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ABSTRACT OF THE DISSERTATION
Engineering the Vascular Tumor Microenvironment
By
Seema Mai Ehsan
Doctor of Philosophy in Chemical Engineering
University of California, Irvine, 2014
Professor Steven C. George, Chair

Cancer drug development remains a costly and inefficient endeavor that often
translates to limited clinical success. While most therapies focus on stalling the growth of
or eradicating tumor cells directly, the microenvironment in which these cells inhabit plays
a hugely influential role in defining drug efficacy and disease progression. The supporting
vasculature system as well as the interstitial extracellular matrix are particularly
consequential to the transport, distribution, and uptake of therapeutics. While it is known
that the host microenvironment may enable the advancement of malignancy and even the
development of resistance, much of the mechanistic understanding by which this
regulation occurs remains unclear. This is due in part to a lack of physiologically relevant
models, though advancements in the emerging field of “tumor engineering” are beginning
to challenge this. The transition away from incompatible animal models and simplified
two-dimensional cultures has brought about the creation of advanced three-dimensional
models in order to better simulate and test the microenvironmental characteristics that
define human cancers. Nonetheless, few systems are able to capture the full range of
authentic, complex in vivo events such as neovascularization, intravasation, and variable
x

oxygen distribution. This work will explore the details of developing biologically-inspired,
highly controlled in vitro tumor microenvironments to replicate and investigate these
events. Such systems have the potential to mediate successful translation of preclinical
research to clinical significance, while also providing mechanistic insight into the early
stages of tumor progression and metastasis.

xi

Introduction

Cancer is the second leading cause of death in the United States, and the first
amongst individuals under the age of 85.1 It is one of the most devastating and complicated
health issues today, widely considered to be one of the most feared diseases by the general
population, and yet unfortunately, is also a huge multi-billion dollar industry.2 With most
estimates averaging one billion dollars to bring a new drug to market, the cost for
treatment with these drugs averages one hundred thousand dollars per patient, per year.3, 4
Reducing these crippling numbers is contingent upon reducing the costs of pre-clinical
research and development, which strongly depends on the ability to 1) rapidly and cost
effectively screen drug compounds, and 2) better predict success in clinical trials.
Traditionally, such research is dependent upon either expensive animal models or
simplistic two-dimensional (2D) cell culture models, neither of which provides the
accuracy or complexity needed to properly mimic human drug response. 5 There is
therefore a pressing need to find suitable alternatives that can properly recapitulate the
multifaceted landscape of human tumors.
Recent progress in advanced cell culture techniques has significantly enhanced the
potential for in vitro three-dimensional (3D) models to more accurately mimic the complex
in vivo tumor microenvironment. This emerging field of “tumor engineering” aims to better
replicate the morphological, functional, and physiological environment of human tumor
tissue, and can provide a more accurate and safe platform for anti-cancer drug screening.6, 7
While there has been significant progress in this field, few systems exist that are able to
1

achieve the level of intricacy and functionality needed to completely replace animal or 2D
culture models. Creation of these more advanced systems begins with a detailed
understanding of the desired environment to mimic.
Symbiotic coordination of mechanical, chemical, and biological cues is required to
sustain tumor development, in which a growing mass of cells necessitates increasing
metabolic demands for survival. As supplies of nutrients and oxygen from native blood
vessels become depleted, the creation of new blood vessels, or the co-option of exiting
vessels, restores metabolic equilibrium for continued tumor growth. 8 These vessel
networks eventually become the conduits of transport for cancer cells that have undergone
epithelial-mesenchymal transition (EMT), which enables the initiation of metastasis.9
It is generally accepted that the initiation of angiogenesis, or the “angiogenic
switch,” is largely regulated by oxygen availability within the tumor. 10, 11 As tumor growth
progresses, an imbalance between oxygen delivery and consumption causes hypoxic
regions in the tumor mass. The hypoxia in turn triggers the microenvironment to stimulate
the growth of blood vessels into the tumor, a process that differs considerably from normal
(healthy) angiogenesis (e.g. overproduction of non-quiescent vessels, erratic vascular
structure, modulating blood flow, and variations in red blood cell distribution). 10,

12, 13

Consequently, spatial and temporal heterogeneities in oxygen delivery arise that account
for the presence of both chronic and intermittent hypoxias in tumors. 11, 14 Together, these
hypoxias contribute to an abnormal tumor vasculature in both structure and function that
is remarkably resistant to anticancer therapies. 11, 15-17
When considering tumor oxygenation and its effects on angiogenesis, the response
of the blood vessels’ endothelial cell lining is of particular interest. 18,
2

19

In theory,

endothelial cells should be the last to experience hypoxia in a normal tissue, given their
proximity to oxygen-rich blood. That endothelial cells, and even adjacent stromal cells, may
be exposed to transient periods of hypoxia is a tumor specific phenomenon. This
phenomenon has been suggested to play a key role in radiotherapy resistance
mechanisms.20, 21
Hypoxia is known to induce both pro-and anti-apoptotic responses in cells. As a
result, reports on the effect of hypoxia often contradict each other due to differences in
applied oxygenation conditions.22,

23

When a cell is deprived of adequate oxygen supply,

transcription factor hypoxia inducible factor 1 (HIF-1) is activated. As the principal
regulator in the hypoxic response, HIF-1 can either induce or inhibit apoptosis, or even
stimulate cell proliferation or angiogenesis.11,

24

There exists a subtle balance between a

cell adapting to their hypoxic environment or succumbing to an apopototic fate. This
balance is key to understanding how the presence of hypoxia can lead to the proangiogenic, stress resistant phenotype characteristic of the tumor microenvironment.
The following chapters seek to explore the coordinated relationships between
endothelial cells, tumor cells, and hypoxia using engineered tumor microenvironments. The
central goal of this work is to build towards a more physiologically relevant in vitro model
of the vascular tumor microenvironment. To achieve this goal, we isolate key
characteristics within the tumor microenvironment for study, and gradually build towards
a more nuanced complexity. This dissertation begins by investigating the dynamics of
nonsteady state oxygen transport in 3D engineered tissues (Chapter 2), and applies these
principles to study the vascular response to in vivo-inspired tumor oxygenation conditions
(Chapter 3). We then introduce an engineered model of vascularized tumor tissue (Chapter
3

4), which when composed of patient-specific cells, has the potential to advance the efforts
of personalized therapy (Chapter 5).
The potential of 3D in vitro culture systems to replace the use of animals or simple
2D culture systems for cancer drug development and screening depends on its ability to
accurately predict response in clinical trials. While there have been significant advances in
“tumor engineering”, few in vitro systems are able to capture the subtlety of complex in vivo
processes such as angiogenesis and metastasis observed in solid tumors. Our research
herein describes the progression of an engineered model of vascularized human tumor
tissue, with defined control of the oxygen and cellular microenvironments. This work will
contribute significantly to the ongoing efforts towards developing sophisticated in vitro
models that more closely replicate the structural, mechanical, and biochemical properties
of human cancers, and has considerable potential to improve the accuracy of results and
therapeutic relevance of anti-cancer drug development.

4

Non-steady state oxygen transport in engineered tissue:
Implications for design

2.1

Abstract
Engineered tissue constructs are limited in size, and thus clinical relevance, when

diffusion is the primary mode of oxygen transport. Understanding the extent of oxygen
diffusion and cellular consumption is necessary for the design of engineered tissues,
particularly those intended for implantation into hypoxic wound sites. This study presents
a combined experimental and computation model to predict design constraints for
cellularized fibrin tissues subjected to a step change in oxygen concentration to simulate
transplantation. Non-steady state analysis of oxygen diffusion and consumption was used
to estimate the diffusion coefficient of oxygen (1.710-9  8.410-11 m2/s) in fibrin
hydrogels as well as the Michaelis-Menten parameters, Vmax (1.310-17  9.210-19 molcell1s-1)

and Km (8.010-3  3.510-3 mol/m3), of normal human lung fibroblasts (NHLFs). Non-

dimensionalization of the governing diffusion-reaction equation enabled the creation of a
single dimensionless parameter, the Thiele modulus ( ), which encompasses the combined
effects of oxygen diffusion, consumption, and tissue dimensions. Tissue thickness is the
design parameter with the most pronounced influence on the distribution of oxygen within
the system. Additionally, tissues designed such that  < 1 achieve near spatially uniform
and adequate oxygen concentration following the step change. Understanding and
optimizing the Thiele modulus will improve the design of engineered tissue implants.
5

2.2

Introduction
Engineered implantable tissues have the potential to revolutionize the therapy of

tissue damaged by disease or trauma by providing an alternative to supply-limited organ
transplants.25 However, the viability of thick (> 1 cm) engineered tissue is limited by the
supply of oxygen and other nutrients, as well as the removal of toxic waste products, both
of which occur via diffusion in most in vitro systems.26 The diffusion limit of cell-dense
tissues, such as skeletal muscle, in vivo is generally considered to be < 200 μm.27 For thicker
tissues, transport of nutrients and waste products is enhanced by convection in the
vascular system.28, 29
Preservation of cellular viability and function upon implantation relies on the rapid
ingrowth of new blood vessels to overcome mass transport limitations. Prevascularizing
the implantable tissue can shorten the time it takes for the implant to fully integrate with
the host;

30-32

however, normal perfusion remains difficult and requires additional time

after implantation to allow for vessel remodeling. Depending on the tissue design, this may
take on the order of days to weeks.33,

34

Additionally, tissue implants are forced to

transition from the artificially abundant supply of oxygen generally present in vitro (~ 20%
O2), to either a physiological oxygenation state (~ 5% O 2), or a hypoxic wound bed where
the oxygen concentration can be < 1%.35-39 Such steep oxygen gradients can be particularly
damaging for oxygen-sensitive cells such as cardiomyocytes and stem cells.36, 37, 40, 41 We
have previously reported that when prevascularized fibrin tissues cultured at 20% O 2 for 7
days were subjected to a “simulated implantation” in which the oxygen concentration was
decreased to 1%, the sustained hypoxia degraded the capillary network within 4 days.42 An

6

improved understanding of oxygen diffusion and consumption in engineered tissues upon
implantation will facilitate improved viability and function.
There are many published mathematical models that describe oxygen transport
through engineered tissue, correlating spatial gradients of oxygen concentration to cell
density,43, 44 viability,45-47 metabolism,48 organization,49-51 and growth factor expression. 52,
53

However, most models utilize steady state approximations. An engineered tissue may be

implanted fully oxygenated (i.e., 20% O 2 from an incubator), but the temporal change in
oxygen upon implantation can impact tissue survival and function. For example, the
duration and severity of hypoxia following equilibration to in vivo conditions and preceding
re-oxygenation via host integration can impact gene expression, phenotype, and even
apoptosis in susceptible cells.54 Towards this end, we propose a combined experimental
and computational approach towards examining the effects of a step change in oxygen
tension (simulated implantation) on the temporal and spatial distribution of oxygen within
a thick cellularized tissue construct.
The objectives of this study are to: 1) build a non-steady state model of oxygen
transport through thick metabolically active tissue; 2) introduce an experimental platform
that, when combined with the non-steady state mathematical model, characterizes the
diffusion and reaction of oxygen within the tissue construct; and 3) use computational
simulations to predict design constraints for implantable tissues. Using a nondimensionalized form of the diffusion-reaction equation, we show that a single
dimensionless parameter, the Thiele modulus, captures the combined effects of oxygen
diffusion, chemical consumption, and tissue dimensions, and thus can assist in the design of
engineered tissues.
7

2.3

Materials and Methods

Oxygen-sensing system
A polymethyl methacrylate (PMMA) mold was fabricated to contain a single 10 mm
diameter well, which served as the optically transparent experimental tissue culture
container. Optical oxygen sensors (PreSens, Germany) were used for continuous
monitoring of oxygen concentration. The sensors utilize dynamic fluorescence quenching,
and allow for non-invasive measurements through transparent material without
consuming oxygen (measurement range: 0 – 100% O2, accuracy:  0.4% O2, 90% response
time: < 6 s). A 10 mm diameter spot sensor was placed inside the fabricated tissue culture
mold to facilitate measurement of oxygen tension at the base of the well. A fiber-optic cable
was fixed opposite the spot sensor, and connected to a transmitter that reported real-time
oxygen measurements.
Cell culture
Normal human lung fibroblasts (NHLFs, Lonza) were cultured in fibroblast growth
medium (FGM-2, Lonza). Cells were maintained at 37°C in humidified air containing 5%
CO2, and the medium was changed every 48 hours. Cells were passaged at 80% confluence
with 0.025% trypsin, and used at passage 6-7.
Fibrin tissue assembly
The tissue constructs were prepared using sterile filtered 2.5 mg/mL or 10 mg/mL
fibrinogen solutions in Dulbeccos phosphate buffered saline (DPBS). For the cellularized
tissues, NHLFs were suspended in the fibrinogen solution for a total concentration of 3106
cells/mL. The fibrinogen solution was then mixed with thrombin (for a final concentration
8

of 2 units/mL), and placed in the PMMA oxygen-sensing well to achieve a desired thickness
(range 1 – 5 mm). The tissue construct (“cellularized gel”) was left undisturbed for 5
minutes at room temperature, and then transferred to a 37°C incubator, maintained at 5%
CO2 and balance air, for 20 minutes to allow the fibrinogen to completely polymerize. In
order to achieve a near constant initial value of ambient oxygen concentration (20%)
throughout the entire thickness, the tissues were used for experimentation immediately
after polymerization.
Cell viability
Cell viability within the tissue constructs was quantified using the LIVE/DEAD Cell
Viability Assay (Invitrogen, Carlsbad, CA) and Hoechst nucleic acid staining. The tissues
were first washed with PBS, and then incubated at room temperature with 8 mM ethidium
homodimer (EthD) and 5ug/mL Hoechst solution for 30 minutes. After another PBS wash,
the tissues were imaged using a fluorescence microscope (Nikon Eclipse TE300).
Hypoxic chamber and experimentation
Assembled fibrin tissues were transferred from the 20% O 2 incubator to a hypoxic
chamber for experimentation. The hypoxic chamber contained 1% O 2, 5% CO2, and balance
N2. The entire oxygen-sensing unit was housed inside the chamber. Acellular and cellular
2.5 mg/mL fibrin gels were constructed at five thicknesses (1, 2, 3, 4, and 5mm), with three
replicates per condition, for a total of 30 gels.

9

2.4

Mathematical Model

Geometry
The proposed mathematical model describes the cellularized fibrin hydrogel
construct as detailed in the Materials and Methods section. A fibrin gel of thickness h and a
radius of 10 mm has an oxygen concentration of C(z,t) (Figure 2.1). The bulk environment
directly above the fibrin gel (at z = 0) is assumed to maintain a uniform oxygen
concentration (Cb).

Figure 2.1. Schematic representation of the fibrin gel and oxygen sensor system. In this setup, the
fibrin gel is constructed on top of the sensor, which transmits oxygen measurements at z = h to an
exterior probe. C(z,t) is the concentration of oxygen within the fibrin gel, and Cb represents the
concentration of oxygen at the z = 0 boundary.

Oxygen diffusion
Under static incubation conditions, mass transfer through the model system occurs
by net diffusion in the z-direction only. The concentration of oxygen is assumed to be
independent of the radial and circumferential dimensions. Fick’s second law with a
reaction term describes the mass balance of oxygen in the gel:
10

¶C ( z, t )
¶ 2C ( z, t )
=D
+ R ( z, t )
¶t
¶ z2

(1)

where C (mol O2/m3) is the concentration of oxygen as a function of space and time, D
(m2/s) is the molecular diffusion coefficient of oxygen in the fibrin gel (assumed constant in
space and time), and R (mol O2m-3s-1) is the cellular oxygen consumption rate per unit
volume of tissue. Cellular proliferation and death during the time scale of the cellular
experiments (< 4 hours) are assumed negligible.
Cellular oxygen consumption
Cellular oxygen consumption was modeled using Michaelis-Menten kinetics,55-57
where R(z,t) depends on the available oxygen concentration C(z,t):

R ( z, t ) = rcell

Vmax × C ( z, t )
K m + C ( z, t )

(2)

Vmax (molcell-1s-1) is the maximum rate of oxygen consumption per cell, Km (mol/m3) is the
concentration of oxygen at which the oxygen consumption rate is half that of Vmax, and ρcell
(cells/m3) is the volumetric cell density of the uniformly distributed cellularized gel. At
high oxygen concentrations, the system is saturated and R(z,t) equates to the maximum
rate of reaction ρcellVmax (molm-3s-1).
Initial and boundary conditions
The dissolved oxygen concentration in the fibrin gel equates to the product of the
head gas partial pressure (% O 2 or Torr) and the solubility coefficient of oxygen, S O2
(molm-3Torr-1).58 Atmospheric air is 20.9% oxygen, which is reduced to 19.9% in tissue
culture incubators by the presence of 5% CO 2. This correction does not apply for the gas

11

mixture in the hypoxic chamber, which was pre-formulated to contain 1% O2. Therefore,
the dissolved oxygen concentration for 19.9% and 1% O 2 head gas partial pressures are
2.010-1 and 9.910-3 mol/m3, respectively. Model simulations examined an additional 5%
O2 fixed boundary, which equates to 4.910-2 mol/m3. For simplicity, all presented data will
be referred to by their oxygen volume fractions (i.e. 20%, 5%, 1% O 2).
No flux boundary conditions were used for all boundaries except the top surface of
the gel (z = 0), which was held constant at Cb. Because all experimental gels were
formulated under ambient conditions and maintained in a 20% O 2 incubator prior to
experimentation, the initial concentration of oxygen in the gel, C 0, is assumed to be 20% O2.
Therefore, the applied initial and boundary conditions were:

C(z, t = 0) = SO2 C0

(3)

C(z = 0, t) = SO2 Cb

(4)

¶C(z = h, t)
=0
¶z

(5)

Because the base of the tissue (the boundary at z = h, also where the oxygen sensor is
located) represents the furthest distance from the oxygen source, it provides the minimum
oxygen concentration within the system.
Non-dimensionalization of the diffusion equation
The governing equation may be made dimensionless by introducing the following
dimensionless groups:

q=

C
Km

12

(6)

t=

tD
h2

(7)

z=

z
h

(8)

where , , and  represent dimensionless concentration, time, and length, respectively.
Equation 1 can then be reduced to the following dimensionless form:

æ q ö
¶q ¶2q
= 2 +f2 ç
÷
è 1+ q ø
¶t ¶z

(9)

subject to the initial and boundary conditions:

q (0, z ) =

SO2 C0

q (t , 0) =

Km
SO2 Cb
Km

¶q (t ,1)
=0
¶z
where f = h

rcellVmax
Km D

(10)

(11)

(12)

. Thus, after non-dimensionalization, the effects of five dimensional

parameters D, Vmax, Km, cell, and h are captured in a single dimensionless parameter, ,
which has been classically defined as the Thiele modulus. 59, 60 A summary of all parameters
used in both the dimensional and non-dimensional models is presented in Table 2.1.

13

Table 2.1: Summary of model parameters.
Parameter

Definition

C
Cb
C0
z
h
t
D
Vmax
Km
ρcell
SO2

Dissolved oxygen concentration in gel
Oxygen concentration at air-gel interface
Initial oxygen concentration in gel
Distance from air-gel interface
Gel thickness
Time in culture
Oxygen diffusion coefficient in fibrin
Maximum oxygen consumption rate
Half-maximum rate oxygen concentration
Volumetric cell density
Solubility coefficient of oxygen in culture
medium at 37C
Dimensionless concentration
Dimensionless time
Dimensionless length
Thiele modulus
Oxygen concentration at equilibrium
Minimum oxygen concentration at equilibrium
Minimum oxygen concentration
Time to 90% equilibrium


τ
ζ

Ceq
Cmin, eq
Cmin
t90

Reported value
or units
% or mol/m3
% or mol/m3
% or mol/m3
M
M
S
1.710-9 m2/s
1.310-17 mol/cell/s
8.010-3 mol/m3
2.85106 cells/mL
1.310-3 mol/m3/Torr

Source
measured
measured
measured
measured
56

% or mol/m3
% or mol/m3
% or mol/m3
S

-

Model range
While the absolute values of D, Vmax, and Km will impact the oxygen tension within
the tissue, their values will not change significantly between the engineered tissues used in
our study (same matrix and cell type). Thus, the model was used to examine a range of cell
densities and tissue thicknesses relevant for tissue engineering applications. Connective
tissue constructs such as skin grafts require densities of 2 – 10103 cells/mL,61-64 while
cell-dense tissue such as skeletal muscle or liver can require 0.6 – 10108 cells/mL.32, 65 The
cell densities examined here thus ranged from 10 3 – 108 cells/mL. Tissue thickness was
evaluated up to twice that of clinically relevant thickness for engineered tissue
(approximately 5 mm),66 or up to 10 mm.

14

Model simulations
Two different step changes in oxygen tension were examined: 1) the transition from
ambient conditions (20% O2) to a physiological oxygenation state (5% O 2), or “Simulation
1” and 2) the transition from ambient conditions to a hypoxic wound bed (1% O 2), or
“Simulation 2”. The two simulations and their corresponding initial and boundary
conditions are summarized in Table 2. The oxygen concentration at equilibrium (C eq) and
the minimum oxygen concentration at equilibrium (Cmin,eq) were used as indices for the
steady state component of the solution. Likewise, the time dependent minimum
concentration of oxygen (Cmin) and the time to 90% equilibrium (t90) were used as indices
of the non-steady state component of the solution.

Table 2.2: Scenarios simulated in computational model.

C0
Cb
Physical Significance

Simulation 1
20% O2
5% O2
Implantation into physiological
oxygenation state

Simulation 2
20% O2
1% O2
Implantation into hypoxic wound
bed

Solution
Equations 1 and 9 were solved with finite element methods using the commercial
software COMSOL Multiphysics. The built-in module for diffusion-reaction equations was
used, as well as a time-dependent solver for non-steady state analysis and a predefined
extra fine mesh size.

15

Sensitivity analysis
Sensitivity analysis was performed on the model parameters D, Vmax, Km, cell, and h.
The parameter values were changed to 0.1 and 10 times their baseline value while holding
the remaining parameters constant. Changes in Cmin,eq and t90 were evaluated for all cases.
Parameter estimation
We estimated values for the unknown model parameters D, Vmax, and Km by
comparing the model solution to experimental data. D was determined first using an
additional set of five acellular 3 mm gels for each of 2.5 mg/mL and 10 mg/mL fibrin
concentrations. In this case, R was set equal to zero in Equation 1. Next, to determine Vmax
and Km, five cellularized 3 mm gels (for each of 2.5 mg/mL and 10 mg/mL fibrin
concentrations) were examined, using an initial cell seeding density of 3106 NHLFs/mL.
For all parameter estimation analysis, C0 = 20% O2 and Cb = 1% O2. The minimum oxygen
concentration was monitored over time until steady state was reached. The mean of the
experimental results were fit with model numerical solutions using parametric sweeps, and
the values of D, Vmax, and Km were determined by minimizing the Residual Sum of Squares
(RSS). The values reported are the mean and standard error of the best fit for each gel (n =
5 for parameter estimation gels only).
Statistics
Statistical comparisons between experimental conditions were performed using
one-way analysis of variance (ANOVA). Results are considered statistically significant for p
< 0.001.
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2.5

Results

Cell viability
Fluorescence microscopy demonstrated that the average viable cell density for ten
fibrin gels seeded with 3106 NHLFs/mL fibrinogen was 2.85106 ± 0.04106 cells/mL
(95% viability) within one hour of tissue formation. This value was used for the volumetric
cell density parameter, ρcell, in the model. No significant changes in cell density were found
after the tissues were subjected to experimental conditions for four hours. Additionally,
Hoechst nuclei staining confirmed uniform cell distribution throughout the fibrin gel.
Gel thickness and cellular content affect oxygen concentration profiles
The oxygen concentration at the base of acellular and cellular 2.5 mg/mL fibrin gels
constructed with thicknesses of 1, 2, 3, 4, and 5 mm was monitored experimentally as the
gels were subjected to a step change (20% to 1%) in O2 concentration. Figure 2.2A shows
Cmin as a function of time for tissues of sample thicknesses 1, 3, and 5 mm. The cellularized
gel demonstrated a lower oxygen concentration over time for each case compared to the
acellular gel. Figure 2.2B shows the average t90 for each condition. For both the acellular
and cellular sets of gels, equilibrium was reached more quickly as gel thickness decreased.
Additionally, for any given gel thickness, the cellular condition exhibited steeper gradients
of oxygen loss over time, and reached equilibrium significantly faster than the acellular
condition.
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Figure 2.2. (A) Minimum oxygen concentration of experimental acellular and cellular fibrin gels
subjected to a 20% to 1% O2 step change at t = 0. (B) Average time to 90% equilibrium for acellular
and cellular fibrin gels of varying thicknesses (*p < 0.001).

Estimation of system parameters
D, Vmax, and Km were calculated by fitting experimental data to model data (Figure
2.3A,B). There was no statistical difference for any of the model parameters between the
2.5 mg/mL and 10 mg/mL fibrin gel systems. The mean ( SE) D was 1.710-9 ( 8.410-11
or 4.9%) m2/s, which is approximately 57% of aqueous diffusivity, or 3.010-9 m2/s.43, 51
Similarly, the values of Vmax and Km for NHLFs embedded in a fibrin gel were 1.310-17 (
9.210-19, or 7.3%) molcell-1s-1 and 8.010-3 ( 3.510-3, or 44%) mol/m3, respectively,
which is consistent with previously published values for human fibroblasts. 67 Good
correlations were found between experimental and computational results for both
acellular (r2 = 0.99) and cellular (r2 = 0.93) sets of data.
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Figure 2.3. Estimation of system parameters was achieved by fitting experimental results with
model solutions using the RSS method. The mean of the experimental data and its corresponding
best-fit curve is represented here. (A) Acellular gels were used to characterize the diffusion
coefficient D (r2 = 0.99) and (B) cellular gels were used to characterize the Michaelis-Menten
parameters Vmax and Km (r2 = 0.93).

Thiele modulus dependence on gel thickness and cell density
Figure 2.4A presents the calculated Thiele moduli for 0 < h < 10 mm, and for 103 <
ρcell < 108. The Thiele modulus is proportional to h, but only to the square root of ρcell; thus,

 is more sensitive to h as ρcell increases. The dotted line in Figure 2.4A demonstrates how
different combinations of gel thickness and cell density can yield  = 2.5; and Figure 2.4B
illustrates two examples of gels with  = 2.5.
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Figure 2.4. (A) Thiele modulus as a function of gel thickness for varying cell densities. (B) A gel of
300 µm thickness and with 108 cells/mL (left) has the same Thiele modulus ( = 2.5) as gel of 8 mm
thickness and with 105 cells/mL (right).

Model predictions of oxygen step change
Equation 9 was solved using a range of  from 0.1 to 100, which represents the
approximate Thiele moduli calculated for h = 10 mm and ρcell ranging 103 – 108. Simulation
1 (Cb = 5% O2) covers a wider range of Cmin,eq compared to Simulation 2 (Cb = 1% O2), with
both cases approaching a 0% O2 limit with increasing  (Figure 2.5A). Both cases were
comparable when assessed for t90 (Figure 2.5B).
For both simulations, the model predicted a threshold Thiele modulus at which
Cmin,eq and t90 become much more dependent on  (dotted line in Figure 2.5A,B). For  < 1,
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Cmin,eq as well as t90 remains relatively constant. Conversely, for  > 1, both Cmin and t90
decrease more sharply with increasing Thiele modulus.
Finally, the model was used to predict the steady state oxygen concentration profile
throughout the entire thickness of the tissue (Figure 2.5C,D). Again, for  < 1, the
equilibrium concentration of oxygen remains moderately steady throughout the entire
tissue. As the Thiele modulus increases above 1, the tissue exhibits a larger spatial
distribution of oxygen.

Figure 2.5. Model predictions of fibrin tissue subjected to oxygen step change. (A) The minimum
oxygen concentration at equilibrium and (B) the time to 90% equilibrium as a function of Thiele
modulus for Simulation 1 (Cb = 5% O2) and Simulation 2 (Cb = 1% O2). Equilibrium oxygen
concentration throughout the tissue thickness for (C) Simulation 1 and (D) Simulation 2 for a range
of Thiele moduli.
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Sensitivity analysis reveals dependence on model parameters
Sensitivity analysis was conducted on the main input parameters D, Vmax, Km, cell,
and h in order to determine their relative influence on the model Simulation 1 (Figure
2.6A,B) and Simulation 2 (Figure 2.6C,D). The effects of Vmax and cell are treated as a single
parameter because of their presence as a product in the governing equation. A decrease in
Vmax or h, as well as an increase in D led to an increase in Cmin,eq. Increasing Km resulted in an
increase in Cmin,eq, but did not have a significant impact on t90. Both Vmax and D strongly
impacted t90 in an inverse relationship, whereas h strongly impacted t90 in a positive
relationship.

Figure 2.6. Sensitivity analysis shows influence of model parameters on minimum oxygen
concentration at equilibrium and time to 90% equilibrium for (A, B) Simulation 1 and (C, D)
Simulation 2, respectively.
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2.6

Discussion
The advancement of tissue engineering relies on the development of thicker and

more cell-dense constructs that more closely represent physiological tissue. Analyzing the
diffusion and consumption of oxygen and other nutrients within cell-seeded scaffolds is
crucial towards achieving an understanding of the design limitations for engineered
tissues. It has been previously shown that spatial oxygen gradients are prevalent in 3D
tissues cultured under ambient conditions,51, 68, 69 but we have shown here that hypoxic
implantation conditions further exacerbate these gradients. The severity and longevity of
restricted oxygen supply during the time period between implantation and host integration
(that establishes blood flow) may compromise cellular viability and function. We have
modeled the dynamics of oxygen transport post-implantation that steady state models
cannot capture. Computational simulations were used to assess the influence and design
constraints of model parameters D, Vmax, Km, cell, and h. In doing so, we are able to
demonstrate measurable constraints, in the form of the dimensionless Thiele modulus, that
create spatially uniform and adequate oxygenation of thick implantable tissues. These
results may be used to quantitatively inform a design strategy for tissue engineers who
wish to optimize their own systems to sustain a threshold oxygen concentration upon
implantation.
The Thiele modulus
The model governing equation was non-dimensionalized in order to highlight how a
single dimensionless parameter  can quantify the relative importance of diffusion and
reaction phenomena in the system. Mathematically, 2 is a ratio of the characteristic rate of
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reaction,

rcellVmax
Km

, to the characteristic rate of diffusion,

D
, both with units of inverse
h2

time. If the rate of diffusion is fast compared to the rate of reaction, then the Thiele
modulus is small. For example, thin tissues with low cell densities (e.g. skin and cartilage)
would have relatively small Thiele moduli. This correlates to a moderately uniform oxygen
concentration profile throughout the gel because diffusion is fast enough to maintain a
sufficient supply of oxygen. Conversely, for cell-dense, thick tissues (e.g. cardiac muscle and
liver), the Thiele moduli would be large and the system diffusion-limited. Physically, this
implies a greater degree of spatial heterogeneity in oxygen concentration throughout the
tissue (Figure 2.5C,D) because oxygen cannot diffuse far, relative to the thickness of the
tissue, before it is consumed. Our model simulations suggest that the separation between
tissues that behave as “thin, less cell-dense” and those that are “thick, cell-dense” is  < 1
and  > 1, respectively (Figure 2.5).
Design considerations for tissue engineered constructs
Our model of oxygen transport offers predictive capabilities that can be used to
optimize values for system parameters when culturing 3D tissues. Although the Thiele
modulus contains five major model parameters (D, Vmax, Km, cell, and h), in effect, h is the
only parameter over which tissue engineers have complete control. Researchers are
typically restricted to a certain cell type for a given application; thus Vmax and Km, which
characterize cellular oxygen consumption, are generally prescripted. Similarly, while
researchers may choose from natural (e.g., fibrin) or synthetic (e.g., PLGA) matrices, the
diffusive property for oxygen (i.e. D) is not likely to vary,43,

50, 70-72

and should not be

considered a design parameter. Even accounting for matrices that may have varied
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parameters such as polymer volume fraction,72 diffusivities are still generally within an
order of magnitude of aqueous diffusivity.51 Furthermore, replicating in vivo tissue specific
function (e.g., cardiac muscle) constrains cell density. Hence, tissue thickness emerges as
the key design parameter over which researchers maintain considerable flexibility.
Figure 2.4B highlights the significance of the Thiele modulus being able to
encompass the effects of the major model parameters into a single parameter. Two gels are
presented, composed of the same matrix material and embedded with the same cells.
However, one gel contains a significantly higher cell density, while the other is constructed
with a significantly larger thickness. Physically, they look quite different, but because they
have the same calculated Thiele modulus ( = 2.5), both gels will exhibit the exact same
solution to the governing equation for oxygen concentration, and will thus behave the same
way subject to any given set of initial and boundary conditions.
For the experimental gels used here to estimate the system parameters, the Thiele
modulus is approximately 5. It is clear from this calculation as well as from Figure 2.2B that
this model system is reaction dominated. We have shown that the transport behavior of the
system shifts significantly for  > 1; specifically, Cmin,eq and t90 decrease sharply with
increasing Thiele modulus (Figure 2.5A,B). Variation in the spatial distribution of oxygen
also becomes more pronounced for  > 1 (Figure 2.5C,D). If spatially uniform oxygen
concentration is desired, then the tissue construct should be designed to maintain  < 1. A
doubling in the gel thickness, for example, would have to be balanced out by a four-fold
(square dependence) decrease in cell density.
It should be noted that the literature is rich with experimental tissue-engineered
models that support both diffusive and convective modes of transport for oxygen and other
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nutrients.73-76 Limitations in diffusion, as described here, will certainly be alleviated by the
presence of efficient convective transport. For these advanced systems, one or more
additional dimensionless groups would be required to capture the effect of convection on
the mathematical model.
Model parameter estimation and sensitivity
Two fibrin concentrations relevant to tissue engineering applications were
investigated: 2.5 mg/mL and 10 mg/mL. 2.5 mg/mL is the approximate concentration of
fibrin found in a physiological clot, and serves as the protein concentration of matrices in
common tissue culture models of angiogenesis.77 10 mg/mL fibrin matrices have greater
mechanical integrity, and support the growth of mature microvessel networks capable of
anastomosis with the host upon implantation.30 It has been shown previously that
increasing protein concentration from 2.5 mg/mL to 10 mg/mL in fibrin hydrogels
significantly restricted diffusive transport of molecules greater than 10 kDa. 78 In contrast,
we found that the oxygen diffusivity was the same for 10 mg/mL and 2.5 mg/mL fibrin gels.
This result suggests that oxygen molecules (32 Da) are small enough to not be restricted by
any change in physical properties (e.g., porosity, viscosity) between 2.5 and 10 mg/ml.
Likewise, the values for Vmax and Km were the same for both 10 mg/mL and 2.5 mg/mL
fibrin gels. Because Vmax and Km are intrinsic cellular properties, it is perhaps not surprising
that they do not depend on the range of fibrin concentration employed in our study.
Sensitivity analysis on D, Vmax, Km, cell, and h demonstrates that parameter
estimation depends on whether the model solution is at steady state or unsteady state. For
example, t90 is nearly independent of Km (Figure 2.6B,D), but depends strongly on D, Vmax,
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cell, and h. In contrast, Cmin,eq depends strongly on D and Km for larger values (1-10 times
the baseline value), and depends strongly on Vmax, cell, and h for smaller values (0.1-1 times
the baseline value) (Figure 2.6A,C). Thus, while D and Vmax can be estimated by the
unsteady and steady state features of the problem, Km is best determined once steady state
is achieved, and for values larger than that present in our system. Our estimates of Vmax, Km,
and D were accomplished using the unsteady parts of the oxygen concentration in the
tissue construct (Figure 2.3); hence, the estimate of Km exhibited a higher standard error
(44%) than that of either D (4.9%) or Vmax (7.3%).

2.7

Conclusions
Understanding the mass transfer limitations of key nutrients such as oxygen is

integral for the design of successful engineered tissues, particularly for those intended for
implantation. In this study, oxygen diffusion and consumption within thick metabolically
active metabolically active fibrin tissues was modeled experimentally and computationally.
Hypoxic implantation conditions were simulated to highlight the unsteady state behavior of
oxygen concentration, which has traditionally been neglected in similar studies. We have
shown that both spatial and temporal oxygen gradients and the absolute oxygen
concentration are particularly sensitive (squared dependence compared to D, Vmax, Km, and

cell) to the sole design parameter – tissue thickness. Fortunately, a single dimensionless
parameter, the Thiele modulus (ϕ), captures the combined effect of D, Vmax, Km, cell, and h,
and designing a tissue such that ϕ < 1 minimizes undesirable gradients or particularly low
values in oxygen concentration.
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CHAPTER 3
Vessel network formation during intermittent hypoxia
is frequency dependent

3.1

Abstract
Hypoxia is considered the most potent regulator of tumor angiogenesis, and may

vary in both space and time throughout the tumor mass. Although hypoxia represents a
unique biological challenge for the endothelial lining of tumor vessels, limited research
exists on the direct effects of intermittent hypoxia (IH) on endothelial cell function. Using a
fabricated oxygen control system capable of facilitating in vivo-like IH dynamics, we
characterized the effect of IH, relative to a constant oxygen tension, on vascular network
formation in vitro. We demonstrate vessel network formation and vascular endothelial
growth factor (VEGF) production are stimulated by IH and are highly correlated.
Furthermore, the magnitude of network formation or VEGF production depends on the
frequency of hypoxic cycles, with a peak occurring at 0.06 hr-1, or approximately one cycle
every 17 hours. We conclude that IH stimulates vessel network formation, and is frequency
dependent. This finding may provide insight into how IH contributes to the tumor
phenotype.
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3.2

Introduction
The initiation of angiogenesis is required for sustained tumor growth, and it is

generally accepted that oxygen tension is the key regulator.10 While angiogenesis is
universal to all solid tumors, the process is inefficient, leading to oxygen tension within the
tumor that varies in both space and time. Chronic hypoxia (CH) is sustained low levels of
oxygen (approximately < 10 mmHg), generally arising from a mismatch in oxygen delivery
and consumption within the tissue.79 In contrast, intermittent hypoxia (IH) is the periodic
cycling between hypoxia and normoxia, and is thought to arise when convective delivery of
oxygen through arterioles and capillaries is inconsistent due to erratic vascular structure,
flow control, or variations in red blood cell distribution.80
While notable efforts have been made to measure and characterize IH in vivo,13, 14 its
effect on tumor biology and vascular development remains poorly understood due to the
difficulties of implementing dynamic oxygenation conditions in vitro (e.g. long gas
equilibration times and low efficiencies).81 Furthermore, the kinetics of IH measured in vivo
varies significantly, spanning frequencies on the order of minutes to days.11 These
frequencies vary across tumors as well as within the same tumor, yielding a complex and
wide range of possible timescales for oxygen fluctuations in human cancers.14,

82

Of

particular interest is the response of the endothelial lining of tumor blood vasculature,
considering the critical role of angiogenesis in tumor progression, and the fact that
endothelial cells in normal (non-cancerous) tissue rarely experience hypoxia. Relatively
little is known about how IH modulates endothelial cell function, although some reports
suggest that IH may protect endothelial cells against apoptosis,83, 84 or even render them
radioresistant.21 In this chapter, we investigate the capacity of endothelial cells to form new
30

vasculature structures during IH. We describe a combined experimental and mathematical
model of thick cellularized engineered tissue exposed to IH, and use this model to
characterize the effects of IH on the formation of vascular networks in vitro.
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3.3

Results and Discussion
To simulate IH, we fabricated an oxygen control system (Figure 3.1A) that facilitates

rapid and precise fluctuations in oxygen tension. A tissue sample may be placed within one
of the chambers (blue dotted line, Figure 3.1A), and subjected to an external programmable
oxygen temporal profile, CO2,ex, at the z = 0 boundary (Figure 3.1B). The system has a 90%
response time to a step change (20% to 1%) in oxygen concentration of < 30 seconds (blue
dotted line, Figure 3.1C). This contrasts sharply to the 90% response time of commercially
available incubators (e.g. Eppendorf Galaxy 48R, 48L capacity) that approaches 30 minutes,
and is due to the relatively smaller volume and higher flow of our system. Thus, our system
enables comprehensive evaluation of IH that include temporal dynamics (Figure 3.1D) at
the scale of minutes.
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Figure 3.1. Temporal oxygen control system. A) The multi-chambered system was fabricated out of
gas impermeable PMMA. The blue dotted line outlines a single incubation chamber. B) Each
chamber may be subjected to an external oxygen temporal profile, C O2,ex, which is applied to the z =
0 boundary of the media/tissue assembly that is housed inside. C) The oxygen control system
responds to a 20% to 1% step change in oxygen concentration significantly faster than commercial
incubators, enabling temporal dynamics at the scale of minutes. D) A representative IH profile
shown by the blue dotted line is characterized by the cycling between CO2,high for tO2,high and CO2,low for
tO2,low, with a mean oxygen level of CO2,mean. The blue solid line segment represents a single cycle.

Most cells in vivo experience normal oxygen (normoxia) levels of ~ 40 mmHg (~ 5%
O2), and hypoxia as levels approach ~ 15 mmHg (~ 2% O 2).85 Thus, our strategy for IH was
to oscillate between 20% and 1% O2, representing a high and low (CO2,high and CO2,low,
respectively) value, yet maintain a mean oxygen level (CO2,mean) of 5% O2. This strategy
would ensure a periodic decrease below 2% O 2, but maintain a CO2,mean consistent with
normoxia. We next wanted to explore a range of frequencies for the periodic changes in
oxygen concentration consistent with those observed in vivo. Here, we describe
“frequency” as the number of cycles per hour, where a cycle is defined as the sum of tO2,high
and tO2,low (the time at CO2,high and CO2,low, respectively), or the solid blue line segment in
Figure 3.1D. To mimic the full range of in vivo conditions, we investigated IH profiles that
cycled 2 to 300 times during the 7-day experimental period (or with frequencies of 0.012 to
1.8 hr-1). Table 3.1 summarizes the experimental conditions used in this study. For each
frequency condition, there is only one combination of tO2,high and tO2,low that satisfies the
design constraint of keeping CO2,mean at 5% O2. For example, to achieve a CO2,mean of 5% O2 at
a frequency of 1.8 hr-1 (i.e. 300 cycles over 7 days; IH 1 condition), then the oxygen
concentration must cycle between 7 minutes at 20% O 2 and 27 minutes at 1% O2. This also
corresponds to a constant ratio of 3.8 for tO2,high / tO2,low.
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Table 3.1: Experimental oxygenation conditions with varying frequencies.
CO2,mean
Condition

Frequency
(hr-1)

Total number
of cycles

IH 1
IH 2
IH 3
IH 4
IH 5
IH 6
5%

1.8
0.6
0.12
0.06
0.03
0.012
-

300
100
20
10
5
2
0

CO2,high
(%)
20
20
20
20
20
20
5

tO2,high
(min)
7
21
106
212
424
1061
constant

CO2,low
(%)
1
1
1
1
1
1
-

tO2,low
(min)
27
80
398
796
1591
3978
-

Predicted
(%)

Simulated
(%)

5
5
5
5
5
5
5

4.1
4.2
4.2
4.3
4.3
4.3
3.8

For 3D cultures subjected to dynamic oxygen conditions in the external
environment, it is crucial to understand the time lag and dispersion induced by diffusion
and chemical reaction (i.e. consumption of oxygen by cells). To our knowledge, there are
currently no published mathematical models that characterize the response to such
conditions. We therefore created a non-steady state diffusion-reaction model with timevarying boundary conditions, and used finite element simulations to predict both the
spatial and temporal oxygen distribution throughout the 3D cellularized tissue (Figure 3.2).
The notable difference between the oxygen profile imposed at the z = 0 boundary (C(0,t);
black line in Figure 3.2B), and the oxygen profile at the base of the tissue (C(h,t); red line in
Figure 3.2B) demonstrates the attenuation in transport due to diffusion and cellular
consumption. Furthermore, it confirms that for each IH condition, oxygen levels decreased
enough during the tO2,low intervals to be considered hypoxic. Finally, we used our model to
predict CO2,mean and found that all IH conditions were within 14% of the 5% O 2 control
condition, which had a simulated CO2,mean value of 3.8% O2 (Table 3.1). Note, CO2,mean is < 5%
for the constant 5% boundary condition, as well as the other conditions, due to cellular
consumption.
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Figure 3.2. Finite element simulations predict oxygen transport through 3D cellularized tissue. A)
Experimental oxygenation conditions are shown as a function of time. B) Limitations in oxygen
diffusion and reaction account for the disparity between the oxygen profile imposed at the z = 0
boundary (black line) and the oxygen profile at the base of the tissue (red line). For all IH
conditions, oxygen levels reach hypoxia (< 2% O2) during each tO2,low period.
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We next used our system of temporal oxygen control to examine the effects of IH on
the potential of endothelial cells to form vessel networks in vitro. We utilized a wellcharacterized model of in vitro vessel network formation,30 in which endothelial cells and
fibroblasts are co-cultured in a fibrin gel. Interestingly, we found that all IH conditions
demonstrated greater vessel development compared to the constant 5% O 2 control
condition, despite having similar CO2,mean (Figure 3.3A). Thus, endothelial cells are sensitive
to the temporal frequency at which oxygen is delivered. Specifically, we observed a bellshaped response, with IH 4 (frequency equal to 0.06 hr -1) conditioned tissues
demonstrating the most pronounced vascular enhancement (Figure 3.3A,B). Similar results
were found when assessing the networks for total number of junctions (data not shown).
Blood vessel formation is mediated by hypoxia inducible factor-1 (HIF-1) regulated
expression of pro-angiogenic proteins such as vascular endothelial growth factor (VEGF).
We therefore wanted to investigate whether the vascular response of IH conditioned
tissues was related to VEGF production. We measured the total (accumulated)
concentration of VEGF in the conditioned tissue samples over the 7-day assay. Endogenous
production of VEGF occurs continuously in all experimental conditions, and like the
vascular response, is sensitive to the temporal frequency at which oxygen is delivered
(Figure 3.3C). Again, we observed a bell-shaped response, with IH 4 producing the highest
amounts of VEGF. Well accepted as the most potent angiogenesis promoting cytokine,86 it is
clear that the frequency-dependent VEGF production is strongly correlated to the
frequency-dependent vessel development. However, considering that no IH conditions
surpassed the VEGF level produced by the 5% O 2 control condition, it is evident that other
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frequency-induced angiogenic factors are at play. For example, note that total VEGF is
lower in IH 1, but that total vessel network length is higher compared to the 5% control.

Figure 3.3. Vessel formation and VEGF secretion are frequency dependent. A) Tissues cultured
under IH conditions demonstrated greater total vessel network length compared to those cultured
under constant 5% O2, and is frequency dependent. B) Fluorescent images of CD31 labeled
endothelial cells show that IH 4 promoted greatest vessel network development over the 5% O 2
control. Scale bar represents 100 m. C) Total accumulated VEGF in the conditioned tissue samples
reveal parallel frequency dependence.

Our data reflects the time-dependent cellular response to hypoxia, in which the
balance between pro- and anti-angiogenic mediators is modulated by the severity and
duration of hypoxia. Short-term exposure (on the order of minutes to hours) may instigate
the post-translational modification of proteins or the activation of pre-existing proteins,
most notably the HIF-1 transcription factor,87, 88 leading to VEGF production. Hence, it is
likely that the hypoxic exposure (tO2,low) in the higher frequency IH profiles in our study (i.e.
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approximating IH 1) are sufficient to instigate a corresponding transcriptional response. In
contrast, prolonged hypoxic exposure has been shown to lead to endothelial cell death;89
thus, as frequency decreases (i.e. approximating IH 6), the cells may respond in a fashion
more similar to chronic hypoxia which is characterized by cellular stress and damage.
Future studies should focus on understanding the expression of angiogenic proteins other
than VEGF in response to IH to more fully understand the impact of IH on angiogenesis.

3.4

Conclusions
In conclusion, we present an experimental platform, validated with a computational

model, capable of more efficiently controlling the temporal variation in oxygen tension
compared to commercial systems that characterize prominent diseases such as cancer. The
platform can investigate biological responses, such as angiogenesis, of engineered tissues over a
wide range of frequencies characteristic of IH in vivo. We demonstrate that IH stimulates vessel
network formation and VEGF production in a highly correlated fashion that is frequencydependent, with a maximum occurring at approximately 0.06 hr -1. This work may inform how
the tumor microenvironment responds to or modulates IH, and thus provides insight into
developing strategies for therapeutic intervention.
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3.5

Materials and Methods

Oxygen control system
A multi-chambered oxygen control system was fabricated (RapidTech, University of
California, Irvine) out of a single block of gas impermeable polymethyl methacrylate
(PMMA). A three-way solenoid valve connected to two external tanks facilitates gas
exchange within each chamber. One tank contains premixed 1% O 2, 5% CO2, and balance N2
(CO2,

low),

and the other contains 20% O2, 5% CO2, and balance N2 (CO2,

high).

Gas flow is

controlled via a customized LabVIEW program, and the entire system is housed in a 37°C
incubator.
Optical oxygen sensors (PreSens, Germany; measurement range: 0 – 100% O2,
accuracy:  0.4% O2, 90% response time: < 6 s) that utilize dynamic fluorescence
quenching were placed inside each chamber. A fiber-optic cable was fixed opposite the
sensor, and connected to a transmitter that reported real-time oxygen measurements.
Cell culture and vascularized tissue assembly
Endothelial colony forming cell-derived endothelial cells (ECFC-EC) were isolated
from human umbilical cord blood as previously described.30 ECFC-EC were cultured on 1%
gelatin coated tissue culture flasks and fed with endothelial growth medium-2 (EGM-2;
Lonza, Wakersfield, MD). Normal human lung fibroblasts (NHLF; Lonza) were cultured in
fibroblast growth medium-2 (FGM-2; Lonza). All cells were maintained at 37C in
humidified air containing 5% CO2.
ECFC-EC and NHLF were trypsinized and suspended in a 10 mg/mL bovine
fibrinogen (Sigma-Aldrich, St. Louis, MO) solution to a final concentration of 1106 ECFC-
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EC/mL and 2106 NHLF/mL. For each tissue, 50 L fibrinogen-cell solution was mixed with
1 L thrombin (50 units/mL; Sigma-Aldrich), and pipetted onto a circular glass cover slip
with an affixed polydimethylsiloxane (PDMS) retaining ring. The tissues were moved to a
37C incubator for 30 minutes to polymerize. Tissues were maintained at 20% O 2 for 24
hours following polymerization, and then transferred to the desired oxygen condition
within the oxygen control system for an additional 6 days.
Immunofluorescent staining and quantification of vessel networks
The tissues were immunofluorescently stained with mouse anti-human CD31
antibody (Dako, Carpinteria, CA). First, the tissues were fixed in 10% formalin, and then
blocked with a 2% bovine serum albumin (BSA, Sigma-Aldrich) and 0.1% Tween 20
(Sigma-Aldrich) solution. Overnight incubation with CD31 antibody diluted at 1:200 was
followed by overnight incubation with Alexa Fluor 555-conjugated goat anti-mouse IgG
(Invitrogen, Carlsbad, CA) diluted at 1:500. Washes with a 0.1% Tween 20 solution
followed both incubation periods. The stained tissues were imaged using an inverted
fluorescence microscope (Nikon Eclipse TE300).
Vessel networks were analyzed using AngioTool,90 software that provides
automated measurements of the total vessel network length and total number of junctions.
For statistical analysis, 9 gels (from 3 separate experiments) were assessed for each
experimental condition. 5 images were taken randomly from each gel, for a total of 45
images analyzed per condition.
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VEGF concentration
Media samples were collected from fibrin tissues on Days 1, 3, 5, and 7 of culture
under various oxygen conditions. Human VEGF-A protein concentrations were measured
using commercially available enzyme-linked immunosorbent assay (ELISA) kit from R&D
Systems (Minneapolis, MN) according to manufacturer’s instructions.
Mathematical model and solution
The model system was comprised of a cellularized tissue domain with a media
domain on top, for a total thickness h (Figure 3.1B). The applied oxygen profile (CO2,ex) is
administered via the fabricated oxygen control system at the z = 0 boundary. Mass transfer
through the system was assumed to occur by net diffusion in the z-direction only. Fick’s
second law was used to describe the mass balance of oxygen within the media and tissue
domains:
𝜕𝐶𝑚𝑒𝑑𝑖𝑎 (𝑧, 𝑡)
𝜕 2 𝐶𝑚𝑒𝑑𝑖𝑎 (𝑧, 𝑡)
= 𝐷𝑚𝑒𝑑𝑖𝑎
𝜕𝑡
𝜕𝑧 2
𝜕𝐶 (𝑧, 𝑡)
𝜕 2 𝐶 (𝑧, 𝑡)
= 𝐷𝑡𝑖𝑠𝑠𝑢𝑒
+ 𝑅(𝑧, 𝑡)
𝜕𝑡
𝜕𝑧 2

where Cmedia(z,t) and C(z,t) (mol O2/m3, or % O2) are the concentrations of oxygen in the
media and tissue domains, respectively, and Dmedia and Dtissue (m2/s) are the molecular
diffusion coefficients of oxygen in the media and tissue domains (both assumed constant in
space and time). R (mol O2m-3s-1) describes the cellular oxygen consumption rate per unit
volume in the tissue domain, and is assumed to follow Michaelis-Menten kinetics:
R(z, t) = ρcell

Vmax ∙ C(z, t)
K m + C(z, t)
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where ρcell (cells/m3) is the volumetric cell density of the uniformly distributed cellularized
gel, Vmax (molcell-1s-1) is the maximum rate of oxygen consumption per cell, and Km
(mol/m3) is the concentration of substrate at which the oxygen consumption rate is half
that of Vmax. Values used for the parameters D media, Dtissue, Vmax and Km were 3.010-9 m2/s,
1.710-9 m2/s, 3.610-5 mol/m3/s and 8.010-3 mol/m3, respectively.91
No flux boundary conditions were used for all boundaries except the top surface of
the media domain (z = 0), which was given the time varying boundary condition C O2,ex. The
initial concentration of oxygen within both media and tissue domains were assumed to be
20% O2. The model was solved with finite element methods using the commercial software
COMSOL Multiphysics. A time-dependent solver for non-steady state analysis was used
within the built-in COMSOL module for diffusion-reaction equations, and an interpolation
function was defined for each time varying boundary condition.
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CHAPTER 4
A three-dimensional in vitro model of tumor cell intravasation

4.1

Abstract
Metastasis is the cause of over 90% of all human cancer deaths. Early steps in the

metastatic process include: the formation of new blood vessels, the initiation of epithelialmesenchymal transition (EMT), and the mobilization of tumor cells into the circulation.
There are ongoing efforts to replicate the physiological landscape of human tumor tissue
using three-dimensional in vitro culture models; however, few systems are able to capture
the full range of authentic, complex in vivo events such as neovascularization and
intravasation. Here we introduce the Prevascularized Tumor (PVT) model to investigate
early events of solid tumor progression. PVT spheroids are composed of endothelial and
tumor cells, and are embedded in a fibrin matrix containing fibroblasts. The PVT model
facilitates two mechanisms of vessel formation: robust sprouting angiogenesis into the
matrix, and contiguous vascularization within the spheroid. Furthermore, the PVT model
enables the intravasation of tumor cells that is enhanced under low oxygen conditions and
is also dependent on the key EMT transcription factor Slug. The PVT model provides a
significant advance in the mimicry of human tumors in vitro, and may improve
investigation and targeting of events in the metastatic process.
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4.2

Introduction
Survival rates from cancer drop precipitously once a tumor achieves the ability to

metastasize. Thus, it is critical to understand the mechanisms that control the early cellular
and molecular events within the complex tumor microenvironment that lead to metastasis.
The tumor microenvironment involves the symbiotic integration of mechanical, chemical,
and biological cues to direct complex processes such as neovascularization, differentiation,
and cell migration that are hallmark features of metastatic human cancers. 92 In addition to
tumor cells, these processes engage a heterogeneous population of normal host cells,
including endothelial cells (EC) and fibroblasts.93
It is well established that tumors require neovascularization for continued tumor
growth.94 Increasing metabolic demands initiate a cascade of pro-angiogenic signals to
drive the formation of new blood vessels (angiogenesis), or the co-option of existing blood
vessels,8 which can subsequently become the conduits of transport for metastatic cancer
cells.9 Hypoxia is a primary regulator of carcinoma metastasis through the induction of
angiogenesis and epithelial-mesenchymal transition (EMT).10,

95

Stabilization of the

hypoxia-inducible factor 1 (HIF-1) transcription factor under hypoxic conditions
upregulates tumor and stromal cell secretion of pro-angiogenic growth factors such as
vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF).96 HIF1 has also been demonstrated to activate transcription factors such as Snail, Slug, Twist,
and SIP1, which regulate gene expression of proteins central to EMT. 97-101
The intersection between tissue engineering and tumor biology, recently coined
“tumor engineering,”6 has brought about the creation of advanced 3D cell culture models
that perform better than current 2D models at capturing complex aspects of in vivo
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processes within the tumor microenvironment, thereby providing a more relevant
platform for both basic research and anti-cancer drug development. Indeed, it is generally
accepted that 3D cell cultures better reflect the physiologic environment than traditional
monolayer cultures, or “flat biology,” 102 and multicellular tumor spheroids are increasingly
recognized as a superior model of the structural, chemical, and functional characteristics
within the tumor microenvironment.103-105
Co-culture of tumor spheroids with endothelial cells, either as monolayers 106-110 or
within 3D matrices,111-113 has provided insight into the mechanisms of tumor angiogenesis
by probing tumor-directed EC behavior. For example, human microvascular EC (HMEC-1)
have been shown to upregulate T-cadherin, which promotes invasiveness and network
formation, when co-cultured as a monolayer with NA8 melanoma spheroids. 114 Here, we
introduce a convenient and reproducible multicellular model of solid human tumor and
microvessels, referred to as the Prevascularized Tumor (PVT) model, and use this system
to investigate neovascularization, intravasation, and EMT in a 3D in vitro environment.
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4.3

Results

PVT model features robust sprouting
PVT spheroids are formed through the direct co-culture of primary human EC and
human tumor cells. These multicellular spheroids are embedded in a fibrin gel distributed
with normal human fibroblasts (Figure 4.1A). After 7 days in culture, the PVT spheroids
exhibit robust sprouting angiogenesis, creating a lumenized vessel network that extends
into the surrounding matrix (Figure 4.1B). Additionally, the PVT model features a defined
and contiguous vessel network that vascularizes the spheroid itself (Figure 4.1C). The
vessels localized within the spheroid are distinct in morphology, exhibiting a shorter, more
branched, and more irregular phenotype compared to the sprouting vessels that extend
into the matrix.
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Figure 4.1. Prevascularized Tumor (PVT) spheroid model. (A) Schematic of model shows coculture spheroids composed of endothelial (A1) and tumor cells (A2) embedded in a fibrin gel (A3)
distributed with fibroblasts (A4). (B) Representative fluorescent image of PVT spheroid
demonstrates robust radial sprouting of lumenized capillaries. EC are labeled with CD31 antibodies
(red), and tumor cells (here, SW620) are transduced with EGFP (green). Additionally, the PVT
model features a contiguous vessel network that vascularizes the spheroid itself. Scale bar
represents 100 m. (C) Fluorescent images of vascular network reveal inner capillaries are
characteristically shorter, jagged, and more branched compared to radial sprouting capillaries.
Boundaries of spheroids are outlined with dashed lines. Scale bar represents 100 m.
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EGFP-transduced EC are used to track vessel development in PVT spheroids
composed of SW620 epithelial colon cancer cells and EC (SW620/EC spheroids). EC only
spheroids serve as a control. Within 24 hours of tissue construction, EC show signs of early
sprout-like structures (Figure 4.2), which become robust, highly branched sprouting
networks over the course of 7 days. Interestingly, the EC demonstrate significant
reorganization to the periphery of the SW620/EC spheroids by Day 3, followed by
infiltration of the EC back into the centralized spheroid to form an inner network that is
contiguous with the outer sprouting vessels.

Figure 4.2. Development of EC only spheroids and SW620/EC spheroids over 7 days in a fibrin gel.
EC only spheroids exhibit robust sprouting angiogenesis (top panel). When combined with SW620,
EC initially reorganize to periphery of the spheroids, then infiltrate to form inner network within
the boundaries of the spheroid that is contiguous with outer sprouting vessels (bottom panel). EC
are transduced with EGFP (white). Dashed lines outline original spheroid boundaries from Day 1.
Scale bars represent 500 m.
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To demonstrate the adaptability of the PVT model to other malignant and nonmalignant cell types, spheroids were constructed with EGFP transduced MDA-MB-231,
A549, and MCF10A. The model was amenable to all three additional cell lines (Figure 4.3).

Figure 4.3. The adaptability of the PVT spheroid model extends to cell lines of breast (MCF10A,
MDA-MB-231), lung (A549), and colon (SW620) origin. Intravasation events were only observed for
SW620 cells. EC are labeled with CD31 antibodies (red). MCF10A, MDA-MB-231, A549, and SW620
are transduced with EGFP (green). Scale bars represent 100 m.

Decreased oxygen increases tumor cell intravasation
In all PVT spheroids, individual tumor cells broke away from the primary mass and
migrated or invaded the surrounding matrix (Figure 4.3). In a feature unique to the
SW620/EC spheroids, however, the tumor cells exhibited localized migration within the
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lumens of the sprouting vascular network (Figure 4.4A). Confocal imaging of individual
capillaries demonstrated SW620 cells within the vessel lumens (Figure 4.4B).

Figure 4.4. Decreased oxygen tension increases intravasation of SW620 cells. (A) Fluorescent
images of PVT spheroids cultured under 20% O2 and 5% O2 demonstrates that intravasation of
SW620 is oxygen dependent. EC are labeled with CD31 antibodies (red). SW620 cells are
transduced with EGFP (green). Scale bar represents 100 m. (B) Confocal immunofluorescence
analysis of single vessel branch reveals localization of tumor cells within lumens. Scale bar
represents 20 m. (C) Quantification of Migration Length and Migration Area shows the
significantly enhanced intravasation of SW620 under conditions of low oxygen. Error bars
represent standard deviation for each condition. **p < 0.001
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To examine the effects of oxygen tension on the intravasation of the SW620 cells,
spheroids were cultured in either 20% or 5% O 2. Interestingly, intravascular tumor cell
migration was significantly enhanced under lowered oxygen (5%) conditions.
Intravasation was characterized by Migration Length and Migration Area parameters,
defined as the total distance and area, respectively, travelled by all tumor cells beyond the
surface boundary of the spheroid (Figure 4.6, supplementary data). Specifically, we saw an
approximate doubling in both parameters at 5% O 2 compared to 20% O2 conditions (Figure
4.4C). This effect was found to be independent of SW620 proliferation, for which there was
no significant difference between 20% and 5% conditions (data not shown).
Tumor cell intravasation is Slug-dependent
To examine whether the oxygen-dependent phenomenon of intravascular SW620
migration was related to EMT, we measured expression of the transcription factor Slug, a
major driver of EMT. SW620 cells incubated at 5% O 2 exhibited over a 5-fold increase in
Slug expression compared to those incubated at 20% O 2 (Figure 4.5A). We then used siRNA
to reduce Slug expression (confirmed with qPCR and Western Blot, Figure 4.5B). SW620
treated with control or Slug siRNA were then used to construct SW620/EC spheroids, and
intravasation was assessed at both 20% and 5% O 2. Strikingly, intravasation of SW620 cells
was strongly reduced in Slug knockdown spheroids under 5% O2 conditions (Figure 4.5C),
confirming a critical role for Slug in this oxygen-regulated EMT-like response. There was no
observable difference in vessel growth or branching between PVT spheroids that contained
either siSlug or siControl transfected SW620 at a given oxygen level (Figure 4.7,
supplementary data).
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Figure 4.5. SW620 intravasation is Slug-dependent. (A) SW620 cells incubated at 5% O 2 showed
more than a 5-fold increase in Slug expression compared to cells incubated at 20% O 2. Values were
normalized to GAPDH expression levels. (B) Slug knockdown efficiency in SW620 cells was
validated by qPCR (top) and western blot (bottom) up to 72 hours post-transfection. (C)
Quantification of Migration Length and Migration Area at day 7 confirms the attenuation of
intravascular cell migration by siSlug compared to siControl. Error bars represent standard
deviation for each condition. *p < 0.05 and **p < 0.001. NS: no statistically significant difference
between conditions.
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4.4

Discussion
Cancer biologists and engineers are increasingly collaborating to examine the

fundamental physical characteristics of the tumor microenvironment that contribute to
disease progression, including mechanical forces, transport of fluid and soluble mediators,
growth kinetics, and reaction kinetics.115 This has yielded the development of advanced in
vitro technologies to study, quantify, and manipulate these phenomena. While there have
been significant advances in “tumor engineering,” few models have been able to
recapitulate the complex in vivo processes of tumor angiogenesis and intravasation–
critical and early steps in tumor growth and metastasis. We have developed a novel in vitro
model of the tumor microenvironment that captures features of both tumor angiogenesis
and intravasation simultaneously. The PVT model can be used to create a network of
vessels that surround the tumor and that is contiguous with a network of vessels within the
tumor. Furthermore, we have used the model to demonstrate that tumor cell intravasation
can be easily visualized, depends on the tumor cell line, is enhanced at low oxygen levels,
and depends on expression of the transcription factor Slug. Importantly, the PVT model
begins to reflect the cellular heterogeneity of native tumors, in which normal cells such as
EC and fibroblasts communicate directly with cancer cells to influence the progression of
the cancer.
Co-culture of tumor and EC into multicellular spheroids is not a new concept. Such
models have been used to investigate the effects of tumor-EC interactions on gene
expression, morphogenesis, cell survival, and response to anti-cancer therapies113, 116, 117.
Some co-culture models have even been demonstrated to enhance tumor growth and
angiogenesis when implanted in vivo.117 Nonetheless, the tumor/EC spheroid has been
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underutilized as a model to investigate mechanisms of tumor angiogenesis and
intravasation, due in part to the necessity of a supporting stromal cell population to
promote robust vessel sprouting, and in particular, lumen formation. 118 The importance of
fibroblasts in capillary network formation has been extensively studied, 119,

120

and its

inclusion in in vitro assays is important as it encourages the production of capillaries more
representative of those found in vivo.31, 121, 122
Additionally, an appreciation for the role of fibroblasts in cancer development is
increasing. As the main cellular component of the tumor stroma, fibroblasts play a key role
in defining the rate and scale of cancer progression, and are considered to be an intriguing
target for anti-cancer therapies.123 Here, we advance the tumor/EC spheroid model
significantly by embedding them in a fibrin matrix distributed with fibroblasts. Fibrin was
used in these studies because it is present in the tumor microenvironment, and because it
represents a physiological ECM that supports both normal and tumor angiogenesis in
vivo.124 The combination of EC and NHLF in a fibrin matrix has also been previously shown
to support robust capillary formation in vitro.125,
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With the addition of fibroblasts, the

PVT model is able to support radially sprouting, lumenized capillaries.
Oxygen and nutritional limitations restrict the size of avascular tumors. Hence, the
establishment of a vascular network within the tumor mass is an important feature to
replicate when modelling tumor progression towards a metastatic state. Previous efforts
have demonstrated rudimentary vascularization of tumor spheroids either via contact with
endothelial cell monolayers108 or co-incubation with differentiated embryoid bodies.127
However, the PVT model advances these efforts significantly by supporting a branched,
lumenized, and extensive EC network that not only penetrates the spheroid mass, but also
55

remains contiguous with the radially sprouting vessel network. It is interesting to note the
altered morphology of the vessels that develop within the tumor mass. These vessels are of
heterogeneous diameter, show multiple filopodia, and are generally reminiscent of tumor
vasculature seen in vivo.8
A unique and potentially valuable feature of the PVT model is its ability to support
tumor cell intravasation through lumenized vessels. PVT spheroids cultured in lowered
oxygen (5% O2) showed significantly enhanced intravascular migration of SW620
compared to those cultured under ambient oxygen (20% O2). The stabilization of HIF-1 has
previously been shown to induce migration and invasion of SW620 cells during hypoxia. 128
However, to our knowledge, hypoxia-induced intravasation of tumor cells through
engineered microvasculature has never been demonstrated. This represents a novel model
of in vitro cancer cell migration in 3D. We devised two quantitative parameters of
intravasation (Migration Length and Migration Area) to describe our observations, and in
both cases, intravasation of SW620 was markedly greater at 5% O 2 compared to 20% O2.
When factoring in the analysis that the 5% O 2 conditioned vessel networks are significantly
less developed than the 20% O2 networks (hence having less available space through which
tumor cells may intravasate), this differential becomes even more impressive.
The observed phenomenon of intravascular cell migration is consistent with EMT, a
key mechanistic feature of metastasis in which primary cancer cells of epithelial origin are
transformed into migratory mesenchymal cells capable of invading the extracellular
matrix.129 Because cancer cell migration is promoted by EMT, which in turn is highly
controlled by the transcription factor Slug in human carcinomas, 130 we hypothesized that
the observed behaviour was controlled in part by oxygen-regulated Slug expression in
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SW620. Slug, a member of the Snail family of transcription factors, is known to repress Ecadherin expression and increase the motility of cancer cells. 131, 132 Cells from the highly
metastatic cell line SW620 repeatedly demonstrate a high level of Slug expression. 133, 134 In
a study of 8 different colorectal carcinoma cell lines cultured under normoxia (20% O 2),
SW620 maintained the highest level of Slug expression, the lowest level of E-cadherin
expression, and showed the greatest capacity for cell migration and invasion. 135
We quantified Slug expression in SW620 using qRT-PCR, and detected an
approximate 5-fold increase in cells maintained at 5% O 2 compared to those maintained at
20% O2. These results are consistent with studies that showed increased Slug expression of
some carcinomas cultured under hypoxia.136 Suppression of Slug by siRNA significantly
reduced the intravasation of the SW620, particularly under 5% O 2 conditions. We conclude
that either supra-induction of Slug is required for intravasation, or that low oxygen
conditions induce a cooperating factor(s) for Slug-dependent migration.
We additionally demonstrated the flexibility of the PVT model for assaying multiple
cancer cell types of different origin. Thus far, we have incorporated tumor cells of colon,
lung, and breast origin into the system. Furthermore, the significant initial remodeling of
EC within the PVT spheroids may provide insight into the early stages of solid tumor
progression that are cancer-specific.
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4.5

Conclusions
Our results demonstrate the utility of a new 3D tissue engineered model that may be

used to investigate cell-cell communication patterns in the tumor microenvironment. In
particular, we have shown the unique ability to investigate mechanisms of tumor cell
intravasation, which was enhanced at low oxygen and dependent on the expression of the
transcription factor Slug. There is ample room for future investigation in this area, such as
dependence on other EMT regulators like Snail or Twist. This flexible, simple, and
reproducible experimental platform has the potential to improve the clinical relevance of
3D in vitro culture systems by providing a more accurate simulation of in vivo tumor
angiogenesis and metastatic processes.
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4.6

Materials and Methods

Cell culture
Endothelial colony forming cell-derived endothelial cells (EC) were isolated from
human umbilical cord blood as previously described. 30 Previous work in our lab has
demonstrated the ability of these cells to i) form lumenized vessel structures when cocultured with normal human lung fibroblasts (NHLF) in a fibrin matrix, 78, 137 ii) anastomose
with a host (e.g. mouse) circulation upon implantation, 30, 42 and iii) be perfused with cell
culture media using a microfluidic platform.138 These studies have demonstrated in vivo
function including pericyte-like recruitment, retention of 70 kDa dextran, and physiological
flow and shear. EC were cultured on 1% gelatin coated tissue culture flasks and fed with
endothelial growth medium-2 (EGM-2; Lonza, Wakersfield, MD). NHLF (Lonza) were
cultured in fibroblast growth medium-2 (FGM-2; Lonza). SW620 colon cancer cells were
cultured in DMEM high glucose (Invitrogen, Carlsbad, CA) supplemented with 2 mM
glutamine, 100 U/mL antibiotic-antimycotic (Invitrogen), and 10% fetal bovine serum
(FBS; Invitrogen). A549 lung cancer cells were fed with DMEM high glucose containing
10% FBS. MDA-MB-231 and MCF10A breast cancer cells were fed with mammary epithelial
growth medium (MEGM; Lonza). All cells were maintained at 37°C in humidified air
containing 5% CO2, and the medium was changed every 48 hours. Cells were passaged at
80% confluence with 0.025% trypsin. EC were used at passages 4-5, and NHFL were used
at passages 6-7.
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EGFP transduction of cells
EC, SW620, MDA-MB-231, A549, and MCF10A cells were transduced using a
lentivirus in order to express enhanced green fluorescent protein (EGFP). To prepare the
lentiviral vector, HEK293T cells were plated at 5105 cells per well of a 6-well plate in
DMEM without sodium pyruvate and with 10% FBS. Cells were maintained for 24 hours at
37°C in humidified air containing 5% CO 2. 3 g of plasmid DNA that consisted of 1.5 μg
pRRLSIN.cPPT.PGK-GFP.WPRE, 0.75 μg pMDLg/pPRE, 0.3 μg pRSV-Rev, and 0.45 μg
pMD2.G (Addgene, Cambridge, MA) was diluted with 250 μL of Opti-MEM (Invitrogen), and
incubated at room temperature for 25 minutes. 7.5 μL of Lipofectamine 2000 (Invitrogen)
was diluted with an additional 250 μL of Opti-MEM, and incubated at room temperature for
5 minutes. The two solutions were combined and added drop wise to each well of
HEK293T cells. After 24 hours, each well was replaced with fresh medium. After 48 hours,
the viral supernatant was collected, centrifuged to remove debris, and frozen at -80°C for
further use.
To transduce cells, 2 mL of viral titer and 6 L of 10 mg/mL polybrene (Millipore,
Billerica, MA) was added to 8 mL culture medium for each of the respective cell lines (as
described in Cell culture section), and was used to feed approximately 40% confluent cells
in 75 cm2 flasks. The cells were cultured overnight, after which the medium was replaced
with fresh culture medium. Transduction efficiency was greater than 90% for all cells.
EGFP transduction of EC was performed to visualize EC re-organization over the course of
the assay to qualitatively inform the model; however, non-transduced EC were used for all
quantified experiments.
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PVT spheroid preparation
A stock solution of methocel was prepared by dissolving 6 g of methylcellulose in
500 mL of DMEM. EC and tumor cells were trypsinized, and suspended in EGM-2
containing 15% methocel (v/v). 150 L of the cell suspension was seeded to each well of a
non-adherent round-bottom 96-well plate (Greiner, Frickenhausen, Germany). Co-culture
(PVT) spheroids were composed of a 3:1 EC to tumor cell ratio. EC only spheroids were
also generated to serve as a control. All PVT and control spheroids contained a total of
1000 cells. After incubation overnight in 37C, the cell suspension solution contributed to
the formation of a single spheroid per well. The spheroids were harvested for experiments
within 24 hours.
Fibrin tissue assembly and oxygen conditioning
For each tissue construct, 8-10 spheroids were suspended in 50 L of bovine
fibrinogen (Sigma-Aldrich, St. Louis, MO) solution that contained NHLF at a concentration
of 1106 cells/mL. To make the fibrinogen solution, fibrinogen was dissolved in Dulbecco’s
phosphate buffered saline (DPBS, Invitrogen) to a final concentration of 2.5 mg/mL. The
fibrinogen-NHLF-spheroid solution was mixed with 2.5 L FBS and 1 L thrombin (50
units/mL; Sigma-Aldrich), and pipetted onto a 12 mm circular glass cover slip with an
affixed polydimethylsiloxane (PDMS) retaining ring. The PDMS rings have a diameter of 8
mm and a height of 0.8 mm, for a final tissue thickness of ~1 mm. The tissues were left
undisturbed for 5 minutes at room temperature, and then moved to a 37C incubator for 30
minutes to completely polymerize. The tissues were then transferred to 24-well plates (one
tissue per well), and fed with EGM-2. Assembled fibrin tissues were maintained at 20% O 2
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for 24 hours following polymerization. Tissues were then assigned to one of two groups
(20% or 5% O2) and kept in culture for an additional 6 days. All conditions were
maintained with 5% CO2 and balance N2. Medium was changed every two days.
Immunofluorescent staining and visualization of EC
To visualize the vessel networks formed by the EC, the tissues were
immunofluorescently stained with mouse anti-human CD31 antibody (Dako, Carpinteria).
First, the tissues were fixed in 10% formalin, and then blocked with a 2% bovine serum
albumin (BSA, Sigma-Aldrich) and 0.1% Tween 20 (Sigma-Aldrich) solution. Overnight
incubation with CD31 antibody diluted at 1:200 was followed by overnight incubation with
Alexa Fluor 555-conjugated goat anti-mouse IgG (Invitrogen) diluted at 1:500. Washes with
a 0.1% Tween 20 solution followed both incubation periods. Images of the stained tissues
used for vessel quantification purposes were acquired using an inverted fluorescence
microscope (Nikon Eclipse TE300). Images to confirm lumen formation and intravascular
cell migration were acquired using laser scanning confocal microscopy (Zeiss LSM 510
Meta).
Quantification of sprouting angiogenesis and intravasation
Vessel (+CD31) networks that emanate beyond the surface boundary of the
spheroid were manually selected using ImageJ (NIH, Bethesda, MD). These images were
then analysed using AngioTool,90 software that provides automated measurements of the
Total vessel network length and the Total number of junctions per spheroid.
Two parameters were used to quantify tumor cell intravasation, and were
calculated manually using ImageJ. The Migration Length was defined as the total distance
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travelled by all tumor cells beyond the surface of the spheroid (dotted lines in Figure 4.6A,
supplementary data). The Migration Area was defined as the total area of tumor cells past
the surface of the spheroid (black area in Figure 4.6B, supplementary data). Both
parameters were calculated for each individual spheroid, and then averaged over the entire
experimental group. For statistical analysis, five spheroids from each of 9 fibrin tissues (45
spheroids total over 3 experiments) were analysed for each condition.
Small interfering RNA transfection
SW620 at 80% confluency were transfected with 50 nM (Invitrogen) siRNA using
Lipofectamine 2000 in Opti-MEM (Invitrogen), incubated overnight with transfection
mixture, and recovered in EGM-2 media the following day. The non-targeting stealth RNAi
negative control high GC duplex #2 (Invitrogen) was used as a control for sequence
independent effects of siRNA delivery. Transfection efficiencies were determined by qPCR
and Western blot analysis. Stealth siRNAs targeting Slug were purchased from Invitrogen
and sequences were as follows: 5`-GGCUCAUCUGCAGACCCAUUCUGAU-3` (sense) and 5`AUCAGAAUGGUCUGCAGAUGAGCC-3` (antisense). Cells transfected with siRNAs targeting
Slug or a non-specific sequence serving as a control, were used to make PVT spheroids,
which were then divided into two experimental groups: 20% or 5% O 2 (for a total of four
conditions). For characterization of intravasation, five spheroids from each of 9 fibrin
tissues (45 spheroids total over 3 experiments) were analysed for each condition.
Western Blot
Protein was harvested at 72 hours post transfection from SW620 transfected with
control or Slug siRNA. SW620 were lysed directly from the culture dish using lysis buffer
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(20 mM Tris pH 7.9, 137 mM NaCl, 5mM EDTA, and 1% NP-40) supplemented with 1X
protease inhibitor cocktail, 1 μM PMSF, and 1x phosphatase inhibitor. SW620 were lysed
on ice with supplemented lysis buffer in the culture dishes for 10 minutes. Dishes were
scrapped and the cellular contents were added to a microfuge tube and allowed to lyse for
an additional 10 minutes on ice. Lysates were then sonicated at 15 W for 15 seconds and
then spun at 14,000 rpm for 10 minutes at 4°C. Protein concentrations were determined
using bicinchoninic acid assay (Sigma-Aldrich) according to manufacturer’s instructions.
Samples were mixed 3:1 with Laemmli 4X sample buffer (BioRad), boiled for 5 minutes at
95°C, and equal amounts of protein (100 μg) were loaded and electrophoresed in 4-20%
Mini-PROTEAN TGX polyacrylamide gels (BioRad) under denaturing and reducing
conditions. Proteins were transferred to a polyvinylidene fluoride membrane (Millipore).
Membranes were blocked for 1 hour in TBS/0.1% Tween 20 (0.1% TBST) containing 5%
non-fat dry milk. Membranes were then incubated overnight at 4°C in primary rabbit
monoclonal anti-Slug (1:750; Cell Signaling, 9585) diluted in 0.1% TBST containing 5%
bovine serum albumin (BSA). The following day, membranes were washed with TBS/0.2%
Tween 20 (0.2% TBST) before secondary antibody was added. HRP-conjugated goat antirabbit secondary antibody (1:5000; Abcam) was diluted in 0.1% TBST containing 5% BSA
and added to the blot for 1 hours at RT. Protein expression was detected using Amersham
ECL Western Blotting Detection Reagent (GE Healthcare) and membranes were imaged
using a Nikon AF 50 mm f/1.4D camera (Nikon). To ensure equal loading, membranes were
stripped using restore stripping buffer (Thermo Scientific), blocked for 1 hour in 0.1%
TBST containing 5% BSA and re-probed overnight with HRP-conjugated GAPDH (1:5000;
Abcam, ab9482) antibody.
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Quantification of Slug induction
Monolayers of SW620 were prepared in 100 mm tissue culture treated petri dishes.
Cells were fed with EGM-2, and incubated at 37C in either 20% or 5% O2 conditions for
24-48 hours.

Total RNA was isolated from SW620 using TriZOL reagent (Invitrogen)

according to the manufacturer’s protocol. Isolated RNA was then treated with RQ1 DNase
(Promega) for 1 hour. 1 μg of total RNA was used for cDNA synthesis using iScript cDNA
Synthesis Kit (BioRad). A BioRad iCycler was used to perform qRT-PCR using SYBR Green
(Molecular Probes) and HotStarTaq DNA Polymerase (Qiagen). Average C T values were
normalized to GAPDH expression levels and all samples were measured in triplicate.
Primers were synthesized by Integrated DNA Technologies and sequences are as follows:
Slug, 5`-AGATGCATATTCGGACCCAC-3` (forward) and 5`-CCTCATGTTTGTGCAGGAGA-3`
(reverse),

GAPDH,

5`-TCGACAGTCAGCCGCATCTTC-3`

(forward)

and

5`GCGCCCAATACGACCAAATCC-3` (reverse). Three replicates were performed for each
condition.
Statistical analysis
Statistical analyses were performed using one-way analysis of variance (ANOVA)
with SigmaStat (Systat Software, San Jose, CA). Comparisons between groups were made
with the Tukey test for multiple comparisons. All data are presented as the mean 
standard deviation. Results are considered statistically significant for p < 0.05.
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4.8

Supplementary Figures

Figure 4.6. Tumor cell intravasation was characterized by Migration Length (dotted lines in A) and
Migration Area (black area in B). For both parameters, only cells present beyond the surface
boundary of the spheroid (dashed lines in A, B) were analyzed.
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Figure 4.7. Effect of siSlug on sprouting angiogenesis. PVT spheroids that contained SW620 cells
transfected with siRNA targeting Slug (siSlug) or Control (siControl) were cultured in either 20% or
5% O2 for 7 days. Resulting vessel networks were quantified for (A) Total vessel network length
and (B) Total number of junctions. There was no significant difference found between siSlug and
siControl conditions at each oxygen level. Error bars represent standard deviation for each
condition. NS: no statistically significant difference between conditions.
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CHAPTER 5
Development of a personalized anti-cancer drug-screening platform

5.1

Abstract
Precise replication of complex biological environments is necessary to more

accurately mimic the human response to drugs. The development of anti-cancer
compounds has become dependent on either animal models or in vitro systems that use
established cells lines, both of which have diminishing relevance to actual patient
outcomes. Primary cultures derived directly from patient biopsies may enable the
development of more individualized anti-cancer therapies. The goal of this project is to
combine these cultures with a tissue-engineered model of the tumor microenvironment in
order to create an experimental platform that is able to manipulate patient-specific “living”
solid tumors. Experimental testing with this platform would enhance the efforts of
personalized cancer therapy, whereupon the results could be used to individualize
treatment for the patient from whom the cells were derived. The system will be
characterized for its potential as an anti-cancer drug-screening platform that is faster, more
cost-effective, and a better prediction of clinical response compared to current methods.
Understanding the causes of cancer, and developing coordinated efforts to prevent and
manage the disease, has enormous impact on public health across the country and the
world. Exploring models that investigate the mechanisms of cancer biology will allow for
the development of more targeted and effective treatment strategies, and may ultimately
enhance the quality of care and quality of life of patients.
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5.2

Introduction
For decades, cell lines have been the foundation of in vitro cancer biology research

and anticancer drug discovery efforts.139,

140

In 1990, the U.S. National Cancer Institute

established a panel of 60 human tumor cell lines, known as the NCI60, for the development
and characterization of thousands of anticancer compounds. While this database has
provided an enormity of information that has revolutionized cancer therapy research and
drug screening, the fact remains that established cell lines have diminishing relevance to
actual patient outcomes. With each subculture, cell lines become less and less
representative of their originating tumor, which ultimately puts more and more distance
between therapeutic theory and practice.
Cell lines are easy to use, may be continuously sub-cultured, and offer rapid,
reproducible results. However, increasing uncertainty of their clinical relevance is
predicated on the disparity between the characteristics of the cell line and the originating
tumor.141 In recent years, efforts have been made towards utilizing primary cell cultures
obtained directly from human cancers.142, 143 These primary cells offer more accurate and
more representative responses for drug development research. 144 Research has shown that
primary cell response to chemotherapies correlate much better with clinical results
compared to established cell lines.145
Toxicity testing with not just primary tumor cells, but patient-derived primary
tumor cells has enormous implications for individualized therapeutic strategies. Obtaining
a biological sample directly from the patient allows for the development of tailored
treatment strategies for the individual cancer.146 This potential for “personalized medicine”
hinges on the fact that there is often an undesirably high variability in therapeutic response
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between patients. Unfortunately, the drawbacks to using primary cells are by no means
trivial. Primary cells are costly to obtain, difficult to culture, remain in their differentiated
state for only a short period of time, and are often considerably heterogeneous. 144 Primary
culture of cancer cells from an individual patient’s tumor is even more difficult, and is
usually restricted to two-dimensional culture methods.
Dr. Masahiro Inoue and his team of researchers in Japan have recently developed a
novel technique of isolating primary cancer cells directly from patient tumors in a way that
is relatively inexpensive, easy, and efficient.147 The purified cancer cells are isolated with
high efficiency from biopsy samples, and preserve the characteristics of the originating
tumor. Upon isolation, the cells rapidly form three-dimensional spheroids, which they have
termed Cancer tissue-originated spheroids (CTOS). An important advantage to this
technology is that it is highly amenable to in vitro manipulation and testing. The CTOS are
easily handled and may be stably cultured. This method of preparation additionally allows
for the preservation of 3D cell-cell contact, a characteristic that is rarely preserved in other
primary cell isolation techniques.
The goal of this work was to replace the cancer cell lines of the Prevascularized
Tumor (PVT) spheroid model (detailed in Chapter 4) with primary cancer cells isolated
directly from patient biopsies (CTOS), and in doing so, establish an anticancer drug
screening platform that may be used for advancing personalized therapies. This project
was supported by the National Science Foundation East Asia and Pacific Summer Institutes
Fellowship Program in conjunction with the Japan Society for the Promotion of Science
Summer Program, and was conducted over a 10-week period in Osaka, Japan, during the
summer of 2013.
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5.3

Materials and Methods

Cell culture
Endothelial colony forming cell-derived endothelial cells (EC) were isolated from
human umbilical cord blood as previously described.30 EC were cultured on 1% gelatin
coated flasks and fed with endothelial grown medium-2 (EGM-2; Lonza, Wakersfield, MD).
EC were transduced using a lentivirus in order to express green fluorescent protein (GFP)
as described in Section 4.5. Normal human lung fibroblasts (NHLF; Lonza) were cultured in
fibroblast growth medium-2 (FGM-2; Lonza). All cultures were maintained at 37°C in
humidified air containing 5% CO2.
Cancer tissue-originated spheroid (CTOS) preparation
Colorectal cancer samples were obtained from the Osaka Medical Center for Cancer
and Cardiovascular Diseases, and were prepared and cultured as previously described.147
Briefly, the specimens were minced with razor blades, washed with Hank’s Balanced Salt
Solution (HBSS; Gibco), digested with Liberase DH solution (Roche Diagnostics,
Indianapolis, IN) at 37°C for two hours, and filtered through mesh cell strainers (Becton
Dickinson). The tumor tissue that remained in the strainer was collected, washed with
HBSS, and transferred to StemPro hESC medium (Invitrogen, Carlsbad, CA) supplemented
with 8 ng/mL bFGF (Invitrogen). GFP transduced CTOS were kindly provided by Dr.
Masahiro Inoue.
CTOS in suspension culture
CTOS were transferred via micropipette to a 96 well plate for media formulation
studies. Conditions for study included: 100%-0%, 75%-25%, 50%-50%, 25%-75%, 0%72

100% StemPro to EGM-2. Images of individual CTOS were taken using a light microscope
every 2 days for 7 days.
3D tissue assembly
CTOS were embedded in 3D tissues composed of either fibrin or collagen matrix. For
each tissue construct, 8-10 spheroids were suspended in 50L matrix solution. To prepare
fibrin, bovine fibrinogen (Sigma-Aldrich, St. Louis, MO) was dissolved in Dulbecco’s
phosphate buffered saline (DPBS, Invitrogen) to a final concentration of 2.5 mg/mL. To
prepare collagen, Cell-matrix type I-A (Nitta Gelatin), 5 DMEM (Gibco), and reconstitution
buffer (50 mM NaOH, 260 mM NaHCO3, 200 mM Hepes) were mixed at a ratio of 7:2:1. For
fibrin containing matrices, 1 L thrombin (50 units/mL; Sigma-Aldrich) was added to
promote polymerization.
To assemble the tissues, the matrix-spheroid solution was pipetted onto a 12 mm
circular glass cover slip with an affixed polydimethylsiloxane (PDMS) retaining ring. The
PDMS rings have a diameter of 8 mm and a height of 0.8 mm, for a final tissue thickness of
~1 mm. The tissues were left undisturbed for 5 minutes at room temperature, and then
moved to a 37C incubator for 30 minutes to completely polymerize. Tissues were
maintained with 5% CO2 and balance N2, and medium was changed every two days.
Prevascularized tumor (PVT) spheroid preparation
PVT spheroids were composed of a 3:1 EC to tumor cell ratio, and contained an
approximate total of 1000 cells. To assemble the PVT spheroids, a stock solution of
methocel was prepared by dissolving 6 g of methylcellulose in 500 mL of DMEM. Cells were
suspended in EGM-2 containing 15% methocel, after which 150 uL of the cell suspension
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solution was seeded to each well of a non-adherent round-bottom 96-well plate (Greiner,
Frickenhausen, Germany). The plate was incubated overnight in 37C to generate a single
spheroid per well. The PVT spheroids were then embedded into fibrin matrices that
contained NHLF at a concentration of 1106 cells/mL. The fibrin-NHLF-spheroid solution
was assembled into 3D tissue as described above.
Immunofluorescent staining
To visualize the primary tumor cells, tissues were immunofluorescently stained
with E-cadherin (Takara). First, the tissues were fixed in 10% formalin, and then blocked
with a 2% bovine serum albumin (BSA, Sigma-Aldrich) and 0.1% Tween 20 (SigmaAldrich) solution. Overnight incubation with E-cadherin antibody diluted at 1:200 was
followed by overnight incubation with Alexa Fluor 594-conjugated secondary antibody
(Molecular Probes) diluted at 1:500. Washes with a 0.1% Tween 20 solution followed each
incubation

period.

To

visualize

non-EGFP

transduced

EC,

the

tissues

were

immunofluorescently stained with mouse anti-human CD31 antibody (Dako, Carpinteria),
and followed the same staining protocol as for the E-cadherin. Tissues were examined by
fluorescence microscopy.
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5.4

Results and Discussion
This 10-week project was conducted at the Osaka Medical Center for Cancer and

Cardiovascular Diseases Research Institute in Japan in collaboration with Dr. Masahiro
Inoue, who developed the CTOS technology. Up until that point, the in vitro models
employed in our laboratory had utilized only established cancer cell lines from the NCI60
panel. Substituting these cell lines with Dr. Inoue’s primary colon cancer cells was a logical
advancement to our PVT spheroid platform given that 1) our model employs 3D
multicellular spheroids of approximately the same size as the CTOS, and 2) the CTOS had
demonstrated ease of handling and expansion in vitro, which is conducive to manipulation
within our system. With the combination of these two technologies, we would feasibly
construct a cancer drug screening platform that is not only more closely representative of
the tumor microenvironment compared to existing models, but also one that is amenable to
individualized testing for patient-specific therapy.
The first step of this project was learning how to culture and manipulate the CTOS,
which were derived from patient biopsies collected at the Osaka Medical Center for Cancer
and Cardiovascular Diseases. This work was performed with the assistance of researchers
within Dr. Inoue’s group. Next, in vitro culture of the CTOS had to be optimized in order to
facilitate translation to the PVT platform. This included experimentation with media and
matrix formulations. Typically, CTOS are cultured in StemPro medium and embedded in
collagen matrices. Conversely, our PVT spheroids are typically cultured in EGM-2 and
embedded in fibrin matrices.
Figure 5.1 shows representative images of CTOS in suspension culture that were
maintained in various media formulations ranging from pure StemPro (100% - 0%) to pure
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EGM-2 (0% - 100%). CTOS growth and morphology were tracked over the course of 7 days.
Noticeably, as the amount of EGM-2 in the media formulation increased, the CTOS exhibited
increasing amounts of cell dispersion and apoptosis.

Figure 5.1. Suspension culture of CTOS in various media formulations. Percentages represent the
amount of StemPro to EGM-2 that was used to maintain the CTOS over the course of 7 days.
Increased EGM-2 in the media formulation led to increased cell dispersion and apoptosis.
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Figure 5.2 shows representative images of CTOS embedded in either fibrin or
collagen matrices, and maintained with either StemPro or EGM-2 for 7 days. Surprisingly,
in the collagen matrix, the CTOS maintained similar viability in EGM-2 as in StemPro. This
suggests that embedding of the CTOS into a 3D matrix environment may counter the
damaging effects of the EGM-2 observed in suspension culture (Figure 5.1). Conversely, the
CTOS exhibited rapid apoptosis in the fibrin matrices, regardless of media formulation.

Figure 5.2. 3D culture of CTOS in either fibrin or collagen matrices. Each matrix condition was
further split into maintenance with either StemPro or EGM-2 media. Collagen matrices supported
CTOS growth and viability for both media formulations; however, fibrin matrices promoted CTOS
apoptosis.

77

After characterization of culture conditions, including media and matrix formulations, the
CTOS were integrated with into the PVT spheroid model that included two additional primary
cell types (EC and NHLF). Figure 5.3 demonstrates the successful integration of the CTOS and
PVT technologies. Co-culture spheroids composed of endothelial cells and primary tumor cells
derived from CTOS were embedded into fibrin matrices dispersed with fibroblasts. The PVT
spheroids demonstrated robust sprouting angiogenesis into the surrounding matrix (Figure 5.3A),
as well as vascularization of the central spheroid (Figure 5.3B). Surprisingly, the primary tumor
cells were able to maintain viability in the fibrin matrix, despite the results shown in Figure 5.2.
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Figure 5.3. PVT spheroids composed of patient-derived colon cancer cells. (A) The adaptability of
the PVT model extends to incorporation with CTOS technology, with spheroids exhibiting
characteristic sprouting angiogenesis into the matrix. Tissues maintained with a combination of
StemPro and EGM-2 media demonstrated slightly enhanced vessel network development. EC are
transduced with GFP (green), and CTOS are labeled with E-cadherin antibodies. Scale bar
represents 200 m. (B) Confocal immunofluorescence analysis reveals vascularization of central
spheroid. The series of images represents a z stack of the PVT spheroid shown in the upper left
corner of (A). Scale bar represents 200 m.

5.5

Conclusions
The exploration of cancer biology as well as the development of anti-cancer drugs

has become dependent on established cell lines, which has diminishing relevance to actual
patient outcomes. The use of primary cells such as CTOS, which may be derived directly
from patient biopsies, has the potential to bridge this gap and offer better individualization
of treatment (i.e. personalized medicine). In conjunction with an experimental drugscreening platform that is able to closely mimic the tumor microenvironment, this
technology has considerable power to improve the accuracy of results and therapeutic
relevance of anti-cancer drug development. In addition to drug screening capabilities, such
technology could provide a powerful research platform for pre-clinical testing of cancer response
to various stimuli in a way that would more closely reflect the clinical response of the patient.
This project has fostered ongoing international collaboration between Professors
Masahiro Inoue and Steven George. With the platform established, the next step in the project
would be to correlate in vitro response to anti-cancer compounds with clinical results of the
patient from whom the tumor cells were derived.
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