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Abstract
Cancer research currently relies heavily on in vitro models to study cancer growth
mechanisms and conduct initial drug screens. These models are limited in their
relevance to clinical tumors because they lack the necessary integrated blood vasculature
for with which to interact. The long-term goal of this research, therefore, is to develop a
vascularized 3D in vitro cancer model that will represent cancer cell-vasculature
interactions. This model would allow researchers to study the critical area of cancer
metastasis and enable high throughput testing of anti-angiogenic drugs. To achieve this
goal, we suggest combining angiogenesis and vasculogenesis induction methods into one
3D neoplastic cell model. Vasculogenesis was induced in human microvascular
endothelial cells in the presence of neoplastic cells, a feature that had yet to be achieved
by those working in this research field. This was done using Type I collagen gel under
static culture conditions. In addition, a microfluidic device was developed and optimized
for the use of establishing dynamic culture conditions necessary in angiogenesis. The
device was further used to show its ability to sustain live cells within the scaffold and our
ability to image and distinguish between individual cell types with the device fully intact.
This device will be used in the future completion of the angiogenic induction studies, as
well as for combining the optimal angiogenesis and vasculogenesis culture conditions
into one cumulative 3D neoplastic cell model.
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Introduction
Cancer is a leading cause of death worldwide, accounting for more than 7.9
million deaths worldwide in 2007 alone (Who 2009). It occurs when a mutation within a
cell causes it to grow and multiply in an uncontrolled fashion. While patients rarely die
from the effects of the primary tumor, 90 percent of these cancer deaths are the result of
metastasis (Angier 2007). Metastasis occurs when cancer cells from the original tumor
break off and relocate through blood vessels to another area of the body. For this reason,
it is crucial to develop treatment to prevent or halt this cancer metastasis process from
happening.
Often, clinical research into different treatments preventing cancer metastasis or
research into cancer treatments in general is limited by patient numbers, accessibility to
appropriate samples, and ethical considerations. Using in vitro cancer models eliminates
some of these barriers and allows researchers to better understand the disease’s
development, characteristics and responses to various treatments. Essentially, the in vitro
model acts similar to an actual tumor with similar histological, biochemical, and
molecular changes (Jackson 2005). In addition, the system allows for more flexibility in
research designs and provides a much safer and cheaper mechanism for investigating new
drugs and therapies. Also, adverse reactions can now be analyzed to a greater extent.
Overall, in vitro models are powerful tools to rapidly identify novel mechanisms and
genes related to the cancer system.
The extraordinary advantages of using in vitro cancer models are counteracted,
however, with their limitation in relevance. The cells in the center of the 3D scaffolds are
dependant on nutrient diffusion from the surrounding medium, keeping the scaffold sizes
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to extremely small diameters (roughly 3mm). These tumors resemble cancer in the first
stage of development, before they reach the critical stage where metastasis can occur.
This limitation imposes many problems when studying how the systems are affected by
different treatments. Therefore, the long-term goal of our research is to create a
vascularized cancer model with perfusion throughout the tissue sample. This will allow
the tumor to grow more readily with morphological characteristics of metastatic cancer.
Overall, this model will be much more relevant for testing antiangiogenic drugs and
studying the ingrowth of a vasculature supply and metastasis.
The objective of our research was to identify an assay incorporating both
vasculogenesis and angiogenesis within a cancer model to improve vascular perfusion
throughout the 3D scaffold. Thus far, the angiogenesis and vasculogenesis have been
achieved separately in monoculture systems. We hypothesized that is this assay could be
achieved by incorporating both static and dynamic culture conditions using a Type I
collagen gel. More specifically, we investigated techniques that had been shown to be
successful in inducing vasculogenesis and angiogenesis separately in the monoculture
systems and then combined them into one model. To further enhance the outcomes, the
vessel induction was incorporated into cocultures of cancer cells and other cell types.
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As an outcome of the research, we’ve made a step towards achieving both
vasculogenesis and angiogenesis within a 3D coculture system that could be implemented
into research involving in vitro cancer models. This contribution is significant because it
will allow researchers to have much more relevant and comprehensive cancer model to
work with. Once the research techniques are fully perfected, the system can be
implemented into any in vitro 3D cell model.
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Background
B.1 Vasculogenesis vs. Angiogenesis:
Although both vasculogenesis and angiogenesis refer to the formation of blood
vessels, there is a fundamental difference between the two. Vasculogenesis refers to the
de novo formation of blood vessels when there are no prior existing vessels at a site. This
is in contrast to angiogenesis, which builds upon current structures in a more refined
trimming process.
Vasculogenesis is extremely important during fetal development, but the process
occurs in adults as well. During vasculogenesis, endothelial cells form short lumen
structures at the site of capillary development, which over time can connect together to
form vessels. The key feature in the development of vasculogenesis is that the endothelial
cells grow short lumen structures on an
individual basis, often times from
endothelial progenitor cells (EPCs)
circulating in the blood stream (Isner
1999).
During angiogenesis, however,
the endothelial cells build off of
preexisting vessels by branching and
elongating them. The process can also
be used to prune and connect the short
lumen structures made during

Figure 1 A visual representation of vasculogenesis
and angiogenesis. Endothelial cells can form
capillaries from either method, or from a
combination of both. http://www.med-ed.virginia.edu/

vasculogenesis (Figure 1).
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Angiogenesis is the most common method used within the adult body to create new
vessels.
In addition to being a normal process during growth of the body and in the body’s
replacement of damaged tissue, angiogenesis can also occur under abnormal conditions
such as tumor growth. Tumors have metabolic needs that are greater than what preexisting vascular networks can provide. In order for tumors to develop in size and
metastatic potential, they must induce angiogenesis to occur within them (Folkman
2002).
They achieve this by secreting growth factors such as vascular endothelial growth
factor (VEGF) and fibroblast growth factor (bFGF). These factors induce endothelial
cells to penetrate the tumor and begin the process of capillary development
(Angiogenesis 2009). As the endothelial cells divide and migrate towards the tumor,

Table 1 A table summarizing prior studies involving the induction of
vasculogenesis and angiogenesis. It includes the basic experimental
conditions, as well as the advantages and disadvantages of each type
of vessel growth.

Summary of Prior Studies Inducing
Vessel Growth
Vasculogenesis Angiogenesis
Culture Conditions Static
Main Cell Type
hMVEC
Scaffold Material
Type I Collagen

Dynamic
hMVEC
Type I Collagen

Advantages

Higher Lumen
Quantities

Constant lumen
connectivity to
media source

Disadvantages

Lumen aren't
connected to media
supply

Lower lumen
quantities

No integration of
cancer cell lines

No integration of
other cells types
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they in turn secrete growth factors that stimulate the growth of the cancer cells. Thus,
endothelial cells and cancer cells mutually stimulate each other, providing a positive
factor in our coculture experiments.

B.2 Current Vasculogenic Inducing Techniques:
Since vasculogenesis develops a vessel de novo, current models use endothelial
cells to closely mimic this process (Table1). The following is a brief summary of the
current vasculogenic inducing techniques:

In Vitro three dimensional collagen matrix models of endothelial lumen
formation during vasculogenesis and angiogenesis (Koh 2008): One such method
uses endothelial cells suspended within 3D collagen matrices. The Type I collagen
matrix was chosen because it represents the major matrix environment where vascular
events occur (Bayless 2000). Since the cells were suspended as single cells, they then
spontaneously participated in tube development through the formation and coalescence of
vacuole and lumen formation (Figure 2). The vasculogenesis assays were quantified
either by counting the number of EC lumens or by tracing the area of endothelial lumens.
Since it is an in vitro system, the researchers were able to further build upon their
research by manipulating several different genes behind the vasculogenesis process.
From this, they discovered that Cdc42, Pak2, and Pak4 are all crucial genes in endothelial
lumen and tube formation within 3D collagen matrices.
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Figure 2 In vitro models of endothelial cell tube morphogenesis mimicking vasculogenesis (left)
and angiogenesis (right) in 3D collagen matrices. The vasculogenesis assay seeds endothelial
cells within the collagen gel, which then spontaneously undergo tube formation and lumen
structure. The angiogenesis assay, however, seeds the endothelial cells along the top layer of the
collagen gel and the cell interactions stimulate lumen and tube formation to invade into the gel.
It has also been shown that flowing medium across this assay induces more angiogenesis to
occur. The bottom pictures show actual images of the two processes with arrows pointing to the
lumen structures (Koh 2008).

In vitro 3D model for Human Vascularized Adipose Tissue (Kang 2009):
Another worthy study uses a silk scaffold instead of a collagen gel as the matrix for the
vasculogenesis of endothelial cells. The silk introduced a more long-term model because
of its slow degradation rates compared to that of collagen. To enhance their research, the
researchers grew the endothelial cells as a coculture with adipose tissue in order to create
a system that mimics a biological tissue. Their results showed well-defined lumen
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structures after 7 to 14 days. In addition, Kang noted that the endothelial cells grew
better lumen structures in the presence of the adipocytes, although the mechanism and
reason for this is still unknown.

The two different research papers discussed in this section observed endothelial
cells developing lumen structures on different scaffolds and in the presence of coculture
cells. The studies were able to get widespread vasculogenesis tube structures, but with
the limitation of lumen tubes that are closed on both ends so medium transport isn’t
possible. Even so, their research represents a small glimpse into the enormous
possibilities for these cells to be used for in vitro vasculogenesis in a variety of different
engineered tissue models.

B.3 Current Angiogenic Inducing Techniques:
In contrast to the vasculogenesis models where endothelial cells sprout lumen
structures de novo, models using angiogenesis form vessels by sprouting from a
preexisting endothelial layers resembling vessel walls (Table 1 & Figure 2). The
following is a brief account of the current angiogenic inducing techniques:

In vitro three dimensional collagen matrix models of endothelial lumen
formation during vasculogenesis and angiogenesis (Koh 2008): In comparison to the
vasculogenesis model described above, Wanshill Koh induced angiogenesis within their
Type I collagen matrix by seeding the endothelial cells across the top of the gel and
adding certain growth factors (Figure 2). The assays were then quantified by counting
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the number of lumen structures invading into the collagen gel. Unlike the vasculogenesis
tube structures that have closed ends, one end of the angiogenesis tubes are open to the
environment that allows medium to flow into the structure. The limitation of this system,
however, is that there are far fewer lumen structures formed than those formed during
vasculogenesis. Through their studies, it was also concluded that sphingosine-1phosphate (S1P) and stromal-derived factor-1-alpha (SDF-1) were important stimulating
factors in forming the luminal structures (Bayless 2003).

Transport-mediated angiogenesis in 3D epithelial coculture (Sudo 2009): This
angiogenesis study built upon the previous experiment. These researchers, however, used
a microfluidic device in order to maintain flowing fluid across the tops of the endothelial
cells (see B.4 for information about the microfluidic device). The flowing fluid places
the cells under the same type of conditions they would face in vivo. Under flowing
conditions creating growth factor gradients, they discovered that endothelial tube
structures could be directed to
grow into the defined collagen gel
environment. To introduce a
coculture situation, hepatocytes
were then seeded on the opposite
side of the microfluidic device.
When both cells were maintained
in interstitial flow conditions,
endothelial vascular sprouts

Figure 3 Images showing the angiogenesis of
endothelial cells (arrowheads) growing through a
collagen gel towards the hepatocytes (arrow) shown at
the top of the image. Some of the hepatocytes were also
seen migrating towards the endothelial tube structures.
The experiment was performed under interstitial flow
conditions within a microfluidic device (Sudo 2009).
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extended across the gel scaffold and approached the hepatocyte tissue-like structures.
Some hepatocytes also migrated toward the endothelial capillary-like structures (Figure
3). A limitation to Sudo’s work, however, is that the vascular network never grew into or
directly interacted with the other cell type. This interaction would need to be obtained in
order for the model to become useful. Regardless, this experiment was a major
advancement in the field of in vitro vascularization.

Hanging-drop multicellular spheroids as a model of tumour angiogenesis
(Timmins 2004): In contrast with the previous two angiogenesis studies, Nicholas
Timmons incorporated cancer cells to help induce angiogenesis to occur. This is the first
time endothelial cells have integrated into an in vitro 3D cell culture. Multicellular
spheroids comprised of cancer cells different types were generated to resemble an in vivo
avascular tumor region. Endothelial cells were then introduced to the system by inserting
them into the medium. A microfluidic device was not used. For certain cancer cell types,
the endothelial cells surrounded the spheroid and began burrowing into the system to
form lumen structures (Figure 4).
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Figure 4 Endothelial cells (blue) formed small luminal structures throughout the
multicellular spheroids (red) via angiogenesis. (a) and (c) show 293 cocultures in
red, while (b) and (d) show HepG2 cocultures. (Timmins 2004)

Due to the cancer cell’s inherent characteristic of producing angiogenic factors,
Timmins was able to generate microvascularized constructs without the addition of
angiogenic factors or other outside stimuli. A downfall to this novel research, however,
is that it was highly dependant on the cell type used in the multicellular spheroids. Most
of the cell types used in the experiment led to perfusion of only the outer regions of the
spheroid. This doesn’t achieve the goal of allowing nutrients to penetrate to the inner
part of the scaffold. The addition of stimulation factors may increase the viability and
usefulness of this angiogenesis inducing method, but this research provided a great
foundation into the creation of a vascularized 3D cancer model.

B.4 Microfluidic Device:
The microfluidic device that we will be using in Specific Aim #2 and #3 is similar
to the design used by Ryo Sudo in the study previously discussed. In his experiments,
Sudo used a system made of polydimethylsiloxane (PDMS), a widely used silicon-based
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organic polymer known for its
flow properties (McDonald 2000).
The PDMS has the advantage of
being a stable and translucent
material that allows researchers the
capability of witnessing cellular
growth in real time.
The microfluidic device
was chosen as a main component

Figure 5 The microfluidic device used by Sudo in his
angiogenesis research. It consists of 3D scaffold with
parallel channels for media flow along the sides. (Sudo

of our studies because the small
size would allow the user to monitor the dynamics of individual cells. In addition, the
fluid channels would create the dynamic culture conditions necessary for stimulating
angiogenesis.
The microfluidic device is manufactured by soft lithography using a master mold.
The master mold acts as a stamp with which the PDMS solution is poured over. Once
dry, the device can be peeled away from the mold and cleaned for use (Xia 1998).
Sudo’s finished microfluidic device contained parallel channels for medium flow
separated by a 3D scaffold to hold Type I collagen gel (Figure 5). The shape and
dimensions of the microfluidic device are designed to produce capillary forces sufficient
to confine and support the injected collagen gel solution (Sudo 2009 and Vickerman
2008). For the purpose of the experiment, Sudo selected a gel scaffold width of 750μm
to withstand the pressures and shear stresses associated with interstitial flow, while
promoting interactions between cells cultured in the two separate channels. To increase
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the stability of the collagen gel structure, small posts were located throughout the
scaffold. In addition, the fluid channel dimensions of 500μm by 240μm were selected to
reduce the shear stress on the cells during medium replacement and provide sufficient
area for cell adhesion to the sidewall of the gel scaffold.

B.5 Coculture Cell Types:
There are several cell types that we were interested in determining their effect on
endothelial cell vasculogenesis and angiogenesis. The following list describes the cells
we used and why:
hMVEC – human microvascular endothelial cells: These endothelial cells were the
primary cell line in this research. They were chosen because they have shown the ability
to undergo vasculogenesis and angiogenesis in addition to being readily available at
Tufts.
hFF – human foreskin fibroblasts: Fibroblasts are a critical component of the wound
healing process. These cells are recruited to a wound site where they regulate
angiogenesis through their involvement in the regulation of extra cellular matrix (ECM)
protein production (Tettamanti 2004). The formation of bundles of collagen fibrils by
fibroblasts is fundamental for the development and migration of new blood vessels during
wound repair. They were included in our studies because of their role in angiogenesis. It
was hypothesized that co-culturing fibroblasts with endothelial cells will stabilize the
tubular structures. Since fibroblast usefulness involves the production of collagen,
however, this stabilization effect might be limited because Type I collagen gel was used
as the primary scaffold material throughout these studies.
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hMSCs – human mesenchymal stem cells: MSCs are known to secrete many factors
that are known to promote the angiogenic pathway, including vascular endothelial growth
factor (VEGF) and stromal-derived factor-1 alpha (SDF-1 ) (Tang 2008). It was
hypothesized that a coculture of hMSCs and hMVECs would promote more vasculature
to form.
LNCaP – human prostate adenocarcinoma cell line: Since prostate cancer was a
major system being studied in our lab, it was chosen as the cancer line we would focus
on. The LNCaP cell line was chosen above other prostate cancer cell lines because it’s
more representative of human cancer than the other cell lines. For example, LNCaP cells
have the ability to stimulate osteoblastic and osteolytic bone metastasis (Logothetis
2005). These cells also grow at a slightly slower rate, more similar to the rate cancer
cells grow in the body. Since tumor cells induce angiogenesis to occur in order to feed
their large growth rates, it was hypothesized that the incorporation of these cells into our
model would stimulate more vasculature to form.
THP-1 – human acute monocytic leukemia cell line: Monocytic cells are thought to
assist the formation and progression of capillaries by penetration of ECM using their own
proteases. (Moldovan 2004). These empty spaces can then be easily colonized by
sprouting endothelial vasculature. It was hypothesized that the addition of THP-1 cells to
our hMVEC model will have some beneficial effect on the overall vascular network.

B.6 Type I Collagen Gel:
Collagen is a major component of the extracellular matrix. It has the property of
high tensile strength and is thus used to maintain the structural integrity of a vessel
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(Dobrin 1984). Without the stiffness imparted by collagen, vessels cannot remain intact.
Since collagen is a prevalent protein in the vessel wall, it has become popular to use
collagen substrates as a support for tissue-engineered vessels. There is an added bonus of
creating a more biologically familiar matrix for the growing cells.
There are 12 different types of collagen found within the body, but Type I
collagen is most often what’s used in creating the in vitro collagen gels. One reason for
this is that Type I collagen is the mosts abundant type of collagen within the body. It is
found in everything from bone to skin to the liver. It also happens to be the least
expensive and easiest to obtain for experiments.
The chemical composition of Type I collagen includes 19 different amino acids,
but contains a glycine at every third residue. (Figure 6) Each individual collagen protein
twists into a helix and then combines with two other collagen strands to create a tightly
wound superhelix. Superhelices are a
crucial component in giving collagen
its strength (Stryer 2007).
The downfall of using
collagen gels, however, is that the
tensile strength of the gel is much
lower than is found in in vivo
Figure 6 above: Amino acid sequence
of a part of a collagen chain. Every third
residue is a glycine. The glycine is
found at the center of collagen helices.
Left: Three collagen strands further twist
around one another to create strong
superhelices. (Stryer 2007)

(Mitchell 2003). This is because the
collagen within the gel isn’t
organized into ordered collagen
fibrils like it is within the body. This
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makes it necessary to provide further outside structure to support the in vitro collagen gel
if a 3D matrix is being created.
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Specific Aims
This project examines the combination of vasculogenesis and angiogenesis
techniques within a 3D in vitro cancer model. The objective is to improve vascular
perfusion throughout the 3D scaffold, allowing the tumor to grow more readily with
morphological characteristics of metastatic cancer. To accomplish this, this project
included three specific aims. A table showing an overview of each aim is posted in Table
2.

Specific Aim #1:
Examine vasculogenesis within a static neoplastic cell culture using Type I
collagen gel incorporated into a 3D silk scaffold. Using techniques that have lead to
successful vasculogenesis in the past, human microvascular endothelial cells (hMVEC)
were used to induce lumen and tube formation. The hypothesis was that static medium
conditions, as well as endothelial cells that are dispersed throughout the collagen gel,
would induce vasculogenesis to occur. In addition, we proposed that the incorporation of
cancer cells and fibroblasts would lead to a higher quantity and more stable vascular
network. Multiple other coculture combinations were examined (using the cell types
discussed in the background section) to assess what culture conditions produce the
highest number of vessels with the largest lumens. The silk scaffold was intended to
provide structure to the collagen gel.
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Specific Aim #2:
Examine spreading angiogenesis within a dynamic neoplastic cell culture
using a 3D microfluidic-based system. Within a microfluidic device, hMVECs were
used to induce luminal profusion into a collagen gel. The hypothesis was that the flowing
media would induce the hMVECs to undergo angiogenesis. The endothelial cell layer
with flowing media across the top simulates a blood vessel and therefore mimics the
body’s natural conditions. In
addition, we proposed that the

Table 2 outline of the different aspects of each specific aim.
Aim 1

microfluidic
device

Type I
collagen

Type I collagen

Type 1
collagen

static

fluid

static and fluid

hMVEC and
LNCaP

hMVEC and
LNCaP

hMVEC and
LNCaP

method of
cell culture silk scaffold

would lead to larger quantities

Growth
matrix

and more stable structures

medium
conditions

MSCs was also examined
because of the encouraging
results seen during Specific
Aim #1.

main cell
types

Aim 3

microfluidic
device

incorporation of cancer cells

respectively. The inclusion of

Aim 2

Additional hFF, hMSCs,
THP-1
hMSCs
hMSCs
cell types
histology and lumen structure lumen structure
lumen
quantification quantification
structure
using confocal using confocal
Analysis
microscope
methods quantification microscope

Specific Aim #3:
Combine the ideal parameters for specific aim #1 and #2 to combine
vasculogenesis and angiogenesis into the same 3D neoplastic cell model. It was
hypothesized that combining the static culture parameters that stimulated vasculogenesis
and the dynamic culture parameters that induced angiogenesis would lead to a more
extensive vascular network with better perfusion. This aim was done using the
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microfluidic device. To further enhance the different ideal parameters from Specific Aim
#1 and Specific Aim #2, we proposed seeding the hMVEC cells both within the collagen
gel and along the edges of the device.
To further the stimulation of vessel growth, the study took advantage of cancer’s
natural ability to excrete angiogenic growth factors. For the purpose of this experiment,
the LNCaP cell line was seeded within the collagen gel. Since the endothelial cells in
turn stimulate tumor growth, the coculture of the two cell types would be an added
benefit in this study. In conjunction to the cancer cells, the effects of a coculture
including MSCs were also looked at because of the encouraging results seen during
Specific Aim #1.
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Methods
To achieve the overall objective of our research, Specific Aim #1vexploring the
methods of inducing vasculogenesis was first performed. Since it calls for a static system,
cells were seeded within collagen and then injected into silk scaffolds. Before continuing
on to Specific Aims #2 and #3, however, the microfluidic device used for setting up the
dynamic culture conditions needed for angiogenesis stimulation had to be designed and
optimized. Once this was completed, the methods of angiogenesis could then be
explored. Finally, the results from the first two experiments were combined into one
system to pull together the two modes of vascular formation in order to drive the
formation of a more perfused 3D in vitro cancer model.

Specific Aim #1:
The culture combinations tested included:
Collagen
hMVECs alone
hMVEC + LNCaP
hMVEC + LNCaP + hFF
hMVEC + LNCaP + THP-1
hMVEC + LNCaP + hFF + THP-1
hMVEC + hFF + hMSC
hMVEC + LNCaP + hFF + hMSC

Seeding Ratios
2:1
2:1:1
2:1:1
2:1:1:1
2:1:1
2:1:1:1

No Collagen
hMVEC + LNCaP

2:1

control

control

control

There were several built in controls. The cells grown on the silk scaffold without the
collagen gel was intended to see if the collagen has an effect on the vasculogenesis. This
is especially important since the Type I collagen gel will be used as the primary scaffold
27

material in the other specific aims. The other control groups were to test the importance
of the LNCaP cells on the other cells in the system.
Silk scaffolds containing 800 μm sized pores were first cut into small pieces
approximately 0.3cm x 0.5cm. They were then autoclaved for sterilization and soaked in
medium for two hours to prepare for cell seeding. In the meantime, the cells were mixed
into the Type I collagen gel such that the seeding density would be 150,000 for the
hMVECs and 75,000 for the rest of the cell types. The hMVECs had higher seeding
density because they were the main focus of the study and they grow slowly compared to
the other cell types. When the two solutions were ready, the collagen/cell mixture was
injected into the silk scaffold and allowed to thicken to a solid gel. Media was then be
added to the system. The hMVEC growth media was used as the only cell media during
the coculture experiments. This was because the endothelial growth media (EGM)
contains many growth factors, which encompasses those needed in the other cell growth
media (Lonza Walkersville, Inc). The system was then grown at 34°C for 14 days. To
analyze the results, we used histology and lumen quantification.
1.1 Silk Scaffold Preparation:
To prepare the silk scaffold, 4.24 grams of sodium carbonate and 5 grams of small
pieces of dried silk cocoons were added to 2 L of filtered boiling water. Occasional
stirring promoted good dispersion of fibroin, the structural protein at the center of the
silk. The silk was then extracted and rinsed three times in 1 L of filtered water. After
rinsing, the silk can then be separated out and allowed to air dry in the hood for at least
12 hours.
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The dry silk was then put in a 20% weight per volume solution of 9.3 M LiBr
solution. The silk was allowed to dissolve in an oven at 60C for four hours. Afterwards,
12 mL of the silk-LiBr solution was inserted into 3-12 mL presoaked dialysis cassettes
and dialyzed against 1 mL of filtered water, changing the water six times over the next 24
hours. Following the dialysis, the silk solution from the cassettes was centrifuged twice
for 20 minutes at 5-10C (9,000 rpm) and the excess debris was taken out each time.
To make the actual silk scaffold, 2 mL of 8% silk solution was added to several
plastic containers measuring 15mm dia x 10 mm height. Four grams of NaCl was then
slowly poured onto the top of the silk solution creating a uniform layer. After leaving the
closed containers at room temperature overnight, the containers were kept at 60°C for 1
day. Finally, the scaffolds were rinsed 4-6 times over the next 2-3 days and stored in
purified water at 4°C until needed for use.
1.2 Type I Collagen Gel Formation:
Keeping all parts on ice, 200μL increments of collagen gel are made. To prepare,
10μL sterile 10x phosphate buffered saline (10x PBS), 56.5μL sterile dH 2 O, and 0.53μL
of 1N NaOH were added to a test tube. At this point the desired cells were added to the
tube, making sure that the cell solution volume comes out of the dH 2 O volume. 23 μL of
rat tail collagen (BD Biosciences) was then added to the tube. The change in pH of the
collagen is what caused the liquid to gel. The total collagen gel needed to be injected into
its final location before the gel hardened.
1.3 Histology and Lumen Quantification:
In order to prep the experiment to perform histology, all extra media was
aspirated off the gel/scaffold. Each collagen matrix was then added to one cassette and
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put into formalin phosphate to preserve the sample from degradation. The formalin
phosphate preserved the cells by irreversibly cross-linking proteins.
The method of processing the matrix was to remove water from tissues and
replace it with paraffin wax, a medium that solidifies to allow thin sections (10μm thick)
to be cut. Samples were transferred through baths of progressively more concentrated
ethanol to remove the water, followed by a clearing agent (usually xylene) to remove the
alcohol, and finally molten paraffin wax (the infiltration agent) to replace the xylene
(Merck 2002). The scaffolds were then placed into moulds along with a liquid
embedding material to create hardened blocks that were ready to be sectioned. A glass
knife mounted in a microtome was used to cut the matrix into the desired sections, which
were then mounted on a glass microscope slide and stained with haematoxylin and eosin
(H&E). The H&E stain is a common histological stain that colors cellular nuclei blue
and cellular proteins various shades of red (Figure 7).
To quantify the lumen structures, the presence and number of lumens were

Haematoxylin

Eosin

Figure 7 Molecular structures of Haematoxylin and Eosin (H&E stain). The haematoxylin acts as a
basophilic stain that colors cellular nuclei blue, while eosin acts as an acidophilic stain that colors cellular
proteins various shades of red.
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examined from several histological
cross-sections of the scaffold. The
mean number of lumens from each
experimental group was then
plotted as a bar graph and error bars
showing the standard deviation was
incorporated in. This data was then
used to compare the different
culture conditions.
Figure 8 Design layout of the microfluidic device. The
center scaffold displays dimensions of 1.2 mm tall by 1
mm wide. The fluid channel displays a width of 0.4 mm.

Specific Aim #2:
In order to study the induction of angiogenesis using a microfluidic device, it was
first necessary to design and perfect the methods for setting up the microfluidic device.
Once this was completed, it was then possible to incorporate cells into the system.
2.1 Microfluidic Device:
The initial design of the microfluidic device that was used in Specific Aim #2 and
#3 was centered on a design consisting of parallel channels for medium flow separated by
a 3D scaffold to hold Type I collagen gel (Figure 8). For the purpose of the experiment,
the gel scaffold dimensions of 1.2 mm tall by 1 mm wide was selected to withstand the
pressures and shear stresses associated with interstitial flow, while promoting interactions
between cells cultured in the two separate channels. To increase the stability of the
collagen gel structure, small posts are located throughout the scaffold. It was found that
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the posts positioned in an uneven pattern in relation to one another provided the most
stability. In addition, the fluid channel width of 0.4 mm was selected to reduce the shear
stress on the cells during medium replacement and provide sufficient area for cell
adhesion to the sidewall of the gel scaffold.
The microfluidic device was manufactured in the same manner as described in the
background section B.4. The device was made of polydimethylsiloxane (PDMS) using
the process of soft lithography. Once it was dry, the device was cut and peeled away from
the master mold. The next process of setting up the microfluidic device, however, ended
up posing a challenge because of the small area to work in and the instability of the
collagen gel. The methods we developed seemed to minimize most of the observed
problems.
Holes were punched through the fluid channel openings with a 1mm biopsy
punch. The device was then rinsed with alcohol to sterilize. Once dry, the device and a
glass slide were placed in a plasma coater and treated for 45 seconds. This will allow the
microfluidic device to permanently adhere to the glass slide through chemical bonding.
Type I collagen gel made following the protocol in methods section 1.2 with or
without cells was then carefully injected into the center scaffold area before the device
was adhered to the glass slide. This was done by hand using a micropipet. Once the
collagen was in place, the device is adhered to the glass slide. It is important to do this
step before the collagen has dried and before the plasma treatment wears off. The device
was then incubated for 30 minutes to allow the collagen to dry.
Once the collagen was dry, fluid is injected into the side channels. The fluid
could be phosphate buffered solution (PBS) to keep the collagen moist, denatured
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collagen to treat the channels for hMVEC seeding, or cell media depending on what the
case called for. Finally, needles were inserted into the holes punched through the fluid
channel openings and connected to 3ml syringes. Fluid height differences were used
between the syringes to promote fluid flow across the channels. The media was changed
once every 24 hours to continually have fluid flow.
20G needles were initially used as the inserted needles because the diameter
matched the diameter of the hole punched, but leaking prompted us to used 19G needles.
Both types of needles were blunt tipped in an effort to prevent leaking as well as
accidental piercing of the device. 100% silicone clear glue was then applied around the
tops of the needle insertion point to provide additional protection against leaking.
2.2 Experimental Setup for Testing Microfluidic Device:
Prior angiogenesis studies have kept the endothelial cells separate from the other
cells in the experiment, allowing only the excreted growth factors to contact each other.
This was useful showing the importance of cellular signaling, but doesn’t create a
realistic and useful model for further research. For testing the microfluidic device, cancer
cells were integrated into the system.

Seeded in Collagen

Seeding Along Channels

No cells

hMVEC

LNCaP

hMVEC

LNCaP + hMVEC

hMVEC

The cells to be added within the Type I collagen gel scaffold were added to the
collagen solution before being injected into the microfluidic device (see methods 1.2).
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Once the collagen had completely
gelled, the channels were treated
with a 0.5% denatured collagen
solution for 30 minutes to increase
hMVEC attachment. The hMVECs
were then seeded along the side of
the fluid channel using a syringe.

Figure 9 Molecular structure of the carbocyanine DiI, a
lipophilic dye that integrates into the lipid cell
membranes and causes the entire cell to fluoresce an
orange-red color (Invitrogen).

The device was then held vertical in the incubator for 30 min to allow cell attachment to
the sidewall of the gel scaffold before returning to the horizontal position.
In order to tell the endothelial cells from the cancer cells, the LNCaP cells were
fluorescently labeled with DiI before implantation (Figure 9). DiI is a lipophilic dye that
integrates into the lipid cell membranes and causes the entire cell to fluoresce an orangered color (Invitrogen 2010). 4μL DiI stain was added to 1 million cells within 1mL cell
media and incubated for 30 minutes. They were then incorporated into the collagen gel
with the rest of the cells to be added.
hMVEC growth media was used to create the interstitial flow. It was chosen
because the endothelial growth media (EGM) contains many growth factors, which
encompassed those needed in the other cell growth media (Lonza Walkersville, Inc). The
system was grown at 34°C for 7 days. The device was then imaged with fluorescence
and brightfield microscopy to check the viability of the cells and the capability of
imaging the device and distinguishing between the two cell types.
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2.3Experimental Setup for Angiogenic Study:
The experimental setup for the angiogenic study will be very similar to
experimental setup for testing the microfluidic device. The experimental incubation
period, however, will require about three weeks and more cells types will be incorporated
into the coculture system (See B.5). Media changes in the syringes creating the dynamic
fluid flow conditions will occur every 24 hours to maintain height differences between
the syringes.
2.4 Lumen Quantification & Microfluorescent Bead Analysis:
To analyze the results of this angiogenic induction experiment, fluorescent and
confocal microscopy will be used to quantify the number of sprouting lumen. The size of
the microfluidic device will allow for the total number of lumen to be counted in each
device and then averaged for each experimental condition. In addition, microfluorescent
bead will be added to the media on the last day of cell culture to ensure that the lumens
are connected to the media channels. This will be shown through the migration of the
microfluorescent beads from the media channel into the bottom of the lumen structures.
The mean total lumen quantities and the mean number of lumen containing the
microfluorescent beads will then be plotted against each other for each experimental
condition. Comparison between the different groups will allow for the determination of
the experimental condition leading to overall largest lumen quantity and lumen structures
with the most connectivity to the media channels.

35

Specific Aim #3:
This specific aim has yet to be accomplished, but will be one of the immediate
future steps. It will incorporate the results of Specific Aims #1 and #2 into one model
using the microfluidic device. While the exact method of performing this part of the
study may still change depending on future results in Specific Aim #2, the current design
has incorporated the promising results we obtained in Specific Aim #1. We propose
seeding the various combinations of the LNCaPs and MSCs within the Type I collagen
gel prior to injection within the sterile microfluidic device. This method is a common
feature of both Specific Aims #1 and #2 and should help pull together the two
experiments.
In order to ensure the induction of both vasculogenesis and angiogenesis, we
propose seeding the hMVEC cells in two different ways. First, the hMVEC cells will be
seeded within the collagen gel at a ratio of 2:1 to the other cell types being used (see prior
aims for exact method). This will put the endothelial cells under static conditions that
will hopefully lead to the induction of vasculogenesis. Once the fluid channels have been
cleared and the collagen matrix fully gelled, the system will be grown for several days to
allow the vasculogenesis to occur.
Once lumen structures have begun to form, the hMVEC cells will then be seeded
along the side of the fluid channels (See Specific Aim #2). The syringes will be set up to
create interstitial flow for the rest of the experiment. These dynamic conditions will
hopefully induce angiogenesis, with the angiogenic induced lumen structures integrating
into the vasculogenic derived ones. The system will then be grown at 34°C for 14 days.
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To analyze the results, lumen quantification between devices will be performed
(see 2.4 above), as well as fluorescent microsphere analysis.
3.1 Fluorescent Microsphere analysis:
To demonstrate the process of angiogenesis is occurring instead of
vasculogenesis, fluorescent microspheres will be added to the EGM in the final day of
culture (Vickerman 2008). Lumen structures that have grown through angiogenesis will
be connected and open to the channel, meaning the fluorescent microspheres will be able
to travel into them. Vessels that have formed through vasculogenesis won’t be connected
to the channel and will therefore contain no fluorescent microspheres. This is a direct
confirmation of success that is often left out in many vascularization models. For the
purpose of this experiment, microfluorescent beads found within the lumen structures that
were observed to have grown during the initial induction of vasculogenesis would show
that the angiogenic lumen structures had incorporated into the vasculogenic structures.
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Results
Specific Aim #1:
This specific aim studied the induction of vasculogenesis by focusing on
techniques that had been proven successful in the past. Unlike the prior studies, however,
cancer cells and other cell types were incorporated into the model. Over the course of this
aim, cocultures of hMVEC and LNCaP cells within a Type I collagen gel were studied.
Other cells including hFF, THP-1, and hMSCs were also incorporated into the cocultures
for the various reasons discussed in background section B.5. The collagen gel was
seeded into a silk scaffold to provide structure to the intended 3D model.
Upon examination of the histology results, it was noticed that lumen structures
were for the most part only present in the groups that contained MSCs (Table 3). One
lumen structure, however, was found in experimental group 5 leading us to believe
vasculogenesis was still possible in the other groups but would take a much longer total
incubation time or another alteration in the culture conditions (Figure 10). The lumens
were easily distinguishable from the rest of the scaffold by a thin ring of stretched cells
connected together forming a hollow hole in the center (Figure 11). In addition, all of the
groups showed the bulk of cellular growth occurring around the edges of the silk
scaffold. The groups containing lumen growth, however, had much thinner and less
concentrated cellular shells than those without lumen growth (Figure 12).
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Table 3 Table showing the histology results for Specific Aim #1. Lumen growth was only found in
groups with hMSCs added

Collagen
1. hMVECs alone
2. hMVEC + LNCaP
3. hMVEC + LNCaP + hFF
4. hMVEC + LNCaP + THP-1
5. hMVEC + LNCaP + hFF + THP-1
6. hMVEC + hFF + hMSC
7. hMVEC + LNCaP + hFF + hMSC

Lumen Growth
+
+
+

No Collagen
8. hMVEC + LNCaP

-

Mean number of lumens found
per histology slice

Lumen Growth
7
6
5
4
3
2
1
0
hMVEC hMVEC + hMVEC + hMVEC + hMVEC + hMVEC + hMVEC +
No
LNCaP LNCaP + LNCaP + LNCaP + hFF + LNCaP + Collagen,
hFF
THP-1
hFF +
hMSC
hFF + hMVEC +
THP-1
hMSC
LNCaP

Experimental Groups
Figure 10 Bar graph showing the distribution of lumen structures found in each experimental group.
Two scaffolds of each experimental group were used, with two random histological slices taken from
each scaffold. Bar graph plots the mean number of lumen found in each histology slice and the
corresponding standard deviations.
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hMVEC, hMSC’s, HFF

hMVEC, LNCaP, hMSC’s, HFF

100 μm

100 μm

100 μm

100 μm

Figure 11 Images showing lumen formation within cell cultures containing hMSCs. The lumen are characterized
by thin concentrated cells surrounding an area devoid of cells. The cells were cultured for two weeks.

100 μm

100 μm

hMVEC + LNCaP + hFF + THP-1

hMVEC + hFF + hMSC

Figure 12 Images showing the bulk of cellular growth occurring around the edges of the silk scaffold. The
groups containing lumen growth (right), however, has much thinner and less concentrated cellular shells
than those without lumen growth (left). The culture time was two weeks.
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100 μm

100 μm

Figure 13 Results of hMVEC and LNCaP cells added to the silk scaffold in the absence of the
collagen gel. The cells can be found clumped together into spheroids instead of adhering to the
scaffold. The cells were cultured for two weeks.

In contrast with the rest of the results, the experimental control of the hMVEC
and LNCaP cells seeded into the silk scaffold in the absence of collagen yielded
markedly different cell adhesion patterns (Figure 13). Without the collagen as a
structural resource for the cells to adhere to, the cells took to adhering to each other in the
form of multicellular spheroids similar to the ones used by Timmons discussed in the
background section (Timmons 2004). The endothelial cells (lighter in color) can also be
seen in areas surrounding the major cell masses. These results are an interesting element
to incorporate into Specific Aims #3 or future experiments.
Specific Aim #2:
This specific aim studied the induction of angiogenesis using a microfluidic
device that imposed vascular conditions onto the endothelial cells. Prior angiogenesis
studies have kept the endothelial cells separate from the other cells in the experiment,
allowing only the excreted growth factors to contact each other. This was useful for
showing the importance of cell signals, but doesn’t create a realistic and useful model for
further research. In this study, we worked to integrate the cells within the system.
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R.2.1 Microfluidic Device:
The first accomplishment within Specific Aim #2 was in getting the microfluidic
system to work by perfecting the device setup methods (Figure 14). This section will
delve into the challenges we faced and the ways we overcame them, however, a complete
outline of the final methods decided upon can be found in the methods section 2.1.
The first challenge come across was the optimal method for injecting the collagen
into the scaffold. Initially, we attempted to adhere the device to the glass slide before

100 μm

Figure 14 Left: Image of microfluidic device completely set up. Upper right: Close up image of the
microfluidic device with needles inserted into the channels. Lower right: Image of the scaffold once
collagen has been injected into the center and device subsequently adhered to a glass slide. The clear
upper area is the fluid channel.
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injecting the collagen solution in through the side channels. The idea was to completely
fill the center scaffold and both channels while the collagen was in liquid form, and then
clear the fluid channels once the collagen had gelled some. Either PBS or deionized
water was used to replace the collagen in the channels, hoping the center posts and the
stiffening, but still malleable, characteristics of the collagen gel would prevent the gel
from leaving the center scaffold. This method had limited success. We were able to
remove the collagen from the sides without washing away the center scaffold area, but
not without badly deforming it. There were never clean edges on the scaffold to seed the
endothelial cells to and there usually ended up being holes due to the gel stretching near
the posts.
Because of these issues, we switched to injecting the collagen solution before
adhering the device to the glass slide. In order to do this, the device had to be plasma
treated before injecting the gel because the vacuum pump would have evaporated the
liquid part of the collagen solution. This meant that there was an extended amount of
time between plasma treatment and device adherence. We were worried that this would
affect how well the device adhered to the glass, but we never had an issue with the
adherence. Injection of the collagen was done by hand using a 2μL pipet.
The second challenge we came across dealt with the collagen gel itself. The
collagen could appear to be optimally injected within the center of the device while it is
still in liquid form, but it would continually collapsed in on itself once congealing into the
gel. The posts within the center of the device were intended to help stabilize the collagen
gel to prevent this from occurring, but there didn’t seem to be enough of them. In
addition, the method for the injection of the collagen solution always wetted the tips of
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the posts. This would have prevented the posts from individually adhering to the glass
slide so this might have had an impact in their inability to stabilize the collagen.
The collagen gel also tended to separate from the glass slide as soon as fluid was
injected into the side channels, allowing fluid to flow underneath the collagen and
connecting the two channels. To try and compensate for these shortcomings, we
attempted putting pressure on the center of the device. The first attempt was done using
wire but this ended up only putting pressure on the outside edges of the device.
Eventually it was found that small tweezers were able to apply the pressure in the correct
vicinity, allowing for correct collagen placement and fluid flow. This is only a short-term
solution, however, because the tweezers prevented observation of the center scaffold area
under a microscope (a main reason for choosing to use the device) and it angled the
device making it extremely difficult to use needles and syringes for supplying media.
Another challenge encountered with the microfluidic device involved getting the
endothelial cells to adhere to the collagen gel upon seeding them in the fluid channels. It
was noticed that even with treating the channels with a collagen solution beforehand, the
cells would wash away as soon as soon as the device was set up with flowing media. It
was found, however, that if the device was incubated the on an angle for 30 minutes after
seeding, gravity helped the cells settle and adhere to the collagen gel much more stably.
Once the cells were firmly attached to the collagen gel they weren’t dislodged by the
flowing media.
Finally, some challenges were encountered with setting up the microfluidic device
to have flowing media. Leaking was a continual problem, prompting the use larger
diameter needles. 20G needle were initially used because they had the same diameter as
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the punched holes, but it resulted in leaks occurring a quarter of the time. It was decided
that those needles would work fine to inject the collagen treatment and seed the cells, but
a switch to a 19G needle was needed for fluid flow. In addition, once a needle had been
used in a device channel and then removed, the channels would be stretched and more
likely to leak following the insertion of another needle. Therefore, it was important to
limit the amount of times the needles were removed from the device and to switch to a
larger needle diameter after each change.
Throughout the experiments a standard 0.5ml media height difference between
the two ends of the fluid channel was used. In order to make sure that the fluid flow
created under these conditions wasn’t putting too much shear stress on the cells along the
channels, determination of how fast the fluid was equilibrating was needed. With this
information, we could determine the average velocity within the channels and roughly

Flow Equilization

Number of Channel Groups

4

3

2

1

0
0 to 0.5 hour

0.5 to 1 hour

1 to 5 hours

5 to 24 hours

over 24 hours

Time

Figure 15 Graph showing the distribution of equilibration times for the devices. All syringes
were set up to have 0.5ml difference between the ends of the channels and the time was denoted
when the fluid height reached equal values.
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estimate the shear stress along the side channels. When monitoring fluid equilibration,
however, there was huge variability into how the needles behaved. Under standard
conditions the fluid levels would equalize in anywhere from ten minutes to about a day or
more (Figure 15). There were also several instances where equilibrium was never
reached before the next media change. This extreme variability made it impossible to
deduce an accurate average velocity and shear stress within the channels. It also
introduces inconsistencies in the cellular treatment between devices and could lead to cell
death, although we never noticed a huge variability in cell growth between devices. Air
bubbles, excess collagen, and debris are possible causes for the wide range of flow
characteristics. It will be important to optimize this design characteristic for future
experiments.
R.2.2 Cell Growth:
At the conclusion of the time allotted for this research, angiogenic experiments
were unable to be fully completed but we were able to test the optimized microfluidic
device in the presence of cancer and endothelial cells. LNCaP cells were seeded within
the collagen gel and hMVEC cells were seeded both within the collagen gel and along the
fluid channels. This would simulate where each cell type would be located in the
complete angiogenic experiments. The LNCaP cells were labeled with DiI to enable us
to distinguish between cell types. hMVECs were then seeded in the channels as
described in the methods section. The cells were grown for six days and imaged to check
for cell viability (Figure 16). The DiI stain showed up remarkably well through the
PDMS and collagen gel, showing that there was an evenly distributed LNCaP cell
population. The fluorescent image was then compared with the brightfield image to
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locate the hMVECs, which were found in their respective location depending on where
they were seeded.
The physical characteristics of cells interacting with collagen show they retain a
much more symmetrical shape than those grown on a flat surface such as a flask or petri
dish. This observation makes sense because the cells are being supported in three
dimensions instead of two. Therefore, the cells would resemble cells suspended in a
solution instead of those being grown directly on a surface.

100 μm

100 μm

100 μm

100 μm

Figure 16 LNCaP and hMVECs seeded within collagen gel inside the scaffold area of the microfluidic
device. Left: Brightfield view of the cells. Right: The corresponding image showing only the DiI
fluorescence indicating the presence of an LNCaP cell. Image was taken after a six day incubation
period.
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40 μm

100 μm

Figure 17 LNCaP cells seeded within collagen gel. The arrow points to an area where the cells clumped
together into a spheroid.

Figure 18 Image showing
collagen gel separation from the
top side of the microfluidic
device. The separation doesn’t
interfere with the fluid flow in the
channel on the left. Image was
taken after a six day incubation
period.

100 μm

In addition to cells being seeded and growing throughout the collagen gel, there
were times when the cells clumped together to form cellular spheroids similar to the
results we observed in Specific Aim #1. These spheroids resemble a cancerous tumor
and would be an interesting characteristic to keep and promote within the microfluidic
device on a regular basis (Figure 17). Cell clumping was noticed to occur more
frequently the longer the cells were left suspended in media before being added to the
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collagen gel. This is a standard characteristic of many different cell types and can be
noticed after trypsonizing and splitting the cells.
The collagen gel at times experienced some separation from the sides of the
device, but it was minimal and didn’t interfere with the fluid flow or the endothelial cells
attached along the channel (Figure 18). These results were markedly improved from the
separation observed throughout the optimization of the microfluidic device.
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Discussion
This study was successful in the induction of vasculogenesis within a neoplastic
cell culture. It was achieved using static culture conditions and the incorporations of
different cell types. The ability to induce the formation of lumen structures in the
presence of cancer cells is new to the field of cancer research and results in a more
representative model.
While spontaneous vasculogenesis did occur, the observed results indicated that
the incorporation of mesenchymal stem cells played a much more significant role in
lumen growth stimulation than our other cell types. Prior studies show MSCs to be proangiogenic and our results agree with this. The fact that vasculogenesis was mostly
observed within the scaffolds containing MSCs, however, suggests that the proangiogenic nature of the MSCs has a stronger effect on vasculogenesis within a collagen
matrix than the pro-angiogenic qualities of any other cell type used in these experiments.
This is corroborated by the observation of one lumen structure within the experimental
group containing hMVEC, LNCaP, hFF, THP-1. This experimental group contained all
of the different cells types being studies except for the hMSCs. The induction of even
one lumen structure within the scaffold shows that vasculogenesis is possible and that
better results could be obtained with an alteration in culture conditions, such as a longer
incubation period.
In addition, the collagen gel used as the main seeding material was found to be a
good biomaterial for the induction of vasculogenesis and was an important element in
getting the cells to spread out and grow. When collagen was excluded from the culture, it
began to form groups of cellular clumping with slower cell growth (Figure 14). Since
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collagen is the major component of extracellular matrix, its promotion of cell adhesion
and growth migration is understandable. The silk scaffold used to stabilize the collagen
gel, however, didn’t appear to have any effect on cellular behavior. The histology results
never showed the silk scaffold in direct contact with cellular adhesion or the lumen
formations. The collagen gel, however, was observed bending around the silk scaffold,
implying that the scaffold was providing the intended structural support.
One element to consider in the future would be to increase the pore size of the silk
scaffold. The observed results showed the collagen and cells forming a shell around the
outside of the silk scaffold without much penetration into the middle. This suggests that a
silk scaffold with a larger pore size would allow further integration and a more spread out
cellular network (Figure 12). In addition, it had been observed that the experimental
groups actually containing spread out and less concentrated cellular shell had larger
lumen formation leading to the belief that the alteration in the silk scaffold pore size
could be beneficial to this process and lead to even better results.
We were unable to fully complete the experiments involving the induction of
angiogenesis, but we were able to establish a strong foundation for the future completion
of this work. We managed to design and get a microfluidic device into working order by
optimizing the techniques used to set it up. Further, we showed that this device was
capable to having cells seeded within it and remain viable after incubation.
The microfluidic device provided better culture conditions than the silk scaffold
used to induce vasculogenesis. This was because the smaller size and clear PDMS
allowed us to view the cells at any point during the incubation time. This feature was
impossible with the silk scaffold because of its size. Endothelial cells are slow growing
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in nature so the incubation time of our first experiment was on the order of several weeks.
A few more weeks were added on to the experimentation time due to the need to send the
samples out for histology preparation. This is a major time commitment for an
experiment you aren’t able to monitor. The microfluidic device, however, eliminated the
need for histology and allowed monitoring of the scaffolds for problems during the entire
duration of the experiment.
The ability to view and image the cells within the device was shown with the use
of both brightfield and fluorescent microscopy (Figure 16). The thickness of the scaffold
interfered minimally with the image quality, allowing individual cells to be picked out
within the collagen gel. In addition, the imaging capabilities of the device allow for the
possibility of producing time elapsed image segments of lumen formation.
The capabilities of the microfluidic device were tested by growing LNCaPs and
hMVECs within the device under fluid flow conditions. After a six-day incubation time
cells seeded within the collagen gel were observed in a viable state. This showed that the
cells within the collagen gel were able to extract nutrients from the media flowing
through the channels. In addition, the hMVECs seeded along the side of the channels
remained viable and attached to the collagen throughout the fluid flow (images not
shown). The LNCaP and hMVEC cell types form the basis of this research and the
ability to grow and maintain them within the microfluidic device provides a promising
future outlook for furthering this research.
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Conclusion & Future Directions
One out of every four deaths in the United States is from cancer (CF&F 2008).
When accounting for the rest of the world, this equates to about 1,500 people a day.
Since most of these deaths are caused from complications arising from metastasis, it is
critically important to develop cancer models that can study the metastasis process and be
able to test anti-angiogenic drugs.
The long-term goal of this research is to create a vascularized cancer model with
perfusion throughout the tissue sample, allowing the tumor to grow more readily with
morphological characteristics of metastatic cancer. This research is innovative because it
used cocultures of different cell types to induce and stabilize both angiogenesis and
vasculogenesis in vitro. It brings together all of the different steps of the vascularization
process, making it a better representative system. Our research is also innovative because
it incorporates the cancer cells into the vascular model. The induction of vasculogenesis
in the presence of cancer cells had never been achieved before. Once these techniques
are also shown successful at inducing angiogenesis within this same cancer model, the
first vascularized 3D cancer model will have been created. Overall, this research shows
progress towards developing a representative 3D cancer model with metastatic potential.
There are multiple future directions to go with this research. The most immediate
would be to finish the work focusing on inducing angiogenesis within the microfluidic
device using dynamic culture conditions. It would include seeding LNCaP cells within
the collagen gel and seeding hMVECs along the side channels. In addition, the
incorporation of other cell types within the collagen gel might lead to better results (as
was observed with the induction of vasculogenesis). Since MSC’s were found to be an
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important factor in stimulating vasculogenesis, it is hypothesized that these cells would
contribute greatly in producing larger quantities of lumen.
The cell culture time involved in studying angiogenesis should be at least two
weeks in duration. Based on the vasculogenic results, a growth period of even three to
four weeks would be even better in providing the cells ample opportunity to grow and
develop lumens.
To demonstrate the process of angiogenesis is occurring instead of
vasculogenesis, the integration of fluid media into the lumen structure can be checked by
adding fluorescent microspheres to the media on the last day of culture (Vickerman
2008). Lumen structures that have grown through angiogenesis will be connected and
open to the channel, meaning the fluorescent microspheres will be able to travel into
them. Vessels that have formed through vasculogenesis won’t be connected to the
channel and will therefore contain no fluorescent microspheres. This is a direct
confirmation of success that is often left out in many vascularization models.
Following the conclusion of the studies into the optimal conditions for inducing
angiogenesis, it would be important to move on to the proposed Specific Aim #3. This
experiment would involve combining the optimal static culture conditions for stimulating
vasculogenesis and the dynamic culture conditions for stimulating angiogenesis into one
mode. We hypothesize that the combination of these two conditions would lead to a
larger vascular network with better perfusion. The proposed methods for this can be
found in the methods section under Specific Aim #3.
To demonstrate the lumen connections to the channel media environment,
microfluorescent beads can again be put into the media on the last day of cell culture.
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Beads found within lumen structures observed to have grown during the initial induction
of vasculogenesis would indicate that the secondary induction of angiogenic lumen
structures had incorporated into the vasculogenic ones. The endothelial cells from each
process integrating into one another would provide a radically improved 3D cancer
model.
A potential problem that could occur during this specific aim could be that the
results from Specific Aim #1 and Specific Aim #2 are show completely different ideal
parameters to use. To limit this problem, we’ve designed the system to have a different
group of hMVECs for the vasculogenesis and angiogenesis stimulation. If this method
fails to achieve the intended results, the multicellular spheroids observed in both
experiments could be used to induce vasculogenesis separate from the microfluidic
device. These spheroids could then be inserted into the microfluidic device to see if this
would cause angiogenesis to integrate into this system. This method would keep the two
processes separate, but eventually still achieve the overall goal.
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Figure 19 Schematic of a new microfluidic device. The center scaffold displays dimensions of 1.2 mm
tall by 1 mm wide. The fluid channel displays a width of 0.4 mm. The design includes more stabilizing
posts in the center scaffold and additional channels for an additional method for collagen injection.

Finally, while we managed to perfect the microfluidic device to optimal working
conditions, and new microfluidic device design was made that would correct for some of
the techniques that relied heavily on the researcher’s technique. The master plate used to
make the individual devices has a limited lifespan so this new design can be implemented
in the next round of synthesis (Figure 19).
Overall, there didn’t seem to be a problem with the overall dimensions of the
device so they were kept the same. The center scaffold displays dimensions of 1.2 mm
tall by 1 mm wide and the fluid channel displays a width of 0.4 mm. To further stabilize
the collagen scaffold in the center, however, additional posts were added to the previous
design. This increased the number of stabilizing posts from 14 to 20. The additional
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posts along the edges of the channel should help the collagen resist the pressures from the
fluid flow and the forces associated with the collagen collapsing. Two additional
channels were also added to the new design to provide another means of injecting
collagen into the center scaffold if the user is having difficulty with the current methods.
This is an imprecise process so the option for an ulterior method of injection would be a
plus.
To inject collagen through these new channels, holes can be punched at the
channel openings the same as the other channels and then adhered to the glass slide. The
collagen solution can be injected into the center channels where the stabilizing posts
would contain the fluid within the center scaffold. This method would also allow the
posts to adhere to the glass, a feature that is missing in the current method and could have
an effect on the posts ability to provide structure to the collagen.
The final alteration in the microfluidic design is that of the bend in the fluid
channels. The original device had a 45-degree bend in the channels before reaching the
channel openings. This bend was
included in the design to provide
the user with more space to work
with but the collagen and cells
tended to stick in the area (Figure
20). The new design, therefore,
100 μm

contains smoother curves in the
channels to prevent this

Figure 20 Image of the microfluidic device with
collagen stuck the channel bend.

occurrence.
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In the long term, the creation of a vascularized cancer model would be a major
stride in cancer research. The resulting model can be used for testing anti-angiogenic
drugs and studying cancer metastasis mechanisms. Having the ability to research and run
tests in this critical area would benefit countless lives.
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Appendix:

Figure 21 Fluid height difference of 0.5 mL used in determining equilibration
times with the microfluidic device.

Figure 22 Additional view of
hMVEC cells within the center
scaffold of the microfluidic
device. The cells are seeded
within a Type I collagen gel and
grown for 6 days.

100 μm
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