to improve upon the
Zigmond assay with minimum solution evaporation [59, 60]. It consists of two concentric,
circular wells manufactured from glass and an annular ridge between these two connected
circular wells, as shown in Figure 1.4C. Although evaporation is largely reduced, it has
similar limitations as the Zigmond assay, i.e. it cannot allow quantitative measurement of

ligand gradients at different points over time.

1.5. D Micropipette

Another method widely used for generating ligand gradients in vivo and in vitro
[37, 61] is to deliver ligand through a micropipette, as shown in Figure 1.4D. Here, a
ligand-containing micropipette is injected into a tissue or cells that are cultured on a plate,
and release the ligand radically. This method is straightforward, but is highly

irreproducible and uncontrollable, as the inject flow rate, inject angle and size of the

12



micropipette tip can largely affect ligand gradient generation. A small environmental
variation, such as evaporation or vibration, can cause forced fluid flow, i.e. convection,

which distorts the ligand gradients and lead to unpredictable ligand transport.

A Sink channel
./f
Matrigel/ Etched glass
collagen
: = Glass _
coverslip
L=
Membrane /
Growth factor
C idg Sink ring D

Etched glass

Glass
coverslip

Figure 1.4: Schematics of Boyden assay (A), Ziomond assay (B), Dunn chamber (C) and
micropipette-generated gradient assay (D). Arrow points to the direction of cell migration.
Schematics are not drawn to scale. (Borrowed by [49, 58, 59, 61])

1.5. E Scratch assay

The conventional scratch wound assay has also been widely used to mimic in

vitro wound healing [62, 63]. As seen in Figure 1.5, after cells are cultured on a slide or

13



petri dish, cells are scratched from the center using a pipette tip to simulate a wound site.
Culture media with growth factors is usually applied into the assay to stimulate cell
migration toward the center of the wound. This method allows real-time observation of
cell migration in response to growth factors as a mimic of cell migration in wounded
environment. However, precise growth factor gradients are difficult to generate across
cells using this method. Therefore, it only examines cell migration in uniform growth

factor concentration.

A BS-C-1 monolayer C Migration (7-24 hrs)

Figure 1.5: Cartoons of BS-C-1 cell migration using scratch wound assay. BS-C-1 cells
were cultured on a coverslip (A). A scratched wound was produced at the center of the
coverslip (B). Cells migrated toward the center in 7-24 hours (C). Vertical red lines
illustrated the reference borders where the scratched wound was initially produeced.
(Borrowed from [62])

These traditional migration assays provide straightforward and user-friendly
methods with which to examine growth factor-induced cell migration. However, the
assays either lack quantitative measurement of ligand concentration and concentration
gradient in real time, or fail to establish a stable microenvironment with which to observe
cell migration upon long periods of time. Hence, a novel bioassay is needed to provide
accurate and quantitative platforms that allow investigation on how different ligand

concentration gradients in transient-state and steady-state and ligand gradients of linear

and non-linear profiles affect cell migration.
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1.6 Microfabricated devices

Microfabrication [64-66], as a technology to fabricate devices in micrometer size,
enables bioassay design and development in micro-scale, which greatly benefits the study
of cell migration with precise control of ligand gradients. It also provides feasibility to
generate distinct ligand gradient patterns to meet various biological research needs.
Microfabrication allows real-time single-cell analysis in microenvironment and
quantitative measurement of ligand gradients when incorporated with computer and
microscopy techniques. Single-cell analysis using microfabricated devices provides a
close investigation on how individual cells migrate in response to exogenous stimulation,
which provides a platform with which to investigate cell migration in a cellular to
molecular level. Using microscopy and numerical computation, spatiotemporal profiles
of ligand gradient around single cells can be examined and predicted, which is also
greatly beneficial for quantitative cell migration study. Microfluidic devices [65, 67] and
micropattern technology [68, 69] have been largely used in establishing ligand gradient
for cell migration study. Both methodologies can generate quantitative ligand gradients
with advantages of high throughput and low cost, while the traditional cell migration
assays cannot.

Micropattern systems use microfabrication technology and elastomeric stamping
to print chemicals on micron-sized areas of a substrate surface. By printing ligands with
different spacing and size, a non-continuous ligand gradient is generated along a cell
length, as seen in Figure 1.6. Using micropatterning, both linear ligand gradients and
non-linear ligand gradients can be generated on the substrate. Micropatterning is

straightforward to fabricate and require minimum equipment to maintain a fluidic
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environment. However, the gradients generated using micropattern methods are not
continuous and leave areas where cells are not in contact with ligands. Therefore,
micropatterning cannot provide precisely quantitative information of ligand gradient
along the cells, which heavily affects the study of ligand gradient-induced cell migration.
Moreover, the ligands micropatterned on the substrate may not exhibit enough biological
function or be denatured when bound on solid substrates [66]. Further, micropatterning

does not enable study of cell migration within 3-D ECM.
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Figure 1.6: Schematics of micropatterned devices used for cell migration study. Large (A)
and small (B) printing spacing and size are used to approximate continuous ligand
gradient at cellular level. Arrows point to cell migration direction. (Borrowed from [70])
Microfluidic devices utilize micro-scale fluid flow to deliver ligand to cells,
which have been increasingly applied in numerous cell migration studies, such as tissue
development [71], inflammation [72], wound healing [73] and cancer metastasis [74], due

to its flexibility to design distinct ligand gradient patterns. Its advantages of low cost,

high throughput, and flexibility to design ligand gradient from simple single
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microchannel to complex multi-layer microsystem have motivated researchers to develop
different novel microfluidic devices for various biological validation.

The ligand gradients generated by microfluidic devices can be established in short
times, at the order of minutes, and last for hours. Due to the relative short time period of
stable ligand gradients exposed to cells, these devices are majorly used to examine fast-
responding cells, such as neutrophils and bacteria.

Steady-state gradients provide a quantitative platform to study cell migration in
response to ligand concentration and ligand gradients in a long period of time. This
benefits the studies that require longer-time observation, such as wound healing and
cancer metastasis. Moreover, steady-state gradient generation allows examination of
different ligand gradient patterns and time imposed upon cell migration. Computational
models often accompany with the microsystems to predict the spatiotemporal gradient
profiles, which helps to quantitatively measure the microenvironment during cell
migration. Fluid streams, hydrogels, membranes, and interconnected microfluidic
channels are commonly seen in the microfabrication of these steady-state gradient

systems.

1.6. A Nanopore microfluidic devices

A microdevice, called the Nanopore microfluidic device [75], uses porous
membranes to minimize loading effects, as illustrated in Figure 1.7A. Porous membranes
with 200-nm pores are placed in between 3 PDMS layers to eliminate bulk flow when
loading solutions in the source chamber and the cell chamber. Since the bulk flow is

largely reduced, ligand could be delivered to cells via diffusion. It takes hours to form a
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stable ligand gradient via this method, but it cannot last over 24 hours. This
microfabricated device enables quantitative measurement of ligand gradient and
microscopic observation of cell migration. However, the chamber sizes are not designed
large enough to maintain constant ligand concentration during given experimental times,
and no extra equipment is used to supply ligands and remove waste solutions. Therefore,
any volume unbalance between the source chamber and the sink chamber can cause
hydraulic pressure difference within the cell-cultured microchannel, which then generates
unpredicted bulk flow. Ligand concentration in the source chamber also depletes, which

causes time-dependent gradients exposed to cells.

1.6. B Microvalved microfluidic devices

Elastomeric microvalves [76] are controlled by vacuum pressure, and are
designed to manage establishment of ligand gradients, as shown in Figure 1.7B. Once the
microvalve is pulled to open, ligand solution diffuses from the source chamber into the
cell-cultured chamber and then triggers cells to migrate toward the source chamber. This
microdevice does not require sophisticated equipment for operation, and provides
temporal control over ligand gradient initiation. However, the diffusion from the cell-
cultured chamber to the source chamber is a complex unstable 3-D process, and
practically difficult to measure and model. Therefore, the microvalved microfluidic
device is best suited for short-term experiment without need of quantitative ligand

gradient measurement.

1.6. C K-K chamber

18



The KK-chamber, designed by Shiro Kanegasaki and Yuji Kikuchi [77], is
another design that uses connected fluidic chambers to minimize the uncontrolled bulk
flow within the micochannel, as shown in Figure 1.7C. This device can establish ligand
gradients within the entire microchannel for less than 5 minutes, and only maintain
relatively stable ligand gradients for 1 hour. After that, ligand concentration in the source
region depletes, which then induces transient ligand gradients. Since the ligand supply
and waste solution disposal within the device are well controlled by sophisticated
equipments, and the aspect ratio of the microchannel is high enough to approximate 1-D
transport, the transient ligand transport within the microchannel can be modeled and
precisely predicted. Therefore, the KK-chamber provides a platform for quantitative

study of transient ligand gradient-induced cell migration.

1.6. D Microfluidic multi-injectors

The microfluidic multi-injector [78], as illustrated in Figure 1.7D, is a design to
deliver ligands using microfluidic injection. Accompanied with microvalves, this
microdevice can control the time to initiate ligand gradients. Ligand gradients are formed
radically in the cell-cultured reservoir after ligand solution is ejected from the orifice.
However, the ligand gradients generated by multiple orifices can only maintain stead-
state for about 3 hours. Therefore, this device is best suitable for cell migration study
using transient ligand gradients. Moreover, the overlapped ligand gradient distributions
generated from the multiple micro-injectors increase the difficulties to model the

transient ligand gradients within the reservoir, and lead to inaccurate prediction.
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Figure 1.7: Schematics of different microfluidic devices: Nanopore microdevice (A),
Microvalved microdevice (B), KK-chamber (C) and Microfluidic multi-injector (D). V1,
V2 and V3 represent microvalve. Arrows point to cell migration direction. (Borrowed
from [75-78])

1.6. E Parallel-flow microfluidic devices

Researchers have used laminar fluid flow to deliver ligands to cells and hence
generate ligand gradients across cells. In the method of parallel-flow, ligand solution and
media solution flow parallelly through a channel, while ligand diffusion occurs
perpendicular to flow direction. As shown in Figure 1.8A, when ligand solution and
ligand-free medium were injected into the channel, ligand molecules diffused from the
ligand solution to the medium solution at a direction perpendicular to the flow direction.
This method enables stable ligand gradient for long periods of time on the condition of

continuous solution supply. However, ligand gradients are only formed in a small region
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at the interface along the channel and more than half of the channel does not exhibit
ligand gradients. Therefore, the distance of cell migration is largely limited by the width
of the channel. Meanwhile, cells migrate with flow impact. The shear stress caused by the
flows may also induce cell migration, which may overlap the effect of ligand gradient
and therefore cause experimental bias. Additionally, in order to maintain steady-state
ligand gradients, solutions must be supplied continuously, which requires additional
equipment and large amounts of solutions used.

Another microfluidic device using parallel-flow has been developed to provide
longer distances for cell migration by premixing ligand solution and medium solution
delivered to cells [79]. As seen in Figure 1.8B, ligand solutions and medium solution are
premixed in the small “z”-shape microchannels before they enter the main channel. The
mixed solutions flow into the main channel with multiple streams of different ligand
concentrations. Ligands diffuse perpendicular to the flow direction and ligand gradients
along the width of the main channel. One of the major advantages using this
microfabricated device is that it can generate different ligand gradient pattern, from linear
gradient to non-linear gradients, by controlling the initial ligand concentration and flow
rates at the inlets. However, it also requires extra equipment and large amount of ligand
solution and medium to maintain continuous supply, and the inlet flow rate has to be
carefully chosen to minimize shear effects on cell migration. Moreover, this microdevice
limits its applications to cell migration study in 2-D, as ligand transport cannot generate

3-D gradients perpendicular to flow direction by means of parallel-flow through ECM.
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Figure 1.8: Schematics and microscopy image of T channel (A) and premixer gradient
generator (B). In the T channel, ligand solution and medium solution were injected into
the channel simultaneously. In the premixer gradient generator, solutions containing
maximum ligand concentration, denoted as 100%, half of maximum ligand concentration,
denoted as 50%, and culture medium (no ligand), denoted as 0%, were injected into the
device separately. Arrows point to flow direction and cell migration direction.

(Borrowed from [79, 80])
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1.6. F Hydrogel microfluidic devices

Porous material, including hydrogel and membrane, is often used to minimize
flow convection when loading solutions into microchannels. A common strategy is to
place porous material in the stream path between the source chamber and the sink
chambers where convection are largely generated. Once the convection is largely reduced,
delivery of ligands toward cells could occur with only diffusion. In that case, both
experimental examination of ligand transport and computational models are feasible to
perform and provide reliable data to validate experiments and predict spatiotemporal
ligand delivery. As illustrated in Figure 1.9, a hydrogel was placed into the microdevice
between the source reservoir and the sink reservoir. Bulk flow, i.e. convection within the
microdevice, was largely reduced so that ligand diffused within the hydrogel and formed
a linear ligand gradient along the hydrogel. The ligands within the hydrogel also diffused
vertically into the microchannel, which eventually reaches a steady-state linear gradient
along the microchannel. This straightforward method to generate linear gradients requires
no sophisticated equipment to maintain the stable ligand gradient within the
microchannel. However, the major limitation of using this microdevice is that it lacks
dynamic control over the ligand gradient and feasibility to form a complex ligand
gradient, i.e. non-linear gradient, to meet different needs in biological systems. Moreover,
using hydrogels may affect imaging resolution, since the hydrogel has relatively low
optical transparency compared to glass or PDMS. Additionally, this method requires
relatively large amount of reagents, as most of them are distributed within the hydrogel

and only a small amount of ligands are delivered to the microchannel and stimulate cells.
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Figure 1.9: Schematics of hydrogel gradient generator. Hydrogel was sandwiched
between two PDMS layers. A microchannel was placed under the hydrogel. Arrow points
to the cell migration direction. (Borrowed from [81])
1.6. G Microchannel arrays

Instead of using the low optical transparent hydrogel as a media to reduce
convective flow, arrays of small microchannels are also used to minimize fluid flow. A
small microchannel is characteristic of high shear stress and high surface tension, which
can reduce flow with high friction. As shown in Figure 1.10, flow through the microjets
arrays, measured about of 1.5 um x 1.5 pm in cross-section for each microchannel, was
largely reduced at the entrance of the chamber before it entered the cell cultured chamber
[82]. This resulted in a pure diffusion of ligands across the chamber. The linear ligand
gradients reached steady-state in 10 minutes and could be maintained stable for long
period of time. The open-surface chamber also facilitates cell culture with sufficient gas
supply. This device also allows ligand gradient establishment within 3-D ECM. However,

the microdevice cannot generate complex ligand gradients, i.e. non-linear ligand
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gradients. Therefore, this limits its further biological applications. Additionally, the
microdevice requires extra equipment to continuously supply solutions, and particular

care when loading solutions, as the microchannel array is easy to clog.

Microjet arrays

Open-surface
chamber

Medium solution Ligand solution

Figure 1.10: Schematics of Microject device. Microjet arrays are connected the region of
ligand solution and the region of medium solution. Solutions were injected into the open-
surface chamber and generated with gradient within the chamber. White arrow point to
the cell migration direction. (Borrowed from [82])

Microfabricated devices have been designed to meet various needs of biological
studies. Each successful microfabricated device has its unique advantages and
distinguished functions to solve particular problems. Some microdevices have been
designed to investigate cell migration in 2-D environment, while some others were

developed to help understand cell migration in 3-D ECM. As steady-state gradients have

been widely studied, transient gradients are also of keen interest. Ligand gradient profiles
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have been recently reported to affect cell migration differently. However, such study has
not yet been widely investigated. In our research, we seek to develop a new type of
microfluidic device that will enable us to image cell migration in real-time under
different ligand gradient profiles and manipulate chemotactic response via 2-D and 3-D

microenvironments.

1.7  The bridged plane system

We have developed a microfabricated system that provides a user-friendly and
reliable platform to study cell migration. Its challenges lay in: 1) A suitable size for cell
culture and single-cell analysis in microenvironment; 2) Biocompatible property to
culture cells and maintain regular cell activity; 3) Feasibility to perform surface coating
with different biocompounds; 4) Feasibility to deliver ligand toward cells, generate
different ligand gradients across cells and perform cell migration; 5) Possibility to
maintain steady-state ligand gradient in a long period of time; and 6) Ability to examine
and predict local ligand gradients at any cell position over time.

Our system, called the bridged pLane System, contains two layers of biopolymers.
The top layer is composed of bridge channel while the bottom layer consists of a cell-
cultured microchannel with a cross-sectional size of 100 um x 100 um, as seen in Figure
1.11. The size has been tested to ensure cell viability, while minimize shear effects on
regular cell activities during solution loading. PDMS is used as a biomaterial for
microfabrication due to its known biocompatibility and high permeability of gas and
nutrient. We also use glass as a substrate for biocompound coating, as it is low cost and

has been largely used to coat surface with different ECM such as collagen and fibronectin.
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We deliver ligands toward cells via microfluidics. By controlling the bulk flow within the
microchannel, we will be able to design different ligand gradients across cells, which
allows observation of single-cell migration in different experimental conditions. In order
to maintain stable ligand gradients within the microchannel, large chamber volumes are
used to keep ligand source concentration and sink concentration constant. Further, the
source chamber and the sink chamber are connected to eliminate hydraulic pressure
difference within the microchannel due to chamber volume difference. This largely
reduces bulk flow and enables steady-state gradients maintained in long periods of time.
The ligand transport within the microchannel is accurately predicted using convective
diffusion models. Hence, the spatiotemporal profiles of ligand concentration and
gradients for individual cells within the microchannel length are achieved to facilitate cell

migration study.

Figure 1.11: Image of microchannel fabricated in PDMS. The PDMS of the
microchannel with two reservoirs was bound onto a glass slide.

The bulk flow, caused by inertia during solution loading, is laminar flow with a

low Reynolds number of less than 107, and a Peclet number between 10 and 50 when
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EGF (MW: 6kDa) and Dextran (MW: 10kDa) are used. Ligand transport within the
microchannel can be approximated to be 1-D due to its large ratio of the microchannel
length to its width. Additionally, our microsystem can also examine cell migration at
transient ligand gradients and non-linear steady-state gradients, as well as cell migration
within 3-D ECM.

This microsystem does not require sophisticated equipment to maintain gradient
status. Moreover, our microsystem might provide a new angle to study cell migration in
wound healing, as growth factor gradient may be non-linear and transient during the
complex tissue repair [46, 83]. The imaging techniques and computational modeling
allow us to quantitatively measure local ligand concentration and gradients, which can

greatly benefit cell migration study as the traditional bioassays are not able to detect.

1.8  Overview

In this dissertation, we discuss the development of our microfabricated system
based on the effects of microfluidics on cell-cell communication, cell-ECM interaction ad
cell morphology. We utilize all of these data in the experimental design and prototype
testing of our microdevices. In Chapter 2, we discuss how shear stress affected the MCL-
derived fibroblast morphology, the intercontacts between cells, and the interconnection
between cell and collagen. We found that shear stress increased cell-cell and cell-ECM
interconnections. We used this to influence the design of our microsystems. In Chapter 3,
we discuss how different magnitudes and time scales of shear stress were used to affect
cell-cell communication, 3-D cell-ECM network, and collagen structure. Results show

that shear stress enhanced cell-cell communication via gap junctions and cell-cell
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contacts within collagen network, and also suggested that there could be an optimal
loading method to seed cells into microenvironments with minimum shear effects. In
Chapter 4, the design and microfabrication of a novel microfluidic device, the bridged
plane system, and its usage in generating steady-state Dextran gradients are discussed.
The Dextran transport within the entire microsystem was also modeled. The diffusion
coefficient of Dextran measured using the mathematical and experimental methodology
was in line with published values, which demonsrated the feasibility and realibilty of
reagent gradient establishment via our microsystem. In Chapter 5, the bridged plane
system was used to generate steady-state EGF gradients. Cell migratory responses,
including cell motility and the number of motile cells, in response to the steady-state EGF
gradients are discussed. Here, we found that cell migration was EGF gradient-dependent
and that EGF concentration and gradient were both important to regulate cell migration.
In Chapter 6, cell migration in response to transient EGF gradients was reported to
exhibit lower cell motility than steady-state gradients. Additionally, the transient EGF
gradients were observed to have fewer effects on cell morphology change. Lastly, in
Chapter 7, we discuss the development of microfabricated systems, present future
experiments of our investigation in cell migration, and consider using our microdevice to

examine cell migration via intracellular signaling cascades.

1.9  Abbreviated materials and methods
This study has utilized various materials and methods from biological
examination to mechanical methodology to investigate cell-cell communication, cell-

ECM interaction, cell migration and microfluidic device development. The specific
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details of experimental designs and materials are described in each chapter. Below is an

outline of the materials and methods used in our experiments.

1.9. A Mechanical apparatus

A syringe pump and capillary tubing of different inner diameters were utilized to
impose mechanical stress on cells and collagen. Conventional oven and hot plates were
used to evenly heat up substrate samples. A rheomter was used to experimentally detect
collagen viscosity as a function of shear rate. A milling machine, lathe and jig saw were

largely used to manufacture acrylic molds for polymer casting in microfabrication.

1.9. B Biological reagents and assays

Primary antibodies and secondary antibodies were used to detect cell-cell
communication and growth factor receptor activity via immunostaining and In-Cell
Western blotting. Cell proliferation was examined using proliferation assays (MTT assay).
Cell migration was tested using transwell assays (Boyden assays) and microfluidic

devices.

1.9. C Fabrication

Photolithography and elastomeric PDMS stamping were used when making
microfluidic devices. Spin processer was utilized to evenly coat chemicals on substrates
while UV light was applied to change polymer structures during photolithography. High-

frequency generator was used to facilitate PDMS bonding with substrates.
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1.9. D Optical detection and imaging equipments

A spectrophotometer was used to detect light intensity of cell samples, while an
infrared scanning machine was applied to detect infrared fluorescence of protein samples.
Fluorescent microscopes were used to image cell function and detect ligand transport
with a motorized stage mounted for position control. Confocal microscopy was also used
to detect protein expression while a scanning electron microscope (SEM) was used to

study collagen structure.

1.9. E Mathematical modeling and computational methods

The Stokes-Einstein equation was utilized to estimate ligand diffusivity. The
Power law was used to theoretically calculate viscosity of polymer solutions, while
convective-diffusion equations were applied to model ligand transport within the entire
microfluidic devices. The Navior-Stokes equation was applied to analyze bulk flows
within the microchannel of the microsystem. Finite element method was also used to
solve the convective diffusion equation and generate spatiotemporal profiles of ligand

transport.
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ABSTRACT

The interconnectivity of fibroblasts within the ligamentous extracellular matrix
has been largely overlooked. Studies on the cell-to-cell contacts with their neighbors via
gap junctions in ligament fibroblasts, and works on the ability of fibroblasts to generate
interconnected networks in vivo, suggest inter-fibroblastic interactions play an important
role in fundamental biological processes, including homeostasis and wound healing. The
current study examines how fluidic shear stresses imposed by internal flow can be used to
mediate the formation of three-dimensional, interconnected fibroblast networks within
collagen solutions. Several fibroblast-collagen solutions were exposed shear stresses via
Poiselle Flow. The consequent changes in cell networking, interconnections, and cell
morphology within collagen matrixes exhibited by cells derived from Bovine Medial
Collateral Ligaments were analyzed. Results illustrate that higher imposed stresses
generate cells with more dendritic and/or branched morphologies, which form more
visible three-dimensional networks within collagen matrixes than fibroblast-collagen

solutions that were unexposed to shear stress.
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2.1 INTRODUCTION AND BACKGROUND

The inter-relationship between the widely-spaced cells of connective tissue and
their surrounding extracellular matrix (ECM) has generated extensive research into the
cell-matrix interactions that enable ligaments, tendons, and bones to bear mechanical
loads [1-3], set respective viscoelastic limits for these tissues [4-6], and contribute to
fundamental differences in physiological healing capacities [7,8]. The diminished
strength of injured and/or healing connective tissue is due in large part to the alignment
of collagen fibers, and intercommunication between constituent fibroblasts [9-11].
Investigators have illustrated that collagen alignment parallel to the longitudinal axis
provides maximum strength and stiffness for connective tissues [10, 15, 16]. However,
researchers have only recently demonstrated that constituent connective tissue fibroblasts
are able to explore and respond to changes in the surrounding ECM by forming gap
junctions with neighboring cells despite their large in vivo spacing [12-14]. As a result,
there has been a concerted effort to develop protocols, experimental methods, and
biomaterials that promote intracellular networking and biochemical communication
between constituent fibroblasts [5, 7, 17], as well as align cells and polymer fibers in
preferential orientations [16]. Multiple investigators have demonstrated that both
biopolymers and monolayers of various cell types can be aligned in the direction of shear
stress imposed by external fluid flow [18]. However, the application of fluid flow to
promote intracellular communication between cells positioned within 3D matrixes
remains unexplored.

In this work, we investigate the ability to influence 3D cellular networking

between ligament-derived fibroblasts within an in vitro collagen matrix by applying
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fluidic shear stress via internal, capillary flow, known as Poiselle flow [19]. Unlike the
application of external fluid flow, which imposes shear stress on only those cells and
matrix present on the interfacial surface, internal flow imposes shear stress along cellular
perimeters and collagen polymers within the entire capillary. For these experiments, we
hypothesize that stress-induced changes of fibroblast-populated collagen solutions affect
cell-matrix interactions to generate increased 3D fibroblast networking, indicative of
intracellular communication. Experiments will study the effects of fluidic shear stresses
on two types of solutions: (i) Buffered solutions of Medial Collateral Ligament (MCL)-
derived fibroblasts, only (i.e. no surrounding matrix); and (ii) Solutions of MCL-derived
fibroblasts seeded within a collagen matrix. Solutions will be displaced, or loaded,
through micrometer-sized capillaries in order to expose constituent cells and collagen

polymers to fluidic shear stresses, 7, defined by the fluid mechanics relation:

4Q7 @2.1)

where @ is volume flow-rate, r is capillary radius, and # is solution viscosity [20]. Via
Equation (2.1), greater shear stresses are applied onto solutions when they are displaced
through capillary tubing, or loaded, at larger volume flow-rates, Q. As per Poiselle flow,
the shear stress applied to solutions will vary proportionally from the capillary wall to the
capillary centerline. Applied shear stresses will be maximum on the wall, and approach
zero towards the capillary centerline. In this study, solutions will be loaded through
capillaries at four specified volume flow-rates between 10 pL/min and 30uL/min,
collected, and incubated overnight. Afterwards, solutions will be imaged to investigate

the fibroblastic networking and interconnections displayed between cells of both types of
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solutions (i.e. with and without a surrounding collagen matrix), as well as observe
changes in the shear-induced morphology of constituent fibroblasts. Results of this study
will be used to develop in vitro techniques that facilitate detailed investigations of
intracellular communication within pre-stressed, 3D matrixes needed for homeostasis and

wound healing research of connective tissue.

2.2 METHODS AND MATERIALS

Cell Culture: Primary cultured fibroblast cells were harvested from young (1-3
years), male bovine Medial Collateral Ligament (MCL) explants received from the Soft
Tissue laboratory at the Hospital for Special Surgery (New York, NY). These primary
passage cells were then washed and cultured with sterile growth media M199, 10% fetal
bovine serum (FBS), and 1% antibiotic-antimycotic solution, pH 7.1-7.3 (Mediatech Inc.,
VA) and plated onto sterile polystyrene tissue culture flasks (BD Biosciences, MA). Cells
were maintained in a 5% CO, humidified incubator at 37°C. Serial passages were
performed when cultures became ~ 90% confluent by detaching cells from flasks via a
three-minute treatment with 0.05% tripsin-0.53mN EDTA (Mediatech Inc., VA) at 37°C.
The suspension was then diluted with equal volumes of serum-containing growth
medium, and cells were collected via centrifuge, suspended in growth medium, and
subcultured for no more than five passages to insure maintenance of phenotype.

Preparation of Collagen Gels: Three-dimensional collagen gels were prepared
by dissolving type I collagen from Rat Tail (BD Biosciences, MA) in 0.01M hydrochloric
acid. Collagen was polymerized at a final concentration of 0.10mg/mL using buffered

Medium 199 (M199) (Mediatech Inc., VA). Fibroblasts were harvested in culture (with
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FBS), collected, and added as the last component prior to polymerization at a cell density
of approximately 10* cells per milliliter, as measured per hemocytometer.

System loading and incubation: Collagen-fibroblast solutions were exposed to
fluidic shear stresses via loading through a capillary tubing system. Fibroblasts in a
10%cells per milliliter density were mixed with 0.1mg/mL of collagen in 100pL of media,
and placed into a 100ul syringe (BD Biosciences, MA). This low cell density was chosen
from a range which other researchers have shown is the lower limit where fibroblasts can
form networks within collagen matrixes [14, 21], while low collagen concentration was
selected to mimic the lowest extreme of injured collagenous tissue. The syringe was
connected to a capillary tubing of 100um-inner-diameter (Upchurch Scientific Inc., WA)
on one side, and a low volume flow-rate syringe pump (Harvard Apparatus, MA) on the
other. Solutions were carefully displaced through the tubing using the syringe pump to
control the applied volume flow-rate, @, between 10puL/min and 30uL/min. Individual
solutions were loaded within new, 5-cm-long capillary tubing in order to generate
internal fluidic shearing for all experiments. Solutions exiting the capillary were collected
using 35-mm-diameter Petri dishes to gather individual droplets that landed into their
centers without splatter upon contact. Droplet position was unchanged during
experiments such that accumulation of successive droplets generated 100ul volume
solutions that covered the entire surface of the Petri dish, and were incubated overnight
(Figure 2.1). Note that a 500-mL-volume of cold water (10°C) was used to surround the
syringe, Petri dishes, and tubing during all experiments in order to impede temperature-

dependent effects upon cells or collagen gelation. Resultant fibroblast-populated collagen
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gels exhibited approximate 1-mm-thickness within Petri dishes during a minimum of 4
loading experiments per volume flow-rate.

Microscopy and Digital Imaging: An epi-fluorescence microscope (NIKON
TE300, Morrell Instruments, NY) was used to gather images of fibroblast-collagen gels
prior to and after capillary loading. The digital pictures within a 0.58-mm by 0.44-mm
centerline, cross-sectional area of the gel were acquired using SPOT software (Version
4.1, Diagnostic Instruments, MI) after overnight incubation at the magnitude of 20X
using phase contrast, long working distance objectives (20X /NA 0.40 /WD 3.0mm,
NIKON) and transmitted light. All images are representative of the cell densities seen

within the center sections of Petri dishes after loading experiments were performed.
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Figure 2.1: A schematic diagram of the experimental system used to impose shear
stresses onto MCL-derived fibroblasts suspended in buffered media without collagen
matrix or seeded within collagen matrix. All solutions containing fibroblasts with or
without collagen matrix were loaded through a 100-um-ID capillary tubing, S5cm long. A
displacement syringe pump was used to admit a constant volume flow-rate, Q, between
10 and 30pl/min. A 500-ml-volume bag of cold water was placed around the syringe to
maintain the solutions at approximately 10°C. Solutions were collected in the center of
Petri dishes in the diameter of 12mm, and incubated overnight to produce gels of
approximate 1-mm thickness. A photo of the whole Petri dish and the center area to
collect solutions was shown. Gels were imaged using an inverted transmission
microscope.

23  RESULTS
The effects of fluidic shearing were assessed by investigating cell and polymer
interactions within two individual types of solutions displaced through capillaries at four

different volume flow-rates of 10uL/min, 15puL/min, 20uL/min, and 30uL/min: (i)
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Solutions of MCL-derived fibroblasts only (i.e. no surrounding matrix); and (ii) Solutions
of MCL-derived fibroblast cells seeded within a 3D collagen matrix.

MCL-Derived Fibroblast Solutions: As control experiments, fibroblast
solutions were pipetted into Petri dishes, without prior displacement through capillaries,
and allowed to adhere overnight for subsequent imaging and analysis. Via use of large
diameter pipettes (100uL tips), these experiments imposed zero to minimal shear stress
onto fibroblast solutions displaced into Petri dishes, and were, therefore, benchmarked as
controls. Images of these control solutions exhibited exclusive 2D adhesion to the inner
substrate surface during multiple pipette experiments (Figure 2.2.A.i). Cells appeared
lamellar and flattened, and displayed minimal contact with neighboring fibroblasts. In
contrast, images of fibroblast solutions that had been displaced through capillaries at
different volume flow-rates prior to overnight incubation exhibited cell populations that
had visible interconnections with their neighbors (Figure 2.2.A.ii-2.2.A.v). Cells of
solutions loaded at the lowest volume flow-rate of @=10uL/min exhibited multiple close
contacts and extensions between neighboring cells. However, solutions displaced through
the capillary at higher volume flow-rates, 0>15uL/min, exhibited long, extended tethers

between neighboring fibroblasts.
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Figure 2.2: Microscope images of MCL-based solutions (MCL fibroblasts only and
collagen solutions seeded within MCL fibroblasts) in experiments that applied zero to
minimum shear, (A.i, B.i, C.i), and in experiment that loaded solutions through 100-um-
ID capillary tubing at constant volume flow-rates of 10ul/min (A.ii-C.ii), 15pul/min (A.iii-
C.iii), 20pl/min (A.iv-C.iv), and 30ul/min (A.v-C.v). The left-hand column illustrates
images of solutions containing only fibroblast cells after solutions were loaded into
capillary tubing at different volume flow rate, Q, (A.i-A.v). Images shown in the center
column illustrate images of collagen gels seeded with fibroblast cells after solutions had
been loaded into capillary tubing at different volume flow rate, Q, (B.i-B.v). Bright spots
seen in the images represent cells out of the substrate plane of focus, indicating 3D
interconnections within the collagen matrix. Images in right-hand column (C.i-C.v)
depict enlarged cell morphologies from fibroblast-collagen solutions loaded at different
volume flow rate, Q. Arrows in the left-hand column mark cell inter-contact seen when
cell solutions were displaced through capillaries at different volume flow rates, while
arrows in the center column points to cells that exhibit morphology representative of
entire gel.

Additionally, data illustrates that the number of cells per unit area varied between
experiments of the no-shear control, and the experiments that imposed shear via
displacement of solutions through capillaries at different volume flow-rates. Cells of the
control experiment were seen to distribute uniformly over 95% of the Petri dish substrate
area, while cells loaded at different volume flow-rates were uniformly distributed within
solely the center about 60% of the Petri dish area (Figure 2.3). The number of
connections between neighboring cells illustrates that cell solutions which had been
loaded through the capillary system exhibited approximately the same number of cells
per unit area upon the inner substrate surface regardless of volume flow-rate used. As
seen, the number of cell interconnections between neighbors increased by 30% when
shear was applied, but remained relatively independent of the magnitude of volume flow-

rate used thereafter (Figure 2.4).
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Figure 2.3: Measurement of cell location within Petri dishes after loading and incubation
of buffered cell solutions (no matrix). (i) The left-hand-side illustrates that cell solutions
exhibited an approximately uniform distribution which covered 95% of the surface area
when directly pipetted onto Petri dishes with minimal shear, i.e. control. In contrast, cell
solutions loaded at different volume flow-rates exhibited a uniform distribution of cells
that was concentrated within the center about 60% of the dish. (ii) The right-hand side of
the figure illustrates a schematic top view of a Petri dish to demonstrate the different,
concentric distribution of cells after loading. Cells of the control were seen along 95% of
the surface areas of the dish, Acontrol, while cells of sheared solutions were uniformly
distributed solely throughout the center 60% of the dish, Ashear . The surface area where
solutions were cover was represented with Adish.
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Figure 2.4: The number of cell interconnections between neighboring fibroblasts
increased when shear stress was applied to buffered cell solutions (no matrix) via
displacement through capillary tubing. The number of cell connections between
neighbors was minimum during control experiments (no shear, Q~0), but increased for
cell solutions that had been exposed to shear stress via internal flow, by average 45%.
The number of cell connections between adjacent cells was approximately constant
between solutions that had been displaced through the capillary system at Q>20ul/min.
Collagen Gels Seeded with MCL-Derived Fibroblasts: As before, control
solutions of collagen seeded with MCL-derived cells were identified as those which were
directly pipetted into Petri dishes without prior displacement through capillaries (i.e. zero
to minimal shear imposed onto solutions). Images of control solutions that had
polymerized in overnight displayed cells which were dispersed throughout the thickness
of the gel, as well as intermittently interconnected within the collagenous ECM (Figure
2.2.B.i.). Cells were seen elongated and in contact with neighbors at varying distances
from the substrate surface. In addition, cells were evident both in and out of the focal

plane, indicative of 3D fibroblast location within the collagen matrix. Note, only images

captured from the focal plane of the center, the inner substrate surface, are shown.
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Additionally, as with previous loading experiments, solutions of cells loaded with
collagen matrix exhibited interconnected cells that were distributed throughout the center
60% of the surface area of the Petri dish for all volume flow-rates used, while cells of
control samples where distributed throughout the entire Petri dish.

Images of collagen-fibroblast solutions that had been displaced through capillaries
at different volume flow-rates depicted varying amounts of cell networking within
polymer gels. Solutions loaded through the capillary at the lowest volume flow-rate of
0=10pL/min exhibited high-density networks of flattened, spindle-like cells on the
substrate surface, only (Figure 2.2.B.ii). No 3D cell location within the gel or 3D
networking between cells was observed for multiple loading experiments at this volume
flow-rate, although such networking was evident in images of the control solution. In
contrast, solutions displaced through capillaries at higher flow-rates, @>15uL/min,
displayed 3D interconnected networks of neighboring fibroblasts within the collagen
matrix (Figure 2.2.B.iii-2.2.B.v). Cells were seen in and out of the focal plane, indicative
of 3D positioning, and exhibited clear cytoplasmic extensions between neighbors for
multiple loading experiments per volume flow-rate.

Lastly, images of collagen-fibroblast solutions displaced through capillaries
generated gels that exhibited marked changes in constituent fibroblast morphology. MCL
phenotype within gels loaded at the lowest volume flow-rate (@Q=10uL/min) appeared
lamellar and flattened, as typically seen during 2D substrate adhesion (Figure 2.2.C.ii).
However, fibroblast morphology within solutions that exhibited 3D interconnections was
visibly different between samples. Although a small subset of cells within solutions

loaded at a 15ul/min illustrated 2D adhesion to the substrate, a majority of cells appeared
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elongated, and displayed an increasing number of cytoplasmic extensions throughout the
thickness of the gel (Figure 2.2.C.iii). Similarly, the majority of fibroblasts displaced
through the capillary at 20uL/min exhibited phenotypes that were more visibly spindle-
like, and bore an increasing number of cytoplasmic extensions per cell (Figure 2.2.C.iv).
A number of cells within solutions loaded at a 30uL/min flow-rate exhibited a unique,
highly branched morphology, supported by dendritic extensions that protruded radially
outwards from the cell into the 3D matrix (Figure 2.2.C.v). In order to describe the
differences in observed morphology more quantitatively, the number of cellular
extensions of a typical cell within each experimental gel was measured for each loading
experiment. Upon counting the number of extensions per cell within over 50 cells per
volume flow-rate experiment, the data illustrate that the number of cell pseudopods
increased from a minimal value of 2 during zero shear control samples, i.e. Q~0, to a

maximum value of 7 within cells loaded at the highest volume flow-rate of Q=30ul/min

(Table 2.1).
Q (uL/min) # of Cell Extensions
0 2 +/-15
10 4 +/-27
15 6 +- 23
20 6 +- 3.1
30 7 +/-22

Table 2.1: The average number of cellular extensions measured within cells of fibroblast
populated collagen gels that were loaded at different volume flow-rates. Approximately
20 cells of 4 different experiments per each volume flow-rate were measured to obtain a
sample size of 80 cells per column entry. As seen, the number of pseudopods increased
from an average of 2 extensions during control experiments (i.e. no shear), to an average
of 7 when exposed to shear stresses via capillary displacement at a volume flow-rate of
30ul/min.
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2.4  DISCUSSION

The ability of cells derived from ligament tissue to generate three-dimensional,
interconnected networks under various types of mechanical loading is of critical
importance to connective tissue researchers. In this work, we performed experiments
which tested the ability of MCL-derived fibroblasts to generate networks within
surrounding 3D collagen solutions under shear stresses imposed by fluidic loading
through capillary tubing.

Minimal Shear (Controls): We note two important findings about designated
control experiments (zero to minimal shear). First, the ability of MCL-derived fibroblasts
to form 3D networks within collagen gels without imposed shear (i.e. controls) was
largely influenced by the addition of Fetal Bovine Serum (FBS), rather than by the buffer
or media used. Multiple experiments were performed using either Media 199 or
Dulbecco’s Modified Eagle’s Medium (DMEM) as control buffers, with and without FBS
(data not shown). Our results demonstrated no visible differences between gels
constituted with either media, but rather, illustrated that the addition of FBS to either
media generated gels that exhibited 3D networks of elongated fibroblasts. This result
corroborates the work of others who have illustrated that growth factors are able to
promote fibroblastic extensions within collagen matrixes [14]. This is also of practical
interest, as multiple buffers have been used in the literature for gel seeding experiments,
and we report little notable differences induced solely by the two most commonly used

medias.
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Additionally, the visualization of cellular networking between MCL-derived cells with a
low seeding density (~10%cells/mL) is unexpected. Using a simplified geometric
argument that models cells as uniformly distributed spheres of 10-um-diameter, a cell
density of 10* per millilieter within a collagenous matrix indicates that, without such
external influences such as temperature gradients or shear, the cells would be separated
from their neighbors by approximately 465um. Such a remarkable spacing of more than
47 times the cell diameter suggests that the cells are unlikely able to form interconnects
readily. However, data presented here illustrates interconnections between low cell
density collagen gels, suggesting that fibroblast-populated collagen gels can exhibit a
large degree of fibroblast networking between connective tissue cells when exposed to
shear stresses, and should be further investigated.

Imposed Fluidic Shear: Images of MCL solutions gathered after capillary
loading illustrated that while cells were unable to form three-dimensional networks
(presumably because they lacked a matrix onto which to adhere), fibroblasts were
nonetheless able to form visible interconnects with their neighbors at all volume flow-
rates used. This behavior suggests that, first, cells were physiologically unharmed by the
shear stress imposed during these loading experiments, and that, second, cells retained
the ability to reach out to surrounding cells after imposed shear. Using the values of
volume flow-rate selected for these experiments, the Poiselle flow relation of Equation
(2.1) indicates that the internal flow used imposed a maximum wall shear stress of less
than 10Pa (100 dynes/cm?) in magnitude onto cell solutions. While the use of connective
tissue fibroblasts during fluidic shear experiments via internal flow has been unreported,

typical values of shear stress imposed from external fluid flow experiments onto ligament
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fibroblasts are on the order of 25 dynes/cm? [17]. Further, the shear stress required to
detach fibroblasts from glass or polystyrene surfaces is at least two order magnitudes
higher, at approximately 420Pa (4200 dynes/cm?) [22]. Hence, the shear stresses applied
in our internal flow experiments will not exert significant damage on cells. The
interconnection patterns were distinct with volume flow-rate used, as they ranged from
minimal close contacts between neighboring cells at low volume flow-rate, to what
appears to be extended, intercellular tethers at higher volume flow-rates. Given the lack
of a collagen matrix in these experiments, the results suggest that MCL-derived cells are
extremely sensitive to minimal values of shear stress, and that their interactions with one
another can be influenced by internal fluid flow.

The capillary loading of collagen solutions bearing fibroblasts demonstrated that
the application of shear stress via internal flow affected cell ability to form interconnects
with neighbors. While cells exhibited 2D cell tethering in the absence of an ECM under a
given shear stress in previous experiments, they responded to the same magnitude of
shear stress by forming 3D interconnected networks that exhibited dramatic changes in
3D phenotype in the presence of a collagen ECM. While it is recognized that cells
adherent to substrates with or without collagen are expected to exhibit different cell
morphologies because of the noted differences in integrin and non integrin-mediated
binding [23], our data documents marked differences in specific cell morphology
between cells of MCL-collagen solutions during shearing experiments. Cells became
increasingly spindle-like when increased shear stress was applied via higher volume
flow-rate, and ultimately exhibited small populations with a unusual branched

morphology at the highest flow-rate used. The observed differences in shear-induced
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phenotype are novel, and potentially provide support for evolving theories regarding the
relationship between fibroblast morphology and mechanotransduction. For instance, the
shear-induced phenotype observed in this study could indicate that cells were changing
morphology in efforts to interconnect with neighbors as a means to mechanotransduce the
externally applied shear stress. Alternatively, the morphology could suggest that cells had
altered phenotype in order to adhere more effectively to the surrounding ECM and better
contract the surrounding gel, such as needed during wound healing. Such observations at
low collagen concentration are surprising, and point to a potential new avenue of research
in connective tissue repair. However, in order to determine whether cells are indeed in a
resting or active state, detailed biochemical testing is needed to identify the viability of
gap junctions and other cell-to-cell contacts formed between 3D networked cells as a
result of imposed stresses.

The experiments additionally exhibited marked differences in the distribution of
cells between control and shear experiments, with or without matrix. Data of
experimental loading of cell solutions (no matrix) illustrate that cell solutions without
shear, i.e. controls, were uniformly distributed throughout the Petri dish used, while cells
loaded through capillaries were concentrated towards the dish center. Similar results were
seen from experiments that loaded solutions containing both cells and collagen. While
cell contraction in the ECM is expected to position cells towards the gel center, such
concentric cell distribution should not similarly be seen for cell solutions lacking a
collagen ECM. The observation of similar results between solutions with and without
matrix suggests that internal flow may affect cell connectivity via more physical

interactions. That is, the close proximity of cells stimulated via capillary loading may

50



have induced cellular interconnections that were long lasting. Further investigation of
such properties will significantly impact those research areas seeking to build matrixes
with interconnected cells to better mimic connective tissue.

Lastly, it is noted that capillary loading may act directly upon collagen polymers
to promote chain fracture and/or scission under high magnitudes of shear stress. Such
shearing can create an extracellular matrix comprised of shorter polymer chains, and/or
polymer strands that are spaced further apart, which can directly influence fibroblast-
polymer interactions. However, experiments avoided such difficulties by applying
minimal shear stresses unlikely to fracture polymer chains of pre-crosslinked solutions
having low collagen concentration [19]. In addition, temperature was tightly controlled to
10°C during experiments in order to impede collagen polymerization during capillary
loading, which could also directly affect cell-collagen interactions. Time-dependent
polymerization was similarly minimized via usage of short loading times less than 10
minutes in duration during testing. However, because partial collagen polymerization is
difficult to detect under conditions of flow, and with the addition of live, embedded cells,
a complementary rheological study is recommended to more completely understand the
potential, complex polymer-cell interactions that may be present during portions of
capillary loading.

In conclusion, the results of this study suggest that shear stress applied via internal
fluid flow can be used to influence fibroblast-matrix interactions as well as cell
phenotype. Successful development of experimental techniques that promote cell
networking in vitro will aid in the biological research directed towards identifying and

understanding complex biochemical cues that promote fibroblastic interconnections of
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connective tissue, as well as assist the large research efforts currently undertaken to

develop novel biomaterials for use in tissue repair and engineering.
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Abstract: The formation of cell-cell contacts within extracellular matrix (ECM) is
essential to maintain tissue homeostasis and metabolism, as well as critical toward the
cell-ECM mechanotransduction that can affect intracellular organization and intercellular
communication to enable cell response to external stimuli. This work illustrates the
effects of shear stresses on cell—cell contacts within pre-stressed collagen ECM that were
loaded in two separate conditions of constant flow (CF) and constant elution time (CET).
The numbers of cell—cell contacts and cytoplasmic processes in both media and 3D ECM
gels were analyzed in order to examine the shear effects of different magnitudes and time
periods on 3D cell-ECM formation. The sheared collagen ECM microstructures were
imaged and studied via scanning electron microscopy (SEM) to illustrate greater
distances between constituent cells when larger shear stresses were applied. And the gap
junction Connexin 43 expressed between networked cells that were sheared in short time
period using CF loading exhibited more than those using CET loading. Notably, the
number of cell-cell contacts increased when larger shear stresses were applied,
suggesting these stresses may be used to increase intercellular communication within 3D

matrixes.
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3.1 INTRODUCTION

Cell-cell contacts within tissue are critical for the intercellular communication and
transduction of external stimuli needed to maintain tissue organization and integrity, as
well as facilitate tissue repair [1-3]. Yet, as layers of cells within tissue are often
separated by extensive, 3-D extracellular matrix (ECM), the formation of these important
cell-cell contacts is largely dependent upon cell adhesion to the ECM. Cells adhere to the
ECM and to one another through specific types of transmembrane adhesion receptors that
enable bi-directional communication between the inside and outside of the cell [2, 4]. The
cell response to mechanical forces is then coupled to the internal organization of the
cytoskeleton as well as to its adhesion to surrounding cells and ECM. Structural cues
from the ECM, such as anisotropy or topology of constituent proteins, as well as the
location of cell-cell contacts within ECM, can cause a cell to re-orient its body, shape, or
functional state [4, 5], and consequently alter how cells adhere to their surroundings [5-7].
It has been recently proposed that the material characteristics of 3-D ECM may affect the
mechanism of cell adhesion within the matrix via cell-matrix entanglements, thereby
altering the formation of subsequent cell-cell contacts [2, 8, 9]. Such a model would
greatly affect the engineering and material communities, as cell anchorage and
communication within 3-D matrixes have been stimulated using 3-D dynamic forces in
vitro, such as shear stress, pulsate flow, and compression, to stimulate explants of
connective tissues, induce alignment for blood vessels, as well as develop engineered

tissues with improved structural and functional properties [10, 11].
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In this work, we investigate the effects of shear stress on the formation of cell-
cell contacts within ECM by imposing changes to the 3-D structure of the surrounding
matrix. Shear stress was selected for this study because it is well-known to influence the
3-D architecture of matrix solutions by deforming the length and distribution of polymer
chains as well as altering the spacing and size of matrix pores [12, 13]. Furthermore,
shear stress has also been reported to alter the distribution of gap junction proteins
between cells, i.e. communication channels characteristic of cell-cell contacts, as a
consequence of mechanotransduction [14-16].

This study utilized closed-channel fluid flow to apply shear stress to
polymerizable solutions of collagen ECM, seeded with cultured fibroblast cells. In this
manner, experiments generated so-called pre-stressed gels, by imposing mechanical
queues to both the cells and ECM, simultaneously. Further, as the viscoelastic properties
of extracellular collagen are known to depend upon both the magnitude and duration of
imposed shear stress [17, 18], solutions were extruded through microcapillaries at
different volume flow-rates using two separate conditions of constant flow (CF) and
constant elution time (CET), and the resulting polymer structure was imaged via
Scanning Electron Microscopy (SEM). In addition, immunostaining of Connexin 43
(Cx43), a gap junction protein notable for its role in connective tissue
mechanotransducition [14] and altering cell function during tissue wound healing
[19],was also preformed to examine the effects of CET and CF-generated shear stresses
on Cx43 distribution between networked cells. It was observed that cells supported
within pre-stressed gels exhibited a larger number of cell-cell contacts when larger

magnitudes of shear stress were applied. Further, cells exposed to high values of shear
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stress for subsecond time periods displayed 3-D cell-cell contacts within pre-stressed gels,
while cells exposed to the same shear stresses for longer time periods did not. Lastly,
immunostaining experiments illustrated significant changes in Cx43 distribution along

cell-cell interfaces between samples loaded using CF and CET conditions.

3.2 MATERIALS AND METHODS

Cell culture: Primary fibroblast cells were harvested from bovine Medial
Collateral Ligament (MCL) explants received from the Soft Tissue laboratory of Dr.
Peter Torzilli at the Hospital for Special Surgery (New York, NY) [20, 21]. Primary cells
were washed and cultured with sterile growth media M199, 10% fetal bovine serum
(FBS), and 1% antibiotic-antimycotic solution (penicillin, streptomycin, amphotericin B)
(Mediatech Inc., VA) with pH 7.1-7.4 and plated onto sterile polystyrene tissue culture
flasks (Becton Dickinson Labware, NJ). Cells were then maintained at 37°C in a 5% CO,
humidified incubator. Serial passages were performed when cultures became ~ 90%
confluent by detaching cells from flasks via a three-minute treatment with 0.05% trypsin-
0.53mM EDTA (Mediatech Inc., VA) at 37°C. The suspension was then diluted with
equal volumes of serum-containing growth medium, and cells were collected via
centrifuge, suspended in growth medium, and subcultured for less than 5 passages prior
to experimental use.

Preparation of collagen solution: Specimens of collagen ECM were prepared by
dissolving a stock solution of type I rat tail collagen (BD Biosciences, Bedford, MA) in
phosphate buffered saline (1 X PBS, Mediatech Inc., Herndon, VA) to reach final dilute

concentrations of 0.10mg/mL. The pH of all samples was adjusted to 7.4 using sodium

61



hydroxide (NaOH) as needed to insure polymerization [22]. To generate specimens of
cell seeded collagen ECM, collagen was first diluted from the stock solution into sterile
growth media M199 with FBS to a final concentration of 0.10mg/mL, and afterwards
cultured fibroblasts were collected and added to the solutions prior to collagen
polymerization. Solutions of sheared collagen with and without embedded fibroblasts
were incubated overnight (~12 hours) for experimental observation the following day.
We note that experiments of this study utilized a low cell density (10* fibroblasts per
milliliter) as well as a low collagen concentration (0.10mg/mL) in order to examine the
formation of 3-D cell-cell contacts within minimal environments, as clinical investigators
have illustrated that both collagen concentration and cell density can be significantly

reduced for physiological conditions, such as trauma, or injury [3, 23].
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Figure 3.1: A schematic diagram of the Constant Flow (CF) and Constant Elution Time
(CET) loading conditions used to impose shear stresses onto solutions. Using CF loading
conditions shown in (A) solutions were pressure-driven through microcapillaries of fixed
5-cm-length and 100-pm-inner-diameter using a displacement syringe pump at a volume
flow-rate, Q, between 15 and 30ul/min. Using CET loading conditions shown in (B)
solutions were pressure-driven through varying lengths of microcapillary tubing having
100-pum-inner-diameters. A 500-ml-volume bag of cold water was positioned around the
syringe during each test to maintain the solution at approximately 10°C. Solutions were
collected in the center of Petri dishes, and incubated overnight to produce so-called pre-
stressed collagen gels with approximate 1-mm thickness.
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System loading and incubation: Solutions were exposed to shear stresses via
displacement through 100-pm-inner-diameter capillaries (Upchurch, MA) using a syringe
pump (Harvard Apparatus, MA) operated at different volume flow-rates as shown in
Figure 3.1. Solutions were placed into a 100ul syringe (Hamilton, CA) and displaced
through adjoining capillary tubings at volume flow-rates, Q, between 15 pL/min and 30
puL/min. Sheared solutions were then collected in Petri dishes (MatTek Corp., MA)
located directly below the exit of the capillary tubing, such that individual droplets exited
the tubing and landed into the center of the dish without splatter upon contact. Droplet
position was unchanged during experiments. Further, a 500-mL-volume of ice water
(10°C) was used to surround the syringe during experiments in order to impede
temperature-dependent collagen gelation. Sheared solutions were collected and incubated
overnight (~12 hours) to generate pre-stressed gels with approximate 1-mm-thickness.
Lastly, control experiments used large diameter pipettes to displace solutions onto Petri
dishes, directly, in order to mimic zero shear conditions. Similarly, the control solutions
were also incubated overnight (~12 hours). Note that all of the cell solutions, including
the sheared and control solutions, were tested to confirm cell viability using Calcein AM
(Cat. # C3099, Molecular Probes, Eugene, OR) after overnight incubation (data not
shown).

Experiments in this study applied shear stresses using flows that can be modeled
as non-Newtonian Poiseuelle Flow, i.e. fully developed, laminar flow within circular
channels [24]. Here, the shear stress imposed by fluid flow varied gradually from a

maximum at the channel wall (i.e. microcapillary inner radius) to a minimum at the
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channel centerline, such that shear stress imposed, 7, is defined by the fluid mechanics

relation:

r=n(y)-y (3.1

where 1 is solution viscosity and y is shear-rate. Further, the shear-rate imposed during

fluid flow is defined as:

y=dv,/dr (3.2)
where v, is the fluid velocity in the axial direction (z-direction). For non-Newtonian
fluids such as collagen, viscosity is a function of shear rate, and is commonly studied

using the power law fluid model [24]:

n=m(y)"" (3.3)
where m is a consistency index between 2/3 and 1, and (n-1) is a value between -0.1 and -
0.6 that represents the slope of the curve on a log-log plot [25]. Using this model, the

volume flow-rate, Q, is derived as:

7ZR3 Z_Rl/n
“3+1n m

Q

(3.4)

where R is the channel radius and tr is the shear stress on the wall (i.e. when radius
equals R). In addition, as the power law fluid models viscoelasticity, two different
experimental configurations of constant elution time (CET) and constant flow (CF) were
used. Using the CF conditions shown in Figure 3.1A, solutions were displaced through
microcapillaries of fixed cross-section and fixed 5-cm-length using volume flow-rates
between 15 and 30 puL/min. As a result, shear stresses were imposed onto extruded

solutions for different time periods per volume flow-rate used, ranging between 0.8 and
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1.6 seconds, as shown in Table 3.1. Using the CET conditions shown in Figure 3.1B,
solutions were similarly loaded through microcapillaries of fixed cross-section using
volume flow-rates between 15 and 30 pL/min. However, microcapillaries of lengths
between 30 cm and 90 cm were used as listed in order to insure that CET conditions
imposed shear stresses onto solutions for the same 14-second time period in each
experiment.

Rheometer testing: A parallel-plate rheometer (ARES-LS, TA Instruments, DE)
was used to impose shear stress onto collagen solutions at shear-rates between 1x10~ 1/s
and 5x10° 1/s, i.e., 6 orders of magnitude. The plates of this instrument were separated by
0.8 mm, and torque was exerted on the bottom plate by the rotating top plate from a
minimum value of 0.1 uNm. The separation between the parallel plates was filled with
1.6 mL of collagen sample, so that the solution viscosity could be recorded as a function
of shear-rate. The instrument was used to measure the viscosity of collagen solutions as a
function of shear-rate in three identified regions: A zero-shear rate plateau, a shear-
thinning region, and a high shear-rate plateau.

Immunostaining: Fibroblasts at a concentration of 10* cells/ml within M199
solution were sheared during the CF and CET loading, collected in chambered
coverglasses (Nalge Nunc International, Rochester, NY), and incubated overnight. Cells
were then fixed with 3.7% parafamalderhyde (Sigma-Aldrich Co., St. Louise, MO) and
permeablized with 0.4% Triton X-100 (Sigma-Aldrich Co., St. Louise, MO). Cells were
treated with rabbit anti-connexin 43 (Cat. # 710700, Zymed, San Francisco, CA) diluted
in solution of PBS (Mediatech Inc., Herndon, VA), 0.4% Triton X-100 and 10% goat

serum at 1:1000 for 2 hours, and then stained with Alexafluora 488 goat anti-rabbit IgG
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(Cat. # A11008, Molecular Probes, Eugene, OR) diluted in PBS and 0.4% Triton X-100
at 1:3000 for 1 hour. Cells were washed with PBS and 0.4% Triton X-100 and preserved
in mounting medium with DAPI (Cat. # H-1200, Vector Lab Inc., Burlingame CA), a
fluorescent marker commonly used to label the cell nucleus.

Microscopy and digital imaging: A transmitted-light optical microscope
(NIKON TE300, Morrell Instruments, NY) was used to gather images of pre-stressed
collagen gels (with cells) after microcapillary loading. The digital pictures within a
0.58mm by 0.44mm cross-sectional area were acquired using SPOT software (Version
4.1, Diagnostic Instruments, MI) before and after overnight incubation. All images shown
are representative of cell densities seen within the center section of Petri dishes following
loading experiments. Pre-stressed gels were imaged from the bottom of substrate surfaces
to the top free surface of collagen gels using long working distance 20X objectives that
enabled observation of collagen and cells between ECM layers 80-100 um thick. Cells
with projections that were visibly in contact with one another between these layers of
collagen were then measured to produce the cell-cell data presented and discussed in this
study.

Immunostaining experiments of the gap junction protein Cx43 utilized a
transmitted-light epi-fluorescent microscope (NIKON TE2000, Morrell Instruments, NY)
to image labeled fibroblasts using MetaVue software (Version 6.2r4, Universal Imaging
Corp., PA). An objective of 20X was used to observe images.

Scanning Electron Microscopy (SEM): Collagen from a stock solution was
dissolved in de-ionized water to reach a final concentration of 0.10mg/mL. Collagen

solutions collected after CET and CF loading, as well as control solutions (i.e. no shear
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applied) were placed on silicon wafers and then dehydrated through a series of ethanol
solutions (35%, 50%, 75%, 95% and 99.5% for 10 minutes, respectively) and air dried in
desiccators. Note that the collagen solutions dissolved in de-ionized water were not
polymerized prior to or after shear stress was applied, as the measured pH of ~7.0 was
below the value required to stimulate collagen polymerization [22]. The samples were
examined using a scanning electron microscope (Carl Zeiss EVO 40, Boston, MA) with a
maximum resolution of 50nm.

Statistical analysis: All experiments were repeated approximately 10 times per
volume flow-rate, for each condition of constant flow (CF) and constant elution time
(CET). A minimum of 5 micrographs per volume flow-rate were analyzed by selecting
between 18 and 24 cells per micrograph to generate a sample size of at least 90 cells per
experiment. Analysis of variance was performed for comparison of individual means.
Significance of differences presented here exhibited values of P <0.005 as shown

specifically in the text where discussed.

3.3 RESULTS

This narrative describes the results obtained from three major experiments
performed in this study. First, the viscosity of ECM solutions was altered by the shear
stress imposed during microcapillary loading and SEM images demonstrated a notable
difference between the collagen orientation of ECM samples following CET and CF
loading. Second, the average number of cytoplasmic extensions per cell, n”, increased
with increased values of shear stress imposed during both CET and CF loading. Further,

an increased number of 3-D cell-cell contacts within extracellular collagen, nC'CECM, were
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observed when shear stresses were imposed for sub second time durations using CF
loading. And third, immunostaining of Cx43 illustrated an altered distribution of the gap
junction protein between networked fibroblast cells after shear stresses were imposed via

CET and CF loading.

Imposed Shear Stress Induced Changes in ECM Viscoelasticity

This study measured the changes in solution viscosity, 1, as a function of shear-

rate, 7 , in order to verify non-Newtonian, shear-thinning viscosity profiles for the dilute
collagen solutions used as ECM. First, a rheometer was used to identify the time required
for ECM solutions (without cells) to fully polymerize. As depicted in Figure 3.2A, the
viscosity of an ungelled ECM solution increased from a minimum of n = 0.06 Pa-s at
time t=0, to a steady-state value of n = 0.25 Pa-s after t = 550 seconds, or approximately
9 minutes as indicated by the dashed line in the figure. After this time, the solution was
presumed gelled. This time parameter was then used to obtain the viscosity profiles of
both gelled and ungelled solutions as a function of shear-rate via rheometer. The viscosity
profiles of gelled collagen in Figure 3.2B were obtained using solutions that had
polymerized for 9 minutes prior to testing, while the viscosity of ungelled solutions was
recorded using samples immediately after preparation (less than one minute). Figure
3.2B illustrates that the shear-rate-dependent viscosity of both gelled and ungelled

solutions were approximately constant and had minimum values of n = 1.0 Pa-s, and n =

0.4 Pa-s, respectively, at low shear-rates near y = 3x10~ 1/s. At intermediate shear-rates

between ;/ = 4x107 1/s and ;/ = 107 1/s, the viscosity of both gelled and ungelled
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collagen solutions exhibited linearly decreasing values on a log-log scale. Lastly,

viscosity values of both solutions remained constant, and at the same lowest value of n =

0.0035 Pa-s, for shear-rates in excess of 7 = 4x10° 1/s. Using this data, the values of

shear stress at the wall, tr, imposed by the microcapillary flow of these ECM solutions at
different volume flow-rates, Q, was then calculated in accordance with the fluid
mechanics relations described in Equations (3.1) through (3.4), as listed in Table 3.1.
Note that the shear stress imposed during microcapillary loading ranged between
maximum values of tg = 15.1 and 19.1 Pa at the channel wall, but decreased towards a
value of tr = 0 at the channel centerline in each experiment as per Poiseuelle flow [26,

27].
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FIGURE 3.2: Rheological data of collagen solutions used as extracellular matrixes
(ECM) for fibroblast adhesion and interaction. The graph in (A) illustrates the viscosity
of collagen solutions, m, as a function of time, t, at a fixed shear-rate of 1 1/s. The
polymer gelation time was estimated as 550 seconds, as denoted by the dashed vertical
line. The plot in (B) displays the viscosity of gelled and ungelled collagen solutions as a

function of shear-rate, y . Collagen viscosity is a maximum at low shear-rate (7 ~10~ 1/s)

and a minimum at high shear-rate (}./ ~10* 1/s).
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Q (uL/min) 1T (5) Bt (s) ‘|tz (Pa) ¢
Control (~0) 0 0 0

15.0 14.0 1.6 15.1

20.0 14.0 1.2 16.8

30.0 14.0 0.8 19.1

TABLE 3.1: Conditions used to extrude 100-pl-volume of solution through 100-um-ID
capillary tubings via syringe pump using conditions of constant elution time (CET) and
constant flow (CF). Q represents the volume flow-rate used during experiments in units
of uL per minute; t“*" denotes the solution exposure time to shear stress within
microcapillaries using CET loading conditions; t* depicts the solution exposure time to
shear stress within microcapillaries using CF loading conditions; tr represents the
maximum shear stress present at the channel wall (radius = R), as calculated using the
power law fluid model.

Scanning Electron Microscopy (SEM) Illustrates Changes in Collagen Orientation

SEM was used in order to investigate the effects of the shear stresses by the
different loading conditions on the collagen microstructure. Three solutions were imaged:
(1) Collagen samples of control specimens (minimum shear applied); (ii) Collagen
samples following CF loading at 30ul/min through 5-cm capillary tubing, and (iii)
Collagen samples after CET loading at 30ul/min through 90-cm capillary tubing. As seen
in Figure 3.3A, the collagen in the control sample exhibited an ordered alignment, with
parallel collagen fibers observed along one preferential angle. Collagen solutions imaged
after CET loading, shown in Figure 3.3B, appeared significantly disordered and
misaligned, as large spacing between the fibers was evident. The collagen samples
imaged after CF loading, seen in Figure 3.3C, illustrated a similar pattern to the control,
but appeared slightly disordered as evidenced by the regions of intersecting collagen

fibers.
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Control (Q~0pl/min, L~0cm)

FIGURE 3.3: Scanning electron microscope (SEM) images of collagen samples after
shear stress is applied. Control sample (i.e. minimal shear) is shown (A). Collagen
samples displaced through 90-cm-long microcapillaries at 30pul/min via Constant Elution
Time (CET) loading (B). Collagen samples displaced through 5-cm of microcapillary at
30ul/min via Constant Flow (CF) loading (C). Scale bar: 3um.
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Higher Shear Stress Increased Average Number of Extensions Per Cell

Experiments combined ungelled solutions of extracellular collagen with live
populations of cultured fibroblast cells and displaced the solutions through
microcapillaries at different volume flow-rates using conditions of Constant Elution Time
(CET) and Constant Flow (CF). In addition, populations of cultured fibroblast cells
within buffered media solutions (no collagen matrix) were similarly displaced through
the microcapillary system using CET and CF conditions as control experiments.

Solutions of buffered fibroblasts pipetted onto dishes as no-shear controls (Q~0)
displayed conventional 2-D cellular adhesion to the substrate surface in the absence of
matrix (Figure 3.4A-1). Solutions of buffered fibroblasts displaced through
microcapillaries using CET conditions exhibited cells whose morphologies became more
elongated with increased shear stress applied, as cells seen in Figure 3.4A-2 through
Figure 3.4A-4 illustrate increasingly bipolar morphologies. The average number of
primary cytoplasmic extensions was then measured per cell for each experimental
condition shown. For example, the cell shown in the control image of Figure 3.4A-1
displays 3 primary extensions, as highlighted by the surrounding arrows, while the cell
seen in Figure 3.4A-4 exhibits only 2 extensions after CET loading at 30uL/min. The
average number of extensions per cell, """, decreased from a value of n**'= 3.6+/-0.1 in
control experiments, to n™*'= 2.4 +/-0.1 (P=0.001) when the maximum volume flow-rate
of 30 uL/min was used, as shown in Table 3.2. In addition, the average number of cell-
cell contacts, n"“C, observed between cells in solution was also tabulated. Here, cell-cell

contacts were defined as points where the cytoplasmic extensions of two or more cells
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were in physical contact with one another. For the case of CET loading, all cells
exhibited 2-D adhesion, and thus, n““ values represent 2-D contacts only. As shown, the
average number of cell-cell contacts in CET control experiments was n“ = 1.5 +/- 0.1,
and increased to n“C = 2.6 +/- 0.1 (P=0.004) between cells loaded at 15 uL/min.
However, the difference in the number of cell-cell contacts observed between cells of
buffered solutions that were loaded at different volume flow-rates was observed to be

minimal, as seen in Table 3.2.
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CET Loading

Cell-Buffer Solution

(Substrate Surface)

Q~0
L~0
0

Q=15 pl/min
L=45cm
t=15.1Pa
' =145

Q =20 pl/min
L=60cm
T=16.8 Pa
' =145

Q =30 pl/min
L=90cm
T=19.6 Pa
' =14s

FIGURE 3.4: Images of solutions following microcapillary loading using constant
elution time (CET). The CET conditions used during loading are shown, including
volume flow-rate, Q, length of capillary tubing, L, shear stress, t, and loading time within
the capillary tubing, t“*T. The left-hand column (A-1through A-4) illustrates that cells
loaded within PBS solutions (i.e. without extracellular collagen) adhered exclusively onto
the inner substrate surface of Petri dishes, with a small numbers of extensions as denoted
by arrows. The right-hand column (B-1 through B-4) illustrates that solutions of cells
surrounded by extracellular collagen also adhered exclusively to substrate after capillary
loading, but displayed a larger number of extensions with increasing volume flow-rate, as
denoted by arrows. Scale bar represents a length of 50um.
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Populations of cultured fibroblast cells were next combined with solutions of
extracellular collagen matrix and similarly loaded through the microcapillary system
using CET conditions. Solutions pipetted onto dishes as no-shear controls (Q~0)
displayed gels that supported 3-D cell-cell contacts distributed throughout the collagen
ECM. However, solutions of cells within collagen loaded at different volume flow-rates
using CET conditions did not support fibroblasts within the 3-D structure of extracellular
collagen as seen in Figure 3.4B: Cells of all experiments seen in Figure 3.4B-2 through
Figure 3.4B-4 were observed to adhere exclusively onto the substrate surface, but with
an increasing number of cytoplasmic extensions. For example, cells of control Figure
3.4B-1 illustrate 3 primary extensions per cell, while the cell shown loaded at 30uL/min
in Figure 3.4B-4 illustrates 7 primary extensions, as denoted by arrows. The average
number of cell extensions per cell within ECM, nEXTECM, within control solutions was
n X eem = 2.5 +/- 0.2 and increased significantly to X eem = 7.2 +- 0.1(P<0.001) when
CET loaded at 30 puL/min. In addition, the average number of cell-cell contacts within
ECM, nC'CECM, between neighboring cells within control solutions was nC'CECM = (.88 +/-
0.1 and increased significantly to nC'CECM = 3.34/-0.1 (P=0.002) when CET loaded at 15
puL/min. However, the average number of cell-cell contacts within ECM displayed little
variation with increasing volume flow-rate as seen in Table 3.2. Further, the cell-cell
contacts were exclusively observed during 2-D cell adhesion to the substrate for all

volume flow rates used.
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EXT 1]

EXT

L

Q (uL/min) n 0 ECM n- 0 Ecm T (Pa)
Control (~0) [36+/-01 |25+-02 |15+-01 |08E+-02 |00
15.0 CET 34+-01 (44+-01 |26+-01 |3.3+-01 15.1
200 CET 38+-01 |(64+-02 |24+-01 |34+/-01 16.8
300 CET 24+-01 |(72+-01 [26+-01 |32+-02 191
Control (-0) |36+/-01 |25+-02 |15+-01 |088+-02 (0.0
150 CF 47+-01 [38+-01 [16+-02 |06+-02 151
200 CF 47+-01 (44+-01 [22+-01 |1.8+-02 16.8
300 CF 35+-02 [53+-01 [(34+-01 |23+-02 19.6

TABLE 3.2: Data representing the average number of cytoplasmic extensions and cell-
to-cell contacts per volume-flow-rate observed following microcapillary loading using
conditions of constant elution time (CET) and Constant Flow (CF). Q represents the
volume flow-rate used during experiments in units of pL per minute; n**" denotes the
average number of cytoplasmic extensions per cell when loaded within buffered solutions
without ECM; n™"gcy denotes the average number of cytoplasmic extensions per cell
when loaded within ECM solutions; n““ represents the average number of cell-to cell
contacts observed between cells loaded within buffered solutions without ECM; n“Ceem
denotes the average number of cell-cell contacts observed between cells loaded within
ECM solutions.

Shear Stress Imposed for Short Time Periods Increased Number of 3-D Cell-Cell

Contacts within ECM

Experiments were next repeated using conditions of Constant Flow (CF), where
solutions were exposed to the same magnitudes of shear stress as in the previous CET
experiments, but for shorter time periods. As before, solutions of fibroblasts within
buffered media, and solutions of fibroblasts within extracellular collagen were loaded
through the microcapillary system. Figure 3.5A-1 through Figure 3.5A-4 illustrate that
cells of buffered solutions (i.e. no matrix) loaded through the microcapillary system
became more elongated with increasing volume flow-rate, and exhibited a small increase

in the average number of primary cytoplasmic extensions. The average number of
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extensions per cell increased from n"*" = 3.6 +/- 0.1 in the control (Q~0), to n**"= 5.5
+/- 0.2 (P<0.001) for cells within solutions loaded at 30uL/min as seen in Table 3.2. In
addition, the average number of cell-cell contacts increased from n““= 1.5 +/- 0.1 in
control experiments to n“¢ = 3.4 +/- 0.1 (P=0.001) at 30uL/min. Note that cell-cell
contacts remained 2-D in these experiments in the absence of matrix.

The final set of experiments displaced solutions of fibroblasts within extracellular
collagen matrix through microcapillaries using conditions of CF. Results of these
experiments illustrated that CF loading conditions stimulated the formation of 3-D cell-
cell contacts within the collagen ECM. Cells in Figure 3.5B-1/3.5C-1 through Figure
3.5B-4/3.5C-4 illustrate cell-cell contacts in one depth of focus within the gel (labeled as
the lower level on figure) as well as cell-cell contacts between these same cells and
neighbors on a different depth of focus approximately 80-100 um away (labeled as the
upper level in figure). Solutions displaced through capillaries at volume flow-rates of 15,
20, and 30 pl/min illustrated a 3-D cellular distribution within collagen, observed by the
focusing of different cells in contact with one another on different representative layers.
For example, in Figure 3.5B-1 cells that were observed out of focus in the lower collagen
layer are encircled by a dashed line and imaged in focus in the upper collagen layer
shown in Figure 3.5C-1. Arrows in both images highlight the 3-D cell-cell contacts
evident between cells within the ECM. As illustrated in Table 3.2, the average number of
extensions per cell within ECM increased from n"*Teem = 2.5 +/- 0.2 in controls, to
™' gem = 5.3 +/- 0.1 (P<0.001) after microcapillary CF loading was performed at 30

pL/min. Further, the average number of cell-cell contacts within ECM increased from n®

Ceem= 0.88 +/- 0.2 in controls to n"“ gy = 2.3 +/- 0.2 (P=0.005) after loading through the
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microcapillary system at the highest volume flow-rate of 30 puL/min. Note that these
numbers, n"XTgem and n© ey, were measured only within layers where cells were
clearly observed in focus within the ECM. Importantly, these cell-cell contacts were the

only 3-D contacts observed within the pre-stressed gels of these experiments.
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CF Loading | Cell-Buffer Solution Cell. ECM Solution

Substrate surface) Lower Layer Upper Layer
e R : | 2 N, o

Q-0
L~0
0

- .

Q = 15ul/min
L=>5cm
t=15.10a
tF=1.6s

Q = 20pl/min,
L=>5cm.
T=16.8 Pa
=125

Q = 30pl/min.
L=>5cm
1=19.6 Pa
tF =0.85

FIGURE 3.5: Images of solutions following loading experiments performed using
constant flow (CF) conditions. The conditions of CF loading shown include volume flow-
rate, Q, fixed length of capillary tubing, L, shear stress, 7, and loading time within the
capillary tubing, t7. Images in the left-hand column (A-1 through A-4) illustrate that
cells within PBS solutions loaded through microcapillaries adhered exclusively onto
substrate surfaces. Images in the adjoining columns (B-1 through B-4 and C-1 through C-
4) illustrate that cells loaded through microcapillaries within extracellular collagen were
observed throughout the polymerized gel. Dotted circles within images of the columns
(B-1 through B-4 and C-1 through C-4) highlight cells positioned on a lower 3-D plane of
extracellular collagen (B-2 and B-3) or a higher 3-D plane (C-1 and C-4) which exhibit
contacts with neighboring cells positioned at a higher 3-D plane (C-2 and C-3) or a lower
3-D plane (C-1 and C-4), respectively. Scale bar: 100um.
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Shear Stress Altered Distribution of Gap Junctions between Cells

In order to illustrate how cell-cell communication channels were affected during
the different loading conditions used, immunostaining of Cx43 was performed for three
different solutions: (i) Solutions of fibroblasts that were not sheared through
microcapillaries (i.e. control); (ii) Fibroblasts in solutions that were sheared via CET
loading at a volume flow-rate of 30 pl/min through a 90-cm-long microcapillary; and (iii)
Fibroblasts in solutions that were sheared via CF loading through a 5-cm-length of
microcapillary at a volume flow-rate of 30 pl/min. In control experiments, Cx43 (green)
is observed on cell-cell interfaces in a very sparse and scattered pattern as seen in Figure
3.6A. Cx43 staining after CET loading is similarly observed along cell-cell interfaces in a
disorganized pattern as shown in Figure 3.6B. In contrast, fibroblasts exposed to CF
loading illustrated a visible, continuous line along cell-cell interfaces as illustrated in
Figure 3.6C. Cells in control experiments expressed an average of 2.61+/- 0.80 (n=62)
Cx43 regions per cell, while cells that were CET loaded expressed approximately 2.3+/-
0.8 (n=74) Cx43 regions per cell, significantly less than that in control (P<0.0005).
However, cells that were loaded through microcapillaries using CF loading illustrated a

larger average of 3.54 +/-1.25 (n=36) Cx43 regions per cell (P=0.016) than that in control.
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Control (Q-0pl/min, L~0cm) CET (Q=30pl/min, L.=90cm) CF (Q=30pl/min, L=5cm)

FIGURE 3.6: Immunostained images of the gap junction protein Connexin 43 (Cx43)
expressed in fibroblast cells. Cx43 (Green) and cell nuclei (Blue) observed within control
solutions (i.e. minimum shear stress) (A) Cx43 and nuclei of cells seen within solutions
loaded through 90-cm-long microcapillaries using Constant Elution Time (CET)
conditions at a volume flow-rate of 30ul/min (B). Cx43 and cell nuclei within solutions
sheared at 30ul/min within a 5-cm-long capillary via Constant Flow (CF) loading,
Arrows point to Cx43. Scale bar: 40um.
3.4  DISCUSSION

The ability to influence the formation of 3-D interconnected networks of cells
within extracellular matrix is significant to the study of cell-cell interactions within
natural and synthetic biopolymers, as well as critical to the development of novel
biomaterials that mimic in vivo tissue response. This study demonstrated an increase in
the average number of 3-D cell-cell contacts within ECM when solutions were exposed
to fluidic shear stresses for different time periods. Dilute solutions of ECM were used for
this study in order to illustrate how small values of shear stress imposed on polymers
with widely-spaced 3-D structures have large impacts on cell-cell interactions within a
supporting matrix. [28]

Fundamental rheological experiments of the dilute collagen ECM solutions used
confirmed a classical, shear thinning viscosity profile that exhibited a decrease in

viscosity under the influence of increased values of shear-rate (Figure 3.2). Further, all

solutions were loaded through microcapillaries for time periods less than the gelation
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time of 9 minutes, which eliminated polymerization factors as potential effectors of
observed changes in the cell-cell contacts within each capillary-loaded matrix. SEM
imaging was utilized to examine how the polymer microstructure of the collagen ECM
used was altered by the shear stresses imposed via CET and CF loading. SEM images of
control samples of ECM (no shear stress) illustrated an organized alignment of collagen
fibers that was only slightly disrupted after loading using CF conditions, but significantly
altered after the longer loading times imposed via CET conditions (Figure 3.3). As seen,
the ECM exhibited an increased spacing between fibers after CET loading, indicative of
altered pore size and/or pore distribution within the ECM. As it has been recently
suggested that 3-D cell-cell interactions depend largely upon the structure of the
surrounding ECM [29-31], subsequent experiments seeded collagen solutions with
cultured fibroblast cells in order to examine how shear-induced changes in the ECM
polymer structure affected cell-cell networking within the collagen.

Cells within buffered solutions (as a control) displaced through microcapillaries
using CET conditions adhered exclusively to the substrate surface (presumably due to
lack of matrix) and exhibited small changes in cell morphology as a function of
increasing flow-rate, i.e. larger imposed shear stress (Figure 3.4A). However, while the
average number of cell extensions per cell decreased slightly with increasing flow-rate,
the average number of cell-cell contacts upon the substrate surface increased after shear
stress was imposed (Table 3.2). This pattern suggests that shear flow enabled better
contact between neighboring cells, but could not stimulate 3-D cell-cell networking
without a surrounding ECM. The same CET experiments performed using cells within

ECM exhibited very different results. Cells within ECM that were exposed to minimal
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shear stress via pipette were observed to be distributed within the 3-D structure of the
matrix, while solutions of cells within ECM loaded through microcapillaries at any
volume flow rate resulted in 2-D adhesion to the substrate independent of the volume
flow-rate used (Figure 3.4B). Cells within CET loaded collagen solutions displayed an
increasing number of extensions with increased volume flow rate, as well as an increase
in the average number of visible cell-cell contacts (2-D) on the substrate surface (Table
3.2). As previously suggested in the literature, the number of extensions per cell can be
interpreted to represent the ability of cells to transduce mechanical stimuli onto their
surroundings [8, 32, 33]. The behavior observed here suggests that the imposed shear
stress increased the ability of cells to transduce stimuli not only to the matrix onto which
they were adhered, but also to neighboring cells in order to stimulate communication and
perhaps induce concerted cell response.

Solutions of cells loaded through the microcapillary system using CF conditions,
with and without surrounding ECM, displayed measurable differences in cell
connectivity, distribution, and morphology (Figure 3.5). Solutions of cells loaded
without ECM as a control displayed a slightly increased average number of extensions
with increasing shear stress, while cells loaded within collagen displayed nearly twice as
many extensions as the control experiment (Table 3.2). However, the most significant
difference observed between solutions of cells imposed to shear stresses within ECM and
without ECM was the 3-D cellular interconnectivity observed between cells surrounded
by extracellular collagen (Figure 3.5): Only shear stresses imposed upon cells CF loaded
within ECM resulted in 3-D interconnected networks. These results illustrate that the

shear stress applied using CF conditions generated 3-D networking within ECM, while
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the same magnitudes of shear stress applied via CET loading did not. This observed
difference can be attributed to the previously-discussed shear-induced changes in the
structure of the surrounding matrix imposed by CET and CF conditions (Figure 3.3).
CET conditions imposed shear stress onto ECM solutions for the same period of
time regardless of the flow-rate used, meaning cells within the matrix were displaced
through longer lengths of capillary per increasing flow-rate. The longer loading time and
displacement distance imposed via CET likely prevented 3-D cell-cell contact by
generating larger amounts of chain stretching and disentanglement within the ECM
polymeric structure as seen via SEM. However, several polymer studies have also
illustrated that flexible polymers and macromolecules in pressure-driven microchannel
flows migrate away from the channel walls and towards the centerline [34, 35]. This
phenomenon, known as cross-streamline migration, is enhanced in flows within channels
of large length to diameter ratios, leading to accumulation of molecules within the
channel centerline. In the case of CET loading, a cross-streamline migration of cells
towards the capillary axis may have led to a condition where cells were in close contact
with one another, but had little interaction with polymer chains stretched and/or
disentangled near the channel walls. This close contact may have caused mechanical
stimulation that led to an increase in the average number of extensions per cell observed,
but could not initiate 3-D cell-cell contacts within the surrounding sheared polymer
chains. In contrast, CF conditions displaced solutions through a shorter, fixed-length
microcapillary regardless of the flow-rate used, thereby significantly reducing, or
eliminating, cross-streamline migration. Here, the shear stress imposed via microcapillary

loading seemed to increase the average number of cell-cell contacts observed with short
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exposure to increased shear stress, and perhaps enhance the cell-matrix adhesion needed
to support 3-D cell-cell contacts within the surrounding matrix (Table 3.2).

Lastly immunostaining of Cx43 illustrated an increased number of cell-cell
contacts along fibroblast interfaces when shear stresses were applied during short time
CF loadings. Cx43 is seen continuously along the cell interfaces after CF loading,
compared to the scattered distribution seen within the control and CET loading
experiments (Figure 6). These results were consistent with independent statistical
analysis that illustrated cell-cell contacts were significantly increased after exposure to
shear stresses via CF loading (Table 2). Hence, we propose that shear stresses imposed
for short-time periods may play an important role in generating 3-D cell networks within

ECM.

3.5 CONCLUSION

Results of this work illustrate that both the duration and magnitude of imposed
fluidic shear stresses contribute to 3-D cell-cell contacts supported within ECM. Such
results imply there exists an optimal shear stress and exposure time for a given cell-ECM
pair that can promote cell adhesion, contact, and ultimately communication and response.
Such findings open possibilities to employ fluid flows to influence cell adhesion to
desired bio-matrixes, as well as to promote cell-cell contacts and communication between
cells within natural and synthetic ECM. Such avenues of research will enable
development of materials that promote contacts between cells of different tissues and/or

different points in cell lineage, as well as stimulate communication between cells at
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various stages of repair for improved interfacial biomaterials, desired cell differentiation,

and understanding of Human health and disease.
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Abstract:

Microfabrication has been largely utilized to establish chemical concentration
gradients and control microenvironments. However, additional facilities are mostly
required to facilitate microfluidic flow, which is often associated with excessive reagent
consumption and extra equipment cost. Using microfabrication, a two-layer poly-
dimethylsiloxane (PDMS) micro-device, named the bridged plane system, was fabricated
in our laboratory to generate chemical concentration gradients. Fluorescently labeled
Dextran (MW: 10 kDa) was used to test feasibility of the microsystem. The Dextran
transport within the microsystem was imaged and predicted via numerical simulation.
Results illustrated that the diffusion coefficient of Dextran measured using our
methodology was in line with the published values, indicative of the feasibility and

reliability of our microsystem to generate chemical concentration gradients.
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4.0  Introduction

Microfabrication techniques have been widely adapted to develop systems that
generate specific spatial chemical concentrations and concentration gradient profiles in
real time [13-16]. Various groups have developed microfluidic devices that generate
linear [9, 10, 24] and non-linear concentration gradients [25, 26] via forced fluid flow
induced by pumps, micromagnetics [27] and acoustic manipulation [28]. The majority of
such systems, however, requires costly facilities and equipment for device fabrication
and/or sample handling/operation, including 3-D photolithographic layering [31],
piezoelectric microactuators [33], and external power supplies [24, 25, 34]. The current
study has developed a microfluidic device called the bridged plLane system to generate
linear and non-linear concentration gradients using natural convection-driven forces. In
brief, it consists of two layers of biocompatible material. The top layer serves to maintain
consistent experimental conditions. The bottom layer has a single microchannel, where
samples are loaded and examined. The microsystem has been tested using fluorescently-
labeled Dextran to ensure feasibility and reliability of chemical gradient generation. Our
system can sustain steady-state with ultra-low bulk velocity over several days and can be
used for various applications including chemotaxis, cancer cell metastasis, and salinity
gradients. Our system can also be used to generate transient chemical gradients and
examine their time-evolving effects on samples, such as transient cell migration and
particle movement. Further, this stand-alone system can be fabricated in a conventional
laboratory without costly computerized apparatus, external power supplies, or clean room

facilities.
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In this work, the design and fabrication of the bridged plane system is presented,
alongside experimental and numerical validation to generate concentration gradients that

were mathematically predicted via convective Fickian diffusion.

4.1  Materials and Methods

4.1.1 Design: The bridged plane system consists of two layers of poly-dimethylsiloxane
(PDMS) with a closed microchannel and two fluidic reservoirs on the first layer, and two
fluidic chambers and an open bridge channel on the second, as shown in Figure 4.1. The
first layer contains two, 3.0-uL-volume reservoirs, the source reservoir (SRR) and sink
reservoir (SKR), connected by a single, closed microchannel, or pLane, of 13,000um
length and 94.8um hydraulic diameter, using D,=4A/P [44] where A is the cross-sectional
area and P is the perimeter. The ratio of the uLane length to its hydraulic diameter
(approximately 137) was kept large in the design in order to facilitate stable, one-
dimensional transport within the microchannel. The volume ratio of each reservoir to the
uLane was also kept large (approximately 27) in order to maintain stable transport
between each reservoir and the microchannel.

The system’s 2™ layer of PDMS consists of two cylindrical chambers, defined as
the source chamber (SRC) and sink chamber (SKC), and a semi-circular, open channel,
known as the bridge (Figure 4.1B). The SRC and SKC chambers are of 6-mm-diameter
and 6-mm-height each (170uL), and are vertically and fluidically connected with the SRR
and SKR reservoirs in the 1% layer of the system, respectively. In addition, the SRC and
SKC are connected to each other via the bridge, which is an open channel of 9-mm-

length and 2-mm-depth. The bridge is used to balance the solution volume within the
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SRC and SKC chambers, in order to eliminate pressure differences between them that
would generate pressure gradients within the plane to thereby affect transport during
loading and/or experiments. The volume of each chamber (170 pl) was designed to be 20
times larger than the reservoir and 1450 times larger than that of the puLane, in order to
facilitate gradual transport into the microchannel with minimal entrance effects. Further,
large ratio of chamber volume to pLane volume facilitated modeling of constant reagent

concentration in the chambers during transport experiments.

4.1.2. Microfabrication of bridged pLane system: System fabrication was performed
via three different processes: i) Fabrication of microchannel-patterned mold using contact
photolithography; ii) Fabrication of the 1* layer PDMS using elastomeric molding and
bonding; and iii) Fabrication of the 2™ layer PDMS using elastomeric molding.

1) Photolithography: A pre-cleaned glass substrate was coated with an adhesion

promoter, Surpass 3000, (DisChem Inc., Ridgway, PA) and an 100-um-thick layer of
negative photoresist, SU-8 2075, (MicroChem Inc., Newton, MA) using a spin coating
apparatus (Laurell Tech. Corp., North Wales, PA). The substrate was baked on a hot plate
and irradiated with UV light using a laboratory-fabricated photomask containing desired
microchannel patterns (intensity: 21700-8900 pW/cm?” at 2-10 inches, Model B-100AP,
UVP Inc., Upland, CA). Substrates were then re-baked, allowed to cool at room
temperature (25°C), and immersed in SU-8 developer (MicroChem Inc., Newton, MA)
until photoresist patterns were visible. The patterned substrate exhibited dimensions of

13.040.1-mm-length (mean = SD) by 100£5-pm-width by 90%1-pm-hight as measured
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via surface profilometer (Model SJ-301, Mitutoyo America Corp., Middlesex, NJ) and
optical microscope (Nikon TE2000, Morrell Instrument Company Inc., Melville, NY).

ii) Fabrication of the 1* layer PDMS: Liquid-state poly-dimethylsiloxane (PDMS)

mixed with silicone elastomer curing agent (Dow Corning Corp., Midland, MI) was
degassed and poured onto the photoresist-patterned substrate described above. After
polymerization, the PDMS elastomer was peeled from the patterned substrates resulting
in open microchannels of 13.0+0.1-mm-length by 100+£5-um-width and 90+1-um-depth.
Subsequently, it was punctured with 2-mm-diameter pipette tips (Model 9-inch Pasteur
Pipette, Fisher Scientific Co., Agawam, MA) on both ends in order to generate two
reservoirs with approximately 9 pl volume each, defined as the source (SRR) and sink
reservoirs (SKR). The PDMS elastomer was bonded onto a pre-cleaned glass substrate
(unpatterned) by applying ozone generated via a high-frequency generator (Electro-
Technic Products, Inc., Chicago, IL) onto both the PDMS and glass surfaces for 30
seconds each. The 1* layer PDMS was then generated as shown in Figure 4.1A. Cross-
section uniformity of the closed microchannel itself within this 1% layer was verified
using an optical microscope (Nikon TE2000). Since large machines, such as deep
reactive-ion etching (DRIE) apparatus, were not used in the microfabrication, the cross-
section was semi-hemispherical [40-43], as examined via profilometer and optical
microscope. We note that such shape was observed to minimize PDMS bulging effects
when solutions were loaded into the system [45].

iii) Fabrication of the 2™ layer PDMS: For the second layer of PDMS, a

laboratory-made acrylic mold was manufactured via milling machine, to match the

dimensions of the SRC, SKC and bridge. After the acrylic mold was aligned on top of the
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1* layer PDMS, the mixed solution of liquid-state PDMS and curing agent were poured
around the acrylic mold to form a 6-mm-thick 2™ layer PDMS. After the PDMS was
polymerized, the acrylic mold was removed. The 2™ layer PDMS consisted of two
cylindrical chambers, and a semi-circular, open channel, or so-called bridge channel
(Figure 4.1B). The two chambers, of 6-mm-diameter and 6-mm-height each, were
defined as the source chamber (SRC) and sink chamber (SKC). The SRC and SKC
chambers were vertically and fluidically connected with the SRR and SKR reservoirs,
respectively, in the 1* layer (Figure 4.1C).

The complete bridged pulLane system is thus composed of an open bridge channel
that connects the SRC and SKC chambers, as well as a closed microchannel that connects

the SRR and SKR reservoirs.
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Figure 4.1: Images and schematic of the bridged pLane system. After photolithography
and elastomeric molding, a microchannel with two reservoirs was fabricated in
polymerized PDMS, defined as the 1* layer PDMS of the bridged pLane system. This
PDMS layer was then bonded onto an ultrasonically-cleaned microscope glass slide (A).
A second layer of PDMS, consisting of a bridge channel and two chambers, was molded
on top of the 1** layer PDMS (B). This layer of PDMS was defined as the 2™ layer PDMS
of the system. The chambers in the o layer PDMS were fluidically connected with the
reservoirs in the 1* layer PDMS, as shown in the bridged uLane system schematic (C)
(not to scale). The microchannel approximately measures 13 mm in length, 90 pm in
depth and 100 um in width (averaged with the upper side of 95 um and the lower side of
105 pm), as its semi-hemispherical cross-section was shown in inset.
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4.1.3. Mathematical modeling of molecule transport: Two-dimensional numerical
simulations were performed to describe the transport within the microchannel, both the
SRR and SKR reservoirs in the 1% layer PDMS, the bridge channel, and both the SRC
and SKC chambers in the 2" layer PDMS as shown in Figure 4.3A. Mathematical
modeling of transport within the bridged pLane system was separated into four regions: (i)
Transport between the source chamber (SRC) on the 2™ layer and the source reservoir
(SRR) on the 1% layer; (i) Transport within the microchannel in the 1% layer; (iii)
Transport between the sink reservoir (SKR) on the 1* layer and the sink chamber (SKC)
on the 2™ layer; and (iv) Transport along the bridge channel in the 2 layer. The
transport within the entire microsystem was modeled using a two-dimensional mass
transport equation [47]:

2 2
§+VX£+Vy£: D(a S+a (2:
ot OX oy ox~ oy

) 4.1)

where C (kg/m’) is the concentration, V, (m/s) is bulk flow velocity at the x axis, Vy (m/s)
is bulk flow velocity at the y axis and D (m?s) is the diffusion coefficient of the reagent
molecule. The origin of the coordinate was set at the lower corner of the interface
between the SRR reservoir and the microchannel, i.e. the entrance of the microchannel,
as shown in Figure 4.2A. All physical boundaries of the microsystem were regarded as
insulated boundaries of mass transfer because sample solutions do not permeate through
PDMS wall boundaries.

1) Diffusion within the SRR reservoir: Reagent molecules transported vertically

from the SRC chamber to the SRR reservoir. However, at the low region near the bottom
of the SRR reservoir, reagent molecules transported horizontally toward the

microchannel, as illustrated in Figure 4.2A. Therefore, the entire diffusion within the
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SRR reservoir was 2-D. Additionally, diffusion was dominated within the reservoir due
to the lack of bulk flow, i.e. convection, examined using 1pum-diameter fluorescent beads
(Cat. # T7282, Molecular Probes, Eugene, OR). Note that the effects of gravity on
reagent molecule migration within the reservoir were neglected. Hence, the governing

diffusion equation (1) was then simplified to be:

oc

< _poC, oc
ot

D +
(8x2 oy’

) (4.2)

The initial reagent concentration within the SRR reservoir was set 0 pg/ml because no
reagent was added into the reservoir. The initial molecule concentration within the SRC
chamber was set to Cy=40 pg/ml and held constant during the simulation, as the chamber
volume was so large as to maintain approximately constant sample concentration during
the reagent transport experiments. The molecule concentration at the interface between
the SRC chamber and the SRR reservoir was constantly set C=40 pg/ml. The reagent
concentration at the interface between the reservoir and the entrance of the microchannel
within the SRR reservoir (Cx=.) was assumed equal to the reagent concentration at the
interface within the microchannel (Cx=o:), i.e. Cx=0.= Cx—o+ , indicative of continuous
boundary.

i) Transport within the microchannel: The transport within the microchannel

from the SRR reservoir to the SKR reservoir was modeled as one-dimensional because of
the large ratio of microchannel length to its hydraulic diameter (137: 1), as shown in

Figure 4.2B. The governing equation (1) was then simplified to be:

2
Ly _p?C
ot OX OX

(4.3)

102



The initial concentration of reagent within the entire microchannel was set to C=0 pg/ml,
as no reagent was filled during reagent transport experiments. The boundary at the
entrance of the microchannel was set as continuous boundary (Cy-o.= Cx=9+) as mentioned
above. Meanwhile, the boundary at the exit of the microchannel (x=0.013 m) was also set
as a continuous boundary, i.e. Cy=0013-= Cx=0.013+, as the concentration within the SKR
reservoir at the interface between the microchannel and the reservoir (Cx—0013.) was
regarded to be equal to the concentration within the SKR reservoir at the interface
(Cx=0.013+). Experiments using the beads were performed to measure the bulk velocity
within the microchannel, which will be discussed later.

iii) Diffusion within the SKR reservoir: Reagent transport from the SKR reservoir

to the SKC chamber also exhibited pure diffusion as a result of no bulk flow found within
the reservoir. The reagent horizontally transported into the bottom of the SKR reservoir
from the microchannel while the reagent was also found to vertically diffuse into the
SKC chamber, as shown in the Figure 4.2C. The effects of gravity on reagent diffusion
were neglected due to the lack of bulk flow within the reservoir. The diffusion within the
entire SKR reservoir was 2-D. The governing equation simplified from Equation (1) then

became:

oC o’C o°C
— =D 5 +—
ot ox~ oy

) (4.4)

The initial reagent concentration within the SKR reservoir was also set to C=0 pg/ml, as
no reagent was added into the reservoir during diffusion experiments. The initial reagent
concentration within the SKC chamber in our model was set C.=0 pg/ml as the chamber
was large enough to maintain constant zero concentration and no reagent was added

during the entire experiements. The concentration at the boundary between the SKC
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chamber and the SKR reservoir was set to C=0 pg/ml. The boundary between the SKR
reservoir and the microchannel (x=0.013 m) was regarded as continuous boundary, i.e.
Cx=0.013-= Cx=0.013+, as mentioned above.

iv) Diffusion within the bridge channel: Reagent transport within the bridge

channel from the SRC chamber to the SKC chamber was modeled as 1-D diffusion
because no bulk flow was observed during experiments using fluorescent beads, as
displayed in Figure 4.2D. Therefore, the governing equation derived from the Equation

(1) was then simplified to be:

2
x_poc
ot OX

(4.5)
The initial concentrations of the SRC chamber and the SKC chamber were set to Cy=40
pg/ml and C =0 pg/ml, respectively, and maintained constant during simulations.. The
initial reagent concentration within the bridge channel was C=0 pg/ml, as no reagent was
added initially. The concentrations at the boundaries of the interface between the SRC
chamber and the bridge channel, and the interface between the SKC chamber and the
bridge channel were constantly set C=40 pg/ml and C=0 pg/ml, respectively, during
simulations.

Finite-element-analysis (FEA) software FEMLab Version 3.2 (Comsol Inc.,
Burlington, MA) was used to solve these four interconnected equations, as shown in
Figure 4.2E. A fine mesh of 1504 elements was used to generate the distance between

nodes to be less than 8 pm. Note that simulation results were approximately the same

(<1%) when finer meshes were used.
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4.1.4. Mathematical modeling of fluid flow within the microchannel: Solution flow
within the microchannel was approximately modeled as Poiseuille flow due to the large
ratio of microchannel length to its hydraulic diameter, as mentioned above. The origin of
the cylindrical coordinate was set at the central streamline of the microchannel. The
radius, r, was used to approximately characterize the cross-sectional dimension of the
microchannel. The governing equation of Poiseuille flow using cylindrical coordinates is

described in Equation (6) [ref]:

li[raux)zl@ (4.6)
ror\ or M OX

where p is solution viscosity (Pa.s), p is pressure (Pa), x is the axis along the length of the
microchannel (m) and r is radius (m). The pressure is assumed to be a linear function of

axial coordinate x only, i.e. —?=% , where L (m) is the total length of the
X

microchannel. The solution of Equation (5) is [ref]:
U =iA—L'°(R2 —r?) 4.7)

where R is half of the hydraulic diameter of the microchannel (m). The average bulk flow

velocity is then defined as [ref]:

1

Uavg = R

R
. jux-znrdr (4.8)
0

Substituting equation (7) into equation (8), the average bulk flow velocity as a function of

pressure is attained as shown:

_D" 4
M 32u L

(4.9)

where D is hydraulic diameter of the microchannel (m).
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Figure 4.2: Schematics, boundary conditions and simulation of reagent transport
modeling within the bridged plane system. Reagent transported within the SRR reservoir
from the SRC chamber toward the microchannel (A). White arrows point to the transport
direction. The origin of a two-dimensional coordinates in the mathematical modeling was
set at the lower corner of the entrance of the microchannel, as shown in the inset. The
reagent concentration within the SRC chamber was set to Cy=40 pg/ml constantly. The
reagent concentration at the interface between the SRC chamber and the SRR reservoir
was set to C= 40 pug/ml, while the concentration at the interface between the SRR
reservoir and the microchannel (x=0) close to the reservoir (Cx=o.) was set to be equal to
the concentration at the interface close to the microchannel (Cy=¢:), i.e. Cx=0.= Cx=o+. All
the other physical boundaries were regarded as insulated boundaries. Reagent transported
within the microchannel between the SRR reservoir and the SKR reservoir as white
arrows point to the transport direction (B). The reagent concentration within the
microchannel (Cx—13.) at the interface between the microchannel and the SKR reservoir
(x=0.013 m) was also set equal to the concentration within the SKR reservoir (Cx=013+)
at the interface, i.e. Cx=013-= Cx=0.013+. Reagent transported through the SKR reservoir
from the microchannel to the SKC chamber (C). The reagent concentration at the SKC
chamber was set to C.= 0 pg/ml while the concentration at the boundary between the
SKC chamber and the SKR reservoir was also set to C= 0 pg/ml. As the reagent was
modeled to transport through the bridge channel from the SRC chamber to the SKC
chamber (D), the concentrations at the boundary between the SRC chamber and the
bridge channel and boundary between the bridge channel and SKC chamber were set to
C=40 pg/ml and C=0 pg/ml, respectively. The transport within the entire bridge plane
system was simulated and shown (E).

4.1.5. Bulk flow and generation of concentration gradients: Fluorescently-labeled
Dextran solution (Cat. # D22910, 10 kDa, Molecular Probes, Eugene, OR) and 1.0-um-
diameter fluorescent beads were added into the system in order to explicitly measure
Dextran transport within the bridged plane system. First, phosphate buffer saline (PBS)
solution (Mediatech Inc., Herndon, VA) containing the 1.0-um-diameter fluorescent
beads with concentration of 10* beads/ml was injected into the microchannel using a 1-ml
syringe (Becton, Dickinson and Company, Franklin Lakes, NJ). These beads were used to
optically measure bulk flow velocity within the microchannel. PBS solution was then
pipetted into the SKC chamber and the bridge, respectively. Note that the PBS solution

was added into the bridge and the SKC chamber slowly so that no solution drained into
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the SRC chamber to dilute the fluorescent source that was added later. Second, solutions
of Dextran at a concentration of 40 pg/ml were added into the SRC chamber only until it
contacted the PBS solution present in the bridge. After the contact was made, fluorescent
beads and Dextran were observed to migrate slowly within the microchannel from the
SRR reservoir to the SKR reservoir. The systems were then placed in a fluorescent

microscope for fluorescent intensity measurement.

4.1.6. Microscope Imaging and Fluorescent Measurement: An inverted epi-
microscope (Nikon TE2000) with a 20X microscope objective (Nikon Plant 20X, Morrell
Instrument Company Inc., Melville, NY) was used to image the plane systems via a
cooled CCD camera (CoolSNAP EZ, Photometrics, Tucson, AZ) with Nikon software
(Nikon Instrument Element 2.30 with 6D module, Morrell Instrument Company Inc.,
Melville, NY). A shutter (HF204, Prior Scientific Inc., Rockland, MA) mounted in the

Nikon TE2000 was used to control the exposure time.

An excitation light of wavelength of 488 nm was applied onto the channel during
Dextran transport so that emitted fluorescence was collected via microscope objective.
The intensity values of fluorescence collected at detection positions Smm, 8mm and
11mm away from the SRR reservoir were plotted over time. Meanwhile, movement of
fluorescent beads within the microchannel was recorded in order to measure the mean
bulk flow velocity. Experiments were repeated four times. In each repeated experiment, a
new bridged plane system was used to measure the fluorescent intensity and bulk flow
velocity at different detection positions over time. The results were processed using

Student’s T test and presented in the format of average + standard deviation.
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4.1.7 Data processing and plotting: The experimental data of fluorescent intensity as a
function of time, and the simulation data as a function of time were normalized, and
plotted in the same diagram using software (Origin 7.5, Origin Lab Corp., Northampton,
MA). Note that some dimensionless normalized experimental data slightly exceeded 1
because of experimental noise. The normalized experimental data were fitted into a curve
(R*> 99.8%), using the Hill function, a category of Sigmoidal functions provided by the

software, in order to better compare with the simulated data. The Hill function is given as:

y=V

(4.10)

max

k" +x"
where the Vimax is the asymptotic value of the experimental data, k and n are empirical
constants given by the software, and X and y are axis coordinates. The residual difference,
defined as the absolute difference between each individual data point from the Hill-
function fit curve and each individual data point from the simulation curves at the same
corresponding time point, was analyzed using the Student’s t-test in order to identify the
simulation curve that was closest to the Hill-function fit curve of the experimental data.
The simulation curve with the least standard deviation of residual difference (<2%) and
the least average residual difference at all the data points (<10%) was considered to be

characteristic of the diffusion coefficients in free solution.
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4.3 Results
4.3.1. Transport within the bridged plane system

Fluorescently-labeled Dextran {Loan CE, 2000 #30} was used to verify the
generation of concentration gradients within the bridged plane system. After Dextran
solutions were applied, emitted fluorescent signal was optically observed to displace
along the SRR reservoir, bridge channel, SKR reservoir and microchannel. Such transport
was also modeled and simulated to predict spatiotemporal Dextran transport within the

bridged plane system using different simplified versions of Equation (1).

4.3.1.(i) Diffusion within the SRR reservoir: Dextran was observed to displace along
the SRR reservoir toward the entrance of the microchannel (x=0), as shown in Figure
4.2A. No significant change of fluorescent intensity was observed within the SKC
chamber, indicative of constant concentrations during experiments, i.e. CH=40 pg/ml.
Fluorescent intensity of Dextran was observed to increase within the SRR reservoir with
increasing time. No significant bulk flow was seen within the SRR reservoir in horizontal
direction, i.e. x axis, and vertical direction, i.e. y axis, indicative of minimal gravity
effects on Dextran migration. However, at a small region (approximately 100 pm by 100
um) close to the entrance of the microchannel, fluorescent beads exhibited slow
migration toward the microchannel.

Since the bulk flow, i.e. convection, only occurred at a tiny region around the
interface between the reservoir and the microchannel, the transport within the entire SRR
reservoir was modeled using a two-dimensional non-convective diffusion Equation (2).

Numerical simulation was performed to predict the transport. As seen in Figure 4.2E,
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Dextran vertically diffused into the SRR reservoir in approximately 1-D direction. As
Dextran diffused further down within the reservoir, the diffusion became 2-D, as Dextran
concentration varied at vertical direction and horizontal direction. However, when
Dextran horizontally entered the microchannel at the entrance, the transport became

approximately 1-D along the microchannel.

4.3.1.(i1) Transport within the microchannel: Both Dextran and the fluorescent beads
were observed to displace along the microchannel from the SRR reservoir (x=0) to the
SKR reservoir (x=13 mm). Dextran transport within the microchannel was imaged and
shown in Figure 4.3. Dextran concentration increased with increasing time as fluorescent
images became brighter. Most of the fluorescent beads (~95%) were seen to flow through
the microchannel, while a small portion of them (~5%) were observed to either roll over
the substrate surface or stop moving. The average migration velocity of the fluorescent
beads along the microchannel was measured to be 0.37+0.01 pm/s, which was then used
to represent bulk flow velocity of V=0.37+0.01 um/s within the microchannel.

Reynolds number (Re) and Peclet number (Pe) were also calculated in order to
analyze the fluidic properties of the bulk flow within the microchannel. The Reynolds
number (Re) is a dimensionless number that measures the ratio of inertial forces to
viscous forces. It is defined as {Bird RB, 2002 #34}:

Re=pVd/u 4.11)
where p is fluid density (kg/m®), V is flow velocity (m/s), d is characteristic length (m)
and p is fluid viscosity (Pa.s). This value was calculated to be less than 107, indicative of

viscous, laminar flow within the microchannel. The Peclet number (Pe) is also a
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dimensional number which gives a measure of ratio of convection to diffusion. It is
defined as {Bird RB, 2002 #34}:
Pe=VL/D (4.12)

where V is fluid velocity (m/s), L is the length of channel (m) and D is the diffusion
coefficient (m/s®). The diffusion coefficient of Dextran was reported to range from
0.8x10° cm/s” to 0.84x10°° cm/s” [ref]. The Pe was then calculated to be between 57 and
60, illustrating that bulk flow within the microchannel was large enough to dominate the
Dextran transport.

Because of the large ratio of the length of the microchannel to the hydraulic
diameter of cross-section, Dextran transport within the microchannel was modeled as 1-D
convective mass transfer. Therefore, Equation (3) was used to numerically predict
Dextran concentration change along the microchannel at any given time. This model was
also utilized to compute spatiotemporal Dextran concentration gradient along the
microchannel. The predicted time-evolved Dextran concentrations at different detection
positions of the microchannel were then compared with the experimental concentration at
the corresponding positions to examine the feasibility of the mathematical modeling and

the reliability of reagent concentration gradient establishment.

4.3.1.(iii) Diffusion within the SKR reservoir: Dextran was observed to displace
horizontally into the SKR reservoir from the microchannel (along x axis) and diffuse
vertically toward the SKC chamber (along y axis), as shown in Figure 4.2C. Dextran
concentration within the reservoir increased with increasing time, while the PBS

concentration within the SKC chamber barely changed due to the large volume of the
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chamber to maintain constant concentration during experiments, i.e. Ct=0 pg/ml. After
the fluorescent beads migrated past the exit of the microchanne (x=L) and entered the
SKR reservoir, they stopped in a small area within the SKR reservoir (100 um by 100
um). However, beads were not observed to migrate within the rest of the reservoir.
Therefore, the minimal bulk flow at the tiny region within the reservoir was neglected
and the gravity effects on bulk flow within the reservoir were considered minimal to zero.

The entire transport of Dextran within the SKR reservoir was then regarded as
pure diffusion due to the lack of significant bulk flow. Therefore, the simplified 2-D non-
convective diffusion Equation (4) was used to model the diffusion. As indicated in the
simulation of Figure 4.2E, Dextran horizontally transported into the SKR reservoir, then
diffused within the reservoir horizontally and vertically. When Dextran diffused near the

SKC chamber, the diffusion became approximately 1-D.

4.3.1.(iv) Diffusion within the bridge channel: Dextran also transported through the
bridge channel from the SRC chamber to the SKC chamber, as shown in Figure 4.2D.
Both of the two chambers were designed large to maintain constant reagent
concentrations. Dextran concentration within the bridge channel was seen to increase
over increasing time. No significant bulk flow was observed within the bridge channel
when beads were used. Therefore, the transport within the bridge channel was modeled as
pure diffusion. The simplified 1-D non-convective diffusion Equation (5) was used to
predict the Dextran transport within the bridge channel. As shown in Figure 4.2E,
Dextran within the bridge channel diffused much slower than the Dextran within the

microchannel, due to the lack of bulk flow within the bridge channel. Moreover, the SKC
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chamber was large to maintain approximately constant concentration during experiments.
Hence, the Dextran diffused from the bridge channel did not significantly affect the

transport of Dextran within the microchannel.

4.3.2. Estimated Diffusivity: In order to predict Dextran transport within our bridged
plane system, the appropriate diffusion coefficient of Dextran used in our methodology
must be measured. We compared the Dextran transport measured at different detection
positions within the microchannel with the numerical simulation at the corresponding
positions to find out the diffusion coefficient that was mostly characteristic of the
Dextran transport in our experiments. Whether the diffusion coefficient measured using
our methodology was in line with the published values was also considered a criterion to
examine our model and experimental methods to detect Dextran transport. Fluorescent
intensity of Dextran measured at specific detection positions within the microchannel
were normalized and shown in Figure 4.4. As seen in the figure, Dextran concentration
at the position of x=3 mm increased with increasing time and reached steady-state in ~9
hours. Note that the time to reach steady-state varied at different detection positions, but
the profiles of Dextran concentration as a function of time exhibited similar patterns. In
addition, normalized predictions of Dextran concentration at the corresponding detection
positions within the microchannel were computed and plotted alongside experimental
data in this figure. In the simulation, numerical predictions utilized Dextran diffusivity
values between 1.0 x 10°cm?/s and in Equation (3) as well as the measured bulk velocity
of 0.37 um/s for a wide range of examination. The experimental data lay in between the

curves generated using the diffusivity of 0.8 x 10 cm?/s and the diffusivity of 0.9 x 10°®
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cm?/s. To further measure the Dextran diffusivity, we narrowed down the diffusivity
range of simulation to be between 0.80 x 10 cm*/s and 0.90 x 10 cm?/s. Based upon the
model data that were within 6% of each experimentally measured intensity, we illustrate
that Dextran transport within the bridged pLane system occurs with a diffusivity of

0.82+0.01 x 10 cm?s. This value is in line with the measured diffusivity of Dextran in

vitro and in vivo reported to be between 0.80 x 10 cm?/s and 0.84 x 10 cm?/s [42].

Figure 4.3: Images of Dextran transport within the microchannel over time. Arrow points
to the leading edge of Dextran transport visibly observed in the microchannel after 2.5
hours (B). EGF fluorescence was initially observed throughout the microchannel in 3.5
hours (C), with increasingly strong fluorescence after 9 hours (D), until reaching steady-
state in 18 hours. The white dots seen in images represent fluorescent beads used inside
of the bridged uLane system to measure bulk velocity (if present) during experiments.
Scale bar: 50um.
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Figure 4.4: Graph of normalized experimental data obtained from Dextran transport
experiments at a detection position (x=3 mm) within the bridged plLane system,
compared against normalized simulation data generated from the 1-D convective
diffusion equation. These normalized data were plotted as a function of time. A range of
Dextran diffusion coefficients between 0.7 x 10° and 1.0 x 10° cm?%s, and the
experimentally measured mean bulk velocity for Dextran of V=0.37um/s, were used in
the numerical simulation to generate the Dextran concentration profiles shown at
different detection positions over time.

4.3.3 Concentration Gradients: Lastly, our mathematical model and numerical
simulation were used to graphically illustrate the spatiotemporal profiles of different
concentration gradients distributed along the bridged pLane system. Because the
microchannel was specifically designed as an observation platform to study reagent
transport and concentration gradient establishment, the reagent concentration change

along the microchannel was focused and predicted. Two reagents, Dextran and EGF,

were used in experiments to respectively measure the bulk flow velocity within the
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microchannel. Subsequently, concentration profiles for each of these reagents were
generated using our mathematical models and finite-element-method simulation in order
to analyze how different reagents generated distinct concentration gradients via our
microsystem. Note that the molecular weight for these reagents were similar as molecular
weight of Dextran was 10 kDa and 6 kDa for EGF. However, the diffusion coefficient is
different. As measured in our experiment, the Dextran diffusivity was 0.82 x 10 cm?/s.
The EGF diffusivity was attained by averaging the published values [12, 54-57], as a
result of 2.0 x 10 cm?/s. Here, the reagent concentration applied in the SRC chamber is
denoted as Cy, while the concentration within the microchannel is C(x, t). The ratio of
C(x, t)/Cy is then defined as dimensionless concentration. The bulk flow velocity within
the microchannel for Dextran was measured to be 0.37 um/s while the bulk flow velocity
for EGF was also measured to be 0.37 um/s using the fluorescent beads. The Re number
for EGF was calculated to be less than 107, indicative of laminar flow. The Pe number
for EGF was calculated to be 50, indicative of convection domination. The reagent
diffusivity and bulk flow velocity were then substitute into Equation (3) to predict the
reagent concentration and gradients distributed along the microchannel. The gradients
were categorized into 5 ranges: 0<G;<10~ ng/(ml.mm), 10°<G,<10 ng/(ml.mm), 10"
<G3<10™" ng/(ml.mm), 10"<G4<10° ng/(ml.mm), and 10°<Gs<10' ng/(ml.mm).

As shown in Figure 4.5A, our computational model illustrates that the local
Dextran concentration and gradient, defined as 0C/0x, reached steady-state within the
entire microchannel in 33 hours. Dextran concentration and gradient were non-linearly
distributed along the microchannel. Dextran concentrations within the microchannel

ranged from 52% to 52.5% of the concentration in the SRC chamber, i.e. Coy. The
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gradients ranged for 2 orders of magnitude from G, to Gj, as gradient G, occupied
distance of 7 mm and Gj3; of 4.5 mm from x=7 mm to x=11.5 mm. The area near the exit
of the microchannel (x=13 mm) exhibited fluctuation of concentration, which was not
shown in the figure.

EGF also displaced along the microchannel, as seen in Figure 4.5B. The
simulation illustrated that the time to reach steady-state was 18 hours. As seen, EGF
concentration distribution was highly non-linear and so were the gradients. The range of
EGF concentration within the microchannel was between 35% and 65% of Cy. The
gradient exhibited 5 orders of magnitude. G; occupied distance of 6 mm, while G,
possessed approximately 2 mm, G for approximately 1.5 mm, G4 and Gs each for

approximately 1 mm.
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Figure 4.5: Graph of steady-state reagent concentration gradients distributed along the
microchannel. Gradients were categorized into 5 ranges: 0<G;<10” ng/(ml.mm), 10
’<G,<10? ng/(ml.mm), 107<G3<10" ng/(ml.mm), 107'<G4<10° ng/(ml.mm), and
10°<Gs<10" ng/(ml.mm). Dextran gradients exhibited two orders of magnitudes from G,
to Gs, while EGF displayed gradients of 5 orders from G; to Gs. These gradients were
unevenly distributed at different positions along the length of the microchannel.
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4.4  Discussion

The capability to produce specific chemical concentrations and concentration
gradients in microdevices over time, and mathematically validate these values, was
essential for the study of micro/nano-scale mass transport such as salinity and nutrition
transport in biological systems. By using a straightforward design, our system delivered
reagents via mathematically-validated transport models and enabled measurement of
primary diffusion parameters, such as diffusion coefficient and bulk flow velocity. Our
microsystem is similar to some existing microdevices {Kanegasaki S, 2003 #433;
Abhyankar, 2006 #65}, but is distinct in its efficient, convenient manufacturing, and
user-friendly manipulation. While others have used machined parts and complex 3-D
assembly, the plane system accomplishes microfluidic transport using inexpensive
PDMS layering. Further, the reagent transport within the microchannel can be held
steady-state for up to 48 hours without peripheral accessories such as external pump and
power supplies to maintain solution circulation.

In the bridged pLane system, two volumetric reservoirs are used to gradually
deliver reagent into the microchannel with minimal entrance effects, which facilitates
stable reagent gradient formation within the entire system. Although the reagent transport
with the microsystem was 2-D, the transport within the microchannel was treated 1-D due
to the large ratio of microchannel length to its hydraulic diameter. The 1-D
approximation was demonstrated to be reasonable and reliable as the mathematical
modeling results were shown to closely match the experimental results (Figure 4.4).

Moreover, the Dextran diffusivity measured using our methodology was in line with the
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published values, suggesting that our modeling and the experimental methodology are
feasible and reliable.

A 2" device layer contains two additional large volumetric chambers to maintain
constant reagent concentrations during experiments. We note that minimal reagent
transport in the bridge channel from the SRC chamber to the SKC chamber was present
during the experiments (Figure 4.3). However, such transport in the bridge channel did
not affect the reagent transport in the microchannel in this work, due to the facts that the
reagent diffused slowly in the bridge channel without significant bulk flow and reagent
concentration within the SKC chamber remained zero during the entire experiments
(measured up to 96 hours). The extremely low bulk flow within the reservoirs can be
calculated using mass conservation: V,-A =V,-A, , where V| and V, are the bulk
velocity in a reservoir and the microchannel (um/s), respectively, and A; and A, are the
cross-sectional area of a reservoir and the microchannel (um®/s), respectively.
Substituting the known information of the bulk flow velocity in the microchannel and the
geometrical dimension of the reservoirs and the microchannel, the bulk flow velocity
within the reservoirs are calculated to be less than 10~ pm/s, which is two orders lower
than the velocity in the microchannel. Therefore, it can be neglected in our modeling.
Since the velocity approached to zero, the gravity effects on reagent transport within the
reservoirs were also minimal.

The 2™ layer is also designed to contain an open, so-called bridge channel that
largely eliminates potential hydrostatic pressure differences in the chambers that can
cause large pressure-driven flow in the microchannel during experimental loading.

Without the bridge channel to balance the volume of two chambers, our experiments have
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shown that a tiny volume difference between the chambers, 1 pl for example, can lead to
high bulk flow within the microchannel, which measured to have the order of 100 pm/s
and lasted for 2 days. Surprisingly, when the chambers were connected using the
designed bridge channel, the bulk flow velocity within the microchannel was at the order
of 0.1 pm/s.

Although the gravity effects on reagent transport within each individual reservoir
were minimal, the hydrostatic pressure difference induced by the density difference
between the reagent and PBS solutions within the chambers was the driving forces to
cause bulk flow within the microchannel. The hydrostatic pressure that caused reagent
transport within the microchannel can be calculated using the hydrostatic pressure

equation: AP =Ap-g-h, where AP is the pressure difference (Pa), Ap is the density

deference between solutions (kg/m’), and h is the liquid height (m), i.e. the accumulative
thickness of the 1* and 2" PDMS layer of the microsystem. The density difference
between reagent and PBS solution was 40 pg/ml. Note that the liquid height, h,
maintained the same for the source side and the sink side. The convective flow within the
microchannel was regarded as Poiseuille flow [44], due to its laminar flow characteristics.

The bulk flow velocity calculated from the above pressure difference (AP) and equation

2
3[; A_Lp , was 0.11 um/s, which exhibited the same order of magnitude of
U

), ie. Uy, =

the bulk flow velocity measured within our microsystem, i.e. 0.37 um/s. However, the
inertial flow induced when adding sample solutions and solution evaporation during
experiments may be the reasons to cause the difference between the theoretical

calculation and the experimental measurement.
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As clearly shown in the experiments using fluorescent Dextran and micro-beads,
the bridged plLane system relies upon convective transport, i.e. bulk flow, rather than
molecular diffusion alone to generate reagent gradients during the desired experimental
time. This study utilized the bulk flow as an advantage, as convective transport within the
microchannel rapidly decreased the time required for reagent concentration to reach
steady-state within the entire microchannel. As an example, Dextran transport via
diffusion alone (using the average of cited Dextran diffusivities, 8.2 x10”cm?/s) would
require over 470 hours to reach a linear, steady-state gradient within our 13-mm-long
microchannel. However, as a consequence of convection, the bridged plLane system
generated steady-state Dextran concentration profiles within approximately 33 hours
(Figure 4.5). Additionally, EGF reached steady-state in 230 hours without convection
while the presence of bulk flow facilitated the transport with steady-state time of 18 hours.

Further, association of convection and molecular diffusion can be combined to
change the chemical gradient profile from linear to highly non-linear along the
microchannel length, as well as extend reagent gradients to different orders of magnitude
(Figure 4.5). When high diffusivity was used, the transport was less convection-
dominated. Therefore, by changing different ratio of convection to diffusion, our
methodology provides a platform to generate different gradient profiles for versatile
studies of chemical gradients, such as live biological systems.

In summary, we have designed the bridged puLane system to investigate chemical
transport. The bridged pLane can be utilized to deliver a variety of reagent, generate
reagent concentration gradients, and observe consequent reagent transport known to play

important roles in a multitude of physical and biomedical-related studies [73, 75, 76]. The
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bridged plLane system is, therefore, a novel platform with which to generate different

chemical gradients and study reagent transport in a quantitative microenvironment.
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Abstract: Cell migration in response to ligand stimulation is essential to numerous BME
studies. The ligand concentration gradient generated in the cell microenvironment by
short- and long-range diffusion is well-known to affect cell function and direct cell
motility. Using microfabrication, a two-layer poly-dimethylsiloxane (PDMS) micro-
device, named the bridged plane system, was fabricated to generate ligand concentration
gradients within the system. Unlabeled EGF (MW: 6 kDa) at concentrations between 40
ng/ml and 400 ng/ml were applied into the system to generate different EGF gradient
profiles to stimulate cell migration. Application of 40-ng/ml EGF concentration was
observed to stimulate cells with highest cell motility, while 80-ng/ml EGF concentration
triggered the highest number of cells to migrate. Increasing EGF gradients enhanced cell
motility. Both EGF concentration and gradients were found to significantly regulate cell

migration.
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5.1  Introduction

Cells accomplish a variety of physiological processes via migratory responses to
signaling from extracellular ligand concentration [1-3]. For many cell types, exposure to
increased ligand concentration yields increased cell motility [4], proliferation [5], and/or
protein secretion [6]. However, little research has been performed to examine the effects
of ligand gradients, rather than extracellular concentration, on cell migration. The effects
of ligand gradients across cell populations is expected to be significant, as small changes
in the cell microenvironment are known to affect cell function and response [7-9]. Further,
numerous biological studies have illustrated measurable changes in cell behavior in
response to different ligand gradients [10-12]. Ligand gradient is often difficult to
measure, as the majority of published studies utilize assays that primarily tabulate the
numbers of cells that migrate in response to ligand concentrations over fixed time periods,
e.g. transwell assays. Usage of such technologies prevents the researcher from imposing
specific ligand gradients across cell populations, or from measuring the value of those
gradients for individual cells. The community is, therefore, in need of novel
microtechnologies that enable cell migration studies to correlate measured motility data
with stimuli imposed upon the cell microenvironment.

Microfabrication techniques have been adapted in many recent biomedical studies
to develop systems that visualize cell response to specific ligand concentrations and
different ligand gradient profiles in real time [13-16]. Microarrays, microvalved
microsystems and cell pattern microsystems have been largely used to investigate cell
function at different threshold ligand concentrations [17-19], gene expression in cell

cycles [20] and cell-protein interaction in stable biological environments [21-23]. Many
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groups have fabricated novel microfluidic devices to generate linear ligand concentration
gradients [9, 10, 24] and non-linear ligand concentration gradients [25, 26] via fluid flow
to examine cell migration, Others have used other methods, such as micromagnetics [27]
and acoustic manipulation [28] to induce fluid flow and deliver biocompounds. Using
such devices, researchers have examined cell response to steady-state ligand gradients
[29] and found that cell motility was ligand gradient-dependent [30]. However, some of
these microfabricated systems may lack quantitative measurement of spatiotemporal
profiles of ligands around individual cells.

Unfortunately, the majority of microdevices recently reported in the literature
require costly facilities and equipment for device fabrication and/or sample
handling/operation. For example, 3-D photolithographic layering [31], utilization of
microvalves [32] and microactuators [33], as well as external pumps and power supplies
[24, 25, 34] are often required for microdevice manufacture and operation. In addition,
many systems continue to require large populations of cells (102 cells per channel) for
testing before ligand gradients can be generated [10, 24]. The current study has
developed a conveniently-manipulated microfabricated system, called the bridged puLane
system, which is able to experimentally generate linear and non-linear ligand
concentration gradients that are mathematically validated using well-established
convective transport models. Further, the system can be fabricated in a conventional
biomedical engineering laboratory without the need for costly computerized apparatus,
external power supplies, or clean room facilities. In brief, the PDMS system consists of
two volumetric reservoirs connected by a single microchannel, within which bulk ligand

transport is well-established and mathematically predictable. Our system is adaptable to
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work with both large and small cell populations (as low as 10 cells per channel) in
dosage-dependent microenvironments, known to induce chemotaxis, apoptosis,
proliferation, and/or cell-cell communication [35-39].

Fluorescently-labeled Dextran was used to experimentally verify the ability of the
bridged plane system to generate steady-state non-linear ligand gradients that were
mathematically predicted by convective Fickian diffusion. Cell responses to both low
ligand concentration gradients and high ligand concentration gradients as a function of
position within the microchannel over time were optically observed and quantitatively
analyzed. The experimental data illustrated that steady-state gradients of the model
cytokine, Epidermal Growth Factor (EGF), directed cell migration and stimulated cell
motility. Additionally, flat and steep EGF gradient profiles were seen to affect cell
migration. Moreover, EGF concentrations were found to largely regulate cell migration
with significant effects on cell motility and the number of motile cells when integrated

with EGF gradients.
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5.2  Materials and Methods

Microfabrication of bridged pLane system: The plane system was designed to
deliver ligands toward cells, and facilitate observation of cell responses to stimuli. It
consisted of two layers of PDMS with a closed microchannel and two reservoirs on the
first layer, as well as two chambers and an open bridged channel on the second. The
fabrication of the bridged plLane system consisted of three steps: 1) contact
photolithography, ii) elastomeric molding of poly-dimethylsiloxane (PDMS) and bonding
of 1% layer PDMS, and iii) casting of 2™ layer PDMS.

1) Photolithography: A pre-cleaned glass substrate was coated with an adhesion
promoter, Surpass 3000, (DisChem Inc., Ridgway, PA) and an 80-um-thick layer of
negative photoresist, SU-8 2075, (MicroChem Inc., Newton, MA) using a spin coating
apparatus (Laurell Tech. Corp., North Wales, PA). The substrate was baked on a hot plate
and irradiated with UV light using a laboratory-fabricated photomask containing desired
microchannel patterns (intensity: 21700-8900 pW/cm?” at 2-10 inches, Model B-100AP,
UVP Inc., Upland, CA). Substrates were then re-baked, allowed to cool at room
temperature (25°C), and immersed in SU-8 developer (MicroChem Inc., Newton, MA)
until photoresist patterns were visible. The patterned substrate exhibited dimensions of
13.040.1-mm-length (mean + SD) by 100£5-pm-width by 90+1-um-depth as measured
via surface profilometer (Model SJ-301, Mitutoyo America Corp., Middlesex, NJ) and
optical microscope (Nikon TE2000, Morrell Instrument Company Inc., Melville, NY).

ii) Elastomeric molding and bonding of 1% layer PDMS: Liquid-state poly-
dimethylsiloxane (PDMS) mixed with silicone elastomer curing agent (Dow Corning

Corp., Midland, MI) was degassed and poured onto the photoresist-patterned substrate
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described above. After polymerization, the PDMS elastomer was peeled from the
patterned substrates resulting in open microchannels of 13.0+0.1-mm-length by 100+5-
um-width and 90+1-pm-depth. Subsequently, it was punctured with 2-mm-diameter
pipette tips (Model 9-inch Pasteur Pipette, Fisher Scientific Co., Agawam, MA) on both
ends in order to generate two reservoirs with approximately 3 pl volume each (Figure
5.1A). These reservoirs were defined as the source reservoir (SRR) and the sink reservoir
(SKR), to be used for application of ligand and buffer solutions, respectively. The PDMS
elastomer was then bonded onto a pre-cleaned glass substrate (unpatterned) by applying
ozone generated via a high-frequency generator (Electro-Technic Products, Inc., Chicago,
IL) onto both the PDMS and glass surfaces for 30 seconds each. These components were
then defined as the 1* layer PDMS for the bridged uLane system (Figure 5.1A). Cross-
section uniformity of the closed microchannel itself within this 1% layer was verified
using an optical microscope (Nikon TE2000). Since large machines, such as deep
reactive-ion etching (DRIE) apparatus, were not used in the microfabrication, the cross-
section exhibited approximately rectangular or semi-hemispherical [40-43], as examined
via profilometer and optical microscope.

The hydraulic diameter, Dy, of the closed channel was calculated to be 94.8 pum,
using D=4 A/P [44] where A is the cross-sectional area and P is the perimeter. The semi-
hemispherical cross-sectional shape of the microchannel was observed to minimize
PDMS bulging effects when solutions were loaded into the system [45]. The ratio of the
microchannel length to its hydraulic diameter (approximately 137) was kept large in the

design in order to facilitate ligand transport within the microchannel as one-dimensional.
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Figure 5.1: Images and schematic of the bridged pLane system. After photolithography
and elastomeric molding, a microchannel with two reservoirs was fabricated in
polymerized PDMS, defined as the 1* layer PDMS of the bridged pLane system. This
PDMS layer was then bonded onto an ultrasonically-cleaned microscope glass slide (A).
A second layer of PDMS, consisting of a bridge channel and two chambers, was molded
on top of the 1** layer PDMS (B). This layer of PDMS was defined as the 2™ layer PDMS
of the system. The chambers in the o layer PDMS were fluidically connected with the
reservoirs in the 1* layer PDMS, as shown in the bridged puLane system schematic (C)
(not to scale). The microchannel approximately measures 13 mm in length, 90 pm in
depth and 100 um in width (averaged with the upper side of 95 um and the lower side of
105 pm), as its semi-hemispherical cross-section was shown in inset.
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iii) Casting of 2™ layer PDMS: A laboratory-made acrylic mold was then placed
atop the 1% layer PDMS described above. Liquid-state PDMS and curing agent were
mixed and poured around the acrylic mold. After the PDMS was polymerized and formed
the 2™ layer, the acrylic mold was removed. The 2™ layer PDMS consisted of two
cylindrical chambers, and a semi-circular, open channel, or so-called bridged channel
(Figure 5.1B). The two chambers, of 6-mm-diameter and 6-mm-height each, were
defined as the source chamber (SRC) and sink chamber (SKC). The SRC and SKC
chambers were vertically and fluidically connected with the SRR and SKR reservoirs,
respectively, in the 1% layer. Lastly, the bridged channel, of 9-mm-length and 2-mm-
depth, connected the SRC and SKC chambers and was used to balance the solution
volume within the chambers, which then eliminated pressure differences in the
microchannel during solution loading and/or experiment operation, as shown in Figure
5.1C. The complete bridged pLane system is thus composed of an open bridged channel
that connects the SRC and SKC chambers, as well as a closed microchannel that connects
the SRR and SKR reservoirs (Figure 5.1C).

The volume ratio of each reservoir to the microchannel was also kept large
(approximately 27) in order to maintain stable EGF transport between each reservoir and
the microchannel. The volume of each chamber (170 pl) was designed to be 55 times
larger than the reservoir and 1450 times larger than the microchannel, in order to
gradually transport EGF into the microchannel with minimum entrance effects. The EGF
concentrations in the SRC chamber and the SKC chamber remained constant during the

EGF transport within the plane system.
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Generation of Dextran gradients within the bridged plane system and
fluorescent intensity measurement: Fluorescently-labeled Dextran solution (Cat. #
D22910, 10 kDa, Molecular Probes, Eugene, OR) was added into the system in order to
explicitly measure its transport and examine its gradient generation within the plane
system. Initially, Phosphate buffer saline (PBS) solution (Mediatech Inc., Herndon, VA)
containing 1.0-pm-diameter fluorescent beads (Cat. # T7282, Molecular Probes, Eugene,
OR) with concentration of 10* beads/ml was injected into the microchannel using a 1-ml
syringe (Becton, Dickinson and Company, Franklin Lakes, NJ). These beads were used to
optically measure bulk flow velocity within the microchannel. PBS solution was then
pipetted into the SKC chamber and the bridged channel, respectively. Note that the PBS
solution was added into the bridged channel and the SKC chamber slowly so that no
solution drained into the SRC chamber to dilute the fluorescent source that was added
later. Secondly, solutions of Dextran at a concentration of 40 pug/ml were only added into
the SRC chamber until it contacted the PBS solution present in the bridged channel. After
the contact was made, fluorescent beads were observed to migrate slowly within the
microchannel from the SRR reservoir to the SKR reservoir. The systems were then

placed in a fluorescent microscope for fluorescent intensity measurement.

While fluorescent Dextran displaced past three different specified detection
positions in the microchannel, Smm, 8mm and 11mm away from the SRR reservoir,
where excitation light of wavelength of 488 nm was applied, fluorescence was emitted
and collected via a microscope objective. The intensity values at these specific detection
regions over time were plotted. Meanwhile, movement of fluorescent beads caused by

inertial flow within the microchannel was recorded in order to measure the mean bulk
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flow velocity. In these experiments, four different plane systems were used to measure

fluorescent intensity and bulk flow velocity at different detection positions over time.

Cell culture: Primary fibroblast cells were harvested from bovine Medial
Collateral Ligament (MCL) explants received from the Soft Tissue laboratory of Dr.
Peter Torzilli at the Hospital for Special Surgery (New York, NY) as described
previously by our laboratory [46]. Primary cells were washed and cultured with sterile
complete Essential Modified Eagle’s Medium (EMEM), 10% fetal bovine serum (FBS),
2% L-Glutamine and 1% antibiotic-antimycotic solution (penicillin, streptomycin,
amphotericin B) (Mediatech Inc., VA) with pH 7.1-7.4 and plated onto sterile polystyrene
tissue culture flasks (Becton Dickinson Labware, NJ). Cells were then maintained at 37°C
in a 5% CO, humidified incubator. Serial passages were performed when cultures
became ~ 90% confluent by detaching cells from flasks via a five-minute treatment with
0.05% trypsin-0.53mM EDTA (Mediatech Inc., VA) at 37°C. The cells were collected
via centrifuge, suspended in growth medium, and subcultured for less than 5 passages

prior to experimental use.

Cell proliferation assays: To monitor cell proliferation stimulated by EGF within
96 hours, four 96-well culture plates (Corning Inc., Corning, NY) were used. In the
control experiments, a 100 pl of fibroblast solution at a density of 5x10* cells/ml in
EMEM complete media was added into 8 wells of the culture plates. Fibroblast solutions
mixed with EGF concentrations of 0.1 ng/ml, 1 ng/ml, 10 ng/ml, 40 ng/ml, 80 ng/ml and
400 ng/ml, respectively, were added into 8 additional wells for each concentration. Note

that each well contained minimum of 5000 cells, as required by the manufacture of
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proliferation assays. The plates were then incubated at 37°C. To measure cell
proliferation, each well was then treated 15 pl of cell proliferation Dye Solution (Part #
G4002, Promega Corp., Madison, WI), followed with a 2-hour incubation. Subsequently,
100 pl of cell proliferation Stop Solution (Part # G4001, Promega Corp., Madison, WI)
was pipetted into each well and the plate was incubated for another 1 hour. To measure
cell proliferation, a 96-well plate reader (Synergy HT, BioTek Instruments Inc.,
Winooski, VT) was used to record the absorbance of the plate at a wavelength of 570 nm.
The proliferation rates in cells were calculated based on the initial number of cells that
were placed into plates on the first day. The cell proliferation experiments were repeated

4 times to ensure data reliability.

Cell and EGF loading in the bridged plane system: The plane system was first
coated with fibronectin (Sigma-Aldrich Co., St. Louis, MO) at a concentration of 10
ng/ml overnight before cells were inserted. After coating, solutions of fibroblasts with
density of 3 x 10°/ml were injected into the microchannel of the system from the SRC
chamber using a 1-ml syringe. The SRC chamber, the SKC chamber and the bridged
channel were subsequently filled with solutions of growth media. The bridged plane
systems were then incubated overnight (~14 hours) to allow cells to fully adhere and

visibly spread inside of the system prior to next experiments.

In the experiments where uniform EGF (Invitrogen Corp., Eugene, OR)
concentration was applied, solution of 40-ng/ml, 80-ng/ml and 400-ng/ml EGF were
individually used. First, the growth media in the plane system was carefully aspirated to

avoid cell detachment in the microchannel. Next, EGF solution was injected into the
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microchannel using a syringe and then filled into the SRC chamber, the SKC chambers
and the bridge channel. Lastly, the system was placed in a micro-incubator (Warner
Instruments LLC, Hamden, CT) that was mounted on a motorized stage of the inverted
microscope (Nikon TE2000) for observation. The temperature in the micro-incubator was

maintained at 37°C.

For the experiments where EGF gradients were used, the procedure for
establishing concentration gradient in the plane system is described below. After cells
were cultured in the microsystem overnight, the growth media was aspirated out. Fresh
growth medica was only injected into the microchannel, and pipetted into the SKC
chamber and the bridge channel. Next, EGF solution was added into the SRC chamber
until came into contact with the growth media present in the bridge channel. The systems
were then placed in the micro-incubator and imaged via the microscope. Transport of
EGF from the SRC chamber to the SKC chamber through the microchannel was then

modeled as described below.

Microscopy and cell images: An inverted epi-microscope (Nikon TE2000) with
a 20X microscope objective (Nikon Plant 20X, Morrell Instrument Company Inc.,
Melville, NY) was used to image cells that adhered in the culture plates and the plane
systems via a cooled CCD camera (CoolSNAP EZ, Photometrics, Tucson, AZ) with
Nikon software (Nikon Instrument Element 2.30 with 6D module, Morrell Instrument
Company Inc., Melville, NY). All images were in dimensions of 0.38-mm-length by

0.46-mm-width, and displayed the specific cell positions within the culture plates and the

143



microchannels. A shutter (HF204, Prior Scientific Inc., Rockland, MA) mounted in the
Nikon TE2000 was used to control the exposure time.

Simulation of 1-D diffusion: Numerical simulations were performed to estimate
the transport of ligand from the SRR reservoir to SKR reservoir. The transport within the
microchannel was modeled as one-dimensional because of the large ratio of
microchannel length to its hydraulic diameter (137: 1). The one-dimensional convective-
diffusion equation was used to model ligand transport within the microchannel and

defined as [47]:

2
£+V @ = D%
ot OX ox?

(5.1)

where C (mg/ml) is the concentration, V (m/s) is the mean bulk velocity in the
microchannel, and D (m?%s) is the diffusion coefficient of the fluorescent molecule.
Finite-element-analysis (FEA) software FEMLab Version 3.2 (Comsol Inc., Burlington,
MA) was used to solve this equation. A fine mesh of 1504 elements was used in the
simulation such that ligand gradients across small populations of cells can be predicted.
Note that simulation results were not significantly increased (<1%) when larger meshes
were used. The microchannel, both the SRR and SKR reservoirs in the 1* layer PDMS,
bridged channel, and both the SRC and SKC chambers in the 2™ layer PDMS were
modeled as shown in Figure 5.3A. First, the initial concentrations of ligand at the SRC
chamber in the diffusion model were set to the values used in experiments, while the
ligand concentration within the SKC chamber was set to 0 ng/ml. The ligand
concentrations in both SRC and SKC chambers remained constant during the simulation.

Second, the mean bulk velocity in the microchannel, V, was experimentally measured

using the fluorescent beads, as described before. The mean bulk flow velocity within the
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microchannel was measured as 0.37 = 0.01 um/s (n=10) when Dextran was applied. The
mean bulk flow velocity was 0.60 = 0.01 pm/s (n=10) when EGF was used. Third, we
estimated the diffusion coefficients of ligands by averaging different values published in
the literature. For Dextran diffusion, the published diffusivity values have been reported
between 0.80x10° cm?/s and 0.84x10° cm?/s [48]. However, a wider range between
0.7x10° cm?/s and 1.0x10° cm?/s was used and substituted into the equation (4.1) in the
simulation in order to fully examine the Dextran diffusivity from our experiments. As
reported in Table 5.1, published EGF diffusivity ranged from 0.5x10° cm?/s measured
via in vivo rodent experiments to 2.3x10° cm®/s computed from numerical solutions of
the Stokes-Einstein Equation [12, 49-52]. These multiple diffusivities were averaged to
obtain a value of 2.0x10® cm%/s as EGF diffusivity in our experiments, which was then
used in the simulation of EGF transport to generate EGF concentration profiles as a
function of time and position. Figure 5.3B illustrates the graphical solution to the

convective-diffusion equation using the conditions discussed.

Expeniment EGF Diffusivity (10"’ -:111'].-"5.] Reference
In vivo (rat cortex) 0.50-0.53 12,55
In vitro (dilute agarose) 12-1.7 12 5557
Computational models 2.1-23 54, 56
Simulation 2.0 Present study

Table 5.1: Published EGF diffusivities measured using different experimental and
computational methods. EGF diffusivity measured within the in vivo rat cortex was
reported to be 0.50-0.53x10° cm?/s, while the in vitro measure of EGF diffusivity using
dilute agarose gel yielded 1.2-1.7x10° cm*/s. The computation of EGF diffusivity using
the Stokes-Einstein Equation was also reported in the literature with a value of 2.1-
2.3x10° cm?s. The EGF diffusivity used in the present simulation was chosen to be
2.0x10° cm?/s, i.e. the average of published EGF diffusivities in free solution.
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Data processing and plotting: The experimental data of fluorescent intensity as
a function of time, and the simulation data as a function of time were normalized, and
plotted in the same diagram using software (Origin 7.5, Origin Lab Corp., Northampton,
MA). Note that some dimensionless normalized experimental data slightly exceeded 1
because of experimental noise. The normalized experimental data were fitted into a curve
(R*> 99.8%), using the Hill function, a category of Sigmoidal functions provided by the

software, in order to better compare with the simulated data. The Hill function is given as:

n

X
k" + x"

y=V (5.2)

max

where the Vpmax is the asymptotic value of the experimental data, k and n are empirical
constants given by the software, and X and y are axis coordinates. The residual difference,
defined as the absolute difference between each individual data point from the Hill-
function fit curve and each individual data point from the simulation curves at the same
corresponding time point, was analyzed using the Student’s t-test in order to identify the
simulation curve that was closest to the Hill-function fit curve of the experimental data.
The simulation curve with the least standard deviation of residual difference (<2%) and
the least average residual difference at all the data points (<10%) was considered to be

characteristic of the diffusion coefficients in free solution.

In-cell western blotting: This technique has been used in the detection of growth
factor receptor phosphorylation, as described in the literature [53]. Fibroblasts with
growth media (10% FBS and 2% L-Glutamine in EMEM) were seeded into a 48-well
plate (Corning Inc., Corning, NY) and incubated at 37°C for 3 days until cells reached

confluence with a density of 10° cells/well. Cells were then starved by replacing the
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growth media with serum-free EMEM, and incubated at 37°C for 4 hours. Cells were
treated with EGF at different concentrations, 0.1 ng/ml, 1 ng/ml, 10 ng/m, 40 ng/ml, 80
ng/ml and 400 ng/ml, for 1 hour. Afterwards, cells were fixed with 3.7%
paraformaldehyde (Sigma-Aldrich Inc., St. Louis, MO), permeated with 0.1% Triton X-
100 (Sigma-Aldrich Inc., St. Louis, MO ), washed with 0.1% Tween-20 (Across Organics,
Morris Plains, NJ), treated with blocking buffer (Li-Cor, Inc., Lincoln, NE) at room
temperature (25°C) and incubated with rabbit polyclonal anti-EGFR primary antibody
(Abcam Incl, Cambridge, MA, part #: ab2430) and mouse monoclonal anti-
phosphorylated EGFR primary antibody (Biodesign International, Saco, ME, part #:
K67902M) at 4°C for overnight (~14 hours). The cells were then washed and incubated
with goat-against-rabbit secondary antibody (Li-Cor, Inc., Lincoln, NE, part #: 926-
32211) and goat-against-mouse secondary antibody (Li-Cor, Inc., Lincoln, NE, part #:
926-32220) at room temperature for 1 hour. Subsequently, an infrared imaging system,
Odyssey (Li-Cor, Inc., Lincoln, NE), was used to record the infrared intensity from

EGFR and the phosphorylated EGFR within the cells.

53  Results
Ligand transport within the plane system

The first set of experiments measured fibroblast migration in response to EGF
gradients within the bridged plane system. In order to examine the feasibility of ligand
gradient generation within the microsystem, the widely-studied fluorescent labeled

Dextran was first tested [54].
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After the Dextran solution was applied into the microsystem, fluorescent signal
from the Dextran was optically observed to displace along the microchannel, as seen in
Figure 5.2. The bulk flow velocity of Dextran transport within the microchannel
measured to be 0.37+£0.01 pm/s. The Dextran transport within the microsystem was also
modeled and simulated using finite element analysis, as illustrated in Figure 5.3. Note
that Dextran was also observed to transport through the bridged channel toward the SKC
chamber. However, the transport was neglected because no flow was observed within the
bridge channel and the Dextran diffusion in the bridged channel was therefore much
slower than the Dextran diffusion within the microchannel, as seen in the Figure 5.3A.
Moreover, the Dextran concentration in the SKC chamber remained zero during
experiments for up to 96 hours. Fluorescent intensity measured at specific detection
positions from Dextran transport experiments and the mathematical prediction of 1-D
simulation of Dextran transport within the microchannel, were normalized and plotted as
a function of time, shown in Figure 5.4. As seen, Dextran concentration within the
microchannel increased over time and reached steady-state at the entire microchannel in
approximately 18 hours. The explicit gathered intensity data were compared against
mathematical data obtained via simulation using a range of Dextran that included these
diffusivities found in the literature. As seen, the Dextran diffusivity in our experiment
was measured to be 0.82+0.01 x 10 cm?/s, which was in line with the reported values

between 0.80 x 10° cm?/s and 0.84 x 10 cm?*/s [48].
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t=1.5 hr

Figure 5.2: Images of Dextran transport within the microchannel over time. Arrow points
to the leading edge of Dextran transport visibly observed in the microchannel after 2.5
hours (B). Dextran fluorescence was initially observed throughout the microchannel in
3.5 hours (C), with increasingly strong fluorescence after 9 hours (D), until reaching
steady-state in 18 hours. The white dots seen in images represent fluorescent beads used
inside of the bridged plLane system to measure bulk velocity (if present) during
experiments. Scale bar: 50pm.
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Figure 5.3: Simulation of Dextran transport within the bridged plLane system. The
source chamber (SRC), source reservoir (SRR), microchannel, sink reservoir (SKR), sink
chamber (SKC) and bridge channel were modeled using finite element software (A). The
Dextran concentration in the SRC chamber was set to a maximum of Cy = 40 ng/ml,
while the Dextran concentration in the SKC chamber was set to a minimum of C;, = 0
ng/ml. The bulk velocity within the microchannel was measured using fluorescent beads,
and inputted into the Dextran transport model for numerical simulation. All of the
boundaries of the bridged pLane system were modeled as insulated from mass transfer.
Dextran transport at different positions within the microchannel, x=5mm, x=8mm and
x=11mm, respectively, was examined over time. One-dimensional convective diffusion
equation was used to model the transport of Dextran within the microchannel, where C
represents concentration, V is bulk velocity and D is the diffusion coefficient. The
simulation illustrates that the Dextran concentration at a representative microchannel
position of x=5mm increases over time and reaches steady-state in 11 hours (B).
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Figure 5.4: Graph of normalized experimental data obtained from Dextran transport
experiments within the bridged plLane system, compared against normalized simulation
data generated from the 1-D convective diffusion equation These normalized data were
plotted as a function of time. A range of Dextran diffusion coefficients between 0.7 x 10
and 1.0 x 10 cm?/s, and the experimentally measured mean bulk velocity for Dextran of
V=0.37um/s, were used in the numerical simulation to generate the Dextran
concentration profiles shown at different detection positions over time.

The previous experiments demonstrated that the numerical modeling of Dextran
transport within the plane system was consistent with the experimental results. Therefore,
we continued to use the numerical model to predict the transport of unlabeled EGF within
the plane system, and analyze EGF concentration and gradient as a function of position
within the microchannel over time. Note that the value of EGF diffusivity used in our
model was the average of values published in the literature and shown in Table 5.1. The

EGF simulation model used was similar to the one used in Dextran transport experiments.

The test additionally used fluorescent beads to optically measure bulk velocity within the
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microchannel, which was 0.40+0.01 um/s. The EGF concentration applied in the SRC
chamber was denoted as Cy, while the EGF concentration within the microchannel was
C(x, t). The ratio of C(x, t)/Cy was defined as dimensionless concentration. When
different Cy were applied, the local EGF concentration within the microcahnnel varied.
However, the dimensionless concentration barely changed (data not shown). Our
computational models illustrated that the local EGF concentration and gradient, defined
as O0C/0x, reached steady-state in 18 hours at the entire microchannel. The EGF
concentration and gradient were non-linearly distributed along the microchannel. as

shown in Figure 5.5.
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Figure 5.5: Graph of steady-state EGF concentration gradients distributed along the
microchannel. EGF gradients were categorized into 5 ranges: 0<G;<10~ ng/(ml.mm), 10"
’<G,<10? ng/(ml.mm), 107<G3;<10" ng/(ml.mm), 107'<G4<10° ng/(ml.mm), and
10°<G5<10' ng/(ml.mm). These gradients were unevenly distributed at different positions
along the length of the microchannel.
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The predicted spatial and temporal profiles of local EGF concentration and
gradients within the plane system were then used to analyze effects of different EGF

gradients on cell morphology and cell motility in our experiments.

Effects of uniform EGF concentrations and EGF gradients on cell migration

In the control experiments where no EGF was applied, cells were observed to
migrate without persistent direction, as shown in Figure 5.6A. The maximum
displacement was measured to be 6.1+3.4 um from the cell centroid and the cell motility
was 2.4+2.1 um/hr, as shown in Table 5.2. When uniform EGF concentrations of 40
ng/ml, 80 ng/ml and 400 ng/ml were applied, cells were also observed to migration in all
directions. As seen in Figure 5.6B, cells stimulated at the uniform EGF concentration of
40 ng/ml were observed to migrate in the area where the maximum cell displacement was
measured to be 10.5+4.4 um. The cell motility exhibited 4.4+1.1 pm/hr. When EGF
concentration was increased to 80 ng/ml and 400 ng/ml, cells were seen to migrate with
the maximum cell displacement of 13.3+4.2 um and 20.8+£5.1 um, respectively, as seen
in Figure 5.6C and Figure 5.6D. The motility was also found to increase to 5.4+2.4
pm/hr for uniform EGF concentration of 80 ng/ml and 6.2+2.7 um/hr for 400 ng/ml.

After EGF concentration gradients were established and reached steady-state
within the microchannel, cells were observed to migrate toward higher concentration of
EGF, i.c. toward the SRR reservoir, as seen in Figure 5.6E, 5.6F and 5.6G. When EGF
of 40 ng/ml was used, maximum cell displacement measured 218.5+80.6 um, while cell
motility was 22.4+2.1 pm/hr. When EGF of 80 ng/ml and EGF of 400 ng/ml were used,

maximum cell displacement measured 237.8+76.8 um and 174.3+53.2 um, respectively.
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The cell motility was measured to be 25.4+3.4 pm/hr for 80-ng/ml EGF used and 7.4+2.9

um/hr for 400-ng/ml EGF used.

Uniform Maximum Motility Gradient- Maximum Motility
Concentration Displacement | (pm/hr) Concentration | Displacement | (pumv/hr)
(ng/ml) (um) (ng/ml) ()
0 (n=49) 6.1£3.4 2.4£2.1 0 (n=49) 6.1£3.4 2.4x2.1
40 (n=44) 10.5+4.4 4.4=1.1 40 (n=62) 218.5+80.6 22.4x2.1
80 (n=52 13.3+4.2 5.4+2.4 80 (n=60) 237.8+£76.8 21.4+3.4
400 (n=40) 20.8%5.1 6.2+£2.7 400 (n=64) 174.3253.2 7.4£2.9

Table 5.2: Maximum cell displacement and motility measured in response to uniform
EGF concentrations (no gradient) and EGF concentration gradients, generated by 40
ng/ml, 80 ng/ml and 400 ng/ml. The total number of cells per experiment is shown. Note
that data illustrate values accumulated from all gradients.
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Figure 5.6: Wind-Rose plots of cell trajectory in response to EGF stimulation within the
microchannel. Six representative cell paths are illustrated in each plot for different
experimental conditions at 15 hours: control (no EGF applied) (A), uniform EGF
concentration (no EGF gradient generated) of 40 ng/ml (B), 80 ng/ml (C) and 400 ng/ml
(D), and EGF concentration gradient, generated using 40 ng/ml (E), 80 ng/ml (F) and 400
ng/ml (F) as initial stimulus. Distance between hatch marks on both axes in each plot is
50 um. Note that the induced cell migration is seen from right to left.
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Cell motility in response to EGF gradients

In order to further analyze how EGF gradients affect cell migration, all the EGF
gradients that were generated by 3 different EGF concentrations (i.e. 40 ng/ml, 80 ng/ml
and 400 ng/ml) were categorized into 5 ranges: 0<G;<10” ng/(ml.mm), 107°<G,<10~
ng/(ml.mm), 107<G3<10" ng/(ml.mm), 10'<G4<10° ng/(ml.mm), and 10°<Gs<10'
ng/(ml.mm). These gradients, G; to Gs, occupied different length of positions along the
microchannel, and distributed non-linearly along the microchannel, as shown in Figure
5.5. The lowest gradient G; located near the SRR reservoir within the largest area of
approximately 6 mm along the microchannel, while the highest gradient Gs exhibited
near the SKR reservoir within a smallest area of approximately 1 mm. The slope of EGF
concentrations in the area near the SKR reservoir, i.e. the gradient Gs, was the steepest,
while the slope near the SRR reservoir, i.e. G;, appeared flat. As seen, gradients G;, G,
and G; displayed approximately linear profiles, while G4 and Gs exhibited highly non-
linear. Note that the location of each EGF gradient slightly shifted along the
microchannel when different EGF concentrations were used. However, the EGF gradient
patterns appeared similar.

The motility of cells that located within different EGF gradient areas were
measured, and found to vary per EGF gradient, as displayed in Figure 5.7,. In the control
experiments where no EGF gradient was applied, i.e. GO, the cell motility was 4.4+1.1
um/hr for uniform EGF concentration of 40 ng/ml, 5.4+2.4 pm/hr for 80 ng/ml, and
6.24+2.7 um/hr for 400 ng/ml, as described previously in Table 5.1. In the experiments
where EGF gradients were generated using 40-ng/ml of EGF, the cell motility was

measured to be 25+1.3 um/hr for G1, 26£1.3 pm/hr for G2, 31+1.6 um/hr for G3, 16=£1.1
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um/hr for G4, and 20+1.2 pm/hr for G5. While 80 ng/ml of EGF was used, the cell
motility measured for G1 to G5 was 22+1.2 um/hr, 23+1.5 um/hr, 27+1.3 pm/hr, 154+0.8
pm/hr, and 18+1.1 pm/hr, respectively. The cell motility were also observed to be 6+0.5

um/hr for G1, 7+0.6 pm/hr for G2, 9+0.7 um/hr for G3, 6+0.5 um/hr for G4, and 5+0.5

pm/hr for GS.
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Figure 5.7: Cell motility measured as a function of EGF concentration gradients. EGF
gradients, defined as EGF concentration difference over distance, were categorized into 6
ranges: Go=0, 0<G ;<107 ng/ml per mm, 10°<G,<10~ ng/ml per mm, 10°<G3<10" ng/ml
per mm, 107'<G4<10° ng/ml per mm, and 10°<Gs<10' ng/ml per mm of the microchannel.
Cell motility was defined as the distance traveled by each cell divided by time. The
number of cells per experiment is shown in parentheses.
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Effects of EGF gradient on numbers of migratory cells

In order to examine the number of cells that migrated in response to different EGF
gradients, we first set a criterion that only the cells that migrated more than 80 pum
measured from the cell centroids were counted. And the cells of such migration distance
were denoted as motile cells. Note that this minimum migration distance was measured
three times larger than the average cell diameter. Here, we also denoted the ratio of the
number of motile cells to the number of total cells at a given EGF gradient range as
chemotaxis index (CI).

As seen in Figure 5.8, CI was EGF gradient-dependent. In the control
experiments (GO, i.e. no EGF gradient), no cells were found to migrate more than 80 pm.
Therefore, the CI was measured to be 0 for the three uniform EGF concentrations used.
In the experiments where EGF gradient was generated with 40-ng/ml EGF applied,
1.6+0.1% of total cells migrated as motile cells at gradient G1, i.e. CI=1.6+0.1%. CI were
then measured to be 6.7+0.5 for G2, 38+3.3% for G3, 55.6+3.0% for G4, and 75+4.1%
for G5. Similarly, when 80 ng/ml of EGF was used, CI became 4+0.2%, 18+0.8%,
36.4+1.8%, 66.7+£3.3%, and 85+3.8% for the gradients from G1 to GS5, respectively. As
400-ng/ml EGF was used, CI was 7.4+0.6% for G1, 9.5+0.8% for G2, 21.8+1.7% for G3,

17.6+1.4% for G4, and 34.8+2.8% for GS5.
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Figure 5.8: Percentage of motile cells observed in response to imposed EGF gradients,
Gy through Gs:  G¢=0, 0<G <107 ng/ml per mm, 10°<G,<107? ng/ml per mm, 10
<G3<10™" ng/ml per mm, 107'<G4<10° ng/ml per mm, and 10°<Gs<10' ng/ml per mm of
the microchannel. The Chemotaxis Index (CI) is defined as the ratio of motile cells per
total number of cells in the microchannel. The total number of cells is displayed in
parentheses.
Phosphorylation of EGF receptor in response to uniform EGF concentrations

Cells that were cultured with uniform EGF concentrations were immunostained
against EGF receptors and phosphorylated EGF receptors. The percentage of the
phosphorylated EGF receptors to the total EGF receptors was observed to vary per EGF
concentration applied, as shown in Figure 5.9. In the control experiment where no EGF

was applied, 6.8+0.3% of total EGF receptors were observed to be phosphorylated. When

0.1-ng/ml EGF was used, 32.6+2.6% of total EGF receptors became phosphorylated.
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When EGF concentration increased from 1.0 ng/ml, to 10 ng/ml, 40 ng/ml, 80 ng/ml and
400 ng/ml, the percentage of EGFR phosphorylation was 38.3+1.9%, 38.6+1.5%,

39.243.0%, 37.3+1.8%, and 38.7+2.6%, respectively.
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Figure 5.9: The percentage of phosphorylated EGF receptor to the total EGF receptor in
response to 0.1-ng/ml, 1-ng/ml, 10-ng/ml, 40-ng/ml, 80-ng/ml and 400-ng/ml EGF
concentration (no gradient). The number of samples tested is displayed in parentheses.
Cell proliferation in response to uniform EGF concentrations

EGF was seen to affect cell proliferation, as illustrated in Figure 5.10. Cells of
control (no EGF applied), and cells that were treated with EGF concentrations of 0.1

ng/ml, 1 ng/ml, 10 ng/ml, 40 ng/ml, 80 ng/ml and 400 ng/ml proliferated over time and

reached maximum proliferation in 72 hours. In 96 hours, cells of the control proliferated
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3.5 fold. The cells treated with EGF of 0.1 ng/ml, 1 ng/ml, 10 ng/ml, 40 ng/ml, 80 ng/ml

and 400 ng/ml proliferated 2.8, 3.1, 3.6, 4.9, 4.1 and 3.6 fold, respectively, in 96 hours.
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Figure 5.10: Cell proliferation measured in 96-well proliferation assays when cultured in
absence of EGF (control), and with EGF at concentrations of 0.1 ng/ml, 1 ng/ml, 10
ng/ml, 40 ng/ml, 80 ng/ml and 400 ng/ml.
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5.4  Discussion
Design rationale

Our microsystem was designed to reliably deliver ligands to cells and observe
how these compounds stimulated cell behavior in real time [55-57]. The capability to
produce specific ligand concentrations and concentration gradients in the microdevice
over time, and mathematically validate these values, was essential for the study of ligand-
dependent cell function. By using a straightforward design, our system delivered ligands
to cells via mathematically-validated transport models and enabled optical measurement
of primary migration parameters, such as motility, directionality, and distance traveled.
Our microsystems is similar to some existing microdevices [24, 58], but is distinct in its
efficient, convenient manufacturing, and user-friendly manipulation. While others have
used machined parts and complex 3-D assembly, the plane system accomplishes
microfluidic transport using inexpensive PDMS layering. Further, cell seeding can be
accomplished manually and yields reliable cell numbers within the microchannel without
external pump, power supplies and sterilization concerns that accompany these peripheral
accessories.

In the bridged pLane system, two volumetric reservoirs are used to gradually
deliver ligands into the microchannel with minimal entrance effects, which facilitates
stable ligand gradient formation within the system. Although ligand was indeed
transported from the SRC chamber to the SKC chamber through the microchannel, the
transport within the microchannel was treated 1-D due to the large ratio of microchannel
length to its hydraulic diameter. Experiments of fluorescent Dextran transport (Figure

5.2) and 1-D Fick’s law (Figure 5.3) were therefore used to verify ligand gradient
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generation within the microchannel. The Dextran diffusivity measured using this
methodology was in line with the published values (Figure 5.4), suggesting that 1-D
Fickian modeling of ligand transport within the microchannel is reliable. Further, the 13-
mm length of the microchannel enables optical measurement of cell migration over long,
observable distances. A 2™ device layer contains two additional large volumetric
chambers, and an open, so-called bridge channel that largely eliminates potential
hydrostatic pressure differences in the chambers that can cause large pressure-driven flow
in the microchannel during experimental loading. We note that minimal ligand transport
in the bridged channel from the SRC chamber to the SKC chamber was present during
the experiments (Figure 5.5). However, such transport in the bridge channel did not
affect the ligand transport in the microchannel in this work, due to the facts that the
ligand diffused slowly in the bridge channel without significant bulk flow and ligand
concentration within the SKC chamber remained zero during the entire experiments
(measured up to 96 hours).

As clearly shown in the experiments using fluorescent Dextran and micro-beads,
the bridged pLane system relies upon convective transport, i.e. bulk flow, rather than
molecular diffusion alone to generate ligand gradients during the desired experimental
time. This study utilized the bulk flow as an advantage, as convective transport within the
microchannel rapidly decreased the time required for ligand concentration to reach
steady-state within the entire microchannel. As an example, EGF transport via diffusion
alone (using the average of cited EGF diffusivities, 2.0x10°cm*/s) would require over
230 hours to reach a linear, steady-state gradient within our 13-mm-long microchannel.

However, as a consequence of convection, the bridged plLane system generated steady-
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state EGF concentration profiles within approximately 18 hours (Figure 5.5).
Additionally, such bulk flow did not significantly cause shear effects on cells, as the
shear stress generated by the convection flow was measured to be less than 10~ dyn/cm?,
which is far smaller than the value used to induce various cell function [59, 60]. Further,
convection within the microchannel also changed the ligand gradient profile from linear,
to highly non-linear along the microchannel length, which many biomedical studies have
recently suggested plays an important role in the chemotaxis of live, biological systems

[61-63].

Integrated effects of EGF concentration and gradients on cell migration

EGF ligand increased cell motility and migration distance (Table 5.2). However,
cells were stimulated to migrate in a random manner (Figure 5.6). As a contrast, EGF
gradient not only increased the cell motility and migration distance, but also directed cell
migration. Ligand gradients generated a particular cellular microenvironment where
asymmetric ligand concentration was allocated along the cell length [3, 64]. This
asymmetric ligand distribution stimulated cells differently in the leading edge and trailing
edge, and therefore directed cells to migrate toward the higher ligand concentration. The
directionality hence caused cells to migrate with longer distance than the uniform
concentration. Moreover, ligand gradients induced cells to be more sensitive to ligand
stimulation than the uniform lignad concentration [2, 65]. It therefore could stimulate
cells with higher motility than the uniform concentrations, as observed in our

experiments.
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The effects of EGF gradients on cell motility were gradient-dependent. EGF
gradients that were almost linear with lower magnitudes (G;, G, and G3) induced higher
cell motility than higher, steep and non-linear EGF gradients (G4 and Gs) (Figure 5.5).
Steepness may play a role in stimulating cell migration, as steeper gradients present more
asymmetric ligand concentration distribution along the cell body to trigger higher cell
migration. Additionally, profiles of non-linear gradients have been reported to stimulate
higher cell motility than linear gradients [38, 66]. However, the magnitude of ligand
gradients also regulates cell migration, as higher concentrations may affect ligand
receptor affinity [67, 68] and increase intracellular inhibition [65, 69], which may
therefore result in lower cell motility. These may suggest that magnitude, steepness and
linearity of EGF gradients are coordinated to regulate cell motility, and that there is an
optimal range of EGF gradients to induce the highest cell motility per cell type.

Local EGF concentrations also played an important role in regulating cell motility.
When cells were exposed to EGF gradients, the highest local EGF concentrations that
were generated by the initial application of Cy=400 ng/ml exhibited the lowest cell
motility. The lowest local EGF concentration generated by Cy=40 ng/ml induced highest
cell motility. This may be related to the down regulation of receptor activity at high
growth factor concentrations [65, 67, 70], as such concentration could generate thresholds
to inhibit cell migration [65, 69].

EGF concentration and gradient were also observed to synergistically stimulate
the number of motile cells. The chemotaxis index (CI), i.e. percentage of motile cells,
increased with increasing EGF gradients (Figure 5.8). However, local EGF

concentrations significantly regulated the number of motile cells, as the CI varied at each
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given range of EGF gradients. As the EGF gradients increased within the range of lower,
flat EGF gradients from G; to Gs, higher local EGF concentrations alternatively induced
fewer cells to migrate. Interestingly, intermediate local EGF concentrations caused
highest number of motile cells at the higher, steep gradients (G4 and Gs), while the
highest local EGF concentrations significantly stimulated fewest cells to migrate. The
thresholds caused by high growth factor concentrations to inhibit cell migration may be
responsible for such migratory phenomena.

The EGF concentration may be integrated with EGF gradients to stimulate cell
motility and the number of motile cells, and play as an essential role to regulate cell

migration as EGF gradients.

Effects of uniform EGF concentrations on EGFR phosphorylation and cell
proliferation

EGF-stimulated cell migration was initiated with EGF-EGFR binding and EGFR
phosphorylation. The phosphorylation of growth factor receptors could largely affect cell
function, such as cell migration and proliferation [71, 72]. However, our In-Cell Western
experiments showed that the low, intermediate and high uniform EGF concentrations did
not significantly affect EGFR phosphorylation, and suggested that the EGFR
phosphorylation may be saturated at these EGF concentrations (Figure 5.9). However,
how these pathways eventually lead to cell migration remains under investigation.

EGF is also well-known to stimulate fibroblast proliferation in a dose-dependent
manner [36, 73]. In this work, EGF caused fibroblast proliferation at levels higher than

seen in the controls (Figure 5.10). The highest EGF concentration (i.e. 400 ng/ml)
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stimulated cells with lower proliferation rate than the intermediate (80 ng/ml) and low
(40 ng/ml) EGF concentrations, and higher random cell motility than the other lower
concentrations (Table 5.2). This may be related to the recent observation that cells either
migrated or continued proliferation when cells experienced cell cycles for division [74].
However, more experiments need to perform for such investigation of coordination
between proliferation and migration.

In summary, we have designed the bridged plLane system to investigate cell
migration stimulated by steady-state EGF gradients. The bridged pLane can be utilized to
deliver a variety of ligands toward cells, generate ligand concentration gradients, and
observe consequent cell function known to play important roles in a multitude of
biomedical-related studies [73, 75, 76]. Our results point to the importance of ligand
gradients in cell migration rather than concentration alone, illustrate the effects of
different gradient profiles on cell migration, and also suggest the integrative contributions
of growth factor concentration and gradients to cell migration. The bridged pLane system
is, therefore, a novel platform with which to study cell chemotaxis in a quantitative

microenvironment.
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Abstract: Cell response to ligand stimulation is well-known to regulate multiple
biological functions, such as homeostasis and wound repair. However, precise in vitro
establishment of biological gradients across individual cells, and observation of cell
response to such molecular stimulation remain under development and investigation. We
have utilized a microfluidic device, the so-called bridged pLane system, to generate non-
linear concentration gradients of the studied ligand, Epidermal Growth Factor (EGF), and
expose cells over time to image cell responses. Cells were cultured within the system and
observed to migrate, change morphology, and proliferate in response to distinct EGF
gradients and EGF concentrations. In addition to real-time experiments, finite element
methods were utilized to predict time-dependent EGF distribution at any position within

the bridged pLane system.
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6.1  Introduction

Cell migration along a ligand concentration gradient, known as chemotaxis [1-3],
has been found to play an essential role in a variety of biological processes, such as tissue
healing, cancer metastasis, immune response and angiogenesis [3-8]. When ligands, such
as growth factors and cytokines, bind to the extracellular portion of transmembrane
receptors, they trigger intracellular signal transduction pathways that lead to numerous
cell functions including proliferation, change in morphology and cell migration [3, 4, 9,
10].

Research has demonstrated that epidermal growth factor (EGF) can stimulate cell
proliferation and morphology change [11-13]. EGF concentration can increase cell
motility [14-16], while EGF gradient can direct cell migration via the front-to-rear
asymmetry of ligand concentration [2, 17, 18]. However, little is known about how ligand
concentration gradient quantitatively affects cell migration, morphology change and
proliferation. Moreover, such study is often limited by the assays used. For example, the
most commonly-used transwell assay, the Boyden chamber, measures cell motility by
counting the number of cells that migrate through a membrane filter under the stimulation
of ligands at given concentrations [19]. However, this endpoint measurement does not
provide detailed information about the ligand concentrations and gradients located around
individual cells. How cells migrate through the membranes is also unobservable using
traditional assays, leaving many unresolved questions.

As microfabricated devices have been widely applied in biology, real-time
observation of cell behavior at different ligand gradients has been documented during cell

proliferation [20, 21], apoptosis [20, 22] and migration [16, 23]. Microfluidic devices can
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also be designed to generate ligand gradients across the microchannel and precisely
deliver ligands to cells at desired concentration, as well as enable visualization of cell
function in response to different microenvironments in real time [24-26]. Recently, using
the microfabricated devices, non-linear ligand gradients were generated and found to be
more chemoattractive to cells than linear ligand gradients [16]. Using such
microfabricated devices, researchers have examined cell response to steady-state ligand
gradients [27] and found that cell motility was ligand gradient-dependent [28]. However,
many of these groups have not investigated how cell function is affected by transient
ligand gradients known to be physiologically meaningful in a variety of biomedical
research areas such as tissue engineering and cancer metastasis [29-31].

In this work, we microfabricated a two-layer PDMS microsystem, named the
bridged plane system, to deliver EGF ligand to cells [32], and analyze how cells react in
response to different EGF concentrations and gradients during migration. The ligand
gradients were formed in a non-linear profile along the microchannel. We used the
microsystem to generate time-evolving EGF gradients around individual cells for
observation of cell migration and morphology change. We observed that both transient
EGF gradients and steady-state gradients stimulated cell function, while transient EGF
gradient exhibited fewer effects on cell migration and morphology change than the

steady-state gradients.
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6.2  Materials and Methods

Microfabrication of the bridged pLane system: The fabrication of the bridged
pLane system has been previously described [32]. Briefly, after contact photolithography
and elastomeric stamping, a piece of poly-dimethylsiloxane (PDMS) with a single plane-
pattern was bonded onto a glass to form a closed microchannel of 13.0+0.1-mm-length
(mean = SD), 100£1-um-width, 90+1-pm-depth, and two 2-mm-diameter reservoirs in
both ends. Then, another layer of PDMS was cast onto the previous layer to form a
double-layered bridged puLane system, composed of two cylindrical chambers, 6-mm in
diameter and 6-mm in height, and a bridge channel, 9-mm in length and 2-mm in depth
(Figure 6.1A). The two reservoirs in the bottom layer were vertically, and fluidically,
connected with the two chambers in the top layer (Figure 6.1B). One of the chambers
that growth factor solution was applied was denoted as source chamber (SRC), while the
other chamber was denoted as sink chamber (SKC). The reservoirs that fluidically
connected with the source chamber and the sink chamber were then denoted as source

reservoir (SRR) and sink reservoir (SKR), respectively.
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Figure 6.1: Image of the bridged pLane system (A), schematic of the bridged plLane
system (not to scale), and the numerical profile of EGF concentration as a function of
time and axial position within the microchannel. The two-layer PDMS system consists of
a microchannel, two reservoirs, two vertically-fluidic chambers, and a larger so-called
bridge channel, as shown (B). EGF solutions at concentration of Cy are manually inserted
into the source chamber (SRC) and allowed to transport toward the sink reservoir (SKR)
through the 13-mm-long microchannel. EGF transport within the microchannel was
modeled using mathematical equations of convective diffusion. The axial change in
dimensionless EGF concentration, defined as C(x,t)/Cy, is graphically illustrated at 2, 5, 7,
10 and 18 hours (C).
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Cell culture: Primary fibroblast cells were harvested from bovine Medial
Collateral Ligament (MCL) explants received from the Soft Tissue laboratory of Dr.
Peter Torzilli at the Hospital for Special Surgery (New York, NY) [33]. Primary cells
were washed and cultured onto sterile polystyrene tissue culture flasks (Becton Dickinson
Labware, Franklin Lakes, NJ) with sterile complete Essential Modified Eagle’s Medium
(EMEM) of pH 7.1-7.4, contained 10% fetal bovine serum (FBS) and 2% L-Glutamine
(Mediatech Inc., Manassas, VA). Cells were then maintained at 37°C in a 5% CO,
humidified incubator. Serial passages were performed when cultures became ~ 90%
confluent by detaching cells from flasks via a five-minute treatment with 0.05% trypsin-
0.53mM EDTA (Mediatech Inc., Manassas, VA) at 37°C. The cells were collected via
centrifuge, suspended in growth medium, and subcultured for less than 5 passages prior

to experimental use.

Transwell assays: A 24-well transwell assay (Becton Dickinson and Company,
Franklin Lakes, NJ) was used to analyze cell migration. A 50 pl of 1-mg/ml collagen (BD
Biosciences, Bedford, MA) that was diluted using 70% ethanol (EMD Chemicals Inc.,
Gibbstown, NJ) was pipetted into each insert and allowed to dry overnight at room
temperature (25°C). A 350 ul volume of fibroblast solution with a cell density of 5x10*
cells/ml was pipetted in each of the collagen-coated inserts, which were then placed in
the 24-well transwell assays. In control experiments, 700 ul of EMEM complete media
(10% FBS + 2% L-Glutamine) was added into each well of 4 wells while, in the
experiments of EGF stimulation, 700 pl of EMEM complete media mixed with EGF
(MW: 6 kDa, Molecular Probes, Eugene, OR) of concentrations between 0.1 ng/ml and

100 ng/ml was pipetted into wells in quadruplicates. After incubating the transwell assays
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at 37°C for 20 hours, inserts were removed from the plate and subsequently immersed in
solutions of Triarylmethane dye (Fixative, Dade Behring Inc., Newark, DE), Xanthene
dye (Solution I, Dade Behring Inc., Newark, DE) and Thiazine dye (Solution II, Dade
Behring Inc., Newark, DE) to stain fibroblasts that migrated and adhered at the bottom of
each insert. These migratory cells were then counted using a Nikon microscope. Relative
Chemotaxis Factor (RCF), defined as the ratio between the number of cells that migrated
at a given EGF concentration to the number of cells that migrated in the control
experiments, (i.e. EMEM complete media), was used to analyze fibroblast migration in
response to different EGF concentration. This transwell assay experiment was repeated 4
times, and 16 total samples for each EGF concentration used in this experiment were

measured and analyzed.

Cell proliferation assays: To monitor cell proliferation stimulated by EGF within
96 hours, four 96-well culture plates (Corning Inc., Corning, NY) were used. In the
control experiments, a 100 pl of fibroblast solution at a density of 5x10* cells/ml in
EMEM complete media was added into 8 wells of the culture plates. Fibroblast solutions
mixed with EGF of 20 ng/ml concentration and 40 ng/ml concentration, respectively,
were added into 8 additional wells for each concentration. Note that each well contained
minimum of 5000 cells, as required by the manufacture of proliferation assays. The plates
were then incubated at 37°C. To measure cell proliferation, each well was then treated 15
ul of cell proliferation Dye Solution (Part # G4002, Promega Corp., Madison, WI),
followed with a 2-hour incubation. Subsequently, 100 pl of cell proliferation Stop
Solution (Part # G4001, Promega Corp., Madison, WI) was pipetted into each well and

the plate was incubated for another 1 hour. To measure cell proliferation, a 96-well plate
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reader (Synergy HT, BioTek Instruments Inc., Winooski, VT) was used to record the
absorbance of the plate at a wavelength of 570 nm. The proliferation rates in cells were
calculated based on the initial number of cells that were placed into plates on the first day.

The cell proliferation experiments were repeated 4 times to ensure data reliability.

Cell loading and EGF application in the bridged pLane system: Three
different procedures were applied when experimental conditions were changed. (1) In the
control experiments where no EGF was applied, solutions of fibroblasts at a cell density
of 5 x 10*/ml in EMEM complete media were injected into the microchannel of the plane
system via the SKR reservoir using a 1-ml syringe. The SRC chamber, SKC chamber,
and the bridged channel were subsequently filled with solutions of EMEM complete.
Note that 4 to 6 cells were initially seeded within each microchannel. (2) In the
experiments that used uniform EGF concentrations (no EGF gradient), fibroblasts at the
density of 5 x 10%ml in EMEM complete were mixed with EGF to reach final EGF
concentrations of 20 ng/ml and 40 ng/ml, respectively, which were then injected into the
plane systems to initially seed 6 to 8 cells within each microchannel. The SRC chamber,
SKC chamber, and the bridged channel were subsequently filled with the EMEM
complete solutions with the corresponding EGF concentration. The plane systems were
incubated at 37°C. (3) In the experiments where different EGF gradients were formed,
cell solutions, EGF solutions and media were loaded in different steps. After cells of 5 x
10*%ml in EMEM complete were injected into the microchannel to seed 8 to 15 cells
within each microchannel and incubated overnight, the SKC chamber and the bridged
channel were replaced with fresh EMEM complete media, and EGF was only added into

the SRC chamber and made contact with the complete media in the bridged channel. The
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plane systems were then placed in a micro-incubator (Warner Instruments LLC, Hamden,
CT) mounted on a motorized stage of a microscope for real-time observation. The micro-
incubator was maintained 37°C. Note that all experiments of different experimental

conditions were repeated 6 times to have enough cell samples for statistical analysis.

Cell morphology analysis: Fibroblast morphology was analyzed using a
dimensionless Cell Shape Index (CSI) [34, 35], which was defined as 4tA/P?, where A is
cell area on a substrate and P is cell perimeter on a substrate. Only fibroblasts adhered
onto the substrate bottom of 96-well plates and plane systems were imaged. The area and
perimeter of cells were measured using a microscope and accompanying software. CSI
has a value of 1 when cells display a completely round morphology, and equal to 0 when,
in the limiting case, cells are infinitely elongated. A sample size between 16 and 25 cells

was used for all experiments, as shown in accompanying data.

Microscopy and cell images: An inverted epi-microscope (Nikon TE2000) with
a 20X microscope objective (Nikon Plant 20X, Morrell Instrument Company Inc.,
Melville, NY) was used to image cells that adhered in the culture plates and the plane
systems via a cooled CCD camera (CoolSNAP EZ, Photometrics, Tucson, AZ) with
Nikon software (Nikon Instrument Element 2.30 with 6D module, Morrell Instrument
Company Inc., Melville, NY). All images were in dimensions of 0.38-mm-length by
0.46-mm-width, and displayed the specific cell positions within the culture plates and the
microchannels. A shutter (HF204, Prior Scientific Inc., Rockland, MA) mounted in the

Nikon TE2000 was used to control the exposure time.
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Simulation of ligand transport in the plane system: The transport of EGF
solution within the plane system was simulated using a finite element molding software
Comsol Multiphysics (Comsol Inc., Burlington, MA), as described previously [32]. A
one-dimensional convective-diffusion equation was used to model the convective
diffusion in the bridged puLane system [36, 37] due to the large volume ratio between the

chambers and the microchannel:

2
€y _poc
ot OX OX

(6.1)

where C (mg/ml) is ligand concentration, V (m/s) is the mean bulk velocity in the
microchannel, and D (m?/s) is the diffusion coefficient of ligand. The mean bulk velocity,
V, measured in our experiments, and the EGF diffusivity, D, averaged from the published
values were input into the model to generate EGF concentration profiles as a function of
time and position, as reported before [32]. The simulated EGF concentration was
illustrated in Figure 6.1C, when EGF of 40 ng/ml was used. The nodes of the mesh
selected in the simulation were large enough to accurately predict EGF concentration and

concentration gradient across cells.

184



6.3  Results
Effects of uniform EGF concentrations on fibroblast migration, proliferation and
morphology

EGF solutions of different concentration between 0.1 ng/ml and 100 ng/ml were
observed to stimulate fibroblast migration. As seen in Figure 6.2, EGF solutions of 0.1-
100 ng/ml caused a greater number of fibroblasts to migrate within the transwell assays
than in the control experiments (no EGF). However, EGF of 80 ng/ml caused the number
of cells to decrease. As shown, EGF of 40 ng/ml stimulated the largest number of
fibroblasts to migrate (3.6 times more than the control) among all the EGF concentrations

tested in our study.

Fibroblast Migration Using Boyden Assays
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Figure 6.2: Effects of EGF on fibroblast migration. Boyden transwell assays were used
to analyze cell migration in the absence of EGF, i.e. control, and the presence of EGF at
concentrations between 0.1 ng/ml and 100 ng/ml. Relative Chemotaxis Factor (RCF) was
defined as the ratio of motile cells in the presence of EGF at a given concentration to the
number of migratory cells in control experiments. Note that the RCF of control
experiments were normalized to a value of 1. Experiments have been repeated so that 16
total samples for each EGF concentration (n=16) used in this experiment were measured
and analyzed.
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Studies of fibroblast proliferation were performed in proliferation assays and
plane systems in order to investigate how fibroblasts proliferated in two different micro-
environments. Figure 6.3A shows that fibroblasts of the control, and fibroblasts that were
treated with EGF concentrations of 20 ng/ml and 40 ng/ml proliferated over time and
reached their highest number in 72 hours. In 96 hours, cells of the control proliferated 3.7
fold, while fibroblasts treated with 20-ng/ml EGF and 40-ng/ml EGF proliferated 4.8 fold
and 4.9 fold, respectively. Fibroblasts that were examined in plane systems were also
seen to proliferate in the 96-hour period, as displayed in Figure 6.3B. The number of
cells in the control experiments increased by 4.4 times in 96 hours, while the cells treated
with 20-ng/ml EGF and 40-ng/ml EGF proliferated by 6.4 times and 8.0 times in 96

hours, respectively.
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Figure 6.3: Fibroblast proliferation within 96-well proliferation assay and plane system.
Cells proliferated in 96-well proliferation assay for 96 hours (A). In the control
experiments, no EGF was applied. EGF at the concentration of 20 ng/ml and 40 ng/ml
was used to stimulate cell proliferation. Fibroblasts also proliferated in plane systems
without EGF application, i.e. control (B). When EGF at concentrations of 20 ng/ml and
40 ng/ml was applied, cells within the plane system were observed to proliferate. In the
proliferation experiments using 96-well proliferation assays, experiments were repeated 4
times with cell seeding in 8 wells per each EGF concentration used (n=32). When plane
systems were used, experiments with each EGF concentration were repeated 6 times.
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Effects of EGF on fibroblast morphology within the 96-well plates and the plane
system were also analyzed after cells were incubated for 20 hours. As illustrated in Table
6.1, cells in the control experiments displayed a CSI of 0.36+0.11. The cells that were
treated with EGF at the concentrations of 20 ng/ml and 40 ng/ml illustrated CSI of
0.26+0.05 and CSI of 0.27+0.05, respectively. Fibroblasts cultured in the plane system
displayed similar changes in morphology when EGF was applied. The cells of the control
illustrated a morphology with CSI of 0.42+0.01, while cells in the presence of 20-ng/ml

EGF and 40-ng/ml EGF exhibited CSI of 0.21+0.05 and CSI of 0.21+0.04, respectively.

Experimental conditions 96-well plate ulane system
Control (no EGF) 0.41+0.02 (n=15) 0.42+0.01 (n=18)
EGF: 20ng/ml 0.26+0.05 (n=14) 0.21+0.05 (n=16)
EGF: 40ng/ml 0.27£0.05 (n=16) 0.21+0.04 (n=18)

Table 6.1: Cell Shape Index (CSI) of fibroblasts in 96-well plate and plane system. After
cell culture in 96-well plates and the plane system for 20 hours, cell morphology was
analyzed using CSI. The CSI was calculated for the experiments in the absence of EGF,
i.e. controls, and in the presence of EGF at concentrations of 20 ng/ml and 40 ng/ml.

Generation of EGF gradients within the plane system

The bridged plane system was microfabricated to facilitate the formation of
concentration gradients and observation of real-time chemotaxis. As seen in Figure 6.1A
and 6.1B, the system is composed of two poly-dimethylsiloxane (PDMS) layers that are
fluidically connected via source (SRC) and sink (SKC) chambers in the top layer, and
source (SRR) and sink (SRR) reservoirs in the bottom PDMS layer. As described

previously [32], fluorescently-labeled Dextran was used to experimentally validate the
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development of chemical concentration gradients within the microsystem. As a control,
the diffusion coefficient of Dextran was measured in these experiments, as well as
modeled using numerical simulations, to produce results that were within 5% of each
other and in line with published values [32]. EGF was next applied into the system in
order to generate EGF gradients within the microchannel. Numerical models were used to
predict EGF transport within the microchannel as a function of position and time, as
shown in Figure 6.1C. Here, the EGF concentration initially inserted into the source
chamber (SRC) is denoted as Cy, while the EGF concentration within the microchannel is
represented as C(x, t). The dimensionless concentration, C(x, t)/Cy, was then used to
describe changes in local EGF concentration within the microchannel. As seen, the EGF
gradient profile reached steady-state within the microchannel after 18 hours, generating a
non-linear, time-invariant, axial distribution of EGF. Numerical data was then used to
tabulate the local EGF concentration and gradient present surrounding each cell within
the system.

The predicted spatial and temporal profiles of local EGF concentration and
gradients within the plane system were then used to analyze effects of different EGF

gradients on cell morphology and cell motility in our experiments.

Cell responses to EGF concentration gradients in the bridged pLane system

After EGF gradients were generated, the cells that were exposed to transient EGF
gradients, i.e. within 18 hours of EGF application, and steady-state EGF gradients, i.e.
more than 18 hours of EGF application, exhibited changes in morphology and migrated

toward EGF, as seen in Figure 6.4. The real-time local EGF concentrations and gradients
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surrounding individual cells within the microchannel were numerically obtained from the
transport simulation (Figure 6.1C), and used to analyze their effects on cell morphology
change and motility. The EGF gradients were separated in 4 different ranges for this
study: 0.2-2.0 ng/(ml.mm), 2.2-4.0 ng/(ml.mm), 4.1-6.0 ng/(ml.mm), and 6.1-8.0
ng/(ml.mm).

EGF gradients were seen to alter fibroblast morphology, as the measured Cell
Shape Index (CSI) was dependent on EGF gradients, shown in Figure 6.5. The EGF
gradients, including transient-state and steady-state gradients, all stimulated cells to
exhibit a lower CSI than the control experiments (no EGF). Meanwhile, the CSI of cells
stimulated by EGF gradients was less than that of those cells cultured in uniform EGF
concentration (no EGF gradient). Additionally, cells of transient EGF gradients exhibited
lower CSI than those of steady-state gradients at all the gradient ranges. CSI of cells
subjected to transient gradients reached maximum, 0.41+0.04, at the EGF gradient range
between 2.1 ng/(ml.mm) and 4.0 ng/(ml.mm). Furthermore, CSI of cells within steady-

state EGF gradients decreased as gradient increased.
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Figure 6.4: Images of cells treated with EGF within the microchannel. After 2 hours of
EGF application, two representative cells at the position 8§ mm away from the SRR
reservoir migrated toward higher concentration of EGF (from right to left) with
morphology change (A-1 to A-3). Arrows point to cell bodies. Scale bar: 20pm
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Figure 6.5: Effects of EGF gradients on fibroblast morphology. Cell Shape Index (CSI)
was used to measure cell morphology. EGF gradients were separated into 4 different
ranges: 0.2-2.0 ng/(ml.mm), 2.1-4.0 ng/(ml.mm), 4.1-6.0 ng/(ml.mm), and 6.1-8.0
ng/(ml.mm). CSI of cells in control experiments (no EGF applied) measured 0.42+0.01,
while CSI of cells subjected to uniform EGF concentration (no EGF gradient) exhibited
CSI values of 0.21+0.01. The CSI of cells that were stimulated with transient EGF
gradients and steady-state EGF gradients at each EGF gradient range are shown. The
number of cells examined is shown in parenthesis.

We then observed how cell motility was affected by different EGF gradients. As
seen in Figure 6.6, both transient EGF gradients and steady-state EGF gradients were
found to cause cells to migrate with higher motility than seen in control and experiments
of uniform EGF concentration. As EGF gradient increased, cell motility stimulated by
transient EGF gradients also increased from 10.0+1.0 um/hr at gradients between 0.2-2.0

ng/(ml.mm) to 13.2+1.1 pm/hr at gradients between 6.1-8.0 ng/(ml.mm). Steady-state

EGF gradients were also found to increase cell motility from a minimum of 16.0+1.8
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pm/hr to 21.0+1.0 pm/hr as gradients increased. However, it was also observed that cell
motility did not significantly increase after both the transient and steady-state EGF
gradients reach the range of 4.1 ng/(ml.mm)and 6.0 ng/(ml.mm). Further more, steady-
state EGF gradients was seen to cause cells to migrate with higher motility than when

acted upon by transient EGF gradients for all values studied.
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Figure 6.6: Effects of EGF gradients on fibroblast motility. Cell motility was measured
at 4 different EGF gradient ranges: 0.2-2.0 ng/(ml.mm), 2.1-4.0 ng/(ml.mm), 4.1-6.0
ng/(ml.mm), and 6.1-8.0 ng/(ml.mm). Cell motility in control experiments (no EGF
applied) and cell motility in the experiments where uniform EGF concentration (no EGF
gradient) was applied exhibited motilities of 2.842.1 pum/hr and 4.5£1.1 pm/hr,
respectively. Motility of cells that were stimulated via transient EGF gradients and
steady-state EGF gradients at each gradient range are illustrated. The number of cells
examined is shown in parenthesis.
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6.4  Discussion
Transient ligand gradients generated in the bridged plane system

As described previously [32], our microsystem was designed to deliver ligands to
cells and quantitatively measure the ligand-induced cell migration in real time [7, 9, 38].
By using the convective diffusion models, spatiotemporal profiles of ligand concentration
and gradients across individual cells were predicted. This was essential for the study of
cell function in response to ligand stimulation. The bridged plLane system generated
steady-state EGF concentration profiles within approximately 18 hours (Figure 6.1). The
transient time (18 hours) provided us opportunities to observe cell responses to non-linear
transient ligand gradients compared to the immediate steady-state ligand gradients [28, 39,

40], as effects of such transient gradient were little reported.

Effects of uniform EGF concentration on cell function

Numerous experiments using conventional assays have reported that EGF
stimulates fibroblast migration in a dose-dependent manner [33], as increasing EGF
concentration can trigger larger numbers of cells to migrate. Interestingly, this study
illustrated that low to intermediate EGF concentration appeared to be most
chemoattractant to the fibroblasts used, as high EGF concentrations did not stimulate
larger numbers of cells to migrate (Figure 6.2). This finding may suggest that the EGF
receptor most specifically related to chemotaxis was down-regulated at higher EGF
concentrations for the fibroblast populations used [41, 42].

EGF is also well-known to stimulate fibroblast proliferation in a dose-dependent

manner [33, 43]. In this work, EGF caused fibroblast proliferation at levels higher than
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seen in the controls for both the conventional 96-well plate and the plane system
(Figure 6.3). We note that cells in our microdevice did not illustrate maximum
proliferation during the time of experiments because cells were not confluent within the
microchannel as a consequence of low cell seeding. However, low celll seeding was
specifically selected to produce an initial number of 4-8 cells within the microchannnel in
the proliferation experiments in order to investigate proliferation of individual cells
without the effects of cell-cell interactions during testing. Hence, the averaged values
measured for proliferation within multiple channels (n=6) appear meaningfully lower
than in the assays because the desired cell seeding was achieved reliably using different
microdevices. Additionally, we note that while different concentrations of EGF within
the conventional assay increased fibroblast proliferation by 5 fold, EGF caused a larger
increase of 6-8 fold within pLane systems when compared to the control (no EGF).

Cell Shape Index (CSI) was used to analyze changes in fibroblast morphology in
response to EGF (Table 6.1). CSI was seen to decrease in the presence of EGF,
indicating that cells become more elongated [15]. However, no significant difference in
CSI was found in the experiments of EGF applied in the 96-well assay and those in the
uLane system. This result importantly denotes that the microenvironment itself did not
significantly affect fibroblast morphology and that EGF plays a significant role on

fibroblast cell morphology.

Effects of EGF concentration gradients on cell morphology and motility

While the majority of studies have reported how EGF concentration can stimulate

changes in cell behavior [11, 44, 45], data that examines how changes in cell behavior are
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triggered in response to particular ligand concentration gradients is currently under
investigation [46, 47]. Recently, it has been reported that non-linear concentration
gradients could drive more cells to migrate than linear gradients [41], which might
suggest that non-linear gradients are more chemoattractive. The current work developed
the bridged plane system to examine how fibroblasts responded to different non-linear
EGF gradients in real-time. Meaningfully, our work also examined the effects of transient,
non-linear EGF gradients versus steady-state, non-linear EGF gradients, as well as low
EGF gradients versus high EGF gradients, as they may play important roles in regulating
cell homeostasis and directing cell migration [29-31].

During both transient and steady-state EGF stimulation, cell morphology was
observed to be more elongated than in the primary control (no EGF and no EGF gradient),
as the CSI values decreased (Figure 6.5). It has been suggested that such EGF-stimulated
changes in morphology are induced because of reorganization of the actin cytoskeleton
and integrin-mediated cell/substratum adhesion sites [11]. Steady-state EGF gradients
induced cells to migrate with more elongated morphology than seen during migration
induced by transient EGF gradients. However, we also noticed that uniform EGF
concentration (i.e. threshold EGF concentration but no EGF gradient) caused fibroblasts
to be even more elongated than those subject to either transient or steady-state EGF
gradients. These findings might suggest that the stability of EGF ligand distribution
around the cell perimeter plays a role in cytoskeleton reorganization and integrin
mediation. Moreover, we also found that the cell morphology was EGF gradient-
dependent, as intermediate transient EGF gradients caused cells to be more round.

However, cell morphology was consistently more elongated at increasing steady-state
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EGF gradients. This may suggest that temporal gradient profiles affect ligand-receptor
binding in ways that could weaken ligand stimulation [18, 42, 48]. However, further
study is needed to properly investigate this finding.

Although uniform EGF concentrations are well-known to increase cell motility
[15], our work illustrated that steady-state EGF gradients stimulated higher cell motility
than uniform EGF concentrations (Figure 6.6). This result is in line with the biological
literature, as ligand gradient was reported to alter cell sensitivity toward ligand
concentration [17, 18], which may also work to increase cell motility. Our finding might
then suggest that the intracellular polarization induced by EGF gradients may help cells
become prone to migrate [8, 42, 49] and therefore increase cell motility.

Fibroblasts were also observed to have higher cell motility at increasing transient,
non-linear EGF gradients. It has been reported that steady-state EGF gradients can trigger
cell migration [33], but our experiments are among the first to illustrate that transient,
non-linear EGF gradient can also induce cell migration: such transient microenvironment
plays a meaningful role in various biological processes, such as wound healing, tissue
repair and cancer studies [29, 40, 41]. Interestingly, we note that this effect appears to be
gradient-dependent, as motility did not significantly change when both transient EGF
gradients and steady-state gradients were increased to the intermediate to high range.
Such a finding may be related to receptor saturation and requires further biological study
[18, 42, 50, 51].

In summary, we have designed the bridged pLane system that allows
investigation of cell function in response to transient ligand gradients, as they may be

important to regulate homeostasis [52] and facilitate wound healing [53, 54]. Our results
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show that both transient EGF gradients and steady-state gradients are important to
stimulate cell function, and illustrate the differences in cell behavior when gradients are
applied for different time periods. The bridged pLane system may provide a platform to
examine the effects of both transient and steady-state ligand concentration gradients on

cell populations to help gather different perspectives to the study of cell chemotaxis.
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7 Future work
7.1 Summary

In the research of cell migration described thus far, we have 1) Investigated how
shear stress affected cell-cell communication, cell-ECM interaction and cell morphology
in order to examine optimal methodology for cell seeding in microenvironment with
minimum shear effects; 2) Developed a microfluidic system to deliver ligands to cells
with quantitative spatiotemporal measurement of ligand concentration and gradients; 3)
Studied how cells migrated in response to transient ligand gradients and steady-state
gradients. Moreover, we have suggested that ligand concentration also played an
important role in regulating cell migration when integrated with ligand gradients.

In this section, we will discuss the future experiments and methodologies used to
further investigate cell migration. We propose three sets of examinations to be completed
in the near future: 1) Development of microfluidic devices to facilitate cell migration
study; 2) Combination of different growth factors to stimulate cell migration; and 3)

Intracellular activities during cell migration.

7.2 Development of microfluidic devices

Microfluidic devices provide platforms for quantitative measurement of single-
cell migration with feasibility to establish different ligand gradients. By controlling bulk
flow within the microchannel, we will be able to design linear ligand gradient or non-
linear ligand gradients.

7.2. A Porous membrane
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We modify the bridge plane system by adding two biopolymer-coated porous
polymeric membranes into the microsystem, as shown in Figure 7.1. The membranes are
vertically placed near both ends of the microchannel and penetrated through the
microchannel. This design ensures pure ligand diffusion through the microchannel
because bulk flow is eliminated between the two membranes. The pure diffusion leads to
linear ligand gradient at steady-state, which can be precisely predicted using diffusion
models. Further, cells migration through the coated membranes can be used to mimic the
cell migration through transwell assays. Using this design, we will be able to observe
how cells change their morphology while migrating through the pores. This may provide

another way to investigate how cells adapt to microenvironment during migration.
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Figure 7.1: Schematics of side view (A) and cross-section (B) of the modified bridge
plane system using porous membranes. Two membranes were placed vertically into the
microsystm and penetrated through the microchannel. The perimeter of the microcahnnel
was highlighted.

7.2. B Multi-microchannel devices
We also design another microfluidic device, multi-microchannel device, as
illustrated in Figure 7.2. Cells are cultured within hydrogels in each microchannel, which

allows cell migration within 3-D matrices. Ligand solutions and PBS solutions are placed
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in the reservoirs. Figure 7.2A illustrates the experiments where ligand is placed in the
center Reservoir 0 and displaces outwards. This design can be used to examine the effects
of hydrogel stiffness on cell migration, when hydrogels of different concentrations are
used in the microchannels. We can also use this microdevice to test how different ligands
or liangd of different concentrations affect cell migration. As shown in Figure 7.2B, cell
migration toward different ligands or ligand concentrations can be observed
simultaneously. Further, ligands displace within the hydrogels via pure diffusion as bulk
flow is eliminated. As mentioned above, the stead-state linear ligand gradient generated

by the pure diffusion within the microchannel can be predicted and precisely measured.
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Figure 7.2: Schematic of multi-microchannel devices. Cell solutions mixed with
hydrogels at different concentrations are injected into the microchannels while Reservoirs
0, 1, 2, 3 and 4 are filled with ligand solutions or PBS solution. In (A), Reservoir 0 is
filled with ligand solution while Reservoir 1 to Reservoir 4 is filled with PBS. In (B),
Reservoir 0 is placed with PBS while the other reservoirs are filled with different ligand
solutions. Arrows point to cell migration directions.
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7.3  Combination of different growth factors

In addition to EGF, other growth factors, such as PDGF and TGF-f3, have been
demonstrated to enhance ligament-derived fibroblast proliferation, trigger cell migration
and stimulate ECM protein synthesis, which are largely helpful to facilitate tissue healing.
Recent research has also conducted studies on the synergistic effects of growth factor
combination on wound healing. PDGF alone has been reported to increase ligament
mechanical properties during tissue healing [5]. Addition of TGF-f to PDGF could not
improve structures of wound tissues [5]. However, some other tests have also shown that
the combination of PDGF and TGF-B could significantly increase ligament fibroblast
proliferation [84]. Different growth factors may trigger distinct signal pathways, which
could be interacted to affect cell functions. The mechanism by which combination of
growth factors affect cell migration is still under investigation.

Using our bridged plane system, we will be interested in examining how the
combination of EGF, PDGF and TGF-p affects cell migration, as these growth factors are
widely studied in wound healing. Additionally, we can also investigate cell migration
within ECM in response to growth factor combination via the multi-microchannel

devices.

7.4 Intracellular activities during cell migration

In the course of growth factor-induced cell migration, multiple signal pathways
are activated. In order to track intracellular activity during migration, fluorescent labeling
with live cells is the methodology we will be interested in. Using the novel

nanotechnology, fluorescently-labeled nanoparticles are delivered into cells and targeted
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to specific organelles. Therefore, we will be able to observe intracellular activities during
cell migration within our microfabricated devices. Additionally, we will utilize green
fluorescent protein (GFP) actin to highlight the fibroblast cytoskeleton during migration
in our microsystems. We will measure cell morphology change in overall cytoskeleton
deformation in response to growth factors. We will also investigate cytoplasmic changes
during cell migration within 3-D ECM to study dynamic interactions between cells and
ECM microenvironment.

In summary, we will be able to design and develop microfabricated devices to
meet different needs of biological research, and investigate cell migration with focus on
synergistic effects of growth factors and intracellular activities. The novel methodologies
used in recent experiments and future studies will not only facilitate investigation of cell
migration in wound healing, immunological response and cancer metastasis, but also
provide platforms to visualize protein activities in real time, such as ligand-receptor

binding and signal transduction.
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