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Abstract

Cancer remains a leading cause of death worldwide, with incident rates projected to
increase. Although mortality rates have improved, a cancer diagnosis remains a significant
burden for patients and their families. This burden extends beyond psychological and physical
hardships, but also economic strain. For example, the economic cost of cancer treatment is
estimated to reach approximately 25.2 trillion international dollars. Contributing to these rising
costs is the limited clinical success of modern therapeutics, which restricts their introduction and
drives the cost of successful therapeutics.

One of the responses includes the field of tissue engineering has expanded into cancer
research. The current in vitro cancer culture models generally rely on traditional 2D monolayer
cell culture. This method lacks the native cell conformation, function, and physiological
accuracy. Additionally, many therapeutic screenings appear promising in the pre-clinical research
stage but ultimately fail to translate into clinical trials due to these oversimplifications.
Furthermore, the nude mouse models lack critical immune response components. As the newer
therapeutics are shifting from cytotoxic drugs to immunotherapeutics, nude mouse models are
losing effectiveness. Thus, there is a demand for novel, more accurate in vitro cancer research
models. Tissue engineering allowed the development of 3D cellular structures that satisfy many
of the criteria required in in vitro cancer research models but necessitate special culturing
conditions. Bioreactors are becoming increasingly popular in the field of tissue engineering and
are great candidates to fill this void. Flow-perfusion bioreactors in particular are uniquely suited
to create 3D macro-scale cell culture environments with the additional benefit of mechanical
stimulation when needed. Culture conditions can be monitored through modular sensors in the
liquid phase and gas phase, which provides a method for real time monitoring.

viil



The cellular physiological limitations of traditional 2D culture models led to the guiding
questions of this thesis: 1) “In which ways do sub-saturation of oxygen levels affect the
proliferation, oxygen uptake, and phenotypic modification of cancer cells in 3D in vitro culture
with flow-perfusion bioreactor models?” and 2) “How does sub-saturation oxygen levels drive
metastatic markers in 3D cancer models?”. These questions will be addressed by utilizing a
previously modified flow-perfusion bioreactor system with the incorporation of 3D collagen
hydrogel scaffolds to mimic more physiologically representative in vitro solid tumors. The sub-
saturation of oxygen was created by directing the flow of non-reoxygenated media through
subsequent chambers in series. Thus, the oxygen saturation was lowered in a stepwise manner.
The verification of sub-saturation oxygen levels was confirmed with optical sensors and the
verification of cell culture was determined using cell growth and viability. Further the genetic

expression was analyzed using quantitative real time polymerase chain reaction.
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1. Background and Significance

The growing field of tissue engineering combines principles of engineering, life sciences,
and medicine applied to the understanding of disease mechanisms, the development of new
disease treatments, and regenerative medicine. The original goal of tissue engineering
focused on repairing and developing whole tissues; however, this goal is still unmet. Key
challenges such as tissue vascularization and scale-up for clinical use remain. To address
these challenges, the field has expanded into the development of novel platforms for cell
growth, nutrient delivery, and functionalized tissues. These platforms aim to provide a
biologically relevant growth environment for tissue development or disease modeling. Such
platforms include bioreactor systems. Bioreactors aim to improve the cells culturing
conditions by providing three-dimensional (3D) culture environments that are reproducible,
scalable, and automated. Additionally, bioreactors can be designed to provide platforms
closely mimicking in vivo tissues states. Currently bioreactors are growing in popularity with

stem cell and cancer research.

1.1 Impact of Cancer and Cancer Research

Cancer remains one of the leading causes of death globally with incident rates looking to
grow 77% by 2050 [1], [2]. Over the next couple of decades over 35 million new cancer
cases will be diagnosed worldwide [1]. Despite the 33% decline in cancer related deaths, it
remains the second leading cause of death worldwide [3]. The high diagnosis rate of cancer
creates a growing demand for better treatment options in hopes to alleviate the economic and
physical burden for patients and their families. Cancer is one of the most expensive medical

conditions leading to 71% of patients facing financial hardship within the first two years



following diagnosis [3]. The global economic cost of cancer is expected to reach 25.2 trillion
international dollars by 2050 due to the rise in healthcare and drug costs [4], [5]. For
example, in the United States, the out-of-pocket cost for insured adult cancer patients
averages several thousands of dollars annually potentially reaching tens of thousands for
some individuals [6]. The financial burden of cancer treatment can be more expensive
depending on the location, type, state, treatment plan, and the patient insurance [7], [8]. Due
to the economic burden of cancer treatment, a quarter of cancer survivors reported
psychological stress during and post treatment [7]. Further, in response to the economic
burden, patients enrolled in copayment assistance programs were found to take less
medication than prescribed, only fill half of their prescriptions, did not fill the prescription, or
delayed treatment [7]. Thus, a decreased quality of life is experienced by the patients and
their families. With the growing number of cancer cases, the significant portion of cancer
cases that lack effective treatments, and the growing worldwide economic cost of cancer,
there is a high demand for increased cancer research. Cancer research remains one of the
most funded research areas globally [9]. However, new treatment options experience
exorbitant costs, which leads to limited treatment availability for many patients. For example,
chimeric antigen receptor T-cell therapy can be upwards of $500,000 [9]. The complex nature
of clinical testing and biopharmaceutical production costs drive the prices of medications
upwards in order to maintain a return on investment for companies [10]. Cancer will remain a
global societal burden requiring further research in diagnostics, disease characterization,
novel therapies, and innovative manufacturing modes. To achieve this, interdisciplinary
collaboration and resources are required including biologists, chemists, engineers, among

others.



1.2 2D Cell Culture Platforms

Cell culture is a common in vitro technique used across many fields, including tissue
engineering. Traditional static 2D culture methods such as petri dishes or flasks are the most
widely used methods due to their simplicity and low cost. 2D culture models have been
beneficial in studies relating to cell migration, adhesion, and scratch assays [11]. However,
there are crucial cellular complexities that are overlooked and oversimplified in 2D cultures.
Namely, 2D culture environments allow for cell growth in a single monolayer providing an
ease of nutrient transport [12]. Monolayer cultures lack native tissue properties such as the
presence of oxygen diffusion gradients experienced in 3D tumors. Further, 2D cultured cells
are shown to undergo structural and geometric rearrangements of the extracellular matrix
(ECM) and cytosol, foreign to cancer cells residing in solid tumors, leading to morphological
and expression level changes [13], [14], [15], [16]. These rearrangements lead to a loss of
diverse phenotypes, protein expression characteristics, polarity, mRNA splicing, and
metabolic profile of cells which ultimately can affect cell function [13], [16], [17]. To address
these challenges, 3D in vitro culture methods are being developed. Spheroids, organoids,
scaffolds, and hydrogels are used for 3D culture [18]. These properties aim to close the gap

between in vitro studies and in vivo clinical trials.

1.2.1 Clinical Drug Efficacy and 2D Cultures

The over-simplified nature of traditional 2D culture methods creates challenges in the
transition to clinical trials resulting in limited clinical relevance. One area these limitations
are readily evident is drug toxicity testing and efficacy screening. In pre-clinical studies, in

vitro culture methods are employed to quantify the drug efficacy followed by small animal



models [19], [20], [21]. However, 90% of drugs that pass the preclinical stage will fail in the
clinical stage of drug testing [19], [22]. Interestingly, in an analysis of the culture methods
used, 66% of respondents reported that 2D cultures were used in preclinical studies [22]. In
an additional study of 640 novel therapeutics, 54% failed in late-stage clinical trials primarily
due to inadequate efficacy [23]. This suggests the usage of 2D models neglects key
components of the structural characteristics of tumors, such as microenvironments,
therapeutic uptake of drugs in vivo, and native nutrient and signaling molecule gradients.
Despite the high rate of failure, the continued dominant usage of 2D models is most likely
due to the long history and experience of biomedical scientists using 2D models and their
cost-effective nature. However, late-stage failure ultimately results in higher drug
development costs due to delays in the progression through clinical trial stages [21]. Thus,
researchers are searching for improved culturing models for in vivo and clinical studies. 3D
culture methods represent an excellent alternative that offers major advantages due to their

ability to be designed to closely mimic the physical state of cancer cells in the body.

1.2.2 2D Culture versus 3D Culture and In Vivo Models

When selecting a culture method, it is important to consider the ultimate design goals for
tissue engineering, namely the expedited transition to in vivo studies and their eventual
clinical translation to humans. 3D cultures can provide a more accurate platform for pre-
clinical modeling to identify early potential problems. 2D cultures are popular due to their

relative convenience and have significant limitations as previously described [24].

ECM interactions in vivo are complex. A major advantage of 3D culture environments is

the incorporation of ECM-like components. The addition of ECM components allows for the



study of migration, morphogenesis, differentiation, and homeostasis [25]. In 3D
environments, cells maintain cell-to-cell interactions and tight junctions allowing for further
studies of various cell signaling processes [18], [26]. The 3D nature provides cell growth
limitations due to diffusional limitations of nutrients. It has been shown that the location of
the cell within a 3D environment affects the proliferation rate [27]. Cells located on the
periphery experience greater proliferation rates owed to the diffusional limitations of 3D
constructs. These limitations also drive cells to undergo metabolic and expression level

changes of interior cells [28].

As previously mentioned, the ultimate goal of tissue engineering is clinical translation.
Animal models are widely used in tissue engineering to provide reliable information prior to
clinical trials. In vitro cell cultures models minimize animal testing for drug screenings,
which supports the Institutional Animal Care and Use Committee (IACUC) aim of
replacement, reduction, and refinement of animal models to reduce unnecessary suffering
[29]. Unfortunately, one of the most used animal models in cancer research include nude
mice, which lack an immune system. Although heavily used in cancer drug screenings, the
efficacy of nude mice is limited, and in the case of immunotherapeutic testing, inaccurate
[30], [31]. It is important to note that animal models suffer from species to specific
differences [32]. The inability of 2D models to bridge the gap between cell culture and in
vitro models leads to the development of advanced 3D in vitro models [26], [33], [34]. 3D
culture environments can replicate in vivo atmosphere, with crucial information regarding
drug penetration, accumulation, retention and distribution [35]. The development of 3D co-
cultures allows better understanding of in vivo expected outcomes owed to the presence of

complex cellular interactions [36], [37]. For example, in therapeutic testing for colorectal



cancer, the addition of cancer fibroblasts in the culture lead to increased drug resistance [37].
The increased knowledge provided by 3D models minimizes animal suffering and reduces

the demand for large numbers of animals by allowing more informed research aims in vivo.

1.2.3 Complex In Vitro Cultures in Tissue Engineering and Cancer

Research

One of the guiding goals of tissue engineering is the ability to grow or regenerate whole
3D tissues without the need for allografting. Therefore, 3D in vitro platforms have a crucial
role in reaching this goal. It has been noted that traditional culture methods are not meeting
the complex demands required for accurate in vivo modeling in vitro, thus, generating the
need for advances in cell culture. For example, human adipose-derived mesenchymal stem
cells (MSCs) cultured in spheroid formation indicated stronger antiapoptotic and
antioxidative capacities with an increase in paracrine secretion of cytokines for therapeutics
as compared to 2D models [38]. Spheroid cultures show great potential for scale-up

production of stem cell therapeutics in clinical applications.

In many 3D in vitro environments, scaffolds are used to mimic the ECM. The scaffold
material can vary depending on the desired tissue type and research goals from synthetic or
natural polymers, ceramics, metals, decellularized tissues, and hydrogels among others [39].
Often these models require physical or chemical stimulation, fluid perfusion, or a
combination of stimuli to promote viability and cell specialization. In tendon tissue
engineering, perfusion flow and tensile stimulation was needed to prevent calcification, or
abnormal hardening of the ECM, as generated in MSCs [40]. The lack of calcification

indicates the MSCs were differentiating normally and even exhibiting tenogenic phenotype



[40]. Additionally, native tissues consist of different cell types lending to the need for co-
cultures for 3D in vitro tissue engineered models. In vascular tissue engineering, bovine
aortic smooth muscle cells and endothelial cells were co-cultured under pulsating perfusion
flow where proliferation increased more than 3-fold with equally distributed collagen and
elastin [41]. Using 3D in vitro models, the knowledge of natural tissue structure and function
can be accomplished. These platforms hold a critical role as the field progresses and

transitions into in vivo applications.

In vivo models remain the primary model for cancer research. However, in vitro models
have grown in popularity. Tumors maintain a complex environment with cancer cells,
immune cells, fibroblasts, and blood vessels within a complex ECM [42]. 3D tumor models
can display in vivo like conditions such as chemoresistance, radio-resistance, tumorigenicity,
and aggressiveness [43]. The ECM holds a crucial role in tumor progression, metastasis, and
response to therapies [44]. These are some of the hallmarks of cancer which require detailed
research to better understand their underlying complex interactions. 3D in vitro culture
methods allow for the incorporation of ECM and cell surface components such as fibronectin
and E-cadherin [45], [46]. Cancer cells in 3D tumor models remodel the ECM to aid in
metastasis, utilizing matrix metalloproteinases (MMPs) for example [47], [48], [49]. Notably,
3D tumor models in vitro have shown a tendency for epithelial-to-mesenchymal transition
(EMT), which has been linked to disease progression and metastasis [50], [51]. The
physiological relevance of 3D in vitro models has expanded into co-cultures to study the
interactions of different cell types in the tumor microenvironment (TME). In one study,
pancreatic cancer cells were co-cultured with tumor associated fibroblasts in a 3D model to

study the effect of cancer fibroblasts on pancreatic cancer cell proliferation rates and



expression of soluble factors [52]. Co-cultures provide a basis for the interconnected

components of disease progression in a 3D model.

Solid tumors as 3D constructs are often avascular with nutrient and diffusional gradients
prior to the development of leaky vasculature leading to vascular tumors [43]. Oxygen
gradients in solid tumors have become a growing focus of research [53]. In solid tumors, a
hypoxic core region is often formed due to the diffusional limitations of oxygen. Cancer cells
cultured in a hypoxic 3D biomimetic model demonstrated the changes in growth dynamics,
with phenotypic features strongly favoring selection of aggressive cells [54]. 3D grown
cancer cells cultured in hypoxic environments experienced gene expression and metabolic
changes alongside morphological adaptations for diseases progression [55]. For example,
hypoxia has been shown to increase EMT resulting in increased potential for metastasis [56].
The hypoxic environment also has been shown to increase drug resistance [57]. The study of
nutrient gradients in 3D cancer models allowed for a deeper understanding of cancer

mechanisms and therapeutic efficacy.

One of the largest problems facing potential cancer therapies is the poor translation of
therapeutic candidates [58]. For example, 5-Fluorouacil, a chemotherapy drug shown to
induce apoptosis, downregulated anti-apoptotic genes and reduced cell numbers within 2D
models, but merely induced nucleolar stress in xenografts [59]. 3D culture models aim to
predict the success of potential cancer therapeutics prior to in vivo testing. These platforms
allow for controlled analysis of therapeutic mechanisms [60]. As previously mentioned, nude
mice, immunocompromised mice, have provided support for cytotoxic drug discovery,
however, the field is propelling into inhibitory and immunotherapeutic drugs [61]. TME

consists of various immune cells. Thus, utilizing immunocompromised mice models provides

8



limited efficacy, requiring replacement models. To overcome this gap, 3D co-cultures of
cancer and immune cells are being investigated with immunotherapeutic agents [62], [63],
[64]. There is a clear demand for models better suited for cancer therapeutic testing prior to
clinical trials. Researchers are looking to develop such models to better predict the outcomes

of cancer response to new drugs and cytotoxicity [65].

1.3 Significance of Bioreactor Platforms

Bioreactor technology has grown in the field of tissue engineering. Bioreactors are
dynamic 3D cell culture systems that allow for highly controlled and reproducible
environmental factors. These factors aim to provide a more physiologically relevant
environment than traditional static cultures [66], lending to their adoption in many
laboratories. In addition to the adaptable cell culture conditions, bioreactor platforms can
utilize different biosensors for real-time culture monitoring. The ability to swap sensing
modalities proves to be advantageous for analyzing cell cultures or production with higher
accuracy [67]. Bioreactor technology aims to provide an ease of clinical translation and

further develop 3D culture methods more closely related to in vivo conditions.

1.3.1 Current Bioreactor Platforms

There are a variety of bioreactor models used in tissue engineering. The type and
conditions of bioreactors are developed to address specific cellular needs. Types of
bioreactors include spinner flasks, rotating wall bioreactors, and systems that include
compressive stress, tensile strain and flow perfusion [68]. Each modality has unique
advantages and disadvantages leading to a wide variety of applications. For example, stirred

tank bioreactors are widely used bioreactors in pharmaceutical industry due to their



scalability and application in both bacterial and mammalian cell cultures [69]. Stirred tank
bioreactors can reach volumes of 2,000 L. Agitators such as blades or propellers homogenize
nutrients, provide uniform distribution of oxygen, and maintain the specified conditions
within the culture [69]. However, the agitators can generate harmful shear stress levels. To
overcome this, impellors have been modified to provide low-shear conditions for more
sensitive cell lines. Specifically, pitched blade impellers and dual-blade impellers generate
less turbulence and direct flow to reduce shear stress [69], [70]. Another application of stirred
bioreactors is exosome production and CAR T cell therapies, which hold promising futures in

cancer therapies [71], [72].

Similarly to stirred bioreactors, spinner flasks are the simplest model of bioreactors.
Scaffolds seeded with cells are fixed or suspended in culture media. A magnetic stir bar
continuously mixes the media. They can reach volumes of 120 to 8,000 mL with rotational
speed of 50-80 rotations per minutes (rpm) [68]. The constant mixture reduces the
concentration boundary layer at the construct surface of the scaffold [68]. This is crucial in
efforts to provide homogenous nutrient levels at different positions withing the scaffold.
Spinner bioreactors have been shown to increase mass transfer due to continuous mixture of
the liquid media to improve oxygen and nutrient delivery, as well as waste removal [73].
However, the mass transfer within the scaffold porosity is not enough to maintain equal cell
density throughout the scaffold [68], [73]. This limits the cell distribution to primarily the
exterior portion of the scaffolds. Additionally, the scaffolds can better mimic transitional and
turbulent flow [68]. This can be a disadvantage as the stir bars can cause cell damage or loss

of viability due to shear stress [74]. Some research areas utilizing spinner flask bioreactors

10



are cell suspension [74], cell spheroid formation [73], [74], and cartilage tissue engineering

studies [75].

Rotating wall bioreactors are typically cylindrical in shape with free floating scaffolds,
where the outer or inner wall is able to maintain constant angular speed and low fluid shear
[76]. The rotation provides an upward dynamic force that counters the force of gravity and
provides an alternate way to reduce diffusional limitations of nutrients with low shear stress
[68], [76]. The result is an induced microgravity environment. This has been shown to
prevent cell detachment and sedimentation within the scaffold through the promotion of cell
to cell junctions [76], leading to a more homogenous cell density. Example areas of research
include stem cell differentiation, cell culture of cartilage, bone, muscle, and skin tissue

engineering, and studies in drug testing [76], [77], [78].

Compression and tensile stress bioreactors utilize a motor, a system for providing linear
motion for displacements upon a scaffold. Compressive bioreactors are expensive and often
require further in house modifications to meet specific research needs [79]. Some of the
tensile strain bioreactors resemble compression bioreactors in style and modality. The
primary difference is the direction of the force. In tensile bioreactors, the scaffold is clamped
within the device so a tensile force can be applied [68]. The Young’s Modulus of 3D
cell/scaffold constructs increased within tensile bioreactors [68], [80]. Furthermore, cyclic
mechanical strain can influence cell behavior, differentiation, and extracellular matrix
production [40], [46]. Strain and compressive bioreactors are used to mimic the
biomechanical demands of tissues like tendons, ligaments, muscle, and vascular tissues, for

example [81].

11



Bioreactors appear to be aiding in the complexity of in vitro models to help bridge the
gap between in vitro and in vivo conditions. To this end, bioreactors provide real-time data of
culture conditions through the attachment of modular sensors for nutrient inputs and
metabolic outputs. Typically pH, dissolved oxygen (DO), dissolved carbon dioxide, glucose
and lactate are standard parameters to be monitored utilizing optical, ultrasonic,
electromagnetic, or semiconducting biosensors [83], [84]. Monitoring these conditions are
done in the liquid or gas phase, which requires researchers to predict the health of the culture
through calculating uptake rates. These are popular modalities due to their non-invasiveness

and real-time culture application.

1.3.2 Flow-Perfusion Bioreactors

This thesis focuses on flow-perfusion bioreactors. Flow-perfusion bioreactors consist of a
pump, scaffold chamber, media, and tubing. This is due to the ease of use and physical cues
provided to the cell culture. The media is forced directly through the interior of the scaffold
(if the scaffold is porous) which provides fluid shear stress stimulus [68], [85]. This physical
stimulus has been successful in many types of cell cultures, particularly in osteogenic
cultures to promote MSC to osteogenic differentiation [86]. Moreover, perfusion bioreactors
are being shown to increase vascularization and bone formation from human bone marrow
aspirates [87]. Media is easily changed in the reservoir flask and the perfusion rate can
generally be controlled on the pump. Additionally, flow-perfusion bioreactors have been
shown to have a more homogenous cell distribution and increased cell viability [68]. The
fluid flow characteristics have a unique ability to mitigate mass transport limitations found in
3D in vitro cultures [88], [89]. Flow perfusion bioreactors have been shown to improve tissue

quality through more structurally mature tissues compared to static cultures [90]. The
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parameters of flow perfusion bioreactors are controllable and need to be optimized for
specific cellular demands. Optimization will provide better mass transfer of nutrients and
waste removal while generating shear stress to the cultured cells within the scaffold [68],

[90]. These properties are crucial for producing large-scale, viable, and functional tissues.

Flow perfusion bioreactors constitute a unique testing platform compared to 2D or 3D in
vitro models and microfluidics platforms. Recently, microfluidics developed miniaturized 3D
organ-on-a-chip for cancer research models with precise control and high-resolution imaging
[91], [92]. However, these platforms lack the ability to accommodate large number of cells
and maintain the complex TME [92]. Flow perfusion bioreactors retain the beneficial features
of microfluidics, but on a macro scale. A flow-perfusion bioreactor is highly adaptable,
allowing for subsequent connection of scaffolds for cell signaling or even utilizing tissue

engineered scaffolds of clinical relevance.

Flow perfusion bioreactors have been implemented in pharmaceutical production.
Specifically, perfusion bioreactors maintain high cell viability which can lead to greater
product production per unit of time [93]. For example, perfusion bioreactors were utilized to
produce the SARS-CoV-2 vaccine and yielded 10 times more product than batch fed culture
[94]. Further, these systems produce more concentrated products, which in turn can
minimize downstream processing cost and complexity [95]. Perfusion bioreactors provide
better process control and stability [95], therefore, more consistent product quality and less
batch-to-batch variability. These advantages could lower manufacturing costs and return of

investment (ROI) for pharmaceutical companies.
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1.4 Research Objectives

There were two primary guiding questions, each is represented with an objective below
and aim to investigate: 1) “In which ways do sub-saturation of oxygen levels affect the
proliferation, oxygen uptake, and genetic modifications of cancer cells in 3D in vitro culture
with flow-perfusion bioreactor models?” and 2) “How does sub-saturation oxygen levels

drive metastatic markers in 3D cancer models?”.

1.4.1 Objective 1

The primary objective of this investigation was to quantify the level of sub-saturation
oxygen level, and its cellular effect, induced in a stepwise manner of 3D hydrogel tumor-like
environments using flow-perfusion bioreactors. Dissolved oxygen concentrations were
measured using phase detection of fluorescent indicators to monitor the sub-saturation
oxygen levels for 4 days. The effects of sub-saturation oxygen were evaluated using growth,
viability, and oxygen reuptake rates. Further, a mathematical model was applied to

empirically estimate the size and depth of the anoxic core region of the scaffolds.

1.4.2 Objective 2

The secondary objective of this investigation was to investigate the effect sub-saturation
oxygen levels on metastatic markers for cancer cells. The sub-saturation oxygen level was
monitored using phase detection of fluorescent indicators. After the completion of the
bioreactor run the gene expression was evaluated using quantitative real time polymerase

chain reaction for target genes in oxygen regulation, metastasis, and aggressiveness.
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2. Cancer Growth and Metastatic Marker
Expression in Sub-Saturation Flow-Perfusion

Bioreactor System

Summary

Cancer remains a global malignancy with many challenges in clinical translation due to
inaccurate in vitro models. Currently, in vitro models rely heavily on 2D monolayer cultures
which lack the physiological relevance of 3D cultures. Additionally, studies using 3D cell
culture techniques lack potentially critical components of the tumor microenvironment such
as fluid flow. Microfluidics have grown in popularity for 3D cultures with fluid flow.
However, microfluidics lack the scale needed to accurately mimic solid tumor
pathophysiology. This study proposes the use of a modified flow-perfusion bioreactor with
3D collagen hydrogel scaffolds as a solid tumor microenvironment that more closely
resembles in vivo characteristics. Bioreactor chambers were connected in series with oxygen
impermeable tubing preventing bulk media reoxygenation between chambers to generate a
stepwise induction of artificial sub-saturation levels of oxygen. This configuration creates
variable oxygen saturation levels, which is a crucial variable in the treatment and disease
progression of solid tumors. The bioreactor utilized previously optimized optical sensors to
confirm drop in oxygen saturation of media. From these measurements, the oxygen uptake
per scaffold and per chamber was determined. Cell proliferation and viability were assessed
to determine the effect of sub-saturation oxygen levels, which confirmed the increase in
hypoxic core region volume and decreased distance to this region for downstream chambers.
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These estimations were calculated using a modified spheroid hypoxia model and the
empirically measured data for the collagen hydrogels and epithelial mouse tumor 6 (EMT6)
cell line. Finally, gene expression of crucial hypoxia regulatory genes and downstream
targets for disease progression and aggressiveness were monitored. The results confirmed

sub-saturation oxygen level with cellular response of downstream chambers.

2.1 Introduction

Oxygen has a vital role in cell survival, growth, differentiation, and general success of the
tissue construct. Oxygen is used to maintain cellular homeostasis and generate adenosine
triphosphate (ATP) using aerobic metabolism to maintain basic cellular functions. However,
under oxidative stress, cells can experience acidosis due to the decrease in pH from lactic
acid build up during anaerobic metabolism [96]. Additionally, cells experiencing oxidative
stress release reactive oxygen species (ROS) and microvesicles that carry signaling capacity
and can potentially induce apoptosis to neighboring cells, among other effects [97], [98].
Oxygen availability greatly dictates the cell viability and survival of many differentiated cell
types. Unlike terminally differentiated cells, oxygen often mediates cell differentiation by
promoting self-renewal, inhibiting certain differentiation pathways, and affecting the gene
expression in cell fate decisions [99]. Some studies indicate hypoxia results in maintenance
of stem cell potency and increased proliferation rates, while other studies have indicated even
a small shift in oxygen tension can induce differentiation [100], [101]. For example, hypoxia

has been shown to drive adult stem cell differentiation into chondrocytes [100].

One of the greatest challenges in tissue engineering is vascularization. Oxygen is

supplied to tissues through passive diffusion, which generates a decreasing oxygen gradient
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from the tissue periphery towards the tissue core. In native tissues, the diffusional limit of
oxygen is approximately 100 to 200 um [102]. Therefore, the size of tissue constructs in vitro
1s limited. In efforts to increase vascularization in 3D in vitro constructs, the addition of
angiogenic growth factors, such as vascular endothelial growth factor (VEGF), and oxygen-
releasing biomaterials have been implemented for increasing in vitro vascularization and
control of oxygen-release kinetics [103], [104]. These methodologies overlook the dynamic
environment of native tissues constructs. As previously mentioned, microfluidics provide a
controlled dynamic culture environment for oxygen supply or delivery of growth factors for
increased tissue construct viability [105]. However, microfluidics focuses on small scale
cultures, rather than larger constructs. Perfusion bioreactors provide a large scale, dynamic
culture environment to overcome the diffusional limitation of oxygen in vitro. Within these
systems, various oxygen sensors have been implemented for real-time culture monitoring.
Optical sensors are becoming increasingly popular due to their non-invasive nature, quick

response time, ease of use, and versatility in bioreactor size [83].

2.1.1 Pathophysiology and Solid Tumor Microenvironment

Blood supply of normal tissues is maintained through highly ordered and efficient
vascular networks. These blood vessels are metabolically regulated by pro-angiogenic and
anti-angiogenic factors and lymphatic vessels to result in evenly distributed mature vessels
for proper oxygen and nutrient diffusion [106]. Solid tumors require similar nutrient and
waste removal systems as normal tissues. However, the aggressive tumor growth and the pro-
angiogenic factors released leads to leaky and disorganized blood vessels networks [106],
[107]. Tumor vasculatures are inconsistent in diameter, unevenly shaped, and have increased
permeability which led to decreased nutrients and waste removal via the lymphatic system
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[106], [107]. As such, cancer cells within the tumor are nutrient and oxygen starved but are
largely considered to be viable. The increased vessel permeability causes increased
interstitial fluid pressure within the tumor [108]. This increase in interstitial fluid pressure
has been associated with lower survival rates and provides challenges in drug delivery [109],
[110]. The environmental conditions within the tumor environment are harsh, which leads to

genetic abnormalities and reprogramming of the immune system for survival.

The tumor microenvironment is complex, consisting of many cell types not limited to
only cancer cells and cancer stem cells. Figure 2.1 highlights the key cell types and
vascularization of solid tumors. A central cell type that shapes the tumor microenvironment
are immune cells. The most prominent immune cells are macrophages, natural killer (NK)
cells, and lymphocytes [42]. The specific interaction between immune cells and cancer cells
is actively being investigated; however, it is largely understood that these immune cells are
critical to the survival of solid tumors [42]. Specifically, M2 tumor-associated macrophages
(TAMs) are predominately present within the TME [111]. The M2 macrophages maintain
anti-inflammatory and tumorigenic properties. M2 TAMs contribute to the
immunosuppressive nature of cancer cells [112]. TAMs have been noted to promote invasion
and metastasis by releasing degrading enzymes such as serine proteases, metalloproteinases,
and cathepsins [111], [113]. These cause tumors cells to detach and generate distant
metastasis through the breakdown of collagen. Further, TAMs can release factors such as IL-
8, CCLS8, and VEGEF to aid in angiogenesis [111], [112]. T lymphocytes also aid in disease
progression. Regulatory CD4+ T-cells can aid in immune evasion by silencing CD8+ T cells
through immune checkpoint molecules such as PD-1 and cytotoxic T-lymphocyte-associated

protein 4 (CLTA4) [114].
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Figure 2.1: Solid Tumor Microenvironment

Hllustration of the solid tumor microenvironment consisting of cancer cells, cancer stem cells,
and various immune cells to represent the various phenotypes present. Abnormal

vascularization is depicted due to rapid cancer growth. Image generated in BioRender.

Cancer associated fibroblasts (CAFs) are also present within the solid tumor
microenvironment. In healthy tissues fibroblasts are associated with ECM remodeling and
synthesis. CAFs support tumor growth and viability through the secretion of growth factors,
inflammatory ligands, and ECM proteins that promote growth, and tumor resistance, and
immune exclusion [115]. CAFs can provide a physical barrier for the tumor cells leading to
denser tissues and an increased difficulty in therapeutic penetration [115]. Matrix
metalloproteinases (MMPs) are secreted to promote the invasion of cancer cells [116]. CAFs
can polarize macrophages to the M2 subtype through the secretion of C-X-C motif
chemokine 12 (CXCL 12) [117]. A wide variety of cell types actively support the tumor

microenvironment through complex interactions.
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Another crucial component of tumor pathophysiology is glycolytic metabolism. Under
normal conditions with stable, sufficient oxygen supply, cells undergo aerobic oxidation
where glucose oxidizes to water and carbon dioxide. However, in reduced oxygen tensions,
cells undergo anaerobic oxidation where glucose oxidizes to pyruvate, which eventually
becomes lactate, or lactic acid. Using anaerobic glycolysis, the production of lactate occurs
10-100 times faster than the complete oxidation of glucose [118]. Due to the increased lactic
acid production, the tumor microenvironment experiences an acidic pH [119]. Most cancer
cells have been observed to altered their metabolic profile where glucose is oxidized through
glycolysis even in the presence of oxygen, which is known as the Warburg Effect [118].
Tumor suppressor gene expression and overexpression of oncogenes have a crucial role in
the Warburg effect. Of the regulatory genes for glycolysis, Hypoxia Inducible Factor 1a
(HIF-1a) and Phosphatidylinositol-3-kinase (P13K)/Akt/mammalian target of rapamycin
(mTOR) pathways are crucial in the Warburg effect [120], [121]. P13K/Akt regulates mTOR,
which amplifies the Warburg effect by stimulating normoxic upregulation of HIF-1 [120].
Additionally, the deactivation of threonine kinase B1 (LKB1), AMP-activated protein kinase
(AMPK), and cMYC transcription factor are key metabolic deregulators. C-MYC interacts
with HIF-1 to further the Warburg effect by increasing the expression of glycolytic enzymes

[120].

Cancer cells serve as glucose traps due to the decrease in pyruvate kinase (PK) enzyme,
which converts phosphoenolpyruvate (PEP) to pyruvate [122]. One crucial component in
cancer metabolism is the upregulation of pyruvate kinase isoform M2 (PKM2), a cytosol
glycolytic enzyme with low catabolic activity that interacts with the Hypoxia Inducible

Factor la (HIF1a)) subunit, after the activation of HIF-1 and P13K pathways [121], [122].
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Thus, a positive feedback loop for anaerobic glycolysis is created enhancing the Warburg
effect. Further, HIF-1oa upregulated pyruvate dehydrogenase kinase isoform 1 (PDK1) to
enhance the Warburg effect [119]. PDK1 blocks the pyruvate from entering the mitochondria
and lactate dehydrogenase A (LDH-A) from catalyzing pyruvate into lactate in the cytosol
[122], [123]. Lastly, tumor suppressor gene p53 regulates glucose metabolism by inhibiting

glucose transporters [124].

Cancer is marked by cell behavior, genetic adaptations, metabolic activity, immune
evasion, and the ability to metastasize. As discusses previously, the tumor microenvironment
aids in the metastasis of cancer cells in a variety of ways, however, another key pathway for
metastasis is epithelial-mesenchymal transition (EMT) dedifferentiation [125]. EMT-
dedifferentiation is a tightly regulated process of multiple transcription factors, epigenetic
modifications, and noncoding RNA-mediated regulations [126]. Crucial signaling pathways
for EMT-dedifferentiation include ZEB1, Notch, and Snaill [127]. In these processes,
specialized epithelial cells lose differentiated characteristics to revert to a less connected,

stem-like state for ease of migration.

2.1.2 Hypoxia in Cancer

Hypoxia is present in nearly 90% of solid tumors and has become a hallmark of cancer
gene expression of cell proliferation, migration, invasion, and angiogenesis [128]. Therefore,
there has been an increase in hypoxia related solid tumor pathophysiology research. Hypoxia
is defined as a reduction in oxygen pressure between 0-20 mmHg, which can occur due to an
imbalance of oxygen supply and consumption [129]. Hypoxia Inducible Factors (HIFs) are

transcriptional factors to regulate and respond to low oxygen levels. There are three primary
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HIF isoforms: HIF-1, HIF-2, and HIF-3 which all are heterodimers containing a
constitutively expressed 3 subunit and an oxygen regulated o subunit. Both HIF-a and HIF-3
have basic helix-loop-helix motifs for DNA binding and subunit dimerization [130].
However, under normoxic conditions, the HIF-a subunit is continuously synthesized and
regulated through hydroxylation by proline-hydroxylase-2 (PHD-2) leading to proteasomal
degradation of the a subunit [130], [131]. Under reduced oxygen conditions, HIF-a
stabilizes as proline hydroxylase (PHD) hydroxylation is suppressed and HIF-o degradation
is reduced [131]. HIF-a translocates to the nucleus where it dimerizes with HIF-3 and binds
to the hypoxia response elements (HRE) promoter or enhancer of target gene sequences
[131], [132]. HIF-1 and HIF-2 have been more extensively studied, and target similar genes,
while research on HIF-3 remains limited. Evidence suggests HIF-1 is primarily involved in
acute adaptation to hypoxia, where HIF-2 has greater prominence in prolonged hypoxia for
vascular network maturation [133]. Further evidence suggests HIF-1a stabilizes the hypoxic

core of solid tumors during rapid expansion and poor vascularization [132].

In cancer, HIFs have a role in immunosuppression. HIF-1a promotes various immune
suppressive pathways, secrete immune suppressive cytokines such as transforming growth
factor beta (TGF-[3) and interleukin 10 (IL-10) [134]. These cytokines interfere with cluster
of differentiation (CD) mediated priming of CD8+ T cell and natural killer (NK) cell
function, while promoting the immunosuppressive activity of myeloid-derived suppressor
cells (MDSCs) and T regulatory cells (Tregs) [134], [135]. The inhibition of T cell priming
and activity hinders T cell ability to target and kill tumor cells. HIF-1a suppresses cytotoxic
T lymphocytes (CTLs) and NK cell infiltration in tumors due to decreased major

histocompatibility complex 1 (MHC-1) and Fas on the surface [134], [135]. Moreover, HIF-
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la upregulates immune check points such as cytotoxic T-lymphocyte- associated antigen-4
(CLTA-4) and programmed cell death ligand 1 (PD-L1) [136]. The upregulation of these
immune checkpoints decreases the T cell activity. The role of HIFs in immunosuppression

aid tumor progression.

Cancer cell metabolism is another aspect affected by HIFs. HIF-1a is understood to play
a key role in several steps of the Warburg effect. Namely, HIF-1a stimulates the uptake of
glucose to compensate for the metabolic inefficiencies of glycolysis by upregulating glucose
membrane transporters such as GLUT1 and GLUT3 [132], [137]. Additionally, HIF-1a
upregulates glycolytic enzymes and inhibits mitochondrial respiration through the activation
of pyruvate dehydrogenase kinase (PDK) [137]. PDK in turn phosphorylates and inactivates
pyruvate dehydrogenase (PDH) and shunts pyruvate from the mitochondria [137], [138].
Therefore, there is a reduction of mitochondrial ROS, and a decrease in oxidative stress for
the cancer cells [139]. With glycolysis being a primary method for metabolism, lactic acid is
a byproduct that can accumulate in the cells and decrease the internal pH. HIF-1a can bufter
the pH by upregulating carbonic anhydrase 9 and 12 to catalyze hydration of carbon dioxide
into bicarbonate [132]. Further, HIF-1a increases transcription of lactate transporters in
response to lactic acidosis [139], [140]. HIFs act as transcriptional regulators for the genes

involved in cancer metabolism to support cancer cell survival in hypoxic conditions.

HIFs have been suggested to influence drug resistance and cancer drug efficacy. HIFs
promote chemoresistance by enhancing the expression of ATP Binding Cassette (ABC)
transporters, which are responsible for the efflux of chemotherapeutic agents [141].

Specifically, HIF-1 activates multidrug resistance 1 (MDR1), a gene that encodes for
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membrane-resident P-glycoprotein (P-gp) which has been shown to decrease intracellular
concentration of chemotherapeutics [142]. ABC expression is HIF-1 and HIF-2 dependently
induced under hypoxic conditions [141]. Additionally, HIF-1 also has been shown to
upregulate the expression of apoptosis proteins to promote cell viability and drug resistance.
Pro-apoptotic and anti-apoptotic factors have been identified as HIF-1 regulated, although the
exact mechanism remains largely unknown [142]. However, HIF-1 and HIF-2 mediated
suppression of p53, a pathway crucial to chemotherapy-induced apoptosis, activation has
been reported [142], [143]. The role of HIFs and hypoxia are being investigated for both

chemotherapeutic resistance as well as development of therapeutics to target HIFs.

The complex nature of hypoxia in cancer progression and treatment efficacy requires
novel, accurate in vitro culture method for more accurate characterization and efficacy
studies. This study modified a flow-perfusion bioreactor to model 3D in vivo tumors creating
a stepwise decrease of oxygen tension in collagen hydrogels. Sub-saturation oxygen tensions
were monitored using optical oxygen sensors. Genetic expression hypoxia genes and genes in
disease progression and metastasis were analyzed using quantitative real time polymerase
chain reaction to characterize cancer cells post culture in perfusion-flow, sub-saturation
oxygen tensions. Further, empirical analysis was conducted to estimate the size of the
hypoxic core region in a 3D hydrogel scaffold. On a larger scale, monitoring the oxygen
tension and genetic expression of cancer cells cultured in flow-perfusion bioreactors were

analyzed for insights into larger scaffold viability for tissue engineering applications.
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2.2 Methods

2.2.1 Cell Culture

The selected cell line used in this experiment was EMT6, a murine epithelial breast
cancer line. All cells were cultured in T75 culture flasks and flow perfusion bioreactors with
Waymouth Media (Gibco) supplemented with 15% fetal bovine serum (FBS) (Life
Technologies) and 1% antibiotic/antimycotic (Life Technologies) in an incubator set to 37°C
and 5% COa. Prior to seeding cells in a scaffold for culture in the bioreactor, the EMTG6 cells
were expanded in a T75 culture flask until 85% confluent. The cells were lifted using 0.05%
Trypsin-EDTA (Sigma-Aldrich) and neutralized using supplemented Waymouth Media for
centrifugation. One-half mL of cell solution was retained in a sterile microcentrifuge tube for
cell quantification as described in section 2.2.11 prior to centrifugation. Cells were
centrifuged at 800 relative centrifugal force (RCF) for 5 minutes and the supernatant was
discarded. The remaining cell pellet was resuspended in new supplemented Waymouth media

at the desired concentration for scaffold seeding.

2.2.2 3D-Printed Poly-L-Lactic Acid Cassette Holder Production

A custom designed 3D-printed PLLA mesh holder to support collagen hydrogels in the
bioreactor chambers was previously designed in Autodesk Fusion360 by Bryant et al. [144].
The purpose of the PLLA holder was to elevate the collagen hydrogels seeded with EMT6
cells above the bioreactor fluid exit, provide space between the cassette and chamber wall,
and provide structural support to the hydrogel during perfusion flow, which led to
unobstructed media flow around and through the hydrogel for increased nutrient diffusion.

Figure 2.1 contains the 3D rendering of the PLLA holder and assembly prior to placement in
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the bioreactor chamber. The holder was printed using the custom extruded PLLA filament on

Creality Ender V2 Neo 3D printer.

Figure 2.2: PLLA Hydrogel Holder

Hllustration of the PLLA hydrogel holder design and assembly into the cassette. A) 3D design
of the holder in AutoDesk Fusion 360, image used with permission of author at the following
reference [144]. B) 3D printed mesh holder printed on a Creality Ender 3 V2 Neo printer. C)
Mesh holder inserted into the cassette holder for placement into a bioreactor chamber. D)

Collagen hydrogel inserted into the PLLA mesh holder insider the cassette.

2.2.3 Oxygen Sensor Assembly

During the bioreactor runs, the oxygen saturation in the media was monitored. To do this,
RedEye Oxygen Sensing Patches (Ocean Optics) were placed inside an oxygen sensing
module (OxyMod) developed by Simmons et al. [145]. Briefly, the main body of the oxygen
sensor consisted of a square glass tube where the oxygen sensing patch was placed inside.
The glass tube was then placed inside a custom designed 3D-printed housing to serve as a
guide for the probe. Two barbed tubing fittings were then attached to the ends of the sensor

and sealed with marine epoxy. Assembled OxyMod is shown in Figure 2.3 below.
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Figure 2.3:0xyMod Sensor Assembly

Oxygen sensor design by Simmons et al. for integration into the perfusion bioreactor system.
PLLA 3D printed casing with a probe guide to block excess light during real time oxygen

saturation measurements.

2.2.4 Bioreactor Assembly

The bioreactor consisted of a metal stand to hold an acrylic plate with 6 individual
chambers. Each chamber held an individual collagen hydrogel scaffold, PLLA mesh scaffold
to support the hydrogel, and cassette to house the scaffolds in the chamber. The chambers
were sealed with a polymer-based screw top. The chambers were connected using silicon
tubing (either oxygen permeable or oxygen impermeable). Figure 2.4 and 2.5 contains a
schematic of the bioreactor system and a cross-sectional view of one bioreactor chamber,
respectively. Fluid flow was achieved using a peristaltic pump with a flow rate of 150
pL/min and at least one media vessel of bulk media. The media was circulated through the
bioreactor chambers entering at the chamber top, flowing through the chamber and collagen
hydrogel, and exiting through chamber bottom. Each run used 70 mL of supplemented
media. The oxygen parameters were adjusted based on the type of silicon tubing (oxygen

permeable or oxygen impermeable) and the tubing configuration (series verse parallel).
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Figure 2.4: General Bioreactor Schematic

The novel flow-perfusion bioreactor used in this investigation consists of a peristaltic pump,
a media reservoir, and an acrylic 6 chambered bioreactor all connected by tubing. All tubing
and chamber components are fitted to avoid leaks throughout during perfusion. Image

created using BioRender.
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Figure 2.5: Cross Sectional View of One Bioreactor Chamber

Fitted tubing covers the inlet and outlet barbs of the chamber. Media is perfused through the
polymer screw top, and chamber containing the cassette, PLLA hydrogel holder, and

collagen hydrogel before exiting the outlet. Image created using BioRender.
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By using the series configuration, the scaffolds were pushed into a simulated decrease in
oxygen conditions, which is designed to mimic the larger scaffolds required for tissue
engineering. Figure 2.6 outlines the series configuration used in this experiment. For the
series configuration, the chambers were connected by oxygen impermeable tubing where the
outlet of an upstream chamber fed directly into the inlet of downstream chamber. This
prevented reoxygenation of the media and generated a stepwise decrease in saturated oxygen
concentration of the media as the chamber number increases. A long oxygen permeable tube
connected the inlet of chamber 1 to the bulk media vessel, ensuring the media leading into
chamber 1 was reoxygenated. Due to the long tubing length, it is assumed the oxygen
saturation in the media is 100% at the entrance of Chamber 1. One media vessel is used in
the series configuration, where oxygen permeable tubing was connected from the media
reservoir to Chamber 1. After the media is circulated through all 6 chambers, the media
exiting Chamber 6 is return to the media reservoir. To monitor the oxygen saturation within
the bioreactor, three oxygen sensors were used. The sensors were placed after Chamber 1,

Chamber 5, and Chamber 6.
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Figure 2.6: Series Bioreactor Configuration

Diagram of the 6 bioreactor chambers in series to induce a stepwise decrease in oxygen
saturation of the media. The outlet of each chamber is pumped into the inlet of the next
chamber with oxygen impermeable tubing beginning after chamber 1. Specifically, the media
exiting chamber 1 enters to inlet of chamber 2, the media exiting chamber 2 enters the inlet
of chamber 3, the media exiting chamber 3 feeds into the inlet of chamber 4, and the exiting
media of chamber 4 feeds the inlet of chamber 6, and the exiting media from chamber 6 is
returned to the media reservoir. Long oxygen permeable tubing is connected to the inlet of
chamber 1. Therefore, the oxygen concentration of the bulk media is reduced at the chamber

number increases due to cellular consumption of oxygen.

The purpose of parallel configuration was to mimic 3D cultures under standard growth
conditions of 100% oxygen saturation with perfusion flow of nutrients. Figure 2.7 outlines
the configuration of the parallel variation of the bioreactor set-up. For the parallel
configuration, each chamber was individually connected to the media reservoir (i.e. the
media recycled to the media reservoir after cycling through one individual scaffold). The
media reservoir consisted of two media vessels connected by oxygen permeable tubing. Each
chamber was connected to one media vessel and after flowing through the individual
chamber, the media was returned to the second media vessel. All oxygen permeable

connective tubing was used. With all oxygen permeable tubing used, the oxygen saturation
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level was assumed to be 100% for all chambers. An oxygen sensor will be placed at the exit

of each chamber in this configuration to monitor the oxygen saturation.
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Figure 2.7: Parallel Bioreactor Configuration

Diagram of 3 out of the 6 chambers of the bioreactor where media is pumped parallelly, so
the media flows from the media vessel to one chamber and is returned to the media vessel. All
oxygen permeable tubing was used. This variation simulated normoxic 3D culture conditions

with fully oxygen saturated media.

Prior to the assembly of the bioreactor, all tubing and polymer components were
sterilized using ethylene oxide (Anprolene AN75, Andersen Sterilizers). Gas sterilized
components were run in a 12-hour cycle and stored in a fume hood for 3 days to outgas
excess ethylene oxide. All other autoclavable parts were autoclaved the same day as

bioreactor assembly. The bioreactor was assembled under sterile, aseptic conditions in a
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biosafety cabinet prior to transferring seeded collagen hydrogels into the bioreactor. The
bioreactor was placed in the incubator and media was allowed to flow throughout the system
to purge air and allow time for the media to equilibrate to culture conditions. Media was
circulated at 1000 pL/min for 4 hours before cell seeding to allow for equilibration and prime

the chamber with media for the cell-seeded hydrogels.

2.2.5 Hydrogel Formation

To prepare the seeded hydrogel scaffolds, EMT6 cells were lifted using 0.05% Trypsin-
EDTA (Sigma-Aldrich) and collected in a pellet through centrifugation at 1100 RCF for 5
minutes. Prior to centrifugation, 0.5 mL of cell suspension is placed into a microcentrifuge
tube for cellular quantification as described in section 2.2.11. The supernatant was discarded,
and the cells were resuspended in new media to reach a concentration ten times the final
desired seeding concentration. The collagen hydrogels were prepared using RatCol Rat Tail
Type I Collagen Hydrogel (Advanced Biomatrix). The collagen hydrogel and the provided
neutralizing solution were mixed thoroughly following the manufacturer’s instructions of a
1:9 ratio, resulting in a collagen concentration of 4 mg/mL. By mixing the collagen with the
neutralizing solution before adding cell solution, ensured the acidic nature of the collagen
was a neutral pH. Therefore, the cells were not subjected to an acidic environment. The high
collagen concentration provided resistance to damage from fluid flow within the bioreactor.
To shape the hydrogels, 0.4 mL neutralized collagen solution was thoroughly mixed with 0.1
mL cell suspension for each chamber. This ensured the cells were evenly distributed
throughout the hydrogel and avoided spheroid formation. Each chamber was seeded at 1.5
million cells. The collagen hydrogel cell solution was pipetted into a well of a 96 well plate.

This was repeated 6 times, one gel for each of the 6 chambers. Next, the 96 well plate was
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incubated at 37°C and 5% CO2 for 1 hour, or until firm. Once firm, the hydrogels were
transferred into the bioreactor and placed inside the PLLA mesh scaffold using tweezers. The
bioreactor was sealed and placed back in the incubator. The flow rate was set to 150 pL/min.

Each bioreactor run lasted 4 days with no media change.

2.2.6 Oxygen Data Collection

The oxygen sensors utilized RedEye oxygen sensing patches (Ocean Optics). The patches
contain two fluorescent molecules: ruthenium and Pt-porphyrin. A blue fiber optic probe was
used to pulse blue light at 450 nm to excite the fluorophores material and capture the emitted
light. The fluorescent emission is directly related to the oxygen saturation of the media
through the Stern-Volmer equation (Equation 2.1). The oxygen saturation levels ranged from
0% to 100% where the maximum oxygen saturation was given under standard conditions
(37°C, 5% CO2). The partial pressure of oxygen at 100% saturation was calculated using
Henry’s Law (Equation 2.2) under conditions of 1 atm, 95% relative humidity, 5% CO2, and
21% Oz, where the constant (K) was computed using the Van’t Hoff equation (Equation 2.3)
to account for the incubator temperature of 37°C of 1.04 mmol/L/atm [146]. The
concentration of dissolved oxygen was assumed to be 0 at 0% saturation. The concentration
values of 0% and 100% saturation created a linear equation relating the oxygen saturation to

the dissolved oxygen concentration (Equation 2.4).
T
—_ = ?0 =1 + kq * T * [02] =1 +KSV * [02] EquationZ].

C = K(P) Equation 2.2

dl(K)—AH Equation 2.3
o7 n(K) =+ Equation2.
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C = 0.00195(Saturation Oxygen) Equation 2.4

Where: F, = fluorescent intensity in absence of O2
F = fluorescent intensity in presence of Oz
T, = fluorescent decay time in absence of Oz
T = fluorescent decay time in presence of O2
k4 = bimolecular quenching constant
K = Stern-Volmer constant for static decay
[0,] = concentration of molecular oxygen present at fluorophore
R = ideal gas constant
AH = standard enthalpy change
K = equilibrium constant
T = Temperature
C = concentration of dissolved oxygen gas
P = partial pressure of oxygen

Oxygen sensors were placed at the exit of chamber 1, 5 and 6 for the series configuration
and placed at the exit of every chamber in the parallel configuration. The placement of

oxygen sensors after chamber 1, 5 and 6 in the series configuration was decided as the
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sensors can occasionally trap small oxygen bubbles allowing for reoxygenation of media.
Having the sensors spread apart minimizes potential reoxygenation of the media downstream.
Additionally, the placement measures the oxygen saturation at the beginning and end of the
bioreactor system, which can be representative of oxygen levels throughout a larger scaffold.
The oxygen saturation of media after chamber 1 represents the oxygen saturation near the
surface of a scaffold and the oxygen saturation after chamber 6 represents the oxygen
saturation at the end of a long scaffold or alternatively at a point simulated deep within a
scaffold. Using the fiber optic probe and the NeoFox Viewer software, the real time
saturation percent values were recorded every 10 seconds for one minute once a day for the
duration of the 4-day bioreactor run. These 6 readings were averaged to minimize noise. The
oxygen concentration was calculated using the developed linear equation outlined in

Equation 2.4.

2.2.7 Oxygen Sensor Calibration

Before each bioreactor run, the oxygen sensors were calibrated. Prior to gas sterilization,
the oxygen sensors were calibrated to 100% saturation and 0% saturation. The bioreactor was
assembled and deionized water was used in place of media. For the 100% calibration, the
bioreactor was placed inside the incubator with all oxygen permeable tubing. The flow rate
was set to 150 pL/min for 12 hours. Following the 12 hours, the 1, the fluorescent time
constant, values for each sensor were recorded as described in section 2.2.7. For the 0%
calibration, the bioreactor was assembled with all oxygen impermeable tubing. The media
vessel was then filled with deionized water. A diffusing stone was attached to a nitrogen air
tank with oxygen impermeable tubing and placed into the media vessel. The flow rate was set
to 1000 pL/min and ran for 4 hours. This method purges the oxygen from the system. After
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the 4 hours, the t values for each sensor were recorded. The measured t values provide
sensor specific calibrations that are applied to the two-point calibration curve in the NeoFox
Viewer software. Following the sterilization and assembly of the bioreactor with
supplemented media, the oxygen sensors were calibrated to the 100% oxygen saturation of
the media. 70 mL of media was added to the media vessel and the bioreactor was placed in
the incubator for 4 hours with a flow rate of 1000 uL/min. Following this equilibrium period,
the t values from the deionized water 0% and 100% were applied to the NeoFox Viewer two-
point calibration. The t value of the media was recorded. This t value replaced the 100%
oxygen calibration of deionized water and was applied for each oxygen reading post cell

seeding.

2.2.8 Oxygen Uptake Calculations

The oxygen uptake rate (OUR) per scaffold was calculated using Equation 2.5 described

by Felder et al [147].
OURgcaffola = (Coz,in - COz,out) xv Equation2.5

In the equation, Co.in is the concentration of oxygen at the entrance of the chamber and
Co.0ut 1s the concentration of oxygen at the exit of the chamber. The concentration was
calculated using the linear relation model discussed in section 2.2.7 with both values being
measured in umol/L. It is important to note, the Co.in for chamber 6 was calculated from the
average oxygen saturation measured after chamber 5. Lastly, v is the volumetric flow rate in
L/hr. The OUR per cell can be calculated using Equation 2.6, where Ncenis the total number

of cells in the scaffold.
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OURscaffold

OUR;ey = Nooy,
ce

Equation 2.6

2.2.9 Hydrogel Dimension Measurement

To measure the dimensions of the collagen hydrogel scaffolds, post 4-day culture within
the bioreactor, an image was taken with a ruler to provide a known scale length. The image
was loaded into ImageJ Software where the length, width, and height were calculated. Since
collagen hydrogels are known to compact during cell culture, the percent change in volume
of each scaffold was calculated based on the original 0.5 mL volume during cell seeding. The
volume of hydrogels was calculated using Equation 2.7 for an elliptical cylinder. In the

equation ¥ is the volume, a and b are radii, and / is the height.

V = mabh Equation 2.7

2.2.10 Estimation of Anoxic Core Region

Cultures grown in 3D can experience anoxic or hypoxic core regions due to diffusional
limitations. A mathematical model is applied to estimate the size of such regions within the
collagen hydrogels similarly to Bryant et al. [144]. This model was adapted from Grimes et
al. and modified empirically with measured values for the diffusion of oxygen through
collagen hydrogels by Colom et al. [148], [149]. As described by Grimes et al., the model

was derived initially from a diffusion equation and consumption factor in Equation 2.8.

aC ) .
i DV*C — a(r) Equation2.8

In this equation, D is the diffusion constant of the tissue which is 2.0 x 10 m?/s, C is the

volume of oxygen per unit mass, and a(7) is the oxygen consumption rate at point » [148].
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Several key assumptions were made. First, the oxygen is supplied at steady- state; second,

the model considers a spheroid shape where the cells comprise the entire sphere; and third

a(r) is constant throughout the model. The equation can be rewritten using spherical

Laplacian coordinates to create equation 2.9.

D o
2

()———(Za—c) Equation 2.9
a(r) =555 quation 2.

To solve this equation two boundary conditions were applied. First, at the edge of the
spheroid 7o, the volume per unit mass of oxygen is equal to Co. Second, at the distance
denoted » (anoxic limit within the spheroid where oxygen cannot permeate), C is equal to 0.
While, necrosis can have C values slightly above zero at 4, it is close enough to zero, such
that the model is not generally affected under this assumption [148]. Applying these
boundary conditions Equation 2.10 is derived.

a (., ) (1 1 .
C(r) = Co+5 re—rf+2n; (;—E> Equation 2.10

Finally, solving for r» and setting C(7») equal to zero, a fully analytical solution can be
written in Equation 2.11. In the equation 7. is the viable region where both hypoxic and oxic

cells are located [148].

6DC,1,

2r2 = 3r,r2 + =0 Equation2.11

Th radius of an entirely viable spheroid is defined as 77 and is written in Equation 2.12. In
this equation, p, is the dissolved oxygen partial pressure at the surface of the spheroid, which

is assumed to be equal to the bulk dissolved oxygen partial pressure. pr is the density of the
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spheroid, which is assumed to be the same as water, and po: is the density of oxygen gas,
1.331 kg m. K is the Henry’s Law constant previously calculated for oxygen concentration

measurements of 1.04 mmol/L/atm.

6Dp,

n= |—-
: aprpo,K

Equation 2.12

Equation 2.11 was solved using trigonometric identities to obtain Equation 2.13. The

equation y is written in terms of 7o, the radius of collagen spheroid.

arccos(1 — 2r2/r?) — 2m

Equation 2.13

The thickness of the anoxic region and the viable region are given in Equation 2.14 and
2.15, respectively [148].

1
T, =T, (E + cos ()()) Equation 2.14

1
=T, (E — cos ()()). Equation 2.15

The calculated 7. from the model developed by Grimes et al. was used to estimate the
volume of the anoxic core region for a spherically shaped hydrogel. Figure 2.7 outlines the
different radii and regions of the spheroid used in the calculations. Furthermore, this value
was used to determine the percentage of the collagen hydrogel that is anoxic. Although the
model is not a perfect geometric fit for the collagen hydrogels used, the model can provide an
estimate for the anoxic region. Measured oxygen values were from the day 4 oxygen

readings because cell viability and growth were evaluated on day 4 which provides a better
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representation of the scaffolds. Since oxygen sensors were only placed after chamber 1, 5,
and 6, the estimate of the anoxic core region was only calculated for chamber 1 and chamber
6 based on the empirical oxygen reuptake values for those chambers. The geometric
dimensions used in model were from the day 4 hydrogel images as the dimensions are the

smallest due to collagen compaction and least restrictive in terms of diffusional limitations.
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Figure 2.8: Anoxic Core Estimation Diagram

A diagram of the spheroid with radius ro for estimating the anoxic core region, with radius rn
and the viable region with shell thickness of rc. The figure was adapted from the following
publication and created in BioRender [148].

2.2.11 Cellular Quantification

During cell culture, collagen hydrogel formation and cell seeding, and at the 4-day mark
of each bioreactor run, the number of cells was quantified. To do this, 100 pL of cell sample
was stained with Trypan Blue (0.4% in solution; Sigma-Aldrich) and counted on a

40



hemocytometer. To count the cells, post bioreactor run, the hydrogels gels were transferred
into a 24 well plate and digested using 0.5 mL per gel of 0.25% (w/v) collagenase type I in
supplemented Waymouth Media for 2 hours. After full digestion, the cell suspensions were
transferred into individual 15 mL Falcon tubes. Each well was washed with an additional 2
mL of fresh media and the washing media was transferred to the corresponding 15 mL tube.
100 uL of cell solution was retained for counting on a hemocytometer, as previously
described. After quantifying the cells from each chamber, the cells were centrifuged for 5
minutes at 800 RCF. The supernatant was discarded, and cells were resuspended in Trizol

reagent (Life Technologies). The cells were then stored in the -80°C freezer for later use.

2.2.12 Gene Expression

Gene expression was measured using quantitative real time polymerase chain reaction
(qRT-PCR). Following the 4-day bioreactor run, the collagen hydrogels were digested, and
the cells were quantified as outlined in section 2.2.11. The cells from chamber 1 and 6 in the
series configuration and the cells of each chamber in the parallel configuration were
homogenized using Trizol reagent (Life Technologies) per manufacturer’s instruction. Next,
the RNA was isolated using Direct-zol RNA MiniPrep kit (Zymo Research) per
manufacturer’s instructions. RNA concentration was quantified using nanodrop technology
(BioTek Cytation5). The RNA was converted into cDNA via reverse transcription using
gScript Ultra SuperMix (Quantabio) and Mastercycler nexus GX2 (Eppendorf). The cDNA
was amplified using PerfeCTa SYBR Green FastMix (Quantabio) and specific genes using
custom value DNA oligos (25 nmol, Life Technologies) listed in Table 1. All genes were
normalized to a housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
In the first analysis of gene expression, comparison between Chamber 1 and Chamber 6 was
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conducted using the 2-2¢4 method comparing target genes to GAPDH (ACq) before

comparing that change to a control experiment (Chamber 1) (AACq). A second analysis

compared Chamber 1 and 6 to the parallel configuration using the 2-24“4 method comparing

target genes to GAPDH (ACq) before comparing that change to a control experiment (parallel

configuration) (AACy).

Table 2.1: Gene Primer Sequences
List of gene primer sequences with their respective guanine to cytosine percentage (GC%).

The length of targeting sequence (including primer length) was identified using SnapGene

software.

Forward Primer (5’ to 3°) Reverse Primer (5’ to 3°) GC% | GC% | Length
FP RP

GAPDH | CATCACTGCCACCCAGAAGACTG | ATGCCAGTGAGCTTCCCGTTCAG | 57% 57% 154 bps
HIF 10 | CCTGCACTGAATCAAGAGGTTGC | CCATCAGAAGGACTTGCTGGCT 52% 55% 102 bps
HIF 200 | GGACAGCAAGACTTTCCTGAGC | GGTAGAACTCATAGGCAGAGCG 55% 55% 128 bps
MMP3 CTCTGGAACCTGAGACATCACC AGGAGTCCTGAGAGATTTGCGC 55% 55% 124 bps
MMPla | AGGAAGGCGATATTGTGCTCTCC | TGGCTGGAAAGTGTGAGCAAGC 52% 55% 99 bps
PD1 CGGTTTCAAGGCATGGTCATTGG TCAGAGTGTCGTCCTTGCTTCC 52% 55% 142 bps

2.2.13 Statistical Analysis

For all analysis at least three trials of series and 3 parallel chambers were utilized (n>3).

All results are reported as mean + standard deviation. Statistical significance for the oxygen

saturation and oxygen uptake rates per scaffold and per chamber were determined by a

repeated measures two-way ANOVA with a Tukey HSD post hoc test to determine
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significance between groups. Statistical significance of growth, viability, volume change,
depth to anoxic core, and estimated anoxic core region was conducted using a Kruskal Wallis
with Dunns post hoc test. Statistical testing for gene expression was conducted using a one-

way ANOVA with Tukey HSD post hoc test or a student’s t test, as appropriate.

2.3 Results

2.3.1 Measured Oxygen Saturation and Oxygen Uptake

As seen in Figure 2.6 representing the series configuration, the bulk media is not re-
oxygenated as it flows through the downstream chambers before returning to the media
reservoir. 2.9a presents the measured oxygen saturation levels after the exit of chamber 1, 5,
and 6, throughout the 4-day bioreactor run. Chamber 2, 3, and 4 lacked a sensor and could
not be monitored. The oxygen saturation level entering chamber 1 was confirmed to be 100%
from previous measurements [147]. Figure 2.9b presents the measured oxygen levels at the
exit of chamber 1 as well as the exit of the parallel chambers as shown in Figure 2.7. The
parallel configuration is the standard bioreactor set-up for flow-perfusion bioreactors.
Additionally, the oxygen level entering each chamber of the parallel configuration is 100%
since the tubing throughout the flow-perfusion system is oxygen permeable and the glass
media reservoirs allow for the complete reoxygenation of the circulating media. A
comparison between the oxygen levels exiting the parallel chambers and chamber 1 of the
series set-up, shown in Figure 2.9b, show no significant differences for the duration of the
experiment. The oxygen saturation after 4 days of culture for chamber 1 dropped ~26%. The
average oxygen saturation drop after chamber 6 (the chamber expected to receive the greatest

sub-saturation oxygen level) was ~36%. The average oxygen saturation drop between
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chambers 5 and 6 was ~3%. Between day 1 and day 4, the oxygen saturation levels dropped
for each chamber location, but these differences were not statistically significant for any

location.

From these oxygen saturation measurements, the average oxygen consumption per
scaffold and per cell was noted for chamber 1 and chamber 6, as displayed in Figure 2.10a
and Figure 2.11a. Uptake measurements were only reported in chamber 1 and chamber 6
because the oxygen saturation of the entering and exiting media were only known in these
two chambers. They do serve as potential extremes of chambers that receive fully oxygen
saturated media (chamber 1) and media with the lowest level of oxygen saturation (chamber
6). The oxygen consumption of chamber 6 did not significantly change over the 4 days.
However, the oxygen consumption of chamber 1 increased 290% per cell and 255% per
scaffold. The average oxygen consumption per scaffold and per cell was noted for chamber 1
in contrast to the parallel configuration in Figure 2.10b and Figure 2.11b. The parallel
configuration maintains a similar increase in average oxygen consumption per cell and per
scaffold as chamber 1 furthering the confirmation that chamber 1 experiences similar
culturing conditions to the scaffolds cultured in the standard parallel format for traditional

tissue engineering experiments.
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Figure 2.9: Oxygen Saturation of Series and Parallel Configuration

(A) Percent oxygen saturation was measured from the bulk media after chamber 1, chamber
5, and chamber 6 for 4 days. In the series configuration, the bulk media dissolved oxygen
concentration surrounding the hydrogel scaffolds varies as the media flows to downstream
chambers. (B) Percent oxygen saturation measurement of bulk media after chamber 1
compared to the bulk media saturation of the parallel configuration for 4 days. Two-way
ANOVA was conducted with an o.=0.05 and Tukey Honesty Significant Difference (HSD) post
hoc test. Data is represented as mean * standard deviation (SD), n= 3. Over the 4 days, there
is a decrease is oxygen saturation for chambers 1, 5, and 6, however this decrease is not
statistically significant (P=0.5). The parallel configuration compared to chamber 1 followed

the same decrease in oxygen saturation with not statistical significance (P=0.26).
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Figure 2.10: Oxygen Consumption per Scaffold

(A) Each bar represents the average uptake rate of oxygen per scaffold on day 1 and day 4
for chamber 1 and chamber 6. (B) Comparison of oxygen uptake rates for chamber 1 and the
parallel configuration. Values are reported in umol/hr. Calculations were made based on the
concentration of oxygen as specified by Bryant et al. and Felder et al [144], [147]. Two-way
ANOVA with an a=0.05 was conducted with a Tukey Honesty Significant Difference (HSD)
post hoc test. Data is represented as mean £+ SD, n> 3. By day 4, the average oxygen
consumption rate for chamber 1 is larger than chamber 6 (p=0.11) but still not statistically

significant. On day 4 there is no significant difference between chamber 1 and the parallel
control (p=0.13).
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Figure 2.11: Oxygen Uptake Rate per Cell

(A) Each bar represents the average uptake rate of oxygen per cell on day 1 and day 4 for
chamber 1 and chamber 6. (B) Comparison of the oxygen uptake rate per cell of chamber 1
and the parallel configuration. Values are reported in pmol/hr/cell. Calculations were made
based on the concentration of oxygen as specified by Bryant et al. and Felder et al [144],
[147]. Two-way ANOVA with an a=0.05 and a Tukey Honesty Significant Difference (HSD)
post hoc test. Data is represented as mean +SD, n> 3. By day 4, the average oxygen
consumption rate for chamber 1 is larger than chamber 6 (p=0.26) but still not statistically
significant. On day 4 there is no significant difference between chamber 1 and the parallel
control (p=0.5).
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2.3.2 Cell Growth and Viability

The final percent cell growth and viability were quantified for each chamber hydrogel
after 4 days to determine the effect of variable oxygen saturation on the proliferation rate.
Figure 2.12a presents the average percent growth and Figure 2.13a presents the average
viability for the series (sub-saturation oxygen) Chamber 1, 5, and 6. As the chamber number
increases, there is generally a decrease in growth and viability compared to chamber 1, but
that decrease is not statistically significant. Chamber 6 experienced and average of ~13%
growth compared to the ~45% growth in chamber 1. Further, the viability of chamber 6
decreases ~20% compared to chamber 1 as the oxygen saturation decreases. Figure 2.12b
presents the average percent growth and Figure 2.13b presents the average viability for
Chamber 1 and parallel configuration. The average percent growth and viability for chamber
1 and the parallel configuration are comparable with ~43% to 45% growth and 74% to 82%
viability. Thus, confirming the growth and proliferation activities within chamber 1 and the

parallel configuration are similar.
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Figure 2.12: Percent Growth of Cell Scaffolds

(A) Cells were quantified for chambers 1, 5 and 6 and used to calculate percent growth over
the 4-day culture. (B) Percent growth of chamber I and the parallel configuration. In the
series configuration, the oxygen saturation decreased as the chamber number increased.
However, the average cell growth was variable from run to run. A Kruskal-Wallis Statistical
test with a significance value of 0.05 was conducted with Tukey HSD post hoc test. Data is
represented as mean +SD, n> 3. By day 4, the cells in chamber 1 experience greater growth
than cells in chamber 6 (p=.27), but not statistically significant. The viability between

chamber 1 and the parallel control was not statistically significant (p=0.97).
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Figure 2.13: Percent Viability of Scaffolds

The Cell viability was calculated as (Live Cells/(Live Cells + Dead Cells))100%. (A) Percent
cell viability for chambers 1, 5, and 6. (B) Percent viability for Chamber 1 and the parallel
configuration. A Kruskal-Wallis Statistical test with a significance value of 0.05 was
conducted with Tukey HSD post hoc test. Data is represented as mean +SD, n> 3. By day 4,
the cells in chamber 1 experience greater viability than cells in chamber 6 (p=0.16), but not
statistically significant. The viability between chamber 1 and the parallel control was not

statistically significant (p=0.50).

50



2.3.3 Hydrogel Dimensions and Anoxic Core Estimation

Each hydrogel’s dimensions changed throughout the 4-day bioreactor run for both the
series and parallel configuration. These changes are most likely owed to the cellular
remodeling and collagen contraction and the perfusion flow of media through the gels. The
volumetric change was measured using ImageJ software and a scale bar. The dimensional
measurements are noted in Table 2.2. The average percent change for each chamber in the
series configuration are displayed in Figure 2.14a based on the original 0.5 mL volume on
day 0. The percent changer per chamber was feasible due to ability to measure each
scaffold’s dimensions. The greatest average percentage volumetric change was 76%
(chamber 4 and 6), with the smallest average percent change 69% (chamber 2). Figure 2.14b
shows the average percent volume change for chamber 1 of the series configuration
compared to the parallel configuration. The percent volume change between the parallel
configuration and chamber 1 are close in value with a difference of ~5% volume change. For
all the hydrogels used in the four-day culture period, the volume change varied between 66%
and 76%, but no statistical differences were identified between all scaffold chambers,
including the parallel set-up. The overall average shrinkage after 4 days of culture for all

chambers was 72%.
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Table 2.2: Hydrogel Dimensions and Volume

Hydrogel dimensions were measured in mm for the length, width, and height of each scaffold
chamber for the series and parallel configurations. The volume was calculated using the

formula for an elliptical cylinder.

Chamber | Lmm) | w(imm) | h(mm) | V (mm?®) | V(cm? or mL)

1 5.486 5.259 3.087 279.799 0.280

2 4.87 5.901 2.725 246.020 0.246

3 3.845 4977 2.432 146.210 0.146

4 2.563 4.726 1.812 68.953 0.069

Series 5 6.05 | 3.913 | 2432 | 180.875 0.181

Trial 1 6 6.093 4.004 1.848 141.637 0.142

1 3.948 4.392 1.779 96.909 0.097

2 3.536 5.7 1.944 123.093 0.123

3 3.622 4,722 2.39 128.417 0.128

4 3.654 5 2.86 164.155 0.164

Series 5 5556 | 4.176 | 1.964 | 143.157 0.143

Trial 2 6 3.928 3.654 2.24 101.004 0.101

1 3.889 2.704 1.458 48.167 0.048

2 5.46 4.609 1.118 88.388 0.088

3 3.259 5.099 2.136 111.512 0.112

4 3.75 4.756 2.15 120.465 0.120

Series 5 4.007 4.007 2.305 116.268 0.116

Trial 3 6 4.507 3.758 2.15 114.402 0.114
Parallel

Trial 1 1 4.235 5.919 2.779 218.847 0.219
Parallel

Trial 2 1 6.483 4.816 1.625 159.392 0.159
Parallel

Trial 3 1 5.44 3.384 2.246 129.894 0.130
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Figure 2.14: Percent Volume Change of Hydrogel Scaffolds

(A) The percent of volumetric change per scaffold in the series for all chambers calculated
using the initial seeding volume of 0.5 mL. Note all chambers are represented by the color
gray. The numbers on the axis correspond to the Chamber number of the series
configuration. (B) Percent volume change for chamber 1 and the parallel configuration,
calculated the same as part A. A Kruskal-Wallis Statistical test with a significance value of
0.05 was conducted with Tukey HSD post hoc test. Data is represented as mean +SD, n> 3.
There was no significant significance across all 6 chambers in the series configuration
(p=0.97). There is no statistical significance between chamber I and the parallel control

under a student t-test (p=0.7).
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An estimation of the hypoxic core region was done using a modified spheroid model.
Figure 2.15a contains the estimated average depth to reach the hypoxic core region, rc, for
chamber 1 and 6 in the series configuration. Chamber 6 is estimated to have a much shorter
average depth to the anoxic core region ~100 um. The decrease in depth to the anoxic core
region corresponds to the decrease in cell viability and growth. Figure 2.15b contains the
estimated average depth to reach the hypoxic core region, rc, for chamber 1 and the parallel
configuration. The estimation for the parallel and chamber 1 average depth are similar in
value furthering the sentiment that the culture conditions are similar. Figure 2.16a outlines
the average predicted percentage of the anoxic spheroid volume from the calculated r» values
for chambers 1 and 6. The percent hypoxic volume of chamber 6 is ~22% larger than the
percent hypoxic volume of chamber 1, indicating as the oxygen saturation drops, the percent
hypoxic volume increases. Figure 2.16b outlines the predicted percentage of the anoxic
spheroid volume from the calculated rn values for chamber 1 and the parallel configuration.
Interestingly, the parallel configuration is estimated to have a smaller average hypoxic core

region compared to chamber 1 of the series configuration.
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Figure 2.15: Estimated Depth to Anoxic Core Region of Hydrogel Scaffold

(A) Using the hypoxia model, the depth to the hypoxic region of each scaffold was calculated
for chamber 1 and 6. As the chamber number increases, the oxygen saturation decreases
alongside a decreased in depth to the anoxic core region. (B) Estimated depth to the hypoxic
core of chamber 1 and the parallel configuration. A Kruskal-Wallis Statistical test with a
significance value of 0.05 was conducted with a Tukey HSD post hoc test. Data is
represented as mean +SD, n> 3. There is a shorter depth to reach the anoxic core region in
chamber 6 compared to chamber 1, but lacked statistical significance (p=0.7). There is no
statistical significance between the parallel configuration and chamber 1 depth to reach the

surface of the anoxic core region (p=0.635).

55



160

A —
140 4 B P=0.4

120 ~
100 -
80 -

60 -
40 A
20 A

Predicted Percent Hypoxic Volume

T T

Chamber 1 Chamber 6

mmm Chamber 1
3 Chamber 6

100
B P=0.3
80 A
60 4
40 1

20 A

Predicted Percent Hypoxic Volume

Chamber 1 Parallel Control

@ Chamber 1
&XXJ Parallel Control

Figure 2.16: Model Predicted Percentage of Anoxic Volume
(A) Estimated depth to the anoxic core region of Chamber I and Chamber 6. (B) Estimated

depth to anoxic core region of Chamber 1 and the parallel configuration. The percentage of
the total hydrogel volume calculated to be anoxic based on the predicted rn value and the
spherical volume formula. The total volume was calculated using the hydrogel heights as the
diameter of the sphere. A Kruskal-Wallis Statistical test with a significance value of 0.05 was
conducted with Tukey HSD post hoc test. Data is represented as mean +SD, n> 3. The model
predicts higher anoxia in chamber 6, but is not statistically significant (p=0.4). The
estimated percent volume of the anoxic core region is smaller for the parallel configuration

than chamber 1, but not statistically significant (p=0.3).
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2.3.4 Gene Expression

Figure 2.17a shows the gene expression of chamber 6 relative to chamber 1 after 4 days
of culture. The 2" method was used with logz transformation. HIF-1a, and PD1 were
upregulated. However, PD1 has a greater upregulation than HIF-1a. Additionally, MMP3,
MMP1a, and HIF-2a were down regulated relative to chamber 1. Figure 2.17b shows the
gene expression of chamber 1and chamber 6 relative to the parallel control at the end of the
4-day bioreactor run. The 224t method was used with log? transformation. HIF-1a was
increased in both chamber 1 and chamber 6 at a similar fold change. However, both
chambers 1 and 6 were significantly increased compared to the parallel configuration control.
Interestingly, HIF-2a , known for expression in extended periods of low oxygen
concentration, was significantly downregulated in both chambers 1 and 6 at similar
expression levels compared to the parallel control. Looking at the genetic expression of
known genes for disease progression and metastasis, MMP3 and MMP1a were upregulated
in both chamber 1 and 6 compared to the control. However, in chamber 1, MMP3 was
significantly upregulated compared to its expression in chamber 6. Additionally, MMP1a was
upregulated significantly in chamber 6 compared to chamber 1 and the control. PD1 was
upregulated compared to the control for both chambers, but chamber 1 was upregulated

significantly higher than chamber 6
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Figure 2.17: Genetic Expression of Hypoxia and Disease Progression Genes
(A) OQRT-PCR results for chamber 6 after 4 days of recirculated media compared to the

Chamber 1 control. The data displayed is log2(Fold Change) using the 2-*4“ methodology.
The Chamber 1 control is noted as a dashed line at a genetic expression level of 1. A
student s t- Test was used to test for significance. Data is represented as mean +SD, n> 3. (B)
ORT-PCR results for both chamber 1 and chamber 6 after 4 days of recirculated media
compared to the parallel configuration control. The data displayed the same as described in
(A). The parallel control is noted as a solid line at a genetic expression level of 1. A one-way
ANOVA with an a=0.05 and a Tukey post hoc test was conducted and significance from the
parallel is denoted by *. Data is represented as mean +SD, n> 3. It is important to note that
in (B), statistical significance (*) is relative to the parallel configuration and not between
chambers 1 and 6 (p<0.05). There is no statistical significance between chamber 1 and 6
(p=0.14).
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2.4 Discussion

Every day during the 4-day bioreactor experiment, the oxygen saturation of the bulk
media was measured, averaged, and plotted versus time in Figure 2.9a, which shows a
general decrease in oxygen saturation over time. It is important to note, there is a decrease in
oxygen saturation over day 1 and 2, then the oxygen saturation increases on day 3 before
decreasing again on day 4. These changes ranged between -18% and 4% and were not
statistically significant. These observations are likely the result of the high initial cell seeding
value of 1.5 million cells per scaffold. The typical seeding density for collagen type I
hydrogels given the final volume ranges from 300,000 to 1.5 million cells which
demonstrates that the seeding density used in this experiment operated very near the upper
limits of cell seeding capacity for collagen type I hydrogels with a density of 4 mg/ml [150].
Significantly lower cell seeding densities were not practical due to the sensitivity of the
oxygen sensor. The limited ability of cell growth within these hydrogels resulted in reaching
cell saturation by day 2 and 3 and even observe cell death in some cases which decreases the
amount of oxygen consumed. Additionally, the oxygen drop within individual chambers on a
daily basis was smaller in chambers 5 and 6 compared to the daily drop in chamber 1, which
is most likely due to the increased hypoxic region of the scaffolds in downstream chambers
and the decrease in oxygen saturation. This means the availability of oxygen into the
scaffolds became limited where the innermost seeded cells could not consume oxygen or
could not consume oxygen as efficiently as cells located on the periphery of the scaffold.
Thus, a smaller delta oxygen for chambers 5 and 6 was noted due to the proportion of oxygen
consuming cells. This is explained further in Figure 2.10a and 2.11a where the average per

scaffold and per cell oxygen uptake rates for chamber 1 and chamber 6 are noted. On day 1,
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the average oxygen consumption in chamber 1 shows slightly higher per scaffold and per cell
oxygen consumption compared to chamber 6, without any statistical significance. By day 4,
the average oxygen consumption rate for chamber 1 is larger than chamber 6 (p=0.11) but
still not statistically significant. Over the 4 days, the average oxygen consumption per
scaffold and per cell of chamber 6 increases slightly but largely remains constant. One key
difference between the two chambers is the viability and growth calculated on day 4, which
is noted in Figures 2.12a and 2.13a. The calculation for oxygen uptake rate follows the
assumption that all cells within a hydrogel consume oxygen at the same rate. The cells in
chamber 1 experience greater growth than cells in chamber 6 (p=.27). This could indicate an
altered metabolism for oxygen consumption due to the lower bulk oxygen saturation. Further,
since no measurement of cell death is recorded for days 1 to 3, the oxygen uptake rate on a
per cell basis maybe slightly underestimated. The parallel control followed the same general
trend of decreasing oxygen saturation over the 4-day bioreactor run with minimal decrease in
oxygen saturation drop between day 2 and 3 as shown in Figure 2.9b. Figure 2.12b and 2.13b
suggest the viability and growth of the cells in the parallel configuration are similar to
chamber 1. Interestingly, the oxygen uptake per scaffold and per cell for the parallel
configuration is greater than chamber 1 for day 1 (p=0.06) but almost identical on day 4.
Although chamber 1 experiences the same oxygen saturation conditions as the parallel
configuration, a difference between the two set ups that needs to be noted is the exposure of

cells to circulating signaling molecules secreted by downstream chambers in the series setup.

The effect of sub-saturation oxygen levels on cell proliferation and viability were also
assessed. Figure 2.12a presents the cellular growth in chambers 1, 5, and 6 after 4 days as an

average percent growth. This shows a negative trend in cell growth as the oxygen saturation
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level decreases. This observation agrees with the presence of a larger hypoxic/necrotic core
in downstream chambers. The results appear noisy preventing any statistical comparison
leading to valuable conclusions. The observed noise maybe due to the inconsistent shrinkage
of the individual hydrogels evident from the variations observed in the final hydrogel
volumes presented in table 2.2 where the shrinkage levels varied significantly in hydrogels
that were expected to have small variabilities in cellularity. Additional differences in scaffold
shape contributed to variations in cell growth as the hydrogel shape affects oxygen
concentration gradients and as a result survival. Figure 2.12b shows chamber 1 growth is
similar to the parallel control growth, indicating the proliferation and growth conditions of
chamber 1 were like those of the parallel configuration control. Further, the average viability
was calculated in Figure 2.13a for chambers 1, 5, and 6. The average viability decreases as
the oxygen saturation decreases. Chamber 5 and 6 maintain similar average viability
percentages. The change in viability between the two consecutive chambers (5 and 6) does
not appear to be significant enough to overcome the expected noise from hydrogel shape,
volume, and seeding characteristics. The dimensions and volume change of each chamber is
outlined in Table 2.2 and Figure 2.14a and 2.14b. The viability change between chamber 1
and 6 is large but experiences significant noise (p=0.16). It is a potential indication of an
increasing hypoxic core for scaffolds downstream the series set up. When comparing
chamber 1 to the parallel control, the viability is similar according to Figure 2.13b. This
further suggests the validity of the growth conditions between chamber 1 and the parallel
control, with the obvious variation of the presence of secreted biomolecules from all

chambers in the series set up.
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To evaluate the accuracy and repeatability of the in vitro model, the shape and size of the
anoxic core region is required. Table 2.2 contains the dimensions of each scaffold from 3
series and 3 parallel configuration scaffolds. After the 4-day bioreactor run, the scaffolds
most closely resembled an elliptical cylinder due to the PLLA mesh scaffold holder that was
shaped as an elliptical cylinder. The volumes of the hydrogels drastically changed compared
to the initial 0.5 mL hydrogel volume. The average percent change for all 6 scaffolds in series
and parallel configuration are shown in Figure 2.14a. The hydrogel scaffold shrinkage is
expected due to the cell-ECM forces with the additional effect of fluid flow on hydrogel
deformation that is not expected to be the dominant factor but it may still influence hydrogel
shrinkage [151], [152]. The variability seen in Figure 2.14a is not denoting any effect from
the position of each hydrogel in the 6 chambers in series. Since the cellularity differences
between chambers are not substantial, shape and size variations of hydrogels can vary due to
inconsistences in the formation of gels during different experimental runs and even effects of
hydrogel swelling despite the use of a hydrogel mold. These differences in gel formation and
characteristics can affect the nutrient diffusion within the scaffold. As mentioned previously,
these differences can affect the growth and viability of seeded cells. The differences in gel
formation were controlled by creating a “master mix” of collagen, neutralizing solution, and
cell solution. The parallel control showed the greater average percent volume change despite
having similar viability and growth to chamber 1, as noted in Figure 2.14b. After having
calculated the shape of each hydrogel at the endpoint of culture (day 4) the estimation of the

hypoxic/necrotic core extent is conducted.

To estimate the hypoxic/necrotic core region, a spheroid model was adapted as described

in section 2.2.10 by applying empirically measured data from the oxygen uptake rates of
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EMT6 cells and the diffusion of oxygen in high density collagen hydrogels (4mg/mL).
Although the shape of the hydrogels does not exactly match the spheroid geometry of the
estimation model, the model shows the oxygen saturation level drop to anoxic levels and
provides an estimated depth to the starting point of the anoxic core within the scaffold. The
comparison of the anoxic core region volumes is performed because they mirror the depth
from the hydrogel surface where viability is compromised, with greater anoxic volumes
associated with shorter depth distance to the region. The predicted depth where the anoxic
core starts is shown in Figure 2.15a for chambers 1 and 6. The model predicts higher anoxia
in chamber 6, which is confirmed by the cell viability and growth, but is not statistically
significant (p=0.4). Figure 2.15b compares the predicted depth of the anoxic core in the
hydrogel of chamber 1 and the parallel configuration. The average depth of the anoxic core
region is similar for the parallel configuration and chamber 1, suggesting similar normoxic
oxygen saturation levels. The average percent volume of the anoxic core region for chambers
1 and 6 are shown in Figure 2.16a. The larger average anoxic core region estimated for
chamber 6 agrees with the shorter depth to reach this region and increased size compared to
chamber 1, but lacked statistical significance (p=0.7). These estimations are consistent with
larger expected hypoxic regions in low oxygen culture conditions. Figure 2.16b compares the
percent volume of the anoxic core region between chamber 1 and the parallel configuration.
The estimated percent volume of the anoxic core region is smaller for the parallel
configuration than chamber 1, but not statistically significant (p=0.3). Difference in cell

signaling within the series configuration may be behind this observation.

In order to evaluate the molecular effect of sub-saturation oxygen levels on EMT6 cell

line, QRT-PCR was conducted, which is crucial in understanding the changes in metabolism
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and disease progression as seen in 2D in vitro models. As previously noted, HIF-1 and HIF-2
are transcriptional regulators for genetic modifications under hypoxic conditions. As such,
the gene expression was measured and shown in Figure 2.17a and 2.17b. HIF-1a is
considered the “master regulator” for acute and short-term hypoxia. Thus, the upregulation in
chamber 6 indicates there is successful sub-saturation of oxygen levels present and pathway
activation. However, the stronger upregulation seen in chamber 1 suggests stronger HIF-1a.
stabilization, which could be due to cell signaling molecules released to the media from
downstream chambers, as the media is recirculated and not replaced over the 4-day culture
period. For example, the chamber with the theoretically greatest sub-saturation oxygen level
could release signaling molecules related to stress that are then circulated into the bulk media
for cellular signaling in chamber 1. This circulation of signaling molecules was not the
primary focus of the study and requires further research to analyze the effect. Additionally,
based on the estimation of the anoxic core region, there are cells present within this region
experiencing oxygen starvation leading to an increased HIF-1a expression in chamber 1.
Interestingly, HIF-2a was down regulated in both Chamber 1 and Chamber 6. HIF-1a. is
associated with rapid and acute hypoxia, while HIF-2a generally is associated with long term
hypoxia. Unlike HIF-1a, HIF-2a is associated with involvement in stemness, erythropoiesis,
and immune modulation. The down regulation of HIF-2a. in Figure 2.17a and 2.17b could
indicate the sub-saturation of oxygen in the bulk media is not chronic enough for HIF-2a

stabilization.

Given the upregulation of HIF-1a, downstream HIF-1a regulated targets were also
analyzed. Three common downstream targets MMP3, MMP1a, and PD1 were also

upregulated in both chamber 1 and 6, with the parallel set up as control, which further
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confirms cellular adaptations to sub-saturation oxygen levels and HIF-1q stabilization.
MMP3 and MMP1a are collagenases known to aid cancer cells metastasis through matrix
remodeling in response to hypoxia. The upregulation of MMP3 and MMP1a confirms
activation of tumor response pathways to sub-saturation oxygen levels as cancer cells
metastasize for easier access to oxygen supply [153], [154]. Further, the upregulation of PD1
indicates a greater potential for immune system evasion under stress conditions [155].
Concurrently, the upregulation of these downstream targets to HIF-1a indicate
immunosuppressive and pro-metastatic pathways in response to sub-saturation oxygen. The
greater increase in both MMP3 and MMP1a in chamber 1 could potentially suggest the cells
are favoring an invasion and metastatic pathway upregulation. While the greater increase in
PD1 of chamber 6 could suggest the cells are favoring immunosuppressive pathways. These
sentiments were noted in Figure 2.17a, where MMP3 and MMP1a were downregulated

relative to chamber 1.

2.5 Conclusion

The primary goal of this study was to incorporate different levels of sub-saturation
oxygen conditions in a modified bioreactor. EMT6 cell line was used to create an in vitro
solid tumor model to analyze the effect of sub-saturation oxygen levels. Bulk media oxygen
saturation was measured using previously optimized fluorescent optical oxygen sensors and a
previously modified flow-perfusion bioreactor. 3D collagen hydrogel scaffolds were used to
create the solid tumor model. While the 3D tumor models are more representative of tumor
pathophysiology, the effect of sub-saturation oxygen levels induced in a flow-perfusion
bioreactor has not been incorporated in previous studies. Given the importance of the solid

tumor microenvironment on disease progression and the hypoxic hallmark of solid TME
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requires more accurate in vitro culture systems. Varying oxygen concentrations were
generated inside the bioreactor using oxygen impermeable tubing to prevent reoxygenation
of bulk media flowing through consecutive scaffold chambers connected in series. Thus, a
stepwise drop of oxygen was created. Optical sensors were placed after chamber 1, chamber
5, and chamber 6 to strategically measure the oxygen concentrations at 100% saturation at
the entrance of the chamber 1 and the parallel chambers and the most extreme sub-saturation
of oxygen, chamber 6. Further, the result of lower oxygen was determined by analyzing each
scaffolds’ percent growth, percent viability, and gene expression. The results showed lower
growth percentages and viability in downstream scaffolds. However, the use of hydrogel
scaffolds greatly affected the growth and viability due to inconsistent contraction of the
hydrogels. However, the general decrease in growth and viability confirmed a drop in oxygen
saturation. A modified spheroid mathematical model was applied to estimate the volume of
anoxic core regions in each scaffold. The model indicated larger anoxic core regions and a
smaller depth to reach this anoxic core regions in downstream scaffolds. Although not a
perfect match for the geometry of the collagen hydrogels, the model accounts for the oxygen
concentration drop within hydrogel scaffolds. Lastly, the gene expression of crucial target
genes for hypoxia regulation and disease progression and aggressiveness was analyzed using
QRT-PCR. The results showed an increase in HIF-1a and downstream target genes in both
chamber 1 and chamber 6. However, HIF-2a was downregulated in chamber 1 and chamber
2. The expression of these target genes confirms sub-saturation of oxygen in the downstream
chambers. However, the increase in both chambers suggest potential cell signaling to
chambers via the bulk media and metabolic adaptation of EMT6 cancer cells in sub-

saturation oxygen levels.
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[2]

In the future, this model could be modified to estimate the percent cell viability and
growth on a per day basis to give a closer look at the viability, oxygen consumption, and
growth of the scaffolds. This would more closely mimic the real time culture. The daily
glucose consumption could be monitored from the media to provide additional insight into
the metabolic activity. Additionally, histology and hypoxia staining should be conducted to
verify the spheroid estimation model. Real time monitoring of the oxygen levels within the
hydrogels at different depths can be monitored using microelectrodes could also be used for
verification of oxygen levels [156]. To further ensure the model’s accuracy, the PLLA mesh
hydrogel holding scaffold should be modified to resemble a sphere, along with hydrogels
being initially formed in the shape of a sphere. These adaptations will help the data better fit
the geometry of the model for greater accuracy of estimations. Investigating different cell
seeding values will help optimize the growth conditions that most closely represents a solid
tumor without exceeding the upper limits of viable cell growth in the flow-perfusion
bioreactor scaffold. The diffusion and release of cell signaling molecules, such as cytokines
and cancer exosomes should be investigated and quantified. This will provide insight into
potential genetic adaptations related to cancer cell stressed signaling. Lastly, this modified
bioreactor should be seeded with MSCs to evaluate the effects of sub-saturation oxygen

within a flow-perfusion bioreactor system.
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