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ABSTRACT OF THE DISSERTATION

Microfluidic Tools to Recapitulate the Tumor Microenvironment
By
Luis Fernando Alonzo
Doctor of Philosophy in Biomedical Engineering
University of California, Irvine, 2014

Professor Steven C. George, Chair

Treatments for cancer remain elusive due, in large part, to the dynamic and
unstable genome of most cancer cells. More recently it has become evident that tumor
growth and progression to metastasis depends on the ability to recruit normal cells, such
as endothelial cells, fibroblasts, as key accomplices. These observations suggest that
selective targeting of normal cells, which have a stable genome, could be an effective
alternative or complimentary approach in the overall management of the disease.
Understanding of such relationship is key for the design of anti-metastatic therapeutics.
However, much of the data reported in this field has been performed in xenograft models
and/or 2D cultures; which are limited by the number of controllable variables,
extrapolation to human tumor physiology, and not amenable for a high-throughput
design. This work aims to address the role of the tumor microenvironment using a novel
in vitro platform that combines microfluidic and tissue engineering technology to create a
3D tumor microarray in which the tumors receive their nutrients through perfused

human microcirculation. This model is capable of replicating the physiology of the in vivo

X



tumor microenvironment; thus providing relevant physiological results. Most
importantly, the impact of creating an in vitro 3D metastasis model with perfused human

capillary bed could significantly enhance high-throughput anti-metastatic drug screening.
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CHAPTER I: Introduction

1.1 Cancer — a leading cause of death

Cancer is a family of diseases generally characterized by the uncontrollable growth of
abnormal cells. Its history can be traced back to the ancient Egyptians in 3000 B.C., who
recorded the first 8 cases of tumors or ulcers in breast tissue (1). These documents show
the early attempts at treating the disease via cauterization of the affected area. Notably,
these early assessments concluded that “no [effective] treatment”(1) could be found, giving
us an early insight to the Egyptian’s awareness of the evasive and aggressive nature of the
disease.

To this day, cancer remains a complex disease to treat. In 2008 alone, more than
seven and a half million cancer-related deaths were reported worldwide, making it the
leading cause of death for that year (2). In the United States, cancer is the second leading
cause of death with more than half a million deaths annually (2), trailing only
cardiovascular disease in annual mortality. Fortunately, recent trends show a decline in
the mortality rates for both cancer and cardiovascular diseases in the U.S. by 11.9% and
30.8%, respectively (3). These promising statistical trends can be mainly attributed to
improved therapeutics and modified living habits. However, more significant treatment
advances in the cardiovascular field have decreased mortality by an order of magnitude,
thus increasing the likelihood that cancer will soon become the leading cause of death in
the U.S.

In 1971, President Nixon and Congress declared a “war on cancer.” Since then, the

federal government has spent well over $105 billion on the effort (4). Increased research



efforts and resources over the past 30 years have led to an even greater understanding of
cancer. However, no consensus was achieved for a disease with noticeably diverse
characteristics. The cancer research field was very broad and flooded with a collection of
findings that proved difficult to place into a unifying theme or comprehensive
understanding. It wasn’t until the beginning of this millennium that a framework of cancer-
specific traits was identified to better classify the general identity of all cancer variants (5).
This guide, led by Douglas Hanahan and Robert Weinberg, intended to find the
commonalities between all cancer cells as a means to focus the therapeutic development

process and improve efficacy.

1.2 The hallmarks of cancer

In their revolutionary review article titled “Hallmarks of Cancer”, Hanahan and
Weinberg identified six common traits that are representative of the malignant cancer cell
population: “(i) self-sufficiency in growth signals, (ii) insensitivity to growth inhibitory
(antigrowth) signals, (iii) evasion of programmed cell death (apoptosis), (iv) limitless
replicative potential, (v) sustained angiogenesis, and (vi) tissue invasion and metastasis”
(5).In 2011, Hanahan and Weinberg reviewed the progress of cancer research once again,
a decade after the first set of hallmarks were published, and added two new hallmarks to
the original list: “(vii) reprogramming of energy metabolism, and (viii) evading immune
destruction” (6). Although some groups have disputed the uniqueness of these hallmarks to
malignant cancer cells (7-9), they have mostly been enthusiastically accepted by the cancer
research community (yielding a combined 17,519 citations as of August 2015) and have

been instrumental in shaping our current understanding of the disease.



For the most part, mechanisms for these eight acquired traits have been explored from
the reductionist point of view, which involves genetic and epigenetic alterations in the
cancer cell. In line with this view, experimenting with monotypic cancer cells in isolation
yielded a significant understanding of their components, inner workings, and behaviors.
For example, many cancer cells have been shown to stimulate their own growth (first
hallmark) through genetic variations that allow them to release autocrine growth factors
(10), overexpress cell surface receptors (10-13), modify their interactions with the
surrounding extracellular matrix (ECM) (14-16), and deregulate internal signaling
pathways (17-21). However, growing evidence suggests that viewing cancer cells as
autonomous entities within a tissue is far too simple, and does not take into consideration
the contributions of the surrounding microenvironment. A closer look at the tumor stroma
shows a heterotypic environment composed of normal cells (22-24). In the case of the first
hallmark of cancer (example above), tumor-stroma interactions lead to the release of
increased amounts of growth stimulating signals that enhance the tumor proliferative

properties (5).

1.3 The tumor microenvironment

A novel way of depicting tumors recognizes them as highly complex organ systems
(24). Normal healthy organs can be thought of as a collection of tissues that contain a
diverse population of cells working synergistically to ensure proper behavior. These cells
are generally compartmentalized within defined boundaries based on their function to
ensure that their numbers and growth are controlled. Similarly, tumor tissues are

composed of a heterogeneous and dynamically evolving microenvironment (Figure 1.1)



consisting of normal stromal cells, such as: endothelial cells, pericytes, fibroblasts, and

various bone marrow-derived cells (22-26).
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Figure 1.1. The tumor microenvironment. Adapted by permission from Macmillan Publishers Ltd:
Nature Reviews Cancer (23), copyright 2009.

In benign tumors, these normal stromal cells act to suppress tumor growth and
maintain organ stability. As tumor cells progress to malignancy via acquisition of the
previously outlined hallmarks, a breach of the tissue’s architecture disrupts homeostasis.
Once tissue homeostasis is lost, the stroma in the microenvironment becomes activated

and can act to regulate and enhance all aspects of tumorigenicity (24, 27, 28). This altered



microenvironment may also contribute to the development of a resistance to anti-cancer
treatment (29-32).

Within this vast and complex tumor microenvironment, there are two normal cell
types that are most relevant to my work: endothelial cells and fibroblasts. These two cells
are of particular importance due to their involvement in normal microcirculation functions.

In the following, [ focus on their reported roles in tumor growth and progression.

1.3.1 Endothelial cells

All normal tissues in the human body depend on blood supply for the delivery of
vital nutrients and oxygen, as well as the removal of metabolic waste and carbon dioxide. A
lining of adaptable endothelial cells -- flexible enough to adjust their numbers and
arrangement to meet changing tissue needs -- makes up this essential vascular system (33).
The formation of the blood vasculature in vivo can be achieved via two processes:
vasculogenesis and angiogenesis. During early embryo development, and in some special
cases during adulthood (34-36) vasculogenesis takes place, allowing in situ assembly of
vessels from endothelial progenitor cells. Angiogenesis then follows through the growth of
microvessel sprouts from existing blood vessels. A delicate balance of endogenous pro-
angiogenic factors and inhibitors regulates both of these processes (37, 38).

Physiological vasculogenesis and angiogenesis are fundamental processes that
occur during reproduction, development, and wound healing. Unfortunately, these
processes may also play an active role in a variety of diseases, such as cancer. In fact,
sustained angiogenesis is one of the aforementioned hallmarks of malignant tumors.
Growth of tumor mass occurs in a progressive manner, initially relying on simple diffusion

for the delivery of oxygen and nutrients, and removal of waste. In order to exceed the 1-2



mm limit of diffusion, the tumor cells activate and sustain an “angiogenic switch” that leads
to the secretion of angiogenic factors (e.g. vascular endothelial growth factor, VEGF,
angiopoietin, and fibroblast growth factor, FGF), loss of angiogenesis inhibitors (e.g.
thrombospondin-1, endostatin), and the growth of microvessel sprouts from neighboring
blood vessels (37, 39-42).

The newly formed vascular network is characteristically leaky and poorly organized
(43-51). This leads to an increase of interstitial fluid pressure inside of the tumor mass,
resulting in an inefficient delivery of blood to the affected area. Regardless of this fact, the
tumor manages to regulate an adequate supply of nutrients. Most importantly, the
vasculature allows the tumor mass to interact with surrounding cells that may be required
for further survival and progression. For example, tumor cells can recruit tumor-associated
macrophages (TAMs) through the release of soluble factors into the surrounding
vasculature (e.g. colony stimulating factor-1, CSF-1). TAMs are believed to play a pivotal
role in tumor metastasis through the release of soluble factors that promote further

angiogenesis, tumor cell migration and intravasation (52).

1.3.2 Fibroblasts

The predominant cell type in normal tissue stroma is the fibroblast. Fibroblasts are
primarily responsible for the production and maintenance of connective tissue components
in the ECM, such as collagens, proteoglycans, proteolytic enzymes, inhibitors and growth
factors (33, 53). In general, the fibroblast plays an important role in the support and repair
of almost every tissue and organ. As such, they tend to be adaptable in their phenotype and
function in order to meet specified needs (22, 23, 54). Fibroblasts appear to be the least

specialized cells within the connective-tissue family, and display a great capacity to



differentiate into other cell types. In the context of angiogenesis, fibroblasts are recruited
by endothelial cells within a mature vasculature to undergo differentiation into mural cells
(e.g. pericytes and smooth muscle cells) and provide vessel stability (55-57).

In the tumor, activated fibroblasts have been referred to as “cancer associated
fibroblasts” (CAFs) and exhibit a distinct phenotype characterized by higher proliferation,
expression of a-smooth muscle actin (a-SMA), and are commonly surrounded by dense
fibrillar collagens (53, 58). This particular phenotype has been linked to angiogenesis by
guiding endothelial sprouts into the tumor mass. This vascularization process is associated
with an abnormal increase of the release of pro-angiogenic factors, such as VEGF (59, 60).
Thus, rather than fulfilling its normal stabilizing role, the activated fibroblasts render the
tumor vessels leaky. Additionally, the CAF is associated with the recruitment of
inflammatory cells and the restructuring of the ECM, which lead to further tumor invasion

and intravasation.

1.4 Models of the tumor microenvironment

Much of the work investigating the underlying mechanisms of tumor growth and
progression have been performed in xenotropic animal models (24, 61, 62). Similarly, the
study of microcirculation during normal development or in pathology has also relied
heavily on animal models. A brief review of the literature reveals an enormous range of
models that have included several organ systems (e.g. brain, omentum, cheek pouch, dorsal
skin fold chamber) and several animals species, including hamsters (63), rabbits (64), dogs
(65), rodents (66, 67), and chick embryos (68). Each of the models has been created to
address a specific question related to microcirculation processes such as tumor metastasis,

inflammation/infection, or drug toxicity. The models are limited by the number of



controllable variables (e.g. flow, capillary density), extrapolation to human tumor
physiology, and are not amenable for high-throughput design. Furthermore, a growing
body of evidence demonstrates that cells, including tumor cells, display significant
phenotype plasticity in 3D cultures relative to 2D cultures (or “flat biology”). More
recently, the field of tissue engineering has provided glimpses of dynamic, controllable, and
compelling 3D models of human physiology that could augment our understanding of

tumor progression and metastasis.

1.5 Our Approach

This research was driven by the objective of creating a 3D in vitro system with
perfused human capillaries to enhance the fundamental understanding of
neovascularization, especially in relation to tumor progression and metastasis. To achieve
this goal we have constructed a microtissue, combining microfabrication techniques with a
cellular 3D culture. This dissertation begins by describing the protocol employed to create
the microfluidic device with perfused human capillary networks and discusses its potential
applications for tissue specific purposes (Chapter 2). Applying these principles, we then
focus on adaptating the microfluidic device to improve our understanding of the effect of
interstitial flow on heterocellular communication, with a focus on neovascularization
(Chapter 3). Finally, we create a “tumor-on-a-chip” device with perfused capillary networks
and interstitial flow in order to model the various steps of the metastatic process (Chapter

4).



CHAPTER 2: Microfluidic device to culture 3D in vitro human capillary

networks

2.1 Abstract

Models that aim to recapitulate the dynamic in vivo features of microcirculation are
crucial for studying vascularization. Cells in vivo sense not only biochemical cues (e.g.
growth factor gradients) but also mechanical cues (e.g. interstitial flow, vessel perfusion).
Integrating the responses of cells, the stroma and the circulation in a dynamic 3D setting
will create an environment suitable for the exploration of fundamental vascularization
processes. Here in this chapter, we describe an in vivo inspired microenvironment that is

conducive to the development of perfused human capillaries.

2.2 Introduction

Understanding the mechanisms that regulate vascularization is essential for the
development of tissue engineering strategies. Our current understanding of
the vascularization process has primarily relied on 2D and 3D co-culture in vitro models, as
well as in vivo animal models. From these model we have gained significant knowledge
about fundamental cellular interactions between the primary components of vascular
structures, endothelial cells, and the surrounding stromal cells (i.e. fibroblasts,
pericytes, smooth muscle cells), which guide vascular development and maturation
via paracrine signaling and physical contact (69, 70). Many of these systems, however, lack
the complexity needed to mimic dynamic in vivo microenvironment parameters such as
interstitial flow and vessel perfusion. To address these limitations, various research groups

have explored the use of microfluidic technologies in order to create controllable, dynamic



in vivo-like environments (71-76). These platforms have the potential to recreate relevant
environmental cues (e.g. cell-cell communications, growth factor gradients, and interstitial
flow) while maintaining flexible and convenient culture conditions (e.g. high-throughput,
andreal-time imaging).

Here we describe a microfluidic-based system that allows for real-time visualization
of perfused human capillary networks in a dynamic microenvironment that includes
interstitial flow. In this system, endothelial cells and stromal cells are allowed to self-
assemble in a 3D matrix that is conducive for the development of perfused human
capillaries, achieving flows within the physiological range (71). This platform can be used
to study the roles of interstitial flow (73), heterotypic and homotypic cell interactions, and
growth factors during the development of in vitro human capillary networks. In addition,
this platform is easily adapted to include tissue specific functions (e.g., cardiac muscle) as

well as models of disease that involve microcirculation.

2.3 Materials
Below is a detailed description of the methods employed to create the perfused

capillaries and microfluidic device.

2.3.1 PDMS (polydimethylsiloxane) Microfluidic devices
1. Prepare PDMS by mixing the cross-linker, Sylgard 184, with the curing agent
(Dow Corning) at a ratio of 10:1. For example, 10 grams of PDMS are cured with
1 g of curing agent. Ensure that the curing agent and cross-linker are well mixed.
2. De-gas mixture in a vacuum chamber for 30 minutes to remove excess air
bubbles from solution.

10



3. After 30 minutes, solution should be essentially bubble-free and can then be
poured onto an SU-8 patterned microfluidic casting mold (approximately 20-
25g). Note that details on how to create a SU-8 mold are not included in this
report, but can be found in a variety of additional studies (77, 78).

4. Place the SU-8 mold coated with the PDMS solution in the vacuum chamber for
an additional 15 minutes to remove any further air bubbles.

5. Place the mold with PDMS into an oven at 65°C and allow it to cure for at least 8

hours (and no more than 2 days) prior to removing it from mold.

2.3.2 Assembly of sealed devices

1. Carefully remove the PDMS device from the mold using a surgical blade to cut
around the perimeter of the device. Carefully lift off the mold. (see Note 1)

2. Using a 16G needle, punch both the inlet and outlet of the tissue chambers and
the microfluidic lines into the device. Using a nitrogen air gun, blow away any
excess debris from the device surface. (see Note 2)

3. For 3.5 minutes, plasma treat all three pieces that make up the microfluidic
device: glass slide/cover glass, a separate thin sheet of PDMS (thickness 500-750

um), and a PDMS piece with a negative replica of mold design.

11



microtissue chamber microfluidic line
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Figure 2.1. Assembly of microfluidic device for in vitro-perfused human capillaries. Plasma-treated
surfaces (Indicated in pink color) of PDMS device, sheet of PDMS, and glass slide are bonded
together and baked in 1200C oven for 15 mins to obtain PDMS-enclosed chambers.

4. Bond all three plasma treated pieces to each other quickly (< 90 seconds) to
seal the microfluidic device. The PDMS piece representing the negative replica of
the mold design should be facing up and be bonded to the thin sheet of PDMS.
The glass slide-treated surface is then bonded to thin sheet of PDMS. (see Note
3) (Figure 1)

5. Place the bonded device in a 120°C oven for 15 minutes.

6. Bond glass vials (i.e. media reservoirs) to the inlet/outlet holes of the
assembled microfluidic device using a mixture of PDMS. To prevent PDMS from
seeping into the inlet/outlet holes, place pipette tips on all inlet/outlet holes of
the device.

7.  Dip the bottom of the pre-cut glass vials into the PDMS mixture and place
through the pipette tip onto the top surface of the device.

8. Place the completely assembled device in a 65°C oven overnight to cure.

9.  Sterilize the assembled PDMS device (Figure 2) in an autoclave

12



2.3.3 Cell Preparation
1. Trypsinize, collect, and count the cells needed for the experiment.
2. Reconstitute cells at the desired cell density (see Table 2.1) and combine them.
Cells can then be spun down together. Note that cord blood endothelial colonies
forming cell-derived endothelial cells (ECFC-EC) and normal human lung
fibroblasts (NHLF) work well for this assay. However, other endothelial cell
sources (e.g., human umbilical vein endothelial cells, HUVEC) and stromal cell

sources (e.g., dermal fibroblast) have also been successfully substituted (79-81).

Figure 2.2. Macroscopic view of assembled microfluidic device. Glass vial reservoirs are attached to
the PDMS chamber bonded to a thin layer of PDMS and a glass slide. Also visible are the
microfluidic lines that will contain cell culture media or fibrin and cells.

13



Experiment \ Cells Density
Vasculogenesis model

ECFC-ECs 2.5x10° cells/ml
NHLFs 5x 106 cells/ml
Tumor vasculogenesis model

SW620s 160,000 cells/ml
ECFC-ECs 2.5x106° cells/ml
NHLFs 5 x 106 cells/ml

Table 2.1. Cellular seeding density for different applications of the microfluidic device.

2.3.4 Hydrogel Preparation
1. Prepare fibrinogen (Sigma) by reconstituting it in Dulbecco’s Phosphate
Buffered Saline (DPBS) to a final concentration of 10 mg/ml
2. Allow the fibrinogen solution to warm and dissolve by placing it in a 37°C water
bath for a minimum of 15 minutes.
3. Once the fibrinogen solution is fully dissolved, the solution should then be sterile

filtered using a 0.22um syringe filter
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) :

Figure 2.3. Side-view schematic of loading tissue chambers. Prior to polymerization, the fibrinogen-
cell mixture is micropipetted into the inlet of the tissue chamber using steady even pressure.

2.4 Methods

2.4.1 Loading device

1. Remove devices from the autoclave and allow them to cool at room temperature
before loading them with hydrogel and cells.

2. Resuspend cells in prepared fibrinogen according to the desired volume and cell
density (See Note 4)

3. Pipette 30 pl of cell-fibrinogen mixture into a microcentrifuge tube containing
1.8 ul of 50 U/ml thrombin and mix thoroughly, while avoiding the creation of
air bubbles. (See Note 5)

4. Using a filtered pipette tip, quickly (in less than 3 minutes) collect a minimum of
25 pl of the mixture and insert it into the inlet of the tissue channel by applying
steady and even pressure to avoid leakage of the hydrogel into adjacent fluidic
channels. Keep applying a steady pressure until the mixture reaches the outlet
of the tissue chamber. (Figure 3) (See Note 6)

5. Incubate device in a 37°C humidified incubator for a minimum of 30 minutes

and a maximum of one hour to ensure full fibrin polymerization.
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2.4.2 Introducing media into fluidic lines

1.

Insert 200 pl of fully supplemented EGM-2 (Lonza) into the inlet of one adjacent
microfluidic channel by applying steady, even pressure until the media reaches
the outlet of the microfluidic channel forming a small droplet of media.

For the other microfluidic line, insert into a small piece of tygon tubing (0.02” ID
x 0.06” OD) to the outlet to connect or couple the two microfluidic lines. Repeat
this step with the second channel to ensure that the media enters and forms a
small droplet of fluid at the end of the microfluidic line. Alternatively, the
microfluidic lines may remain uncoupled, if desired, by not employing the small
plastic tubing.

Connect fluid-filled tubing with the outlet of the first channel and avoid
introducing any air gaps. (See Note 7)

Once connected, fill reservoirs with media. Set a height difference of 10 mm
between the two reservoirs to allow media to flow through the fluidic channels
as well as across the tissue chambers. Note that a larger or smaller height
difference can be employed to produce higher or lower flows, respectively, if
desired.

Place assembled device into a 20% Oz incubator overnight.

2.4.3 Maintenance of culture within the microfluidic device

1.

The day after seeding the device, replace the media with EGM-2 without VEGF
and bFGF. The device can then be moved to a 5% O incubator for the remainder

of the study, if desired. (See Note 8)
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2.5 Notes

Continue to level the fluid in the reservoir every other day to maintain the 10

mm (or other) height difference.

. After 7 days of culture, reverse the direction of the interstitial flow across the

tissue chamber by reversing the pressure head in the reservoirs. This
encourages vessels to grow towards both pores on either side, and to form

connections with the microfluidic channels.

For easy removal of the PDMS mold from the wafer mold, silanize the wafer
prior to casting.

If bubbles occur between the layers of PDMS, use a flat-edged surface to press
bubbles away from chambers or microfluidic lines. Bubbles in between layers
that are away from chambers or microfluidic line are not a problem as they don’t
interfere with the loading of the device.

Use scotch tape on the surfaces of the device to remove stubborn debris from the
PDMS.

Aliquot cell mixtures in smaller sets for loading to avoid premature
polymerization of the hydrogel. For example if loading 8 samples, split cells into
2 sets of 4 loadings.

The fibrinogen-cell mixture will begin polymerizing quickly upon adding
thrombin, so perform this step quickly to avoid damaging the gel or creating
uneven polymerization.

To avoid introducing bubbles into the cell-fibrinogen-thrombin mixture, change

tips in between mixing the solution and loading the solution into the device.
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7. When connecting tubing and microfluidic channels make sure to touch the liquid
droplet at the microfluidic line outlet to the small droplet formed at the tip of the
tubing so as to always maintain fluid-fluid contact and avoid introducing air
bubbles.

8. To minimize evaporation of media from the reservoirs of the device while in the
incubator, create a secondary humidity chamber by placing the microfluidic
devices into a box with a non air tight lid containing a reservoir of about 20ml of

water.
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CHAPTER 3: Microfluidic device to study controlled interstitial flow mediated

interactions between discrete multi-cellular environments

3.1 Abstract

Understanding the process of vascularization is key for developing therapeutic and
regenerative therapies. Models of microcirculation that aim to recapitulate dynamic in vivo
features, such as interstitial flow and vessel perfusion, are crucial for studying
vascularization processes. While endothelial cells are the key players in the vascularization
process and have been the primary focus of angiogenesis research, the activation of the
fibroblast in the surrounding matrix provides important cues for the organization of the
endothelial cells. This study examines the role of stromal cells in vessel network formation
using a novel 4-chambered device that allows for the visualization of the steps of vessel
network assembly and angiogenic sprouting in a dynamic microenvironment with
interstitial flow. In this device the vessel network can self assemble (vasculogenic-like
process) and extend into a second compartment via angiogenesis without exogenous VEGF
or bFGF medium supplementation. Interstitial flow and the direct contact of NHLFs with
ECs both affected the formation of the network. Current ongoing work is focused on further
characterization of the vessel network and investigating the molecular mechanism

governing the interplay between NHLFs and ECs.
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3.2 Introduction

Traditionally, a reductionist approach has been used to study cellular fate and
function. Experimenting with monotypic cells in isolation has yielded a great
understanding of their components, inner working, and behavior. This view, however,
ignores the significant role of the cellular microenvironment. Cells within a tissue
experience a combination of biological, chemical, and mechanical cues originating from
their surroundings (e.g., cell-cell contact, soluble factors, interstitial fluid forces), which
largely influence their response.

While we have gained valuable insights about how cells behave within two
dimensional (2D) in vitro culture systems, it is now well accepted that three-dimensional
(3D) in vitro cultures can better mimic in vivo conditions. In fact, cells have been shown to
behave differently and employ alternate pathways when cultured in 3D (61, 82-84).
Embedding cells within an extracellular matrix (ECM) - either naturally derived or
synthetic - is a common technique used to accomplish this task. This technique has been
shown to provide the biomechanical and biochemical cues that cells experience in vivo,
which in turn affect cellular phenotype, growth, and migration (85-87). These 3D methods
possess tunable parameters (e.g. matrix density, stiffness, binding domains, protein
composition) that have yielded contributions bening studied in tumor development and
capillary morphogenesis, among other cellular activities.

The heterotypic diversity of the cellular microenvironment has also been well
characterized. Cells do not live in isolation within this vast ECM; in reality, they share and
interact with a variety of cells in their vicinity through either direct contact or paracrine

signaling with distant cells. For example, capillary morphogenesis has been shown to be
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dependent on the interplay between endothelial cells and stromal cells (e.g. fibroblasts,
pericytes, mesenchymal stem cells) (57, 88-90). The tumor microenvironment is another
excellent example. While much attention has been given to the genetic and epigenetic
mutations of tumor cells, recent efforts have been focused on the surrounding “normal”
cells (e.g. endothelial cells, cancer associated fibroblasts, infiltrating immune cells) (22-26),
which together play a pivotal role in various stages of tumor progression and metastasis.
Mechanical forces in the cellular microenvironment, such as interstitial flow, are
also responsible for modulating cellular behavior. Interstitial flow can distinctly impact
extracellular gradients of solutes, enhance transport of nutrients and waste, and
significantly influence several morphogenic processes (e.g., vasculogenesis and
lymphangiogenesis) (91-93). Physiological interstitial flow has been shown to be in the
range of 0.1-2 um/s (94); however, we have previously shown that super and sub
physiological ranges in vitro have driven vascular network formation (71, 73). Pathological
conditions, such as cancer, experience characteristically abnormal interstitial flows, which
play a significant role in tumor progression, migration, and drug resistance (95-97).
Current in vitro systems fall short in incorporating these three in vivo-like
parameters: 3D microenvironment, heterotypic cellular composition, and interstitial fluid
forces. Many variations of the Boyden chamber have been traditionally used to examine
heterocellular interactions, but most of these studies still involve 2D culturing conditions
(98). A number of recent studies have modified the Boyden chamber assay to incorporate
3D gels (99). These systems are generally easy to use, but do not allow cell behavior to be

monitored as a function of time, and do not provide well-defined concentration gradients.
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In this research, we have developed a novel microfluidic device that allows for
precise control of spatial-temporal interactions between adjacent heterotypic cellular
environments. The communication ports, a special feature of the device, have been
specifically designed to control the loading of two discrete interconnected 3D cell-
containing hydrogels. In addition, hydrostatic pressure forces can be arranged across the
three-dimensional tissues to create diverse interstitial flow patterns, which can lead to on
demand endogenous and/or exogenous soluble factor gradients. We anticipate that this
platform could be used as an essential tool to study the effects of directional interstitial
flow and heterocellular communication in many important physiological and pathological
processes (e.g. angiogenesis and tumor progression). As an endpoint, we have chosen to
investigate the role of these relevant mediators of cellular behavior on the biological

process of vasculogenesis.

3.3 Materials and Methods

3.3.1 Cell culture

Human Endothelial Colony Forming Cells - Endothelial Cells (ECFC-ECs) were
derived from cord blood as previously described by our lab (81) and expanded on 1%
gelatin-coated flasks in endothelial growth medium-2 (EGM-2; Lonza, Wakersfield, MD).
ECFC-ECs were used at passages 4-6 during the experiments. Commercially available
normal lung human fibroblasts (NHLFs; Lonza) were grown in fibroblast growth media
(FGM; Lonza) and were used at passages 5-7. All cells were cultured in a humidified
incubator at 37°C, 5% CO2, and 20% O prior to their introduction to the 4-chambered

microfluidic device.
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3.3.2Microfluidic device fabrication

Standard soft lithography and replica molding processes were utilized to fabricate
the 4-chambered microfluidic device. A master mold was created via the ultraviolet
patterning of a 100 um thick photoresist, SU-8 (MicroChem, Newton, MA), on a silicon
wafer. A polydimethylsiloxane (PDMS; Dow Corning, Elizabethtown, KY) mixture composed
of 10:1 (w/w) base to curing agent was poured over the master mold and thermally cured
at 65°C overnight. Once fully cured, the PDMS was cut and peeled off the mold; leaving a
negative imprint of the 4-chambered design pattern. Inlet and outlet holes were punched
onto the PDMS piece to allow for introduction of the extracellular matrices and injection of
cell culture media. All debris was removed from the PDMS piece, followed by oxygen
plasma treatment for 3.5 mins at 250 mTorr. A 500-750 pm thick PDMS sheet and a 130-
170 pm thick glass coverslip (Thermo Fisher Scientific, Waltham, MA) were simulatenously
plasma treated and covalently bonded to the PDMS piece to seal its channels and provide
mechanical support, respectively. The completed device was then baked at 120°C for a few
minutes to invert the hydrophilic properties acquired during the plasma treatment process.
To sterilize and prepare the device for cell culturing, the device was autoclaved at 120°C

prior to the experiment.

3.3.3 Cell loading in microfluidic device

For tissue preparation, cells were trypsinized and resuspended in 10 mg/ml bovine
fibrinogen (Sigma-Aldrich, St. Louis, MO) dissolved in 1x Dulbecco’s Phosphate Buffered
Saline (DPBS; Gibco). Four different cellular conditions were mixed with the fibrinogen
solution (Table 3.1) at a final concentration of 2.5 x 106 ECFC-ECs/mL in ECFC-EC

containing conditions, and 5.0 x 106 NHLFs/mL in NHLF containing conditions. Thrombin
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(Sigma-Aldrich) was added to the cell-fibrinogen mixture to produce a final concentration
of 3 U/mL to begin the gel polymerization process, and the mixture was pipetted quickly
into the tissue compartments. Each one of the two tissue compartments was carefully
loaded in a sequential order and the device was then incubated at 37°C for 1 hr to finalize
the fibrin polymerization. The media was then pipetted into the fluidic lines adjacent to
each of the tissue compartments. The volume of each pipette tip was adjusted in order to
create a pressure gradient across the tissue, and the microfluidic platform was placed in a
20% Oz incubator for 7 days. Media volumes were replaced and readjusted every 24 hours

to maintain the desired pressure drop across the tissue for the duration of the experiment.
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Table 3.1. Cellular seeding pattern and interstitial flow experimental conditions.

3.3.4 Finite element simulation

The experimental fluid flow conditions were simulated using COMSOL
Multiphysics® 3.5a (Burlington, MA). A computer-aided design (CAD) model of the 4-
chambered microfluidic device was constructed and solved by a two-dimensional steady
state analysis of the incompressible Navier-Stokes equation. All surfaces, except the inlet
and outlet, were set to be have a no-slip boundary condition. Other initial conditions

specified in the simulation were: the dynamic viscosity of water (0.748 mPa.s), the density
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of water (1 kg/m3),the porosity of fibrin gel (0.99), and the permeability of fibrin gel (1.5 x
10-13 m?). The resulting pressure and velocity field simulations were used to interpret the

magnitude and pattern of convection.

3.3.5 Verification of mass transport

Fluorescent recovery after photobleaching (FRAP) technique was used to measure
the flow across the fibrin gel using a modified protocol (100, 101). Both of the tissue
compartments of the 4-chambered microfluidic device were loaded with a 10 mg/ml fibrin
gel in the absence of cells. FITC-dextran (70 kDa, Sigma-Aldrich) was added to the adjacent
fluidic lines via pippette tips. Volumes of the FITC-dextran containing solution were then
readjusted to achieve the two distinct interstitial flow profiles modeled in COMSOL. FRAP
was then performed on the device, at the junctions connecting each tissue chamber, using a
confocal microscope (Zeiss LSM 700, Carl Zeiss AG, Feldbach, Switzerland). A circular
region of 30 pm was bleached, and images were taken every second for a total of 30

seconds.

3.3.6 Assessment of vessel network formation

After 7 days of culturing, the microtissues within the 4-chambered microfluidic
device were subjected to immunofluorescent staining with CD31-antibodies using a
modified staining protocol (71, 81). The microtissues were initially fixed in 10% formalin
that was introduced through the adjacent fluidic channels for 18 hrs. The staining process
consisted of exposing the microtissues to mouse anti-human CD31 antibody (Dako,
Carpinteria, CA) for 1-2 days, followed by Alexa-Flour 488-conjugated goat anti-mouse IgG

(Invitrogen, Grand Island, NY) for an additional 1-2 days. Images of the stained
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microvessels were taken using an inverted fluorescence microscope (Olympus [X83,
Central Valley, PA). Vessels stained positive for CD31 were analyzed using AngioTool (102),

a software for quantitative assessment of various vessel parameters.

3.3.7 Statistical analysis

Statistical analyses were performed using one-way analysis of variance (ANOVA)
with StatPlus (AnalystSoft Software). Comparisons between groups were made with the
Student’s t-test for multiple comparisons. All data are presented as the mean + standard

deviation. Results are statistically significant for p < 0.05.

3.4 Results and Discussion

3.4.1 Design and fabrication of the microfluidic based co-culture device

Using standard PDMS micro-molding, we constructed a microfluidic device that
consists of two discrete tissue channels (green and blue channels, Figure 3.1B)- each
containing two daisy-chained mm-sized chambers (1x 2 mm) that connected in series. The
two tissue channels were loaded separately with cell-containing hydrogels resulting in the
two daisy-chained chambers containing a homotypic cellular composition. In turn, the two
tissue channels were interconnected in parallel through two 30 pm wide and 100 pm high
pores. These micropores are specifically designed to mimic a capillary burst valve (71, 73,
103), which aids in the patterning of each hydrogel after it is sequentially loaded within the
device. In short, successful containment of the gels at the connecting micropores is
dependent on the surface tension of the leading edge, which matches and opposes the
driving hydrostatic pressure produced when loading. As this occurs, the hydrogel stops

flowing and is retained within its designated microfluidic channel. Figure 3.2C shows two
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distinct fibrin gels (TRITC and FITC labeled) that, when sequentially loaded, result in a

continuous 3D environment between the two tissue compartments.

In addition, on either side of the 4-chambered region that houses the 3D cellular
microenvironments, two fluid-filled microchannels are connected via two pores following
the same geometry of the previously described capillary burst valve. The microfluidic
channels serve to provide a dynamic supply of media to the tissue-containing region, which
is controlled through hydrostatic pressure gradients that are achieved by adjusting the

media heights in the associated pipette tips.

Figure 3.1. Four-chambered microfluidic device to study interstitial flow-driven communication
between discrete microenvironments.

3.4.2 Theoretical and experimental validation of interstitial flow gradients
Even though physiological interstitial velocities are relatively low (94), the role of

convection in the overall distribution of solutes can be significant. For example, cell
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response has been reported to be influenced by morphogen gradients as low as 1% across
a cell (104). Through the control of hydrostatic pressure (AP) and the design of the
microfluidic channels, our device is able to recreate a controlled cellular microenvironment
where these effects can be studied in detail. We studied two different interstitial flow
configuration: one was set up to allow communication between the chambers in series
(longitudinal), and the second was set up to allow for communication between the channels
in parallel (transverse).

To create a longitudinal interstitial flow pattern (x-direction), the design of the fluid-
filled microchannels employs a serpentine configuration. This configuration offers an
increased resistance to media flow between the two pore connections in order to
manipulate the pressure across the tissue chamber and, thus, mass transport within the 4-
chambered region. In this configuration, the pattern of the media flow is achieved across
the tissue chambers in series, by having high pressure on the left side ( and B) of the
tissue chamber and low pressure on the right side (&’ and B’). The transverse flow
configuration is set up to allow media flow across the tissue chambers in parallel to span
from the bottom tissue chamber (Figure 3.2B - blue channel) up to the top tissue chamber
(Figure 3.2B - green channel), by having high pressure on the top side (& and &’) and low
pressure on the bottom side ( and B’).

Finite element simulations were performed using a COMSOL Multiphysics® 3.5a
model to predict the pressures within the hydrogel 4-chambered microtissue and resulting
interstitial flow velocity in the absence of cells (Figure 3.2). To simulate a longitudinal
interstitial flow pattern, a AP of 20 mmH0 was applied from « to B, as well as &’ and B’

(Figure 3.2A). From the pressure simulations, a linear drop can be observed within the
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tissue chamber from the high entrance pressure on the left to the low exit pressure on the
right. The simulated streamlines (Figure 3.2B) demonstrate that flow is predominantly in
the longitudinal direction (x-axis) with no significant interaction between the parallel
chambers. It is important to note that the design of the two discrete tissue channels
includes a region where the area is reduced to 60 pm. This geometrical configuration
allows for an acceleration of the interstitial fluid, which enhances the convective
communication between the two chambers in series.

Alternatively, to simulate a transverse interstitial convective flow pattern, a AP of
20 mmH;0 was applied from & to «’, as well as B to B’ (Figure 3.2C), Similarly, the
pressure drop simulation shows a linear drop within the tissue chamber from the high
entrance pressure on the top side to the low exit pressure on the bottom side. The
simulated streamlines (Figure 3.2D) demonstrate that flow is predominantly in the
transverse direction (y-axis) with no significant interaction between the chambers in
series. The aforementioned narrowing of the chambers in series also plays a significant role
in this configuration, as it limits the diffusion of soluble factors in the direction

perpendicular to the overall interstitial flow direction.
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Figure 3.2. Finite element simulations demonstrate control of pressure distribution and associated
interstitial flow distribution within the microfluidic device.

Fluorescence recovery after photobleaching (FRAP) has been widely used to study
the mobility of macromolecules in various mediums and tissues (100, 105). We surveyed
two regions of the device to validate our finite element simulation flow velocity results: 1)
the tapering pore between the tissue chamber in series, and 2) the connecting pore

between the top and bottom tissue chambers in parallel (Figure 3.3A). These two regions
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are of particular significance due to our simulation that the most extreme interstitial flow
velocities occurred herein these regions. After generating a pressure gradient that
produced a longitudinal direction of flow, the fluid flow velocity within the fibrin gel was
69 um/s at the first spot surveyed (Figure 3.3B), while the velocity was negligible in the
connection between the chambers in parallel. Alternatively, when a transverse pressure
gradient was applied, the measured fluid flow velocity within the fibrin gel was 8 um/s at
the pore between the chambers in parallel, while it was negligible in the tapering geometry

between the two chambers in series.
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Figure 3.3. Fluorescence recovery after photobleaching (FRAP) validation of simulated interstitial
flow velocity results.
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3.4.3 Interstitial flow mediates cellular communication in the vasculogenesis process

To show the versatility of our platform for potential multicellular culture studies, we
sought to investigate the effect of interstitial flow on the process of vasculogenesis. It is
well known that interstitial flow can stimulate vasculogenesis and influence vessel
formation through the redistribution of cell-secreted morphogens (92). To this end, we
tested four different cellular patterning conditions (Table 3.1), to investigate the role of
stromal cell-derived cytokines in the morphogenesis of endothelial-derived capillary

networks.

Figure 3.4 presents the qualitative and quantitative features of the in vitro vessel
networks formed within the microfluidic device under the two interstitial flow
configurations. Cells remained viable under flow conditions through 1 week of culturing.
Vacuoles consistent with early lumen formation were noted as early as two days in all
conditions (data not shown). In devices where the top tissue compartment contained both
ECFCs and NHLFs (condition 1; Figure 3.4A,B), a robust and interconnected network of
vessels formed in a similar fashion for both interstitial flow conditions tested (i.e.,
longitudinal and transverse flow). In devices where ECFCs were seeded alone, non-
continuous vascular structures were observed when exposed to the longitudinal flow
condition (Condition 2-4,; Figure 3.4D,F,H). However, as the interstitial flow condition was
adjusted to allow for the ECFCs exposure to soluble factors originating from the NHLFs or
conditioned media (i.e., transverse flow), an interconnected network was
restored(Condition 3-4; Figure 3.4C,E,G). Quantitatively, an interconnected network is
characterized by a large total vessel length, a high branching density, and a low density of
endpoints (Figure 3.41-K).
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Figure 3.4. Formation of 3D in vitro interconnected vessel networks is depended on interstitial flow-
drived communication between ECFC-ECs and NHLFs.

3.4.4 Potential applications and utility of the platform

While our studies have demonstrated the utility of our platform, we understand its
potentially broad diagnostic and therapeutic applications. For instance, the platform may
be used to investigate the role of microenvironmentally-derived paracrine factors in stem
cell pluripotency, differentiation, and growth (106). Similarly, we can study the role of the
tumor microenvironment on tumor growth and vascularization. We have conducted
preliminary studies where one tissue channel simulated a vasculogenesis-like process and
the parallel tissue channel simulated a tumor tissue. The pressure within these
compartments was manipulated to control the direction and magnitude of interstitial fluid
flow. This flexibility can encourage the development of one stromal compartment over the

other, as needed.
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Cells in the device remained viable through 1 week of culturing (Figure 3.5). Vessel
formation was observed in the chamber containing ECFC-ECs/NHLFs in all conditions.
ECFC-ECs labeled with fluorescent lipophilic dye were observed to sprout into the tumor
chamber (Figure 3.5B), when interstitial flow was arranged in the transverse direction (y-
axis) as early as day 4. In the presence of stromal cells, SW620s tumor cells were found to

increase 60-fold in area over the duration of the experiment. Without stromal cells, tumor

growth was significantly impaired.

Figure 3.5. Tumor spheroid growth and microvessel network formation in four-chambered
microfluidic device.
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CHAPTER 4: A Microfluidic Model of Tumor Cell Intravasation and

Extravasation

4.1 Introduction

Cancer mortality increases significantly following the ability of the primary tumor to
metastasize (25, 107, 108). The process of cancer metastasis consists of a series of
interrelated events that include primary tumor tissue invasion, intravasation (lymphatic or
vascular), adhesion to the vascular wall, extravasation, and colonization of the distant site.
More recently it has been noted that the tumor microenvironment can influence some of
these key steps. In epithelial-derived tumors, for example, a dedifferentiation process to a
migratory mesenchymal cell phenotype - also known as epithelial-mesenchymal transition
(EMT) - is stimulated by factors released from macrophages (52). The precise mechanisms
for much of these tumor-microenvironment interactions remain unknown, and may be
patient- and tumor-specific. An improved understanding of these mechanisms has the
potential to identify effective alternatives or complimentary approaches in the overall
management of the disease.

Current in vivo and in vitro models provide a limited understanding of the metastatic
process. A great deal of knowledge has been acquired from simple 2D cancer systems such
as parallel plate flow chambers, used to study inflammation-mediated tumor cell adhesion
mechanisms (109), and scratch/wound assays, used to investigate tumor cell migration
and invasion mechanisms (110). Such 2D systems lack the structural architecture and
tissue heterogeneity that are known to impact cancer cell biology and that can now be

achieved using 3D models. A growing body of evidence also demonstrates that cells in 3D
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cultures, including tumor cells, can display significant phenotype plasticity and can even
respond differently to same treatment (61, 82-84). Alternatively, in vivo animal models can
replicate the heterogeneity and complexity of the disease with high fidelity. Complex
intravasation and extravasation mechanisms have been studied using models such as the
chick embryo (68, 111), rat (112, 113), or zebrafish (114). However, these systems are
costly, provide limited temporal resolution to study time-dependent events in the
metastatic process, and may fail to reproduce important features of human tumors (84).
More recently, the field of microfluidics has provided dynamic, controllable, and
compelling 3D models of human physiology that can potentially be used to augment our
understanding of tumor progression and metastasis (115-117). These model systems
have been coined “organ-on-a-chip”, or in the case of cancer “tumor-on-a-chip”. Despite
recent advances in tumor-on-a-chip devices, there is still a need to develop models with
perfused vasculature to mimic this critically important feature of metastasis and the tumor
microvironment. In the section below, we present a microfluidic-based platform of the
tumor microenvironment characterized by a perfused human microvessel network, and
demonstrate its potential in mechanistic studies of tumor cell extravasation and

intravasation.

4.2 Materials and Methods

4.2.1 Cell culture

Human endothelial colony forming cell-derived endothelial cells (ECFC-ECs) were
derived from cord blood as previously described by our lab (81). The ECFC-ECs were

expanded in 1% gelatin-coated flasks in endothelial growth medium-2 (EGM-2; Lonza,
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Wakersfield, MD), and were used at passages 4-6 during the experiments. Commercially
available normal lung human fibroblasts (NHLFs; Lonza) were grown in fibroblast growth
media (FGM; Lonza) and used at passages 5-7. Human colon adenocarcinoma cells
(SW620s) were purchased from ATCC and grown in DMEM containing 10% FBS, 2mM
glutamine, and 100 U/mL antibiotic/antimycotic (Gibco, Basel, Switzerland). All cells were
cultured in a humidified incubator at 37°C, 5% CO2, and 20% O: prior to introduction in the

microfluidic device.

4.2.2 Lentiviral transduction of tumor cells to constitutively express fluorescence

To study the invasiveness and growth properties of SW620s, we transduced the
cells with a titer of a lentiviral vector produced in HEK 293T cells. To prepare the vector,
HEK293T cells were cultivated in a 6-well plate at a concentration of 5.0 x 10> cells/well in
DMEM containing 10% fetal bovine serum (FBS) and depleted of sodium pyruvate (NaP).
The cells were allowed to incubate for 24 hours at 37°C with humidified air containing 5%
CO:. Following the incubation period, a solution containing 250 pL of Opti-MEM
(Invitrogen) and 6 pg of plasmid DNA (1.5 pg pRRLSIN.cPPT.PGK-GFP.WPRE, 0.75 pg
pMDLg/pPRE, 0.3 ug pRSV-Rev, and 0.45 pg pMD2.G; Addgene, Cambridge, MA) was
incubated at room temperature for 25 minutes. Separately, a solution of 7.5 uL of
Lipofectamine 2000 (Invitrogen) and 250 pL of Opti-MEM was incubated at room
temperature for 5 minutes. Both solutions were mixed well and added drop-wise to each
well containing HEK293T cells. After 24 hours, the content of each well was replaced with
fresh DMEM. After 48 hours, the supernatant containing the virus was collected, purified

via centrifugation, and stored at -80°C for further use.
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A T-75 flask containing roughly 50% confluent SW620s was incubated overnight
with the mixture of 2 mL of the viral titer, 6 pL of 10 mg/mL polybrene (Milipore, Billerica,
MA), and 8 mL of DMEM. The resulting transduction efficiency was measured to be greater

than 90%.

4.2.3 Microfluidic device fabrication

Standard soft lithography and replica molding processes were utilized to fabricate
the microfluidic device. A master mold was created via the ultraviolet patterning of a 100
um thick photoresist, SU-8 (MicroChem, Newton, MA) on a silicon wafer. A
polydimethylsiloxane (PDMS; Dow Corning, Elizabethtown, KY) mixture composed of 10:1
(w/w) base to curing agent was poured over the master mold and thermally cured at 65°C
overnight. Once fully cured, the PDMS was cut and peeled off the mold, leaving a negative
imprint of the 4-chambered design pattern. Inlet and outlet holes were punched into the
PDMS piece to allow for extracellular matrix and cell culture media injection. All debris was
removed from the PDMS piece, followed by an oxygen plasma treatment for 3.5 mins at 250
mTorr. A 500-750 pym thick PDMS sheet and a 130-170 pm thick glass coverslip (Thermo
Fisher Scientific, Waltham, MA) were simultaneously plasma treated and covalently
bonded to the PDMS piece to seal the channels of the device and provide mechanical
support, respectively. The completed device was then baked at 120°C for a few minutes to
invert the hydrophilic properties acquired during the plasma treatment process. Large
glass reservoirs were then attached to the inlet and outlet holes of the fluidic lines, on top
of the PDMS slab, and were cured overnight at 65°C. To sterilize and prepare the device for

cell culturing, the device was autoclaved at 120°C prior to the experiment.
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4.2.4 Cell loading in microfluidic device

For tissue preparation, cells were trypsinized and resuspended in 10 mg/ml bovine
fibrinogen (Sigma-Aldrich, St. Louis, MO) dissolved in 1x Dulbecco’s Phosphate Buffered
Saline (DPBS; Gibco). Cells were mixed with the fibrinogen solution to a final concentration
of 2.5 x 106 ECFC-ECs/mL, and 5.0 x 106 NHLFs/mL. Thrombin (Sigma-Aldrich) was added
to the cell-fibrinogen mixture to yield a final concentration of 3 U/mL to begin the gel
polymerization process, and was pipetted quickly into the tissue compartments. The device
was then incubated at 37°C for 1 hr to finalize the fibrin polymerization. The microfluidic
channels were then coated with 25 ug/mL human fibronectin (Sigma-Aldrich) for 1h.
Subsequently, a concentrated solution of ECFC-ECs (6 x 10° cell/mL) in EGM-2 medium was
introduced into the entire lengths of both adjacent fluidic channels. The ECFC-ECs were
allowed to attach under static conditions in a 20% 02 incubator for 12 hours, after which a
fully supplemented cell culture medium was introduced into the channels and a set of
microfluidic jumpers were installed to complete the connection. The volume of each inlet
and outlet vial was adjusted in order to create a dynamic culturing environment that
consisted of a pressure gradient across the tissue. The microfluidic platform was next
placed in a 5% Oz incubator for the remainder of the experiments (7-21 days). Media
volumes were replaced and readjusted every 24-48 hrs to maintain the desired pressure

drop across the tissue channel for the duration of the experiment.

4.2.5 Analysis of endothelial cell adhesion to PDMS surfaces
Bright field images of ECFC-ECs were captured using an inverted microscope

(Olympus IX83) 12 hours post-insertion and incubation of the ECFC-ECs in the microfluidic
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channels. Using Image] software (National Institutes of Health), the outline of each cell was
manually traced and the total coverage area was calculated. Cells from 3 different
experiments (3 fields of a total 432.8 mm? PDMS surface area in each experiment) were
used, and the percentage coverage was averaged for each fibronectin coating condition

tested.

4.2.6 Quantification of vessel network formation

After 7-21 days in the incubator, the microtissues within the microfluidic device
were subjected to immunofluorescent staining with CD31-antibodies using a modified
staining protocol (71, 81). The microtissues were initially fixed in 10% formalin that was
introduced through the adjacent fluidic channels for 18 hrs. The staining process consisted
of exposing the microtissues to mouse anti-human CD31 antibody (Dako, Carpinteria, CA)
for 1-2 days, followed by Alexa-Flour 488-conjugated goat anti-mouse IgG (Invitrogen,
Grand Island, NY) for an additional 1-2 days. Images of the stained microvessels were taken
using an inverted fluorescence microscope (Olympus IX83, Central Valley, PA). Vessels
stained positive for CD31 were analyzed using AngioTool (102), a software for quantitative
assessment of various vessel parameters. We acquired images confirming lumen formation
and intravascular cell migration were acquired using laser scanning confocal microscopy

(Zeiss LSM 510 Meta)

4.2.7 Assessment of tumor growth
The devices were imaged once a day and their GFP signals were captured using an

inverted fluorescent microscope (Olympus [X83). The area of the GFP signal was measured
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using an in-house Matlab script and expressed as a percentage of the total tissue chamber

area to determine the growth rate.

4.2.8 Perfusion analyses and extravasation experiments

Flow in formed capillaries was assessed in the first week of culturing by adding 1um
polystyrene fluorescence microbeads (Invitrogen) into the arteriole microfluidic channel,
and were observed as they entered the capillaries via the anastomotic connections. Images
were captured at 10 Hz using an Olympus [X83 inverted microscope and a B/W CCD digital
camera (Hamamatsu ORCA). Microspheres were manually tracked in perfused tissues from
three separate microfluidic chips using Image]. We also used fluorescent dextran (70 kDa;
Sigma-Aldrich) as an alternate method to assess vessel perfusion, which was introduced
into the arteriole microfluidic channel and visualized in the fluidic lines and central
chambers using fluorescent microscopy.

Following the confirmation of vessel perfusion, tumor cells at a concentration of 1 x
106 cell/mL were introduced into the arteriole microfluidic channel and were observed to
flow into the capillary networks. Monitoring of tumor growth was conducted over the

following two weeks.

4.2.9 Statistical analysis

Statistical analyses were performed using one-way analysis of variance (ANOVA)
with StatPlus (AnalystSoft Software). Comparisons between groups were made with the
Student’s t-test for multiple comparisons. All data are presented as the mean + standard

deviation. Results are considered to be statistically significant for p < 0.05.
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4.3 Results

4.3.1 Device construction for optimal vessel perfusion

The construction of this modified microfluidic device (Figure 4.1) was informed by
our previous observations of perfused vessel network formation occurring in vitro when
exposed to supraphysiological interstitial flow (71). The device consisted of a series of
three mm-sized, diamond-shaped tissue chambers that house the cells within a 3D fibrin
hydrogel. On both sides of the tissue chambers are two fluid-filled microfluidic channels
connected via micropores (30 pm X% 100 pm), which provide the developing tissue chamber
with the chemical and mechanical stimuli conducive to microvesel perfusion. Similar to our
previously published platforms (71, 73, 74), the convective delivery of media is achieved
through hydrostatic pressure differences. The microfluidic channels are interrupted at
specific positions (colored squares; Figure 4.1), and connected with removable Tygon™
tubing. This configuration allows for direct access to the tissue chamber when necessary
(e.g., immunofluorescent antibody labeling, confirmation of perfused vasculature,
introduction of circulating cells) without jeopardizing the control of critical convective flow

during the tissue development stages.
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Figure 4.1 Microfluidic device used to simulate tumor microenvironments. (A) Schematic
illustrating the use. (B) Macroscopic picture of the microfluidic device platform and media
reservoirs.

4.3.2ECFC-EC attachment to PDMS is dependent on non-competitive FN absorption

An additional feature of the device is its ability to seed ECFC-ECs in specific sections
adjacent to the tissue chamber (Figure 4.1). Given the time frame of the experiments (i.e.
up to 21 days in culture), we sought to investigate the attachment efficiencies of ECFC-ECs
at different time points and their effect on the resulting perfusion of the vascular network
within the tissue chamber. ECFC-ECs seeded on day 0 in FN-coated PDMS microchannels
showed an 85% increased attachment compared to untreated microchannels (Figure 4.23,
b). In comparison to the untreated PDMS surface, the ECFC-ECs’ attachment efficiency on
day 7 in the newly FN-coated PDMS microchannels increased by 60%, but this efficiency
was 25% less than the day 0 ECFC-EC seeding condition (Figure 4.2c). These differences
could be dependent on the time at which the channels were exposed to FN coating. When
the PDMS microchannels were coated with FN on day 0, followed by a week-long exposure
to EGM-2 culture media, the ECFC-EC attachment on day 7 showed an increase of 20%

compared to samples where FN-coating occurred on the same day as seeding (Figure 4.2d).
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Figure 4.2 ECFC-EC attachment on microfluidic on microfluidic channel mimic functional
arteriole and venuole compartments.

The sprouting of ECFC-ECs from the microfluidic channel into the tissue chamber
was dependent on the quantity of attached cells and the concentration of VEGF present in
the media, rather than on the time at which the ECFC-ECs were introduced into the
microchannels. Confirming previously reported data (76, 117), 50 ng/ml VEGF stimulation
supported angiogenesis sprouting into the tissue chamber, compared to the quiescent

effect of 2 ng/ml VEGF supplemented EGM-2 media. The induction of ECFC-EC sprouting is
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a critical process to ensure proper and accelerated anastomosis, through the connecting

micropores, with the self-assembled capillary bed within the tissue chamber. A proper link
between these two compartments can ensure that the fluid flow occurs exclusively through
the perfused network instead of leaking into the interstitial space at their interface (Figure

4.2e.f).

4.3.3 Platform to study intravascular tumor cell adhesion and “extravasation”

In order to investigate the process of extravasation, a vascular network from an
ECFC-EC/NHLF co-culture within a 3D fibrin gel was grown in the tissue chamber for a
period of 6-9 days. The microfluidic channels were lined with ECFC-ECs at day 0. During
this timeframe, the vascular network anastomosed with the ECFC-EC sprouts originating
from the adjacent microfluidic channels. Perfusion through the capillary network can be
achieved within a week of culturing, much faster than we previously reported (71).

Following the confirmation of intravascular perfusion in the vascular network,
EGFP-labeled SW620s were introduced into ECFC-EC lined microfluidic channels via the
EC-lining ports. These ports are easily accessible through the removal of the Tygon™
tubing, which can be reattached after the insertion of the tumor cells. Through the
decoupling of the two adjacent microchannels a pressure gradient can be achieved across
the tissue channel. SW620s entering the EC-lined microfluidic channels were observed to
flow through the micropores and into the capillary network, achieving physiological fluid

velocities that ranged between 625 and 240 pym/s (video; http://youtu.be/470h3gXqyIM).

The rate SW620 attachment to the EC-wall was 5% in areas where average fluid velocities

descended to values below 110 pym/s.
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Figure 4.3. Microfluidic platform may be used to mimic extravasation events.

Reconnecting the device tubing to its original configuration restored the culture
conditions, prior to insertion of the SW620 cells. The proliferation and migration of the
tumor cells were monitored throughout the remainder of the experiment (Figure 4.3a, b, c).
A simple growth curve based on the total area of fluorescence in a 2D image of the device
(Figure 4.3d) shows that the SW620s area increased 250 fold within 15 days. Interestingly,
SW620 growth initially (first 4-6 days) appeared to be confined to the boundaries of the
microvasculature wall and to conform to the shape of the microvasculature. Eventually, the
tumor growth compromised the integrity of the vessel wall, thus allowing the tumor to
grow unconstrained into the fibrin ECM. CD31 labeling of the ECFC-ECs on day 21 shows
positively stained fragments of the ruptured wall around the periphery of the tumor mass

(Figure 4.3e, f). In addition, the presence of the tumor had a detrimental effect on the
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overall vessel network. On day 21, the resulting average area of the vessel network was
29.3 £ 1.7 % and the average connectedness index of the network was calculated at 1.15 +

0.07 compared to previous reports (71).

4.3.4 Platform to study tumor angiogenesis and intravasation

Figure 4.4. Confocal imaging of the microtissue confirms anastomosis.

Alternatively, we can use the platform to investigate early events in tumor
intravasation. An ECFC-EC/NHLF/SW620 tri-culture was introduced into the tissue
chamber as a single-cell suspension within a fibrin matrix, and was grown for a period of
21 days. For the duration of the experiment, we continuously tracked vessel network
formation and tumor growth. During the first week, the vascular network forms and is
morphologically indistinguishable from those with no tumor cells (71). Namely, the vessel
percentage area was measured to be 32+6%, and the vessel connectedness index was
0.15+0.05. Similarly, confocal imaging of the vessels in the tumor microenvironment, which
were stained for CD31 on day 7, demonstrated the functional anastomosis of the developed
vasculature with the ECFC-EC sprouts originating from the adjacent microfluidic channel

(Figure 4.4, video: http://youtu.be/GMpesksNPsM).
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Figure 4.5. Assessment of vascular perfusion in the vessel network within the tumor
microenvironment.

Intraluminal vessel perfusion was assessed following the confirmation of
anastomosis, on days 7-10. Various size fluorescent dextran (70 kDa and 150 kDa) were
introduced in the microfluidic channel and allowed to enter the formed vascular bed
through a pressure gradient across the tissue (Figure 4.5a). Dextran was retained by the
vascular wall and perfusion showed approximately 75+5% functional vessels of different
diameters ranging from 12-33 ym. Insertion of 1 pm beads demonstrated a different facet
of the developed network. Despite the high yield of perfusion observed via fluorescent
dextran, beads followed trajectories that only encompassed 45+3% of the developed vessel
network. Particle tracking showed that near physiological fluid flow velocities of 761 to

250 pm/s could be achieved within the tumor microenvironment (Figure 4.5b)
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Tumor growth was simultaneously monitored during the tissue culturing process.
SW620 viability was maintained under interstitial flow conditions for a period of 21 days
(Figure 4.6a). SW620s were initially introduced as a single cell suspension in conjunction
with the ECFC-EC/NHLF co-culture, and over time they developed into tumor masses
resulting from self-proliferation and aggregation with other nearby masses. Over this time
span, the tumor growth area increased 35 fold.

Day 9 Day 10_

Figure 4.6. Microfluidic platform may be used to mimic intravasation events.

4.4 Discussion

Over the past decade, the goal of recapitulating the tumor microenvironment in vitro
has benefited greatly from the significant advances in soft lithography and other
microfabrication techniques (118). These new systems are aimed at addressing the
shortcomings of 2D in vitro assays and the complexity of in vivo animal models (84, 119,
120). To add to this growing body of literature, we have developed a novel microfluidic
system of the tumor microenvironment to study relevant mechanisms in the metastatic
cascade. The microfluidic platform is adaptable and allows us to investigate two important

process of tumor metastasis: intravasation and extravasation. Our system features human
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derived perfused capillaries and allows for real-time visualization of the interaction
between endothelial cells, the stroma and tumor cells in 3D. The device provides flexibility
and reproducibility in a controlled environment, and is potentially adaptable for high-

throughput screening that may be useful for the discovery of anti-tumor drugs.

Our approach to create a perfused vascular bed uses a combination of synthetic and
naturally forming vessels, exploiting the advantages of each. The self-assembly of vessel
networks in the central tissue compartment allow us to replicate an in vivo like process of
vasculogenesis, which responds to relevant environmental cues such as stromal cell
stimulation and interstitial flow. Adjacent synthetic vessels allow us to mimic a functional
arteriole and venuole, which form sprouts into the tissue chamber and encourage
anastomosis with the developing microvasculature. Once the connection between the EC-
lined channel and the self-assembled EC/fibroblast network occurs, we are able to control
and directly access the resulting perfused vasculature for various biological inquiries. To
achieve this feature, we exploited the property of PDMS to non-specifically adsorb proteins
and small molecules due to its hydrophobicity and porosity (121-124). Though previous
groups had developed techniques to attach endothelial cells into a FN treated PDMS surface

(76, 117), our focus was on gaining temporal control of anastomotic process.

Two leading hypothesis have been proposed to explain the process of tumor cell
adhesion at the distant site are the “seed and soil” hypothesis and the “mechanical
trapping” hypothesis (125-128). Due to the difficulty of observing key steps of the
metastatic process in vivo and the inability of current in vitro systems to properly recreate

these events, several contradictory results regarding these theories have been reported.
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Our platform yields a capillary bed with heterogeneous vessel diameters, flow rates, and
shear stresses; which can be imaged in real-time to highlight the critical steps of the
interactions between the endothelium and circulating tumor cells. To illustrate this
capability we used colon adenocarcinoma cells, SW620, which were shown to adhere to the
endothelial cell wall in areas where the flow and shear stress were low, rather than in
vessels with restricting diameters. In fact, real-time tracking of the circulating tumor cells
during the initial seeding stages showed that the tumor cells do not flow through small
diameter vessels, even though these vessels are perfused. These observations suggest that
intraluminal shear stresses may play a significant role in the tumor cell - endothelial cell

adhesion process at the distant site.

To study the interaction of adhered tumor cells with the endothelium, our device
allows for continuous vascular perfusion where the tumor cells residing in the
intravascular space are exposed to physiological shear stresses. Interestingly, using the
SW620 tumor cells, we observe that these cells do not employ a classical method of
extravasation where they migrate across the endothelium. Instead, the SW620s remain
attached within the intravascular space of the vessel network. This behavior is consistent
with previous observations of in vivo intravascular adhesion in mouse lungs (112), as well
as previously reported invasiveness indexes (129). Other groups have reported on similar
microfluidic platforms where tumor cells transmigrate across the endothelial cell barrier;
however, alternate tumor models of higher invasiveness potential were employed in these
studies (116, 130). This highlights the heterogeneity in tumor cell behavior between
different cells lines. Our platform is flexible enough to allow for a thorough screening of a
plethora of tumor cell lines of varying degrees of invasiveness.
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Previous models of vasculogenesis and angiogenesis have shown the capability to
study specific vascular related processes, but this is the first time a perfused network is
shown in an in vitro model of the tumor microenvironment. Here we developed a system
where the network is entirely composed of endothelial progenitor cells and a
vasculogenesis process — aided by stromal cells - is sufficient to form a network. Our
results suggest that tumors may develop in such an environment with minimal impact on
the developing vasculature within the early stages. Once the tumor exceeds a critical stage
- after 1 week of culture - and perfusion is established within the self-assembled network,
the tumor grows uncontrollably, invading the capillary network and in turn causes an

unstable vasculature to form.

In summary, we have demonstrated the recapitulation of the tumor
microenvironment in an in vitro microfluidic system. Our results validate a platform where
you can investigate intravasation and extravasation events of metastasis. Some of the
highlights of our system include the formation of perfused vascular networks, which
provide vital interactions with the tumor cells. In addition, the platform is amenable to
real-time imaging; allowing for the visualization of relevant time-dependent steps in the
metastatic process. This system has the potential to be used as for broad diagnostic and

therapeutic applications.
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