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Abstract

According to the American Heart Association and World Health Organization, cardiovascular
diseases (CVDs) are the leading cause of death worldwide. Monolayer cell culture (2D) and animal models
are conventional methods to study CVDs, however, they limit researcher’s ability to simulate the human
cardiovascular cellular microenvironments and accurate predication of pharmaceutical drug responses.
Human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs), biomaterials, and microfluidic
technologies can be combined to create a controlled, reproducible 3D platform to study physiologically-
relevant cellular responses to biochemical and physical changes in the microenvironment. My dissertation
work demonstrates the development of novel self-driven microfluidic devices designed with capillary
action fluid flow principles that can be fabricated with 3D Stereolithography (SLA) printing and polymer
casting methods. The integration of 3D cardiovascular tissue models within these microfluidic devices
allowed for the evaluation of cell organization, function, and responses to biochemical and physical changes
within the system. This work is significant because the 3D cardiovascular tissue models demonstrated
differences in cellular morphology and structural reorganization in devices with or without microposts up
to 5 days in culture relative to standard culture methods. Multiple cell types were cultured in 3D within the
microfluidic devices, including human umbilical vein endothelial cells (HUVECs), human ACI16
cardiomyocytes, hiPSC-CMs, SKBR3 breast cancer cells, and patient derived xenograft (PDX) breast
cancer cells, demonstrating the versality of the microfluidic devices. Furthermore, the microfluidic device
was integrated into two specific technology applications (TA), including a cardiovascular-breast cancer
tissue model (TA-1) and cardiovascular model in simulated microgravity (TA-2). The TA-1 results indicate
hiPSC-CMs are susceptible to reduced viability when treated with Herceptin, a HER2+ breast cancer
chemotherapy drug. The TA-2 results demonstrated hiPSC-CMs cultured in microgravity maintained their
phenotype relative to control studies in standard culture conditions. This work provides significant
advancements in the design, fabrication, and study of capillary-driven microfluidic devices and their use as

a platform for CVD research in multiple areas of biotechnology research.
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Chapter 1
Introduction

1.1 BACKGROUND

Cardiovascular diseases (CVDs) are a group of disorders that affect blood vessels and the
heart and are the leading cause of death worldwide, comprising 31% of total global deaths.!
Interventions include lifestyle changes and therapeutic therapies have been used to treat and
prevent the high CVD mortality rate.> However, cardiovascular drugs that have been developed
resulted in increased side effects for patients with CVDs, slowing down drug discovery and
development for therapeutic drugs to prevent CVDs. For these reasons, it is important to develop
better ways to study cellular mechanisms, complex cellular processes, vasculature and heart
physiology, disease development, and study the effects of drugs to improve clinical translation.

Drug discovery is a multi-step, complex, and expensive process that may take years to
facilitate and costs about $2.6 billion.> In the United States, the Federal Drug Administration
regulates and approves new drugs before they become available to the public. The FDA drug
approval process consists of five steps, which are discovery and development, preclinical research,
clinical research, FDA drug review and licensing, and FDA post-market drug safety monitoring

(Diagram 1.1).*
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Diagram 1.1: Food and Drug Administration’s (FDA) typical drug development and approval
process outlining the three major sections: Preclinical Research, Clinical Trials, and
Review/Approval Process. This diagram was made using Canva.*’

The first step is discovery and development, where scientists discover new potential drugs,
create a pool of drug candidates for development, the drugs’ potential benefits, and its effectiveness
compared to similar drugs.® The second step is composed of preclinical research with in vivo and
in vitro models to answer basic questions about the drug’s safety, such as to determine potential
harm and detailed information on dosing and toxicity levels.® The third step is clinical research,
where trials will be conducted in human subjects to further test the effectiveness of the drug and
its harmful effects.” Clinical trials follow four phases, where phase 1 is used to study the safety
and dosage of the drug candidate, phase 2 investigates the efficacy and side effects, phase 3
measures efficacy and monitors adverse reactions to the drug candidate, and phase 4 determines
overall safety and efficacy (Diagram 1.1).*’

According to the FDA, of drug candidates who advance to phase 1 clinical trials, only 70%
proceed to phase 2 and by the end of phase 3, approximately 25-30% of drugs move onto phase 4

for safety and efficacy evaluation, demonstrating the narrow pipeline of potential drug candidates

toward approved compounds (Diagram 1.2).”8
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Before preclinical testing, multiple stages of research and
screening occur to determine which drug candidates will
advance to further studies. These early stages begin with several
thousand drug candidates and decrease to around ~20, which
will advance to preclinical testing. Following preclinical testing,
each clinical trial phase filters out drug candidates that will not
advance to the next phase. At this point, approximately ~2-4
drug candidates remain and by the last stage of approval to

launch, there may only be one drug candidate.

Diagram 1.2: Drug discovery and development process, highlighting the purpose of each phase
and the failure rate at each phase. This diagram was made using Canva.®

Most of the development cost results from failure during multiple stages of development,
specifically phases 1-3. These phases are the most expensive research stages, where phase 3
clinical trials with drug candidates that demonstrated unsatisfactory safety or efficacy are
discontinued.® A study was conducted to evaluate clinical trial data between 2010-2017 and four
reasons were associated with the clinical failure of drug candidate development.® These included
high toxicity rates, poor drug-like properties, and lack of clinical efficacy. Additionally, another
study reported failure of drug development resulted from lack of predictive translational safety
from in vitro to in vivo models, study design outcomes, and reliance of biomarker endpoints that
may not be predictive of clinical endpoints.®*°

Human cardiovascular tissues and diseases are difficult to study fundamental
cellular/molecular processes due to limited availability of physiologically-relevant in vitro

models.* 2 Two-dimensional (2D) cultures and animal models have commonly been used in early



preclinical phases of drug development to study cellular and disease mechanisms including
absorption, excretion, distribution, and metabolism.**° 2D and animal models have provided vital
information to drug development; however intercellular crosstalk and complex in vivo processes
cannot be reproduced in 2D models and animal models demonstrate differences from human
cardiovascular physiology including biochemical signaling, gene expression, and complex cellular

processes (Diagram 1.3).118
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Diagram 1.3: Discussion of different disease models with varying complexity, beginning with
2D cell culture to organ models on microphysiological systems. Some images in this diagram
were obtained from Biorender and Canva was used to make the final diagram.'>

Between 1937-2013, 201 molecular entities were approved for CVD treatments, where in
the least 5 years, 15 therapeutic agents have been approved by the United States Food and Drug
Administration (US FDA).? In 2015-2020, a total of 245 drugs were approved in the United States,
where only 6-8% were cardiovascular drugs (Diagram 1.4).> In 1991, approximately 40% of drug

candidates were terminated, however between 2000-2010, this number dropped to 4-5%.° This



was attributed to the work conducted over the last two decades to improve in vitro and in vivo

models to better evaluate cardiovascular drug candidates.
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Diagram 1.4: Bar graph figure comparing the number of drug approvals per disease and disorder
category, including cardiovascular diseases and cancer. This diagram was made using Canva.>

In recent years, human induced pluripotent stem cells (hiPSCs) have become an alternative
model for research on human diseases and drug testing due to their potential to differentiate into
different cell types, such as cardiovascular lineages.!*?° Patient derived hiPSCs can increase
genetic diversity when the cells are differentiated into different cell types for specific studies.!®*!
There has been significant progress for the development and optimization of directed
differentiation protocols for hiPSCs into cardiomyocytes (Cms) and their incorporation into 3D in
vitro models. Bioengineered tissue models have emerged to combine hiPSCs into an extracellular
matrix (natural, synthetic, or polymer based) to create a better representative 3D model.!>!*2

Bioengineered tissue models and microfluidic devices have been used to bridge 3D models

and in vivo models. Microfluidic technology is based on the manipulation of fluids in small

microvolumes and microchannels, as well as providing a controllable environment for cell culture



and drug testing.?> Microfluidic devices can be designed to include microstructures, channels,
layers, and other components to mimic the cellular microenvironment and specific applications.
Additionally, microfluidic devices can be designed for static or dynamic flow through the 3D tissue
with or without additional systems.?* Fabrication methods for microfluidic devices may include
3D printing, softlithography, and polydimethylsiloxane (PDMS) and sterilized for cell culture.?
Multiple cell-lineages, engineered biomaterials, and small molecules can be added into the
microfluidic device to create a system capable of evaluating drug candidates at the cellular level.**
Current 3D cardiovascular tissue models are mostly fabricated using PDMS or injection molding,
lack physiologically relevant microenvironments that provide dynamic flow, and biophysical cues
to guide cellular structural organization.

In this project, a self-driven microfluidic device will be developed for the formation of 3D
in vitro cardiovascular and cancer tissues for preclinical drug screening applications. The
microfluidic device is designed as a closed-circuit device with microposts in the tissue chamber to
provide biophysical stimuli to the 3D tissues. The devices are fabricated using a benchtop 3D
stereolithography (SLA) printer and clear polymer casting to allow imaging and monitoring of the
3D tissue. This device is used to develop and culture 3D cardiovascular and cancer tissues to study
cellular morphology, alignment, and organization in response to biochemical and physical
changes.

The proposed method of creating this platform is by culturing specific cell types (i.e:
commercially available cell lines or hiPSC-CMs), encapsulating these cells into a hydrogel to form
a 3D tissue, and releasing the cell-hydrogel into the tissue chamber with microposts in the
microfluidic device. Microstructures within a tissue chamber have previously been used to guide

cellular alignment, which makes it ideal for this project.”> To mimic an in vitro 3D tissue, an



extracellular matrix, external stimuli, and exposure to other cell populations is needed.'
Furthermore, multicellular composition is important in mimicking the physiology and beating
behavior of native cardiac tissue, as well as aiding in drug discovery because drugs may directly
affect hiPSC-CMs or the surrounding cells.!” The development of a 3D microphysiological system
represents a combined approach to better study cell morphology, alignment, organization and
response to specific biochemical or biophysical changes, making them better models for diseases,
preclinical drug screening, and developing effective therapeutics.!”>30

1.2 PROJECT GOAL, HYPOTHESIS, AND INNOVATION

The goal of this dissertation is to develop, optimize, and establish a human physiologically
relevant 3D cardiovascular and cancer tissue model to study cell function and organization in
response to biochemical and physical changes in the microenvironment.

The central hypothesis of this dissertation is combining 3D human cardiovascular and
breast cancer tissue models within a self-driven microfluidic device will create a physiologically
relevant system that facilitates in vitro studies of disease pathology and treatment.

The innovation of this dissertation is the combination of cell biology, biomaterials, and
microfluidics to develop a novel self-driven microfluidic platform to improve cardiovascular and
cancer in vitro models for preclinical drug screening.

1.3 SPECIFIC AIMS
1.3.1: Specific Aim 1

Specific Aim 1 consists of the design and fabrication of a closed self-driven microfluidic

device for 3D tissue culture. Based on previous research, microfluidic devices can be designed on
the principle of capillary flow which is governed by capillary effects to manipulate liquids.?33

This concept can be used to control the flow of liquids within microfluidic devices to recreate fluid



flow in specific tissues or vasculature. Although, this phenomenon depends on the wettability of
the device surface. We hypothesize the introduction of circular microchannels and microposts
within the microfluidic device design will aid in capillary driven flow.

1.3.2: Specific Aim 2

Specific Aim 2 will describe the optimization and development of 3D cardiovascular and

cancer tissue models within the microfluidic device to study cell organization and function. We
hypothesize the interaction between the developed 3D tissue models (cardiovascular and cancer,
respectively) and the microposts will demonstrate changes in morphology and cellular alignment
to provide insight into the cellular response to the effects of biophysical stimuli.

1.3.3: Specific Aim 3

Specific Aim 3 will study the effects of biochemical and physical changes in the

cardiovascular and breast cancer microphysiological systems. We hypothesize culturing hiPSC-
derived cardiomyocytes in two separate technology applications (TA): TA-1) study the effects of
Herceptin in a cardiovascular-cancer model and TA-2) study the effects of microgravity on
cardiovascular cell morphology and functional changes. These two specific applications will
develop better disease models to study complex cellular interactions, recapitulate changes that
occur in vivo in the in vitro models, and drug testing feasibility.
1.4 DISSERTATION OUTLINE

Chapter 2 consists of a literature review of three separate papers which discuss major
contributions to developing representative in vitro models for specific cardiovascular conditions.
One summary will discuss the process of developing a 3D in vitro model with hiPSC-derived
cardiovascular tissues within a microfluidic device. The following two summaries will discuss two

separate applications of hiPSC-CMs to study the effects of cancer treatments and microgravity.



Together, these papers emphasize the importance of developing a system to study cardiovascular
diseases.

Chapter 3 addresses Specific Aim 1. Aim 1 is the design and fabrication of a closed self-
driven microfluidic device for 3D tissue culture. This chapter discusses the rationale, design
process, and design evaluation for a capillary-driven microfluidic device. Fabrication processes
using 3D printing and clear polymer casting, as well as validation of self-driven flow are described
in detail.

Chapter 4 addresses Specific Aim 2. Aim 2 is the optimization and development of 3D
cardiovascular and cancer tissue models within the microfluidic device to study cell organization
and function. This chapter explains the development and optimization of 3D cardiovascular and
cancer tissues within the microfluidic device and quantitative image analysis is reported.

Chapter 5 addresses Specific Aim 3. Aim 3 is the study of the effects of biochemical and
physical changes in the cardiovascular and breast cancer microphysiological systems This chapter
combines all aspects of the microphysiological system, including the engineered tissue,
microfluidic device, and applications to create a physiologically relevant model. Two technology
applications (TA) will be described TA-1) the effects of Herceptin in a cardiovascular-cancer
model and TA-2) the effects of microgravity on cardiovascular cell morphology and functional
changes.

Chapter 6 discusses the conclusions of this work and the future directions of the

microphysiological system.



Chapter 2
Literature Review

Cardiovascular diseases remain the leading cause of death worldwide.! Although animal
models have been used to produce fundamental knowledge for CVDs, translation of preclinical
findings into in vivo human conditions has remained a challenge. In vitro research includes models
that utilize human cells and tissues to closely study cell-cell and cell-extracellular matrix (ECM)
interactions.'® Development of reproducible methods for differentiation of human stem cells,
including human induced pluripotent stem cells (hiPSCs) into cardiovascular derived cells are
currently used to create in vitro human cardiac tissue models. These models involve stem cell
derived cardiac cells, co-culture of different cell lineages, and engineered platforms that can
simulate stimuli experienced by native myocardium tissues, engineered biomaterials, and other
design elements. In vitro cardiac tissue models using microfluidic platforms have been used to
characterize the functionality of the engineered tissue through immunofluorescence, drug
responsiveness, and other assays to provide information on the engineered tissue. Veldhuizen and
Nikkah (2020) developed a microfluidic device to study 3D cardiovascular tissues and their
response to drugs.?® Kitani and Wu (2019), and Wnorowski and Wu (2019) used human induced
pluripotent stem cell (hiPSC) derived cardiomyocytes to study effects of specific treatments or
extreme conditions on cardiac function.233

Veldhuizen and Nikkah (2020) presents a microfluidic device designed with microposts to
recapitulate anisotropic structures in the human myocardium to develop a 3D cardiac tissue.? The
microfluidic device was fabricated using photolithography and replica molding techniques. The
device design consisted of the main tissue region with staggered elliptical microposts and

trapezoidal microposts to help diffuse media to the tissue. First, the device design and coculture
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rations were optimized using neonatal rat cardiac cells encapsulated into hydrogel mixtures of
fibrin, collagen, and Matrigel, where the final hydrogel composition was 80:20
(collagen:Matrigel), 4:1 (cardiomyocytes CM: cardiofibroblasts CF) and device design with
elliptical posts and post spacing of 150 um and 200 um (vertical and horizontal spacing,
respectively). Human embryonic stem cells (hESCs) and human pluripotent stem cells (hiPSCs)
were differentiated into cardiomyocytes. Flow cytometry and immunofluorescence showed a high
percentage of cTnT+ cardiomyocytes (90.8%) and in-plate staining showed cardiac-specific
expression. Coculture studies with hiPSC-derived cells were completed in 2D cultures for controls,
devices without microposts, and devices with microposts for the duration of 14 days.
Immunofluorescence staining of tissues in devices without posts (device controls) exhibited
unaligned and random structures, while tissues in devices with microposts showed aligned
structures. Moreover, cardiac gene expression of the tissues in control and device conditions,
demonstrated an upregulation of maturation specific genes (ACTN2, ATP2A2, and TNNT2)
compared to the 2D culture and devices without posts. Spontaneous beating signals in devices
without and with posts were used to determine contraction synchronicity. Although tissues from
both devices (without and with microposts) displayed similar beating rates, there was a more
variability in devices without microposts. Calcium transients were analyzed in tissues developed
in both devices and tissues cultured in devices with microposts demonstrated consistent and
synchronous calcium transients. Lastly, epinephrine was used to test cardiac tissue responsiveness
and tissues in devices with microposts displayed organized contractile patterns and a significantly
higher change in beats per minute compared to devices without microposts. The 3D tissues formed

in devices with posts resulted in elongated CMs, upregulation of mature cardiac-specific genes,
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synchronized contractions, and response to epinephrine, creating a physiologically relevant tissue
model.

Cancer is the second leading cause of death worldwide, behind cardiovascular diseases.**
The types of treatment depend on the cancer type and the cancer’s progression. For most
individuals diagnosed with cancer, there is a combination of treatments delivered, including
chemotherapy and/or radiation therapy.>® However, these treatments are harsh on the bodly,
affecting both normal, healthy cells and cancerous cells, resulting in short term side effects such
as nausea and long-term effects like heart or nerve damage.®® Furthermore, long-term
complications of cancer therapy include cardiovascular complications, including cancer therapy-
induced cardiotoxicity (CTIC).%” CTIC is detected in a clinic using echocardiography, a test that
uses high frequency sound waves to assess the heart’s function and structures.®® CTIC is identified
by the reduction in cardiac left ventricular ejection fraction and this irreversible cardiac change
establishes the need for models to study specific mechanisms that lead to cardiotoxicity,
predictability, and treatment and/or prevention.®’

Kitani and Wu (2019) conducted a study to examine the effects of trastuzumab (Herceptin)
in human induced pluripotent stem cells (hiPSCs) acquired from three healthy individuals and
seven patients with breast cancer who were treated with trastuzumab.®? hiPSCs were differentiated
into cardiomyocytes (CMs) and prepared for trastuzumab studies to recapitulate cardiac
dysfunction. The first set of studies were conducted on hiPSC-CMs from healthy individuals with
no history of cardiovascular disease or cancer. HER2 was also expressed in hiPSC-CMs after
differentiation. hiPSC-CMs were exposed to low doses of trastuzumab ranging from 0.1 — 1
pmol/L and evaluated for cell viability. Following 7 days of treatment with trastuzumab, hiPSC-

CMs cell viability did not decrease and fluorescence staining of cardiac troponin (¢TnT) and alpha-
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actinin did not display any changes in sarcomere assembly. Additionally, the contractility of
hiPSC-CMs following drug treatment were evaluated using high-speed microscopy, which
demonstrated a significant decrease in contract velocity and deformation displacement, but no
changes in the spontaneous beating rate after treatment. To further investigate the mechanisms
causing contractile dysfunction in hiPSC-CMs post-trastuzumab treatment, RNA-sequencing
revealed distinct changes in gene expression between untreated and trastuzumab-treated samples.
Another analysis showed high occurrence of pathways related to mitochondrial dysfunction and
oxidative phosphorylation. Based on this information, mitochondrial function was examined and
hiPSC-CMs treated with trastuzumab did not show any major changes in mitochondrial membrane
potential. However, when evaluating the mitochondrial respiratory function, there was a
significant decrease in ATP-linked respiration in hiPSC-CMs treated with trastuzumab. Next,
hiPSC-CMs generated from 7 patients with breast cancer who were treated with trastuzumab
treatment were obtained. Three subgroups of patients were formed: nontoxic patients (NP),
moderately toxic patients (MP) with left-ventricular ejection fraction decline <20-55%, and
severely toxic patients (SP) with left-ventricular ejection fraction decline >20%, but <55%.
Patient-specific hiPSC-CMs were treated with trastuzumab and subjected to cell viability,
contractile studies, and mitochondrial respiratory studies. Cell viability post-trastuzumab
treatment did not demonstrate any reduction in cell viability. Contractile studies revealed patient-
specific hiPSC-CMs post-trastuzumab treatment significantly reduced contraction velocity and
deformation in the SP compared to NP and MP groups. Likewise, the mitochondrial respiratory
capacity post- trastuzumab treatment showed a decrease in the SP group compared to the NP group.
Lastly, patient-specific hiPSC-CMs from the most severely toxic patient (SP) were used to

determine the changes in contractility following treatment with trastuzumab and several
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therapeutic drugs (metformin, rosiglitazone, resveratrol, lipoic acid). In earlier studies, it was
observed patient-specific hiPSC-CMs treated with trastuzumab demonstrated a decrease in
contraction velocity; when exposed to several therapeutic drugs, the contraction velocity was
recovered. This study demonstrated human hiPSC-CMs from healthy individuals and breast cancer
patients treated with trastuzumab can be used to study the cellular dysfunction produced from
trastuzumab treatment and how to investigate complex interactions for treatment of cardiovascular
diseases.

Spaceflight affects the human body and organ functions in several ways. Specifically, the
cardiovascular system is affected during microgravity exposure and particularly for long periods
of time. Astronauts on space missions have experienced lower heart rate, lower arterial pressure,
and an increased cardiac output.®® There is not much known of how microgravity affects cardiac
function. For this reason, it is important to study the effects of microgravity on the heart and
cardiovascular system. Previous microgravity research studies consisted of animal cardiomyocyte
models, such as mouse or rat, and these studies revealed cardiomyocyte contractility changes and
changes in mitochondrial metabolism genes.*® However, these models do not accurately represent
functions that occur in human cardiac tissues or cardiovascular system. However, studies
conducted with human cells, such as human induced pluripotent stem cells (hiPSCS) differentiated
into cardiomyocytes (CMs) can be used to study cellular interactions and processes that occur in
microgravity.

Whnorowski and Wu (2019) send human induced pluripotent stem cell derived
cardiomyocytes (hiPSC-CMs) grown and enclosed in BioCells 6-well plates to the International
Space Station (1SS) for 5.5 weeks for microgravity cell culture. In addition to the hiPSC-CMs on

the ISS, ground samples were maintained in standard incubation conditions to assess the changes
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compared to microgravity. First, hiPSC-CMs in microgravity and ground samples were evaluated
for morphology and structure changes, where phase-contrast images did not show any distinct
changes between both conditions. Immunofluorescence images of ground and flight samples with
cardiac troponin T (cTnT) and alpha-actinin displayed standard sarcomere morphology with no
significant differences in sarcomere structure or length. This demonstrates hiPSC-CMs maintained
in microgravity maintained sarcromeric structure and morphology like ground hiPSC-CMs.
Spontaneous beat rate for ground hiPSC-CMs and flight hiPSC-CMs was evaluated using video
microscopy. After 2.5 weeks of culture on the ISS, flight hiPSC-CMs maintained a similar beat
rate compared to ground hiPSC-CMs of the same culture time and flight hiPSC-CMs did not have
a difference in contraction and relaxation velocities. Additionally, the calcium handling of ground
and flight hiPSC-CMs was assessed. Flight hiPSC-CMs did not show a change in calcium transient
amplitude but did show a significant decrease in calcium recycling rate. Furthermore, there was
an increase in standard deviation of the beating rate intervals, suggesting beating irregularity. Next,
gene expression of hiPSC-CMs during flight and post-flight were evaluated and sarcomeric genes
cardiac troponin T (TNNT2) and troponin 11 (TNNI1) were upregulated during flight. RNA-
sequencing showed genes in the mitochondrial metabolic pathway presented the most significant
changes in flight vs ground hiPSC-CMs and flight vs. post-flight hiPSC-CMs. This may suggest
the return to normal gravity does not restore the normal gene expression of mitochondrial gene
expression after 10 days after return to normal gravity. Most of the genes that overlapped were
between ground vs. flight and post-flight vs. flight, suggesting that hiPSC-CMs gene expression
pattern changes during spaceflight and reverts to a similar pattern to ground controls when placed
in normal gravity. It was also expressed that flight samples experienced additional factors such as

radiation while on the ISS and launch and re-entry, which may have affected cellular phenotype
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and gene expression. This study demonstrated the potential of hiPSC-CMs to study the effects of
spaceflight and microgravity to evaluate cellular cardiac function and gene expression.
Microfluidic technology has aided in the development of more complex, representative
models to study cellular processes, tissue functions, and preclinical drug screening within one
platform. Microfluidic devices can be designed based on the requirements outlined by the scientist
and user. Similarly, the fabrication methods for microfluidic devices have also evolved to include
polydimethylsiloxane (PDMS), 3D printing, polymer casting, and many other methods, allowing
the scientist to choose the fabrication method. Though there has not been a microfluidic device
developed for every type of model or disease, there is the possibility of moving from traditional
2D models to incorporating 3D cell-hydrogel samples into a microfluidic device to create a more
representative cellular environment. Cardiovascular-cancer models mostly consist of 2D models
or organoids developed in multi-well plates. Incorporating a 3D cancer model into a microfluidic
device may allow for further exploration of cellular interactions and mechanisms. Furthermore,
microgravity studies are mostly composed of stem cell derived cardiovascular cells cultured in
specialized multi-well plates and sent on payload space flights and do not fully recapitulate the
changes that would occur in 3D. Payload flights can be expensive and may not be available to all
researchers. Microgravity can be reproduced on Earth with specialized 3D culture systems,
including bioreactor systems which function on a rotary cell culture system for continuous rotation.
There are not many studies that combine microfluidic devices with either cardiovascular-cancer or
microgravity studies of cardiovascular studies.**? Microfluidic devices with cardiovascular
tissues may serve as an opportunity to explore novel ways of studies specific cellular processes

and/or extreme conditions.
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Chapter 3
Aim 1 - Design and fabricate a closed self-driven microfluidic device for 3D tissue culture

Part of the work presented in Chapter 3 was peer-reviewed and published in Esparza,
Aibhlin, et al. "Development of in vitro cardiovascular tissue models within capillary circuit
microfluidic devices fabricated with 3D stereolithography printing." SN Applied Sciences 5.9
(2023): 240.* For this reason, the information and images displayed in this chapter are based off
the article referenced above. This chapter discusses Specific Aim 1.
3.1 AIM OVERVIEW

Specific Aim 1: Design and fabricate a closed self-driven microfluidic device for 3D tissue culture.

Goal: Design, manufacture, test, and obtain fluid flow rates of capillary-driven microfluidic
devices.
Hypothesis: The combination of microposts and surface properties microfluidic device will
function with capillary-driven flow.
Rationale: Biophysical stimuli and fluid flow integration into a microfluidic device creates a
model that better recapitulates the complex cellular microenvironment.
Aim 1.1: Design capillary circuit microfluidic device for self-driven fluid flow.
Aim 1.2: Refine fabrication process of microfluidic device with 3D stereolithography (SLA)
printing and clear polymer casting.
Aim 1.3: Validate self-driven flow in silico with finite element analysis (FEA) and in vitro
experimental fluid flow studies.
3.2 ABSTRACT

Microfluidic devices are systems capable of handling small volumes and are low cost,

controllable, and reproducible platforms. These platforms open the possibilities to study specific
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cell processes and interactions more closely by customizing the design of the microfluidic device
to fit the needs of a project. This may include designing microenvironments that can guide cell
orientation and behavior, with channel spacing, microfeatures, and fluid control. Furthermore,
researchers have the freedom to pick substrate material, device dimensions, and fabrication
techniques to build a physiologically relevant platform. Specifically, microfluidic devices can be
designed using capillary effects, which relies on the relationship between the surface tension of a
liquid, geometry of microchannels, and the surface properties of the device material. These types
of devices are called capillary-driven microfluidic devices and operate with the addition of liquid
at an inlet to control the direction of flow into the outlet. In this chapter, the design of the capillary-
driven device using the Young-LaPlace and Navier-Stokes equations for capillary fluid flow are
presented. With the finalized design, the fabrication techniques using 3D stereolithography (SLA)
printing and clear polymer casting will be discussed. Finally, the testing of capillary-driven flow
within the devices with finite element analysis (FEA) and in vitro experimental fluid flow
validation will be explained.
3.3 INTRODUCTION

In vitro 3D microfluidic culture systems provide an inexpensive, controlled, and
reproducible platform to quantify and evaluate cellular processes in more detail.}"?>-2%44These
systems need a physiologically-relevant microenvironment that provides dynamic fluid flow and
biophysical cues to guide cellular organization.**¢ Customizing microenvironments within
microfluidic devices may include geometries, branching structures and substrate material.*’

Fabrication techniques to make microfluidic devices include photolithography, casting,
injection molding and 3D printing. Photolithography incorporates polydimethylsiloxane (PDMS),

where SU-8 is used to create a master mold for PDMS microfluidic devices. However, PDMS
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requires multiple steps and processes to create a final microfluidic device and can be time
consuming in initial steps.*®4° Moreover, 3D printing has become an inexpensive, fast, and
reproducible manufacturing technique. This technique gives the user the ability to print devices in
a single process. 3D Stereolithography (SLA) printing operates on the principle of high-energy
laser that harden liquid resin layer by layer to create a solid shape. Microfluidic devices can be 3D
printed and tested with different types of cells and microenvironments to study specific
interactions.%%!

One type of 3D printing, 3D Stereolithography (SLA) printing, operates on the principle
of high-energy laser that hardens liquid resin layer by layer create a solid shape. SLA printers are
common resin printers and produce high quality prints, ideal for rapid prototyping. SLA prints are
considered stronger and more durable compared to other 3D printing technologies and there is a
wide range of resins that can be used for printing.>® Another type of 3D printing is two-photon
polymerization which functions based on simultaneous absorption of two photons into a
photoresist that is photosensitive. The Nanoscribe Photonic Professional GT+ printer is a system
based on laser lithography that allows for the printing of high precision micro and nano
structures.>*** Microfluidic devices can be 3D printed and tested with different types of cells and
microenvironments to study specific interactions.5%!

Capillary circuit microfluidic devices function without the help of external pumps, valves,
or support, and liquid movement is driven by capillary forces determined by the geometry and
surface chemistry of microchannels through the microfluidic device.?®®! Here, the design,

manufacturing process, and validation for a capillary-driven microfluidic device is presented.
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3.4 MATERIALS AND METHODS
3.4.1 Capillary driven-flow microfluidic device design

The microfluidic devices presented in this section were designed based on the concept of
capillary-driven flow. The device requirements included an inlet, channel, chamber, microposts,
and self-driven flow. However, only a few designs were selected based on their flow rate,
fabrication capability, and application to future studies. The device designs that were selected for
fabrication were based on 3D stereolithography (SLA) printing and polymer casting methods. One
set of single devices and another set of closed-circuit devices operate on the principles of capillary
action, which allows for continuous fluid movement without the need for external support.

Microfluidic capillary pumps incorporate different geometries of microstructures and
surface properties to generate capillary pressure and self-regulated liquid delivery.3! The final
capillary-flow microfluidic device was designed in Solidworks CAD Software (Solidworks
Corporation) with the Young-LaPlace and Navier-Stokes equations for capillary fluid flow with
dimensional constraints dictated by the printing resolution of a Formlabs Form3B SLA printer and
Formlabs V4 Clear Resin.

Based on the design considerations, capillary pressure and flow rate were numerically
calculated. Capillary pressure occurs at the liquid-air interface within a microchannel as a result
of surface tension of the liquid and the curvature formed by the wettable contact angle. The Young-
Laplace equation outlines the relationship between contact angle, microchannel size, and capillary

pressure (Eq. 1).3*

cos B¢+cos O
h

P=-2| +

cos B;+cos BTJ

[Eq. 1]
Where P is the capillary pressure, y is the surface tension of the liquid, /4 is the channel

height, w is the channel width, 8,is the contact angle of the liquid with the top microchannel wall,
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6, is the contact angle of the liquid with the bottom microchannel wall, 6, is the contact angle with
the left microchannel wall, and 6,. is the contact angle with the right microchannel wall.

The contact angle on the microchannel walls is equal for devices built from a single
material.>! A contact angle of 72°C was used for the microfluidic devices in this work based on
the contact angle studies on the Ostemer.* Surface tension of water at room temperature (y) and
the height and width of the microchannels of the devices were used to calculate capillary pressure.

The Navier-Stokes equation assumes a laminar, steady state flow, and absence of
gravitational effects to evaluate the flow rate (Q) of a liquid in a microchannel. The equation is as

follows:3!

Q _ Pwap
T 1LY

l1-06302]  [Eq2]

Where £ is the microchannel height, w is the microchannel, AP is the difference in capillary
pressure across the microchannel, n is the fluid dynamic viscosity, and L is the length of liquid in
the microchannel. The height and width of the microchannels and dynamic fluid viscosity of liquid
water at room temperature were used to calculate the flow rate.

With these considerations, several device designs were created, where Figure 3.4 and
Table 3.4 show the design evolution and dimensions.

3.4.2 Three-dimensional (3D) printing techniques

1. 3D (SLA) Stereolithography printing

A Formlabs Form3B SLA printer with Clear V4 resin (Formlabs, Somerville,
Massachusetts) was used to print microfluidic devices and inverted device molds with a printing
resolution range of 25-100 um and wavelength of 405 nm. The microfluidic devices and inverted

device molds were designed in Solidworks and uploaded to PreForm 3D Printing Software

(Formlabs). Printing supports were autogenerated and the print job was initiated. The printing time
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ranged from 1-2 hours depending on the overall dimensions and intricate features of the device
and/or inverted mold.

After printing, post-processing techniques were followed as recommended by the
manufacturer for Clear V4 resin (Formlabs, Somerville, Massachusetts). Prints were removed from
the build platform and submerged in the Form Wash (Formlabs) with fresh isopropyl alcohol (IPA)
for 10 minutes.>® The prints were air dried in the Form Wash rack. The prints were added into
Form Cure (Formlabs) and ultraviolet (UV) cured at 60°C for 15 minutes. After the cure, flush
cutters (Formlabs) were used to carefully remove the supports from the 3D prints molds.>®

11. 3D printing with Nanoscribe Quantum X Printer

Device 7b with microposts was downscaled by a factor of 0.8 and prepared to print using
a Nanoscribe Phototonic Professional printer (Karlsruhe, Germany), which used two-photon
lithography polymerization to produce 3D structures. IP-Q (Nanoscribe, Karlsruhe, Germany)
resin allows for high-speed fabrication of millimeter sized designs and used for micro rapid-
prototyping was used for the printing resin.>” The printing resolution of the Nanoscribe printer is
in the range of 200-300 nm, which is ideal for investigating the feasibility of developing a
microfluidic device with higher range 3D printing technologies.The microfluidic device file was
downscaled in Soldiworks using the Scale Function and saved as an .stl file. The entire process of
printing and processing Nanoscribe prints is outlined below.%®

The .stl file was uploaded into DeScribe, a print job development software for the
Nanoscribe 3D printer. The 3D model was centered to ensure it would fit within the square silicon
substrate (3D LF DiLL) and identified as a solid for high accuracy printing. The GWL print job
files were saved. The substrate was cleaned by rinsing the reflective side with acetone, isopropanol,

and distilled water. The surface of the substrate was blow dried to remove moisture. The substrate
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was transferred to the sample holder and fixed by placing sticky tape along the edge of the substrate
on two opposite ends. The 10x objective was inspected and cleaned prior to starting the print. The
objective was cleaned with isopropanol and dried. A silicon ring was placed on the objective to
prevent resin from spreading on the objective lens. The objective was placed on the nose piece.
IP-Q resin was added to the center of the clean substrate, approximately the size of a 1cm circle,
and allowed to spread across the substrate.

Next, the microscope objective was positioned at the lower z-limit and the user interface
program to control the 3D printer, NanoWrite, was launched. After the NanoWrite initialization,
the Exchange Holder was selected, and the sample holder was carefully inserted with the label
“TOP” facing upwards. The objective was moved towards the interface by selecting Approach
Sample, to put the working distance to the interface in focus. To load the job, the print job saved
as a.GWL file was selected and imported, where NanoWrite will load the data automatically. After
completing all of these steps, the printing process is initiated by clicking Start Job.

To unload the 3D print, click Exchange Holder, allow the stage to move and objective
lower to the z-drive limit, and remove the sample holder. The substrate is then removed from the
sample holder and submerged in a bath with SU-8 developer propylene glycol monomethyl ether
acetate (PGMEA) for 20 minutes to wash away excess liquid resin. Then submerged in isopropyl
alcohol (IPA) for 5 minutes to wash the developer away and blow dried. To remove the 3D print
from the substrate, the substrate is placed on top of a heating plate for 1 minute and lightly sprayed
with IPA on the sides of the print to slide the 3D print off the substrate.

3.4.3 Contact angle tests
To calculate capillary pressure and flow rate using the Young-LaPlace and Navier-Stokes

equations, it was necessary to calculate the contact angles of the Formlabs clear resin, the
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Nanoscribe IP-Q resin, and Ostemer322, a clear polymer used for microfluidic device fabrication.
Although some materials are identified for their uses in biomedical engineering and prototyping
applications, it is important to investigate the applications of 3D printing resin, its
biocompatibility, surface properties.>®® A contact angle test can be used to determine a material’s
surface properties, including its wettability.

All samples were subjected to contact angle experiments the same day (Day 0). The squares
were placed on a flat stage and a 20 pL pipette with DI water was placed directly on top. With the
pipette, a droplet of DI water was released onto the surface of the Ostemer square. After the
formation of the droplet on the surface, images were captured with a Canon SX620 HS camera
placed directly in front of the stage holding the square. Images were analyzed with Drop Analysis
ImageJ plugin to determine contact angles.>® Averages and standard deviation were calculated in
Microsoft Excel using “AVERAGE” and “STDEV.S” commands.

3.4.4 Fluid flow finite element analysis (FEA)

To further evaluate the device designs and their potential for sustaining fluid flow, designs
2 and 3-7 were evaluated using FEA. Design 2, an early design, was evaluated for fluid flow with
finite element analysis (FEA) using Ansys Fluent (Canonsburg, PA). The simulation study
parameters were modeled after human capillary blood flow velocity ranging from 0.04 to 1.2 mm/s
to determine flow rate within the 3D printed device.5! The procedure for FEA with Ansys Fluent
steps is described here.®? The 3D model was saved as an .IGES file and uploaded into the mesh
folder. An automatic mesh for the model was created by selecting quadratic or tetrahedral,
depending on the complexity of the region with microposts. The inlet, outlet, and chamber regions
were identified by selecting each feature and naming them individually. Air and liquid water at

room temperature were assigned to either the device interface, or the faces that would interact with
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the liquid (i.e: inlet, channels, chamber, outlet). The inlet velocity was set to 0.04 mm/s, the system
was initialized, and the calculation was started. Contour and pathway graphics for the fluid flow
were selected and the scenes were saved.

The next set of designs 4-7 were further validated with FEA using COMSOL Multiphysics
software (Burlington, Massachusetts) (Figure 3.5). The computational simulation study
parameters were modeled after experimental results from fluid flow experiments using Trypan
Blue diluted in Phosphate Buffered Solution (PBS) to compare flow velocities. The procedure for
FEA with COMSOL Multiphysics steps simulation began with importing the 3D model of the
microfluidic device and selecting stationary Laminar Flow study. Liquid water at room
temperature (RT) was selected for the simulation. Inlets and outlets were added, named, and
assigned inlet velocities based on initial fluid flow experiments, outlined in Table 3.1. The study
was conducted, and the velocity magnitude graphs were saved.

Table 3.1: Assigned inlet velocities for each device design for FEA fluid flow studies.

Design Assigned Inlet Velocities
1 No study conducted
2 0.04 mm/s
3 No study conducted
4 0.04 mm/s
5 0.04 mm/s
6a 0.02 mm/s
6b 0.02 mm/s
6c 0.02 mm/s
7a 1.39 mm/s
7b 1.87 mm/s

3.4.5 Device fabrication optimization
Three different processes were combined to create the final microfluidic devices, including

3D printing, polydimethylsiloxane (PDMS) silicon molds, and polymer casting with Ostemer322.
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First, the microfluidic devices were either printed using Formlabs or Nanoscribe 3D printers. The
3D prints were post-processed according to the resin and type of 3D printer used.

1. PDMS mold fabrication

Next, the PDMS molds were prepared. Dow SYLGARD 184 Silicone Elastomer Clear was
used to make flexible, PDMS molds for the microfluidic devices. SYLGARD 184 components
base and curing agent were mixed according to the manufacturer ratio of 10:1 (base to curing
agent, respectively).%® Each component was weighed, added into a conical tube, and mixed. The
mixture was centrifuged to remove air bubbles.

To create molds of the microfluidic devices, the 3D printed microfluidic device was placed
into an aluminum pan (14.5 cm wide x 7.6 cm depth x 5 cm height) with the solid back of the
device in contact with the bottom of the pan. The PDMS mixture was poured on top of the device.
Air bubbles were removed by placing the pan using a vacuum chamber for 5 minutes. Next, the
pan was placed into a furnace (ThermoScientific Lindberg/BlueM Moldatherm Box Furnace) at
110°C for 35 minutes to heat cure the mold. The mold was allowed to cool down and the 3D
printed device was removed from the PDMS mold.

I1. Ostemer322 polymer casting

Next, the clear polymer Ostemer322 was prepared for casting to fabricate the final
microfluidic device. The final microfluidic devices were fabricated with Ostemer 322, a clear UV-
curable resin, a material Dr. Joddar introduced our lab t0.%* The material Ostemer 322 will
henceforth be referred to as Ostemer and any or all devices fabricated with Ostemer322 will be
referred to as Ostemer devices, All work with Ostemer was completed inside of a chemical fume
hood and with personal protective equipment (PPE), including a lab coat and gloves. The

approximate volume needed to fill the molds for the device were calculated (circuit device: 12 mL,
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nanoscribe device: 500 pL). Ostemer bottles were referenced for specific mixing ratios for
component A and B (A:B, 1.09:1, respectively).%* The following equation was used to calculate
how much of each component was needed:

1.094 : I B,letB = x

1.09x + I1x = desired final volume (i.e: 20 g)
2.09x = 20g
x =957
So A= 1.09 = 1.09(9.57g) = 1043 g

A =1043g,B = 9.56g

Component B was measured first, followed by Component A. A wooden stirrer was used
to mix both components to ensure a homogenous mixture and centrifuged for 3 minutes at 1300
RPM to remove air bubbles.

The PDMS mold was cleaned with tape to remove any debris. The liquid Ostemer mixture
was slowly poured into the PDMS mold and air bubbles were removed with a pipette tip. The
PDMS mold was placed in the Formlabs UV cure machine for UV curing at 60°C for 3 minutes.
The Ostemer slightly hardens during the UV cure and the device is removed from the PDMS mold
by bending the mold. The Ostemer devices are then subjected to a heat cure 90-100°C in a furnace
(ThermoScientific Lindberg/BlueM Moldatherm Box Furnace). The PDMS mold was reused to
make a total of 10 devices before the mold showed signs of damage (e.g tears in the mold) or
decreased quality of the final devices (e.g. missing microposts, uneven surfaces of the channel or

chamber).
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3.4.6 Fluid flow validation experiments

Designs 4-7 of microfluidic devices underwent initial fluid flow experiments to determine
capillary-flow within the device. A Canon PowerShot SX620 HS camera was placed on a tripod
positioned above the microfluidic device. The camera was set to video and the recording was
started once the microfluidic device was set in frame. This set up was repeated for each
microfluidic device.

The liquid (Trypan Blue and PBS) was added into the microfluidic device as outlined here.
Trypan Blue (Fisher Scientific) and PBS (1x, Gibco) at a ratio of 0.1 to 10, respectively, were
mixed thoroughly. Trypan blue (100 uL) and PBS (10 mL) were measured into a 15 mL conical
tube and mixed. A standard 1000 pL pipette was used to release the liquid into the inlets of each
device. Table 3.2 describes the volume loaded into each device design.

Table 3.2: Volumes of Trypan Blue and PBS added to microfluidic devices for fluid flow

studies.
Design Name Posts? VVolume Added

1 Yes No study conducted

2 Yes No study conducted

3 Yes No study conducted

4 Yes 100 pL

5 Yes 100 pL

6a Device without Posts No 1000 pL
(DWoP)

6b Device with Posts Grid Yes 1000 up
(DWPG)

6¢ Device with Posts Yes 1000 pL

Staggered (DWPS)

Ta Device without Posts No 2000 pL
(DWoP)

7b Device with Posts Yes 2000 pL

(DwP)
7b Nanoscribe Nanoscribe Yes 20 pL

For microfluidic device designs 4-5, the liquid was loaded into the left channel of the

device. For designs 6-7, the liquid was loaded into a cut standard 1000 pL pipette tip to fit the
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circular inlet of the microfluidic device. The cut pipette tip was placed in the inlet of the device
and 1000 pL of the Trypan Blue and PBS mixture was released into the cut pipette in the inlet of
the microfluidic device with a new, uncut pipette tip. Another 1000 uL was measured and released
into the inlet. Similarly, designs 7 were subjected to fluid flow experiments without a pipette tip
to further evaluate fluid flow through the device. Trypan Blue and PBS were allowed to flow from
the inlet to the outlet of the device, without any external aid. The experiment concluded when the
outlet was either filled, or the flow remained stationary over the course of an hour. The same steps
were repeated for all devices.

1. Dynabead fluid flow studies

A similar process was repeated with Dynabeads (M-280, ThermoFisher) diluted in PBS at
1:10 ratio. The Ostemer device (design 7b) was placed onto the microscope platform and
positioned in frame. Videos were recorded using a stereomicroscope (Swift Microscope World,
Carlsbad, California). The video was started prior to loading the mixture into the inlet. The liquid
was allowed to flow throughout the device and the video was stopped. Only a fraction of the device
was visible under the microscope, due to the overall size dimensions of the device (50 x 40 mm).
Additional videos were recorded at different locations in the device after the liquid mixture was
added.

11. Fluorescence microspheres fluid flow studies

Fluorescent beads (Red Aqueous Fluorescent Particles, ThermoFisher) were diluted in PBS
at a 1:50 ratio and loaded into the inlet of each Ostemer device without posts (design 7a), device
with posts (design 7b), and Ostemer Nanoscribe device. A time lapse video was recorded on a
Leica Thunder Imaging Live Cell and 3D Assay fluorescent microscope (Leica Microsystems,

Buffalo Grove, IL) using a 10x objective. Only a fraction of the device was visible under the lens,
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due to the overall size dimensions of the device designs 7aand 7b (50 x 40 mm). Time lapse videos
were recorded at the inlet and microchannel for additional views.

111. Additional fluid flow experiments

Furthermore, to access the mixing of liquid after loading, two different colored solutions
were diluted in PBS and placed into inlets of the Ostemer device (design 7b) to visualize mixing
and flow through the device. Videos were recorded using a Canon PowerShot SX620 HS camera
placed on a tripod positioned above the microfluidic device. The camera was set to video and the
recording was set once the microfluidic device is set in frame.
3.4.7 Statistical Analysis

All gquantitative measurements were performed at least in triplicates and values are
expressed as mean + standard deviation (SD).
3.5 RESULTS
3.5.1 Contact angle

To calculate capillary pressure and flow rate using Young-LaPlace and Navier-Stokes
equations, the contact angle for the Clear V4 resin (Formlabs), IP-Q (Nanoscribe) and Ostemer322
were needed. In Figure 3.1, the experimental setup of the contact angle experiment is shown and

was repeated for all materials.
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Contact Angle Droplet
Ostemer322

Full View of Experimental Setup Contact Angle Setup
Ostemer322 Ostemer322

Figure 3.1: Contact angle experimental setup for Ostemer322.
The contact angle for the clear resin ranged from 50-70° depending on post-print day, as
reported in a study conducted by our lab.% Similarly, IP-Q resin from Nanoscribe printer was
subjected to contact angle studies, where Figure 3.2 shows the experimental setup for the

Nanoscribe samples and the ImageJ analysis for contact angle.

Contact angle analysis of mold

Figure 3.2: Experimental setup for Nanoscribe contact angle test and contact angle analysis
using ImagelJ/Fiji.
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The IP-Q Nanoscribe resin resulted in an average value of 14° (£0.11, n=3). The contact
angles of the Ostemer had an average value of 72° (+£8.29, n=20). Figure 3.3 and Table 3.3
compare the contact angle of all three materials. A contact angle less of 90° indicates high surface
energy, which suggests the polymer hydrophilic and supports capillary action and flow when used

as a microfluidic device.

Contact angle clear resin (Formlabs) Contact angle IP-Q resin (Nanoscribe) Contact angle Ostemer322

Figure 3.3: Representative contact angle images for clear resin (Formlabs 3D printer), IP-Q resin
(Nanoscribe 3D Printer), and Ostemer322.

Table 3.3: Comparison of contact angle values.

Material Manufacturer Contact Angle
Clear resin Formlabs 53.1° (#4.67)
IP-Q resin Nanoscribe 14° (£0.11)

Ostemer322 Mercene Labs 72° (£8.29)

3.5.2 Fluid flow Finite Element Analysis (FEA)

Figure 3.4 shows the design evolutions of all devices designed. This section will describe
fluid flow simulations for designs 2-7. Designs that were designed in Solidworks were saved as
.STL files and then subjected to FEA fluid flow simulations. Early design 2 was analyzed using

Ansys Fluent software and designs 3-7 were analyzed using COMSOL Multiphysics (Figure 3.5).
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Figure 3.4: Microfluidic device design evolution. Multiple 3D models are presented from the
early stages of this study into the final devices used for future experiments (outlined in red).
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Figure 3.5: FEA analysis of devices 2-7.

Device designs 2-5 faced several design problems. These specific designs had a small,
shallow inlet that was designed to not hold a substantial volume. Similarly, the channel width and
length were not proportional to the size of the chamber. For these reasons, the fluid flow was not
sufficient to flow through the entire device. Designs 6-7 incorporated these changes and this

allowed the fluid to move through the entire device as presented in the simulations. Design 6 and
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its iterations followed similar fluid flow trends in the FEA simulations. The fluid movement from
the inlet to the outlet of the device is consistent and steady. Design 6 was a precursor to Design 7,
where design 7 was designed as a capillary-circuit device. Design 7a (device without posts, DWoP)
and 7b (device with posts, DWP) used the average fluid velocity of 1.87 mm/s (x0.81, n=5) for
DWoP and 1.39 mm/s (+0.20, n=5) for DWP. The respective FEA models for these devices (7a
and 7b) show the flow at the inlet split evenly into both channels leading into the tissue chambers.
When the flow reaches the outlets of the device, there is an increase of fluid flow allowing the
fluid to continue moving into the second tissue chamber. Based on the FEA simulations, designs
6 and 7 demonstrate promise for capillary-driven flow and were used for future experiments,
including fluid flow validation and cell culture experiments.
3.5.3 Optimization of Formlabs 3D Printing

Microfluidic devices are systems that operate using small amounts of fluids and have
features, such as channels, with sizes ranging in the micrometer to nanometer scale.®® Microfluidic
devices are versatile and can be applied in various applications. With these considerations, the
initial design requirements included an inlet, outlet, a chamber, and channels connecting all
components together. Each component serves a purpose, such that the inlet is where liquid would
be added, the channels would deliver the liquid from the inlet to other areas of the device, and the
chamber is where the cells or tissue would be added. Additionally, microfeatures in microfluidic
devices have played a role in cellular alignment and capillary fluid flow and for this reason,
microposts were added into the design requirements of the device.

To begin the design process, preliminary models were designed in Solidworks, saved as
.STL files, and 3D printed using a 3B Formlabs SLA printer. There were many design iterations,

all designed with the concept of capillary-driven flow. Figure 3.4 shows the entire design
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evolution for this project. The first set of designs did not have a distinctive inlet or outlet and had

a large chamber compared to the size of the channels compared to later adapted versions. Designs

6 and 7 would be used for future experiments based on their design and fluid flow properties. The

chamber region includes hundreds of microposts, where all designs feature different dimensions,

including micropost size, post spacing, and post arrangement as outlined in Table 3.4.

Table 3.4: Design parameters for each microfluidic device concept.

Design Name Length x | Height | Post Post Post Spacing | Channel
Width Size Height Length
1 n/a 75x 35 2mm 0.10 0.05 mm 0.05 mm 23 mm
mm mm
2 10x4 mm | 0.2 mm 0.10 0.05 mm 0.15 mm 2mm
mm (h&v)
3 75x35 [45mm| 0.25 0.8 mm 0.3 mm (h) 22 mm
mm mm 0.4 mm (v)
4 75x35 |[45mm| 0.25 0.8 mm 0.3 mm (h) 22 mm
mm mm 0.4 mm (v)
5 0.025 x 0.003 | 50 um 0.001 50 um (h&v) | 0.007
0.01 mm mm mm mm
6a* Device 50x20 |4.5mm n/a n/a n/a n/a
without mm
Posts
(DWoP)
6b* Device 50x20 |[45mm | 0.25 0.8 mm 0.3 mm 5.5 mm
with Posts mm mm (h&v)
Grid
(DWPG)
6c* Device 50x20 |[45mm| 0.25 0.8mm | 0.26 mm (h) | 5.5 mm
with Posts mm mm 0.17 mm (v)
Staggered
(DWPS)
Ta* Device 50 x 40 3.25 n/a n/a n/a n/a
without mm mm
Posts
(DWoP)
Tb** Device 50 x 40 3.25 0.25 0.8 mm 0.3 mm 15 mm
with Posts mm mm mm (h&v)
(DwP)
7b** | Nanoscribe | 09x7.2 [|05mm | 0.01 0.14 mm | 0.05mm (h) | 2.45m
cm mm 0.06 mm (v)

Legend: h = horizontal spacing, v = vertical spacing, * = used for cell experiments in Aim 2, ** =

final device used for Aim 2 and Aim 3
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1. Micropost size and spacing

Design 1 was the first prototype to be 3D printed and it was used to determine the printing
capabilities of the 3D printer. The microposts were originally designed as hexagons with
intermittent spacing between each post of 0.3 mm. During the PreForm quality check, there were
no potential errors identified by the software. Following post-processing, the 3D printed device
was placed under a light stereomicroscope and examined closely. Figure 3.6 shows three different
areas of the microfluidic device post-printing. The microchannel was clear and easily discernable
from the solid face of the microfluidic device, as seen in Fig. 3.6a. The channel leads directly into
the chamber and the first set of microposts are visible, however, they are circular instead of
hexagonal (Fig.3.6b). Amid the microposts, there are areas where it seems as if some microposts
merge with neighboring microposts, identified by red dashed circles (Fig.3.6¢). When comparing
the 3D model to the final 3D print, there were some differences, such as the shape of the microposts
and resin in between posts, indicative of a printing tolerance. Based on these observations, the
spacing between microposts was increased to avoid merging of microposts as demonstrated in
future designs. In a similar way, the micropost size was optimized, to the smallest the 3D printer
was capable of printing while avoiding merging of the microposts. These changes were

implemented in early designs 2 and 4 and completely adopted in the later, finalized designs.
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Figure 3.6: Post-processed 3D printed device to assess printing accuracy. a) shows the first
microchannel, b) shows the microchannel leading into the chamber and some microposts, and c)
shows microposts in the chamber.

11. Visibility of 3D printed devices

Several 3D printed devices were made using the same clear SLA resin and post processed
following the manufacturer’s recommendations. These devices were placed under a benchtop light
microscope and fluorescence microscope (3D Leica microscope) to test optical clarity for future

use in cell culture or 3D tissue development. Figures 3.7 and 3.8 show the images captured with

both types of microscopes using a 3D printed device.
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Figure 3.7: Images acquired using a benchtop light microscope of various 3D printed devices.
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Device 4 . 3D printed phase contrast image

a-i) a-ii)

Design 6b . 3D printed phase contrast image

b-ii)

b-i)

. Design 7a 3D printed phase contrast image
C-i) — c-ii)

Design 7b 3D printed phase contrast image

d-i) d-ii)

Figure 3.8: Images acquired using fluorescence microscope (Leica Thunder Imager) of various
3D printed devices.

Images acquired with both the light and fluorescence microscope show 3D printed devices
are not completely visible. For future implementation in cell culture and tissue development, this

could make it difficult to image samples within the 3D printed devices. Furthermore, after repeated
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prints and post-processing, the finish of the 3D printed devices varies. Figure 3.9 shows two 3D

printed devices printed within the same month with the same resin cartridge.

a) 3D printed b) 3D printed

Figure 3.9: Two 3D printed devices printed within the same month with the same resin
cartridge.

The final finish of the device depends on resin shelf age, post processing techniques, and
printing with or without printing supports. During post processing techniques, the isopropyl
alcohol (IPA) plays a heavy role in the final finish of the device. It is recommended for the wash
station to be cleaned and filled with fresh IPA once a month for low printing and every 2 or 3
weeks with consistent 3D printing. This is to ensure the IPA can remove all or most of the resin
adhered to the 3D print.

II1. Material change to Ostemer322

To address the issue of clarity, the Inspired Materials & Stem-Cell Based Tissue
Engineered Laboratory (IMSTEL) and Dr. Joddar, shared a material called Ostemer 322 with our
lab. Ostemer 322 is a high transparency, clear UV-curing resin used for developing microfluidic
devices. The focus shifted from implementing 3D printed devices in future cell studies to using
Ostemer 322 to create the final, clear devices. The following sections describe the polymer casting

process in two different types of molds (3D printed and PDMS).
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1V. Improvement of mold creation and utilization for polymer casting of Ostemer322

The 3D printed molds were created by inverting the microfluidic device and printed using
the Formlabs SLA printer. There were two different 3D printed molds designed as seen in Figure
3.10. The first design is one single piece containing the inverted geometry to make a device without
microposts. The second design consists of two parts, the border enclosing liquid resin and the
inverted geometry of the device. The molds were used to cast Ostemer322 to create the final
devices. However, there were many challenges with this fabrication technique. The removal of the
device from the printed mold was difficult due to the stiffness of the mold. A spatula was then
used to help remove the device from the mold, however, this often would leave scratches on the
surface or completely break the device. Heat seemed to play a key role in removal from the mold
to obtain devices with little to no damage by immediately removing the device after the thermo-
cure in the furnace. The two-piece mold was slightly easier to use but shared the same issues with
integrity of the device features and removal from the base. This technique yielded 1-2 devices from
a single 3D printed mold. The integrity of the microposts decreased after the second use of the

printed mold. This process required multiple printed molds to produce sufficient final devices.

a-i) a-ii)

3D model of single piece mold 3D printed single piece mold

b-ii)

3D printed 2-piece mold Assembled 2-piece mold

Ostemer device casted from
3D printed mold

Figure 3.10: 3D printed molds for circuit device without posts (DWoP) and the resultant
Ostemer device.
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To optimize this process, polydimethylsiloxane (PDMS) molds were made for Ostemer322
casting. This fabrication technique greatly improved the structure and integrity of the entire device.
Instead of casting into a 3D printed mold, the device was 3D printed, post processed, and PDMS
was prepared and poured over the printed device and thermo-cured. The 3D printed device was
extracted from the PDMS mold. The entire process for polymer casting these devices is explained
in Figure 3.11. Under the inspection of the mold under a stereomicroscope, the micropost indents,
inlets, and channels in the mold were preserved. The PDMS mold was then used for clear polymer
casting to create the final, Ostemer322 devices. The PDMS mold could be used repeatedly without
significant damage to the mold.®-%° The 3D printed device could be used repeatedly to make more
PDMS mold. Adjusting the method of creating the mold significantly improved the workflow of
device creation, the number of devices produced, and consistent features within the devices. The
final devices after casting maintained all features, were clear, and visible through different

microscopes (Figure 3.12).

a-ii)

3D printed device

Place 3D device in
3D printdevice aluminum pan

3D printed device

3D printed device

c) el

P W™ |

L

Place pan in furnace to

Ostemer device casted
heat cure

using PDMS mold

Remove PDMS mold Remove 3D printed _H _DMS mold witl_‘u
from pan device from PDMS mold indentations of the device

Figure 3.11: Outlines the process of 3D printing a device, creating a PDMS mold, and
Ostemer322 casting to create final Ostemer device.
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Light Microscope

Design 7b 3D Printed

a-i) | # a-ii)

Phase-contrast image

Design 7b Ostemer

b-ii) |

Fluorescence Microscope

Design 7b 3D Printed Phase contrast image

c-i) c-ii)

Design 7b Ostemer
d-ii)

Figure 3.12: Compares 3D printed devices and fabricated Ostemer322 devices under light and

fluorescence microscopes.

An additional study revealed Ostemer devices that are not used 1-5 days after the
fabrication date will auto-fluorescence when observed under a fluorescence microscope. Figure

3.13 shows two devices fabricated with Ostemer on different days and imaged using the 3D Leica
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Thunder Imaging microscope. The device made and imaged on the same day displays little
autofluorescence as seen by the light green background. The second device was fabricated more
than a month prior to the image presented and shows more green background. ImageJ/Fiji can be
used to remove some background; however, it is apparent the longer the devices are not used, the
device changes. It is recommended to fabricate the devices one day prior or the day of experiments
to eliminate the chance of autofluorescence. The scope of this project did not include investigating

the material changes over time.

Ostemer Device Day 0 Ostemer Device Day 21

a) Image acquired Subtract background b) Image acquired Subtract background

Figure 3.13: Autofluorescence comparison between Ostemer devices fabricated on different
days.

3.5.4 Nanoscribe device fabrication

Design 7 was downscaled to explore the potential of using the Nanoscribe printer as a
fabrication method, less material to fabricate and use the microfluidic devices, and how a smaller
device would affect cell interactions in future experiments.

The Nanoscribe 3D printer demonstrated a high printing resolution over the course of a

long print time (~43 hours) for one print. Device 7b (device with posts, DWP) was downscaled
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and uploaded to the Nanoscribe system. Figure 3.14 shows the first 3D printed device using the

Nanoscribe printer, henceforth referred to as Nanoscribe device.

& 9mm b)

Figure 3.14: Nanoscribe device CAD model and stereomicroscope images of first Nanoscribe
print.

Many 3D printers have the capability to print multiple models at once. The Formlabs 3B
printer was capable of printing 4-6 devices in one session with a print time ranging from 4 -6 hours.
The Nanoscribe 3D printer was tested to determine if it was possible to print more than one device
in a print session. Figure 3.15 shows the printing concept of a 2 x 2 array for a total of 4 devices.
After approximately 63 hours, the Nanoscribe printer printed 1 device successfully outlined in a
red rectangle, with parts of the other three devices. After troubleshooting, it is possible to print 4

devices if the layout of the devices is centered on the wafer. However, the total print time has
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increased substantially in this case. Furthermore, the properties of the IP-Q resin were not

evaluated for biocompatibility or application of 3D cell culture.

b)

Device Device

Wafer

Device Device

i1

T

A
i

irm 1

T

2 x 2 array print layout 1 complete device

c-ii)

c-iii) c-iv) B

Parts of another device Parts of another device

Figure 3.15: Attempt to print multiple devices on one single wafer using Nanoscribe 3D printer.
1. Mold creation and polymer casting of Ostemer322 for Nanoscribe devices
Similarly, Nanoscribe devices printed using the Nanoscribe Photonic Professional GT2
system, were used to make PDMS molds following the same protocol outlined in previous
sections. With the PDMS mold, Ostemer322 was casted to make final Nanoscribe devices with
Ostemer322. Figure 3.16 compares the size of a device with posts (DWP) and the Nanoscribe

device.
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Figure 3.16: Overall size dimension comparison between Ostemer devices with posts and the
Nanoscribe device.

Even at this small scale, it was possible to retain the microscale features and manufacture
multiple devices using the same mold. Scanning electron microscopy (SEM) images of Nanoscribe
3D printed and Ostemer322 devices confirm the resolution of all features are maintained (courtesy

of Britanny L. Stark) in Figure 3.17.

48



b) » )

1cm

Nanoscribe printed mold PDMS poured on top of
print to create PDMS mold

c)
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3D printed Nanoscribe device 3D printed Nanoscribe device
SEM Image SEM Image

e-i)

Pa 11/06 00um

Ostemer322 casted Nanscribe device Ostemer322 casted Nanoscribe device
SEM Image SEM Image

Figure 3.17: PDMS mold and Ostemer322 Nanoscribe device process. Scanning electron
microscopy (SEM) images of 3D printed Nanoscribe device and Ostemer322 casted Nanoscribe
device.
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3.5.5 Capillary fluid flow validation experiments

Validation experiments for microfluidic devices were performed to confirm the system’s
ability to use and/or maintain capillary fluid flow.

1. Fluid flow experiments for 3D printed devices and Ostemer devices

Fluid flow experiments were conducted with Trypan Blue and PBS with 3D printed devices
and Ostemer devices. Figure 3.18 shows time lapse images of various 3D printed devices from
early designs and Ostemer devices of later designs. Table 3.5 outlines the fluid velocity for each
device design either 3D printed or Ostemer322 casted devices.

Table 3.5: Fluid velocities of 3D printed and Ostemer devices.

Design Posts? 3D Printed or Fluid Velocity Flow?
Ostemer
6a No 3D printed 0.238 mm/s (x0.11, n=3) Yes
6b Yes 3D printed 0.043 mm/s (£0.11, n=3) Yes
6c Yes 3D printed 0.143 mm/s (x0.026, n=3) Yes
7a No 3D printed 2.34 mm/s ((x0.20, n=5 Yes
7a No Ostemer 1.39 mm/s (£0.20, n=5) Yes
7b Yes 3D printed 2.80 mm/s (0.35, n=3) Yes
7b Yes Ostemer 1.87 mm/s (£0.81, n=5) Yes
7b Nanoscribe Yes Ostemer 0.009 mm/s Yes
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Design 4 3D Printed Design 5 3D Printed

.. Fa S|

Figure 3.18: Time lapse picture of Trypan Blue and PBS through different device designs of 3D
printed or Ostemer devices.

Designs 4 and 5 were 3D printed and were not able to maintain capillary-driven flow
throughout the device. Design 4 did not have an inlet, only a channel leading into the main
chamber, which made it difficult to add a substantial amount of fluid to the device. Design 5, on
the other hand, was designed with a circular inlet and still did not allow fluid flow. This can be
attributed to the small depth of the inlet, the size of the channel and the chamber. The dimensions
allowed for only a small volume of liquid to be added and it was not enough to flow through the
whole device. However, designs 6 and 7, regardless of the fabrication type, 3D printing or Ostemer
casting, allowed fluid to flow throughout the device with capillary-action. This was possible due
to several design modifications including: increased depth of the inlet to hold ~1 mL of liquid,
increased width and decreased length of the channel, and reduced width and length of the chamber.
Additionally, design 6 was the precursor to design 7, the circuit device. Design 6 consisted of a

device without posts, device with posts in a grid formation, and device with posts in a staggered
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formation to evaluate if the formation of the posts played a role in fluid flow. After conducting
fluid experiments, the devices with posts resulted in a faster velocity compared to devices without
posts. This trend was the same in design 7 devices, the capillary circuit device.

To further evaluate the fluid flow, Ostemer devices with outposts (DWoP) and with posts
(DWP) were tested without the pipette at the inlet. Figures 3.19 and 3.20 show the time lapse
images of the fluid flow experiment without the pipette. Both devices hold a maximum of 2 mL

and the fluid flow through the device took approximately 6 minutes.

Figure 3.20: shows a time lapse of Trypan Blue and PBS through the device with posts (DWP).
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Similarly, the Nanoscribe device was tested for fluid flow under a stereomicroscope with
red dye and PBS to provide better contrast. Figure 3.21 shows a time lapse of the Nanoscribe
device. The device holds a maximum of 20 uL in the device and the inlet diameter is approximately
1.5 pm, like the diameter of a 10 pL pipette tip. The fluid flow through the Nanoscribe took 55
minutes to complete, with the addition of 0.5 pL over the course of the total time. The addition of

liquid into the inlets of the Nanoscribe device may serve as a challenge, as it’s difficult for the user

to see.

Figure 3.21: shows a time lapse of Trypan Blue and PBS through the Nanoscribe device.

Both 3D printed devices and Ostemer devices can function using capillary-driven flow.
This is consistent with the contact angle results, where both clear resin (Formlabs) and Ostemer322
(Mercene Labs) have a contact angle of a hydrophilic surface. Although the downscale of Design
7b was possible and fabrication with Ostemer322 preserved all micro-scale features, the capillary-
driven flow slowly than the original device with posts (50 x 20 mm). This may be attributed to the
size limitations of the device, which greatly reduced the amount of liquid that could be added to

the device from 2 mL (original device) to 20 uL (Nanoscribe device). Furthermore, the diameter
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of the inlet of the Nanoscribe device is smaller than the diameter of a 10 uL pipette tip. This poses
a challenge to adding liquid to the inlet of the Nanoscribe device.

11. Additional fluid flow studies

To further visualize the flow within Ostemer devices of design 7a and 7b, studies were
conducted with Dynabeads and fluorescence microspheres. Dynabeads M-280 (ThermoFisher)
were diluted in PBS at a 1:10 (Dynabead:PBS) ratio for Dynabead experiments. Dynabeads
circulated through the chamber of the device without posts for 1 minute. Figure 3.22 shows time

lapse pictures of the Dynabead fluid flow experiment.

No Posts Ostemer Device
Dynabeads flowing through device

Figure 3.22: Time lapse of Dynabeads flowing through a no posts Ostemer device. Original
video captured using a stereomicroscope.

Fluoro-Max Red Fluorescent Polymer Microspheres (ThermoFisher) were diluted in PBS
at a 1:50 ratio for devices with posts (DWP), device without posts (DWoP), and Nanoscribe
devices to avoid autofluorescence of the Ostemer material. One area of the device was recorded,
due to the overall size dimensions of the devices. A total time lapse time of 10 minutes was

conducted on each device, where all three devices maintained microsphere movement in their
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respective chambers. Figures 3.23-3.25 show the time lapse videos with fluorescent microspheres

over the course of 1 minute for visualization.

Device without Posts (DWoP)

Figure 3.23: Time lapse of red fluorescent beads flowing through a device without posts
Ostemer device. Original video captured using a 3D Leica fluorescence microscope.

Device with Posts (DWP)

Figure 3.24: Time lapse of red fluorescent beads flowing through a device with posts Ostemer
device. Original video captured using a 3D Leica fluorescence microscope.
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Nanoscribe Device

Figure 3.25: Time lapse of red fluorescent beads flowing through a Nanoscribe device. Original
video captured using a 3D Leica fluorescence microscope.

Additional studies with colored liquid demonstrated that there is continuous internal
movement and mixing of the liquids after addition into the device (Figure 3.26). This supports the

findings of the continuous flow of fluorescent microbeads within the device.

Ostemer Device with Posts

Figure 3.26: Time lapse of mixing of colored fluids to demonstrate continuous movement of
liquid.
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3.6 D1SCUSSION AND CONCLUSIONS

After several design iterations and fluid flow experiments, a capillary-driven microfluidic
device was designed based on the concepts of capillary pressure and its fabrication through 3D
SLA printing and clear polymer casting. The final microfluidic device designs chosen were design
6 and 7 based on the fabrication methods and capillary-driven flow. The microfluidic device
demonstrated a hydrophilic surface that supports self-driven flow when liquid is added to the
surface. The design iteration and prototyping phases for initial microfluidic devices had a quick
turnaround time when combined with the capabilities of the 3D SLA printer. Although, the SLA
resin was not clear when placed on a microscope, the concepts of 3D printing master microfluidic
devices and implementing a 3D printed mold for polymer casting were beneficial to the overall
project. The implementation of a PDMS mold for polymer casting increased the workflow for
device production. FEA simulations to validate fluid flow of all device designs, further
demonstrated designs 6 and 7 were the most suited for potential capillary-driven flow, in
agreement with Trypan Blue and PBS fluid flow experiments, where flow continued to move
through the device. Contact angle studies of clear resin (Formlabs), IP-Q resin (Nanoscribe), and
Ostemer322 all resulted in a contact angle less than of 90°, indicating a hydrophilic surface,
capable of capillary action and capillary-driven flow in devices fabricated with these materials.
When comparing velocities between devices without microposts (DWoP) and with posts (DWPG),
DWPG had a faster velocity (1.87 mm/s), where the microposts helped propel fluid flow forward.
Both DWoP and DWPG, presented capillary-driven flow and have the potential to serve as

platforms for 3D tissue culture.
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Chapter 4
Aim 2 — Optimization and development of 3D cardiovascular and cancer tissue models
within the microfluidic device to study cell organization and function.

Part of the work presented in Chapter 4 was peer-reviewed and published in published in
Esparza, Aibhlin, et al. "Development of in vitro cardiovascular tissue models within capillary
circuit microfluidic devices fabricated with 3D stereolithography printing." SN Applied
Sciences 5.9 (2023): 240.*® For this reason, some of the information and images displayed in this
chapter are based off the article referenced above. This chapter discusses Specific Aim 2.

4.1 AiM OVERVIEW

Specific Aim 2: Optimization and development of 3D cardiovascular and cancer tissue models

within the microfluidic device to study cell organization and function.
Goal: Engineer 3D cardiovascular and cancer tissues within self-driven microfluidic device for
analysis of cell orientation, alignment and structure.
Hypothesis: The interaction between the 3D tissue models (cardiovascular and cancer,
respectively) and the microposts will demonstrate changes in morphology and cellular alignment.
Rationale: The integration of biophysical stimuli as microposts will guide cellular organization.
Aim 2.1: Development of 3D cardiovascular tissue model culture within microfluidic device.
Aim 2.2: Development of 3D cancer tissue model within downscaled Nanoscribe microfluidic
device.
4.2 ABSTRACT

Cardiovascular diseases are difficult to study due to the lack of physiologically-relevant
3D in vitro models. The combination of 3D in vitro models with microfluidic devices can provide

better platforms to study cell morphology, cell behavior, and cellular processes in greater detail.
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Additionally, microfluidic devices may be inexpensive to fabricate and provide a controlled and
reproducible way to quantify or evaluate changes in biochemical or physical stimuli. In this
chapter, the development and analysis of 3D cardiovascular and cancer tissue models retained with
capillary-circuit microfluidic devices will be explained. The tissue models actively changed their
cell morphology and alignment in response to the microposts within the chambers of the
microfluidic devices. The cardiovascular tissue models were developed using human umbilical
vein endothelial cells (HUVECSs) and human AC16 cardiomyocytes in an extracellular matrix
(gelatin-alginate or fibrin hydrogel), which were loaded into the microfluidic device. Similarly,
the cancer tissue models were developed using patient derived xenograft (PDX) cells and SKBR3
cells in a collagen hydrogel, which were loaded into the Nanoscribe device, the downscaled device
of the capillary-circuit device with posts. The cardiovascular tissue models were analyzed with
fluorescence microscopy and quantified for cell orientation and network length, where HUVEC
and AC16 models demonstrated morphological differences and preferred cell alignment. Lastly, a
Python based script was adapted to further quantify fluorescence images, including cell count and
cell diameter, is validated to determine its potential to serve as a tool for researchers.
4.3 INTRODUCTION

Cardiovascular diseases (CVDs) and cancer are the leading causes of death worldwide but
remain as a challenge to study due to the limited availability of physiologically-relevant in vitro
models.** 37 Two-dimensional and animal models have been used to study cardiovascular and
cancer biochemical and physiological processes, however, there are species differences between
these models, including physiology, biochemical signaling, and gene expression.!8":7172 The
integration of specific cell lineages and extracellular matrix (ECM) into tissue models within

microfluidic devices provides a controlled, inexpensive, and reproducible system for evaluation
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and quantification of cellular processes in the presence of biochemical or physical stimuli.l?27-2944
Specifically, incorporating cardiovascular and cancer cells into microfluidic devices produces a
novel and physiologically-relevant system to study cellular processes and mechanisms of these
tissues in vitro.”*"’

Current 3D cardiovascular and cancer tissue models incorporate several types of cells,
including human lineage cells and human induced pluripotent stem cells (hiPSCs).122526.78-80
These models need microenvironments that will recapitulate the cellular microenvironment,
including fluid flow and biophysical stimuli to guide cellular organization.!281:82

Microfluidic devices can be designed and tailored to cellular microenvironments
customized or specific cell types or tissues. Fabrication methods for microfluidic devices include
3D printing, photolithography, and polymer casting, to name a few. Several research studies have
been conducted microfluidic devices with various fabrication techniques, including 3D printing
and photolithography, to study specific cellular interactions.

Moreno-Rivas et. al 3D printed microfluidic devices using stereolithography (SLA)
printing with three different types of resin (Clear, High Temp, and Dental Resin LT).% The devices
were printed using a Form2 Formlabs 3D printer, surface treated with Poly-D-Lysine, and
subjected to a 5-day study with HeLa cells to evaluate cell viability. The study revealed Clear and
High Temp resins were best for consistent and reproducible prints, although, the High Temp resin
influenced the cell viability. This effect was not observed in Dental Resin LT or Clear resin. A
long-term study would enhance the findings of this study and provide more information for the
biocompatibility of each resin for cell studies.

Kurokawa et. al investigated the vascular formation of human induced pluripotent stem

cell derived endothelial cells (hiPSC-ECs) within 3D microfluidic devices.?* The microfluidic
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devices were fabricated using soft lithography and replica molding. Prior to cell loading, the
devices were coated with fibronectin. hiPSCs were differentiated into endothelial cells and then
cocultured with fibroblasts with a fibrinogen hydrogel to study vascular network formation. After
14 days, network formation was observed and with the addition of a small molecule (TGF-B), the
networks were responsive. This study demonstrates vascular networks can be created within
microfluidic devices and studied in detail.

Furthermore, a method for fabricating a capillary-circuit microfluidic device using 3D
printing and polymer casting with Ostemer322 has been published, combining two fabrication
techniques.*® This novel method allows for the fabrication of capillary-circuit microfluidic devices
and their application in cardiovascular and cancer cell studies. Here, the optimization and
development of cardiovascular and cancer tissue models within the microfluidic device will be
discussed.

4.4 MATERIALS AND METHODS
4.4.1 Device fabrication

1. 3D SLA printing of microfluidic devices

Three microfluidic devices (design 6a-c) were designed with a single chamber and the
following conditions: no posts, grid arrangement microposts, and staggered formation microposts
within the chamber. This set of devices was designed with the intent to study if micropost
formation affected cell morphology or alignment of the cells. This set of 3 devices were 3D printed
using the Form3B SLA printer, post-processed according to the clear V4 resin specifications, and
sterilized prior to any cell work. Additional details of the 3D printing process are discussed in

Chapter 3 (Aim 1).
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1. Polymer casting with Ostemer322

Furthermore, the capillary-circuit microfluidic devices (design 7a and b) were printed with
the Form3B SLA printer, post-processed, and prepared for PDMS mold fabrication. The PDMS
molds were then used for polymer casting of Ostemer322 to fabricate the final devices. This set of
devices were used for the majority of the experiments discussed in this section and identified by
the following names: Nanoscribe (downscaled device), device with posts (DWP, 50 x 40 mm), or
device without posts (DWoP). Specific steps outlining this process are discussed in Chapter 3 (Aim
1).
4.4.2 3D cardiovascular tissue model development

1. HUVEC culture and dissociation

HUVECs (ATCC, CRL-1730) between passages 4-6 were used to develop the vascular
tissue model (VTM). HUVECs were cultured on 6-well plates coated with 0.2% Gelatin Type B
(Sigma) with EGM-2 media (Lonza). HUVECs were passaged every 2-3 days or at 80%
confluency. HUVECs were dissociated using Trypsin (0.25% Corning). Trypsin was neutralized
with addition of EGM-2 and the cell suspension was centrifuged at 1300 RPM for 3 min at 23 °C.
Supernatant was aspirated and resuspended in 500 pL fresh EGM-2. The cell count was obtained
using a hemocytometer.

11. AC16 culture and dissociation

AC16 human cardiomyocytes cell line (SCC109, EMD Millipore, MA) between passages
4-6 were used to develop the cardiac tissue model (CTM). AC16 were cultured in T75 flasks
maintained with Dulbecco’s Modified Eagle Medium (DMEM/F12, Sigma) supplemented with
2 mM L-glutamine (EMD Millapore), 12.5% fetal bovine serum (FBS) (EMD Millipore), and

1 x penicillin—streptomycin solution (EMD Millipore). At 80% confluency, AC16s were
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dissociated using Trypsin (0.25% Corning). Trypsin neutralized by adding DMEM media with its
supplements listed above. The cell suspension was centrifuged to obtain the cell pellet. The cells
were resuspended in 500 uL of media and then counted using a hemocytometer.

1I1. Gelatin-alginate hydrogel formation and loading into 3D printed microfluidic

devices

A 2% (w/v) gelatin and 3% (w/v) alginate hydrogel was used to study the effect of
micropost arrangement on HUVECs and AC16 cells. Gelatin Type A (MP) and alginate (Alginic
Acid Sodium Salt, Medium Visocosity, mpbio), were measured and added to 10 mL of PBS. The
solution was vortexed in 1-2-minute intervals. The hydrogel mixture was then manually mixed
using a sterile spatula and vortexed for an additional 2 minutes. The hydrogel was placed into a
bead bath at 37°C for 1-2 hours to obtain the desired viscosity.

HUVECSs and AC16 cells were dissociated, and the cell pellet was resuspended in 500 uL
of media. HUVECs (500,000 cells/mL) and AC16 cells (500,000 cells/mL) were added into the
gelatin-alginate hydrogel, separately, and then loaded into the chambers of each single chamber
3D printed device (no posts, grid posts, and staggered posts). The 3D printed devices were printed
one day prior to experiments and sterilized by submerging in 70% ethanol for 15 minutes and air
dried. The hydrogels were crosslinked with CaCi2 (100 mM) for 5-7 minutes. The excess CaCl:
was removed, and the cell-hydrogels were supplemented with their respective media (EGM-2 for
HUVECs and DMEM for AC16 cells). Cell media was changed every other day for 5 days.

1V. Fibrin hydrogel formation loading into microfluidic device and Transwell inserts

A fibrin hydrogel was used to develop the cardiovascular tissues (CTM and VTM) with
human umbilical vein endothelial cells (HUVECs) and human AC16 cardiomyocytes. The

fibrinogen solution was prepared by dissolving 75% clottable fibrinogen (Fibrinogen from bovine
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plasma, Sigma Aldrich) in thrombin bovine (Thrombin, Bovine, Sigma Aldrich) in 1% bovine
serum albumin (BSA, Fisher Bioreagents). Fibrinogen (25 mg) was mixed in sterile PBS warmed
to 37°C. HUVECs and AC16 cells were dissociated, and the cell pellet was resuspended in their
respective media. The cells were collected at 500,000 cells/ mL (HUVECS) and 1x108 cells/mL
(AC16s). The cells were added into the fibrinogen and PBS mixture separately, for the formation
of individual hydrogels.

Capillary-circuit microfluidic devices (device with posts, DWP, and device without posts,
DWoP) were fabricated with Ostemer322 at least 1 day prior to cell encapsulation into the fibrin
hydrogel. Devices were sterilized in 70% ethanol for 15 minutes and allowed to completely dry
before addition of the cell-hydrogel. When devices were sterilized and dry, 1000 uL of the cell-
fibrinogen-PBS mixture was collected and slowly released into the tissue culture chambers of the
microfluidic device. To crosslink the hydrogel, 150 pL of thrombin in 1% BSA was added directly
to the hydrogel. The cell-hydrogel in microfluidic devices were incubated for 10-15 min at 37 °C
and 5% COz. The cells were supplemented with 1000 uL of media (EGM-2 for HUVECs and
DMEM for AC16s) after cross linking. The microfluidic devices were placed into a 100 mm petri
dish (Fisherbrand Petri Dish, 100 mm) and then cultured for 1, 3, and 5 days.

For control conditions, Transwell inserts (12 mm) for 12 well multi-well plate were used
as a control in this study to better assess cell morphology and behavior without exposure to
Ostemer322 and microenvironment biophysical cues (microposts). The cell-fibrinogen mixture
(700 pL) was added to each Transwell insert and crosslinked with 150 uL. of Thrombin in 1%
BSA. The multi-well plate was incubated for 10-15 min at 37 °C and 5% CO,. After incubation,

maintenance media (500 pL) was added.
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For maintenance of VTM (HUVECs encapsulated within fibrin hydrogel) and CTM (AC16
cells encapsulated within fibrin hydrogel), spent media was removed from the microfluidic devices
with a pipette tip 24 h after initial loading and supplemented with media every other day (day 3
and day 5).

4.4.3 Doxorubicin studies with 3D coculture of HUVECs and AC16 cells within capillary
circuit microfluidic device

HUVECs and AC16 cells were grown and maintained separately until ~80% confluent.
Both cell types were dissociated using Trypsin and centrifuged to obtain the cell pellet. After
counting both cell pellets, HUVECs and AC16 cells were mixed at a ratio of 3:1 (HUVECs: AC16
cells) at a density of 300,000 to 100,000 cells/mL. The cells were added into a fibrinogen mixture,
which was then loaded into either the chambers of the microfluidic device with posts (DWP) or a
Transwell insert (12 mm, 12 well multiwell plate). The fibrinogen hydrogel was crosslinked with
thrombin solution and incubated for 10-15 minutes. The samples were cultured for 3 and 5 days to
study cell behavior and alignment. Maintenance media was added every other day.

Furthermore, the additional coculture studies with HUVECs and AC16 cells were extended
to include drug exposure studies with Doxorubicin (DOX, Doxorubicin Hydrochloride, TCI), a
drug that plays a role in cardiomyopathy and affects endothelial cell signaling to cardiomyocytes,
as well as cell survival and function.®> DOX was reconstituted and directly dissolved in EGM-2
media, the common media between HUVECs and AC16 cells. The 3D coculture of HUVECs and
ACL16 cells were maintained in culture for 5 days and treated with the final concentration of 1 uM

DOX for 48 hours, for the total of a 7-day study.
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4.4.4 3D cancer tissue model development

1. PDX culture and dissociation

Patient derived xenograft (PDX) cells were maintained in T75 flasks with Dulbecco’s
Modified Eagle’s Medium (DMEM). PDX cells were passaged approximately once a week. At
80% confluency, PDX cells were dissociated with Trypsin and quenched with DMEM. The cells
were counted and either used for experiments or placed back into culture. Cells were maintained
at 37°C and 5% CO,.

II. SKBR3 culture and dissociation

SKBR3 cells were maintained in T75 flasks with Dulbecco’s Modified Eagle’s Medium
(DMEM). SKBR3 cells were passaged every 3-4 days. At ~80% confluency, SKBR3 cells were
dissociated with Trypsin and quenched with DMEM. The cells were counted and either used for
experiments or placed back into culture. Cells were maintained at 37°C and 5% COs..

II1. Collagen hydrogel formation and loading into Nanoscribe devices

Collagen hydrogels of 0.2 wt% were prepared using Collagen Type | Rat Tail (100 mg,
Millapore Sigma). The collagen hydrogel was prepared by mixing cold collagen (4.25 mg/mL)
with 10x Phosphate Buffered Solution (PBS) and Molecular Grade Biological Water to a final
concentration of 2 mg/mL. PDX and SKBR3 cells were encapsulated into separate collagen
hydrogels with a density of 100,000 cells/mL. The loading volume into Nanoscribe devices is 10
ML per chamber, for a total of 20 pL. After loading the cell-hydrogel into the chambers of the
Nanoscribe devices, the devices were placed in standard incubation for 10-15 minutes to allow
crosslinking of the hydrogel. After this, the respective cell media was added to each device with
the specific cell type. Loaded devices were cultured for 2 days within the Nanoscribe devices to

determine the feasibility of using a small device.
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4.4.5 Characterization with fluorescence microscopy
On either day 1, 2, 3, or 5, samples were rinsed with 1x PBS (Gibco) and fixed with 4%
paraformaldehyde (PFA, ThermoFisher) for 10 min. PFA was removed and samples were rinsed
with PBS twice. Samples were permeabilized with 0.1% Triton for 5 minutes and then rinsed two
times with 1x PBS. Samples were then blocked with 2% Bovine Serum Albumin (BSA, Fisher
Bioreagents) for 10 minutes. The 2% BSA solution was removed, and samples were stained with
1:200 primary antibodies in 2% BSA overnight at 4°C. Table 4.1 outlines the cell type, primary
antibodies, and secondary antibodies used for immunostaining. The following day, samples were
rinsed twice with 1x PBS and stained with fluorescent secondary antibodies at a 1:200 ratio in 2%
BSA at room temperature for 1 hour. Samples were rinsed twice with PBS and subsequently
stained with Actin-stain 555 phalloidin (ActinRed 555 ReadyProbes Invitrogen) and nuclei were
stained with DAPI (NucBlue Fixed Cell Stain ReadyProbes, Invitrogen) for 10 min at RT. Samples
were washed with PBS once and fluorescence images were captured with a Leica Thunder Imager
Live Cell and 3D Assay fluorescent microscope with a 10x or 40x objective lens (Leica
Microsystems, Buffalo Grove, IL).
Table 4.1: Primary and secondary antibodies for immunostaining.
Cell Type Primary Antibody Secondary Antibody
HUVECs CD31 Monoclonal Antibody | Alexa Fluor 488 goat anti-mouse
WM59, Invitrogen secondary antibody
Cardiac Troponin T | Alexa Fluor 488 goat anti-mouse

Monoclonal Antibody (13- | secondary antibody
11), Invitrogen

AC16 cardiomyocytes

AC16 cardiomyocytes Monoclonal  Anti-a-actinin | Alexa Fluor 555 goat anti-mouse
(Sarcomeric) antibody, | secondary antibody
Sigma Aldrich
SKBR3 Primary anti-human HERZ2, | Alexa Fluor 488 goat anti-mouse
Biolegend secondary antibody
PDX EPCAM Alexa Fluor 488 goat anti-mouse

secondary antibody
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4.4.6 Computational image analysis

1. Computational fluorescence image analysis — cell orientation

Cell orientation in vascular tissue models (VTM, HUVECs in fibrin hydrogel) and
cardiovascular tissue models (CTM, AC16 cells in fibrin hydrogel) samples were quantified with
ImageJ OrientationJ plugin by measuring the gradient structure in fluorescence images.*
Fluorescence images were loaded into ImageJ, evaluated using evaluated using Gaussian function,
and exported into a histogram. Axis ranges were adjusted to include 0° to 90° preferred orientation
in the images. Angles begin at 0° in the east direction and the orientation is measured

counterclockwise (Figure 4.1).
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Figure 4.1: referred orientation is measured with Orientation]J plugin in ImageJ. The orientation
1s measured from z-stack fluorescence images (a) with reference to the Oo on the right side of the
image (as indicated in (b)) and measured counterclockwise. Following the orientation analysis,
the orientation histogram is formed (c).
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11. Computational fluorescence image analysis — network formation

VTM (HUVECs within fibrin hydrogel) and CTM (AC16 cells within fibrin hydrogel)
samples were evaluated for tube formation and quantified using ImageJ Angiogenesis Analyzer
plugin, which measures the tube length and diameter in fluorescence images.88’ This plugin was
also used to measure total network length of CTM, AC16 cells within fibrin hydrogel) to quantify
cell behaviors, including cell elongation. F-actin and DAPI channels (red and blue channels,
respectively) were merged to form 1 image. This image was then changed to a binary image using
ImageJ and the Angiogenesis Analysis plugin measured the binary image.

4.4.7 Automated Image Analysis Python Script (AIAPS) Validation

The combined efforts of researchers from the University of Texas at El Paso within the
Biomedical Engineering and Computer Science departments modified an original code
(Automated Image Analysis Python Script, AIAPS respectively) developed from the Southwest
Research Institute (SWRI). The script was modified to fit the needs of our lab, including image
analysis. This script is unique in that it takes a JPEG image with one or more colors, measures the
cell diameter and/or cell count of the image, and produces a modified image with identified cells
outlined and an .CSV sheet with the image label and the data measured.

Due to the modifications to the original script, the AIAPS needed to be validated and
compared to other standard methods of cell count or cell measurement, including ImageJ/Fiji, an
open and free source image processing package. Images of different microbead densities (Fluoro-
Max Green Fluorescent Polymer Microspheres, ThermoFisher), were acquired and processed
through the AIAPS Script and ImageJ (Fiji, National Institutes of Health, Version 1.54F). Low
density (LD), medium density (MD), and high density (HD) microbeads were prepared using the

fluorescent microspheres and diluting in PBS for final microbead concentrations of 3 beads/pl, 50
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beads/pl and 100 beads/ul, respectively. Different densities were used to determine the accuracy
of the algorithm when there is a high confluency of cells or particles in an image.The same set of
images were analyzed in ImagelJ/Fiji using the “Analyze Particles” function, as well as, in the
AIAPS Script. The image sets consisted of n=3 image replicates per group and N=5 images per
replicate. All outputs were saved, and values were saved as .CSV files for statistical analysis.
4.4.8 Statistical Analysis

All quantitative measurements were performed at least in triplicate samples and values are
expressed as mean + standard deviation (SD). One- or Two-way ANOVA with post-hoc Tukey
tests were used to compare treatment groups and p < 0.05 was used to assess statistical significance
using GraphPad Prism Software.%®
4.5 RESULTS AND DISCUSSION
4.5.1 Fluorescence microscopy of single chamber 3D printed devices

After conducting a 5-day study within 3D printed devices with microfluidic devices with
no microposts and microposts, there was a difference in HUVEC and AC16 cell structure. Figure
4.2 displays the microfluidic devices used for this study, which include no microposts, grid

formation microposts, and staggered microposts.

No Posts Grid Posts Staggered Posts
a) ‘ b)

Figure 4.2: Schematic of 3D printed microfluidic devices with no microposts (a), grid formation
microposts (b), and staggered formation microposts (c).

Although Chapter 3 discusses the development and optimization of a fabrication protocol
to produce clear devices for visibility through a device, this study demonstrated HUVECs and

AC16 cells can be cultured within 3D printed devices for at least 5 days with minimal effects to
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the cells. Furthermore, after fixing and staining the 3D cell-hydrogel samples, the samples could
easily be removed from the 3D printed device and fluorescently imaged. Figure 4.3 shows the
fluorescence images acquired from HUVEC and AC16 samples within each 3D printed
microfluidic device. By day 5, both HUVECs and AC16 cells spread and became elongated in
devices with posts, while cells in devices without posts showed random positioning. This quick
study demonstrated the implementation of microposts in the microfluidic device influenced

HUVEC and AC16 cell structure and alignment.

HUVECs

Figure 4.3: Fluorescence images acquired on day 5 from HUVEC and AC16 samples of 3D
printed devices with no microposts (a-b), grid microposts (c-d), and staggered microposts (e-f).



4.5.2 Cardiovascular and Vascular Tissue Models within capillary-circuit microfluidic
device

I. Fluorescence microscopy

Figures 4.4 and 4.5 shows fluorescence microscopy images of HUVECs and AC16s
encapsulated within a fibrin hydrogel and cultured in either Transwell inserts (12 mm, control) and
capillary-circuit devices (DWoP and DWP) fabricated using Ostemer322. These studies were
conducted over 1, 3, and 5 days. HUVECs in Transwell inserts show capillary-like tube formations
at all time points, while HUVECs in devices without posts (DWoP) show capillary-like tube
formations that are curved and disjointed (Figure 4.4). In devices with posts (DWP), HUVECs
form elongated, continuous capillary-like tubes with circular structural orientation that appear to
be guided by the device microposts. Capillary-like lumen formation was also demonstrated in each
microenvironment condition (white arrows).

Figure 4.5 shows fluorescence microscopy images of CTM cultured in Transwell inserts
(12 mm, control) and capillary circuit devices (DWoP and DWP) for day 1, 3, and 5. AC16 cells
in Transwell inserts show high density cell confluency, typical in stationary 3D culture conditions.
In DWoP, AC16 cardiomyocytes show little to no alignment or specific orientation, which may be
due to the lack of interaction between the cells and device. In DWP, AC16 cells show alignment
around the microposts, demonstrated by elongated cells arranged in circular orientations at

micropost locations (dashed circles).
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Figure 4.4: Representative 3D z-stack fluorescence images for days 1, 3, and 5 for HUVEC
samples in Transwell inserts, device without posts (DWoP), and device with posts (DWP). White
arrows indicate capillary-like lumen formation in each microenvironment condition.
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Figure 4.5: Representative 3D z-stack fluorescence images for days 1, 3, and 5 for AC16
samples in Transwell inserts, device without posts (DWoP), and device with posts (DWP). White
arrows indicate capillary-like lumen formation in each microenvironment condition.
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11. Cell orientation

Fluorescence images stained for F-actin cytoskeleton and nucleus visualization (Phalloidin
and DAPI) from each time point and condition (cell type and culture condition) were analyzed
using OrientationJ ImageJ plugin. HUVECs in the VTMs did not demonstrate any significant
differences in alignment along the 0° and 90° axis (Figure 4.6a and b), this non-preferential
alignment is demonstrated in the fluorescence microscopy images. In contrast, AC16
cardiomyocytes in CTMs statistically significant differences in orientation at 0° for DWPG where
alignment decreased from Day 1 to Day 5 (Figure 4.6¢c) The AC16 cardiomyocytes also
demonstrated statistically significant differences in orientation at 90° for DWPG on Day 5 (Figure
4.6d). These results demonstrate HUVECs are forming stable capillary-like networks with non-
preferential orientation while AC16 cardiomyocyte structural organization is affected by physical

cues in the microenvironment.
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Figure 4.6: Cell percentage alignment at 0° and 90° distribution from VITM (HUVEC) and CTM
(AC16) samples on day 1, 3, and 5 in Transwell, DWoP, and DWPG. (n=5) *p <0.05,
**p <0.002, ***p <0.0002, ****p <0.0001.
Overall, Day 1, 3, and 5 HUVEC Transwell samples showed different preferred

orientations, ranging from 40° to 60°, whereas AC16s Transwell samples showed preferred
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orientation around 75° on Day 1 and by Day 3 and 5, there was a range from 40° to 80° (Figure
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Figure 4.7: Representative cell orientation distribution graphs (OrientationJ ImagelJ plugin) from
VTM and CTM samples on day 1, 3, and 5 in Transwell inserts. (n=5)

Day 1 HUVECs samples in DWoP, showed a preferred orientation at 60° while Day 1
AC16s samples in DWoP demonstrated preferred orientation at 80° (Figure 4.8). Day 3 and Day

5 DWoOoP for both cell types, did not have a preferred orientation (Figure 4.8).

76



2 40000

2 8

HUVECs Day 1 DWoP AC16s Day 1 DWoP
50000 -

60000
2
5
5 3000
<
8
E
2
£ 20000 [
Ial in Degrees

HUVECSs Day 3 DWoP AC16s Day 3 DWoP

000
00
o

Ore !ano\Deqses ma[ in Degrees

HUVECs Day 5 DWoP AC16s Day 5 DWoP

60000 r : : —— 60000

5
S 30000
c
§
£, 0000l
& 20000 i
) " ‘ ‘ ‘ ’l
10000 f
0 I
2 60 80

0 0 40
Oriel t.aﬂ in Degre: Orientation in Degrees

m ution of orientation
» @
8

Figure 4.8: Representative cell orientation distribution graphs (OrientationJ ImageJ plugin) from
VTM and CTM samples on day 1, 3, and 5 in DWoP. (n=5)

Day 1 and 3 HUVECs samples in DWPG did not have a preferred orientation (Figure 4.9).
Day 1 AC16s DWPG did not show a preferred orientation. HUVECs Day 5 DWPG showed
preferred orientation at 60°. Day 3 and 5 AC16s samples in DWPG showed preferred orientation
around 90° (Figure 4.9). These results indicate cells are expanding their networks and orientations

around the grid microposts.
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Figure 4.9: Representative cell orientation distribution graphs (OrientationJ ImagelJ plugin) from
VTM and CTM samples on day 1, 3, and 5 in DWP. (n=5)
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1I1. Average network length

Average network length for day 1, 3, and 5 were quantified using ImageJ Angiogenesis
Analyzer. For VTM (HUVECSs) samples, there was no statistically significant difference between
Transwell inserts, DWoP, and DWPG. However, for CTM (AC16 cells) samples, there was a

statistical significance between Day 3 DWPG and Day 5 DWPG (Figure 4.10).
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Figure 4.10: Quantification of cellular network formation within VITM (HUVECs) and CTM
(AC16). Analysis of total network length in fluorescence images. (a) shows day 1, 3, and 5 data
with HUVECs and (b) shows day 1, 3, and 5 data with AC16s. (n=5) *p <0.05, **p <0.001.

Fluorescence images and computational analysis using ImageJ plugins demonstrated
morphological differences between tissues cultured in devices without posts vs. devices with posts
(DWoP vs. DWPG). In DWPG VTMs (HUVECS) displayed capillary-like tube formation with
visible cell alignment, while AC16s continued to elongate around microposts by day 5 which
indicated the microposts induced biophysical cues to guide cell structure and specific organization.
Computational analysis of fluorescent images resulted in statistically significant differences in
alignment at 0 and 90° for CTMs and total network length. Quantifying alignment at 0° displayed
a statistically significant increase in preferred alignment at 0° for Day 1 CTMs DWPG. Alignment
at 0° displayed a statistically significant decrease in preferred alignment at Day 5 for CTMs in
DWPG. At 90 degrees, there is a statistically significant increase in preferred alignment at 90° for
Day 5 CTMs in DWPG, indicating AC16s in CTMs preferred alignment toward 90° instead of 0°
after a few days in culture. This suggests cardiomyocytes in the CTM are sensing the spacing

between microposts in vertical and horizontal directions.
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4.5.3 Doxorubicin studies with 3D coculture of HUVECs and AC16 cells within capillary
circuit microfluidic device

1. Fluorescence microscopy

Figure 4.11 shows the coculture of HUVECs and AC16s within a fibrin hydrogel in
Transwell inserts (12 mm) and capillary-circuit devices with posts (DWP) fabricated with
Ostemer322. HUVECs and AC16s were co-stained and can be identified by their respective cell
marker, CD31 for HUVECs and alpha-actinin for AC16 cells. Transwell insert conditions display
random and varied cell alignment, while tissues cultured in DWP, show cell spreading, elongation,
and orientation around microposts. This data is consistent with previous studies conducted with

individual cell types within the same device, DWP.

Day 3 Day5

Transwell DWP Transwell DWP

Figure 4.11: Coculture of HUVECs and AC16s within capillary-circuit microfluidic device.
Images acquired for day 3 and 5 in Transwell insert (12 mm) and DWP.
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11. Network formation analysis

Average network length for day 3 and 5 were quantified using ImageJ Angiogenesis
Analyzer (Figure 4.12). Though this was a coculture study, the individual network formation for
each individual cell type was evaluated. For HUVECs, there was no significant difference in
network formation in Transwell insert or DWP at any time point. However, for AC16 cells, there
was an increase in network formation on day 5 DWP compared to the Transwell insert. This is

also consistent with data acquired on previous studies with individual cell types within the same

device.
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Figure 4.12: Network formation image analysis for day 3 and 5 coculture studies in Transwell
inserts and DWP.

11. Doxorubicin studies with 3D coculture of HUVECs and AC16s

A drug test with Doxorubicin Hydrochloride (DOX) was conducted to assess cellular
response to biochemical and/or physical stimuli. Figure 4.13 shows phase contrast images of a
coculture study with HUVECs and AC16 cells encapsulated within a fibrin hydrogel in either a
Transwell insert or capillary-circuit device with posts (DWP). The samples were cultured for 5
days in normal incubation conditions and at this time point, the cells in both the Transwell insert
and DWP look rounded. After addition of DOX on day 6, 24-hour exposure time, the same area

was imaged, and the cells appear the same. At 48 hours post-exposure (day 7), both Transwell
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insert and DWP show rounded cells. This experiment was repeated 2 more times and the cocultured
cells had the same rounded morphology at all three time points (pre-exposure, 24 hours post-
exposure, and 48 hours post-exposure). This may be attributed to the variability in the crosslinking
of the fibrin hydrogel, high passage of the cells used in this experiment (HUVECs passages 6-9
and AC16 passages 8-10). Although this drug study was unconclusive, it demonstrated the need
to use biomaterials that have less batch-to-batch variability and will provide the cells an

environment to grow.

24 Hour Exposure 48 Hour Exposure

Transwell

DWPG

Figure 4.13: Phase contrast images of HUVEC and AC16 coculture study for 5 days followed by
DOX exposure for 2 days.

4.5.4 3D cancer tissue model

SKBR3 and PDX cells were encapsulated into collagen hydrogels, placed into separate
Nanoscribe devices, and cultured for 2 days. This was to determine the feasibility of maintaining
a small scale device, including cell survival, hydrogel degradation, and cell behavior. Figure 4.14
shows fluorescence images of 3D PDX and SKBR3 models within the Nanoscribe microfluidic

device. Both cell types maintained their respective cell morphology in 3D culture (within a
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collagen hydrogel) and in the Nanoscribe device. This suggests the cells did not experience any

detrimental effects or major changes when cultured in the Nanoscribe device.

a) PDX 3D culture in Nanoscribe device b) SKBR3 3D culture in Nanoscribe device

9mm

Figure 4.14: shows PDX and SKBR3 3D culture schematic in Nanoscribe devices and
representative fluorescence images.

4.5.5 AIAPS Script Validation

Previously, we found some difficulties using ImageJ to analyze images taken by
fluorescence microscopy, therefore an algorithm using Python coding to analyze fluorescent
images was developed with the help of several researchers at the University of Texas at El Paso
and the Southwest Research Institute (SWRI).

First, when comparing the original fluorescence image to the counted output image, ImageJ
may count a single particle more than once and multiple particles in the image. This makes it
difficult for the user to visually compare the original image to the output. In addition, ImageJ
requires the image to be changed to an 8-bit color Image. After this, the threshold of the image
must be changed to produce a black-and-white image. In comparison, the algorithm uses the

images as they are, no change is needed. Also, the algorithm can analyze multiple images at once.
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Furthermore, the results produced by Imagel are given as area and perimeter; this must be
converted to diameter using an equation. We compared the algorithm to ImageJ using images of
fluorescent microbeads diluted in PBS at three working densities: low density (LD), medium
density (MD), and high density (HD) microbeads were prepared using the fluorescent
microspheres and diluting in PBS for final microbead concentrations of 3 beads/ul, 50 beads/ul
and 100 beads/pul, respectively (Figure 4.15a). The diameter, or size, of the microbeads shows that
ImagelJ analysis demonstrates a significant difference in size whereas the algorithm keeps the sizes
consistent with the size of the microbeads, ranging from 1 — 10 pm (Figure 4.15b).8%-° The results
that the algorithm produces for diameter and size align with the proposed size ranges as well.
Previous work has included creating an automated image analysis method using a Java plugin for
ImageJ for fluorescence images to determine cardiotoxicity on phenotype changes in hiPSC-
CMs.* The algorithm proposed here does not rely on ImageJ and can be modified to include other
measurements. In conclusion, the data show that the algorithm is comparable to ImageJ and that it
is consistent with the size of cells and microbeads, therefore, we consider it can be used to analyze

cells and particles of interest.

LD Microbeads MD Microbeads HD Microbeads b)

)
=

Diameter Validation
*

~N
o

B ImageJ/Fiji

ot =3 AIAPS
EEE RS

M

LD MD HD

- nN
o o

Diameter (pm)
3

Fluorescence Image

o

o

Figure 4.15: AIAPS Validation. (a) original images of green fluorescent microspheres were used
to compare the new algorithm (AIAPS) to ImagelJ analysis software. Images were analyzed using
ImageJ and the AIAPS. (b) ImagelJ analysis for diameter was different compared to the new
algorithm AIAPS. *p<0.05, **p<0.001, ***p<0.002, ****p<0.001, n=3, and N=5 images. Low
density (LD), medium density (MD), and high density (HD) microbeads were prepared using the
fluorescent microspheres and diluting in PBS for final microbead concentrations of 3 beads/uL,
50 beads/pL and 100 beads/uL, respectively.
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4.6 D1SCUSSION AND CONCLUSIONS

Several studies using capillary-driven microfluidic devices with microposts were
conducted. The formation of microposts was first studied to determine if the arrangement of the
microposts had any effect on the orientation or morphology of the cells being cultured. Although
there was no difference between grid or staggered formation of the microposts, there was a visible
difference in the cell formation and morphology of the cells cultured in devices with microposts.
These results are consistent with other studies that have investigated alignment of cardiomyocytes
in in vitro systems developed with microfluidic devices, such as the study conducted by
Velhduizen and Nikkah, where after 14 days, the proportion of cells aligned along the horizontal
axis significantly increased.? Following this, the capillary-circuit device was used to study the
individual culture of HUVECs and AC16 cells over the course of 1, 3, and 5 days and to determine
if 3D vascular and cardiac tissues cultured within the microfluidic devices would respond to the
biophysical cues from microposts and exhibit organized cell alignment. Specifically, cardiac tissue
models (CTMs) in DWPG displayed preferred cell alignment toward 90° by day 5, whereas
vascular tissue models (VTMs) did not show any preferred cell alignment in either device (DWPG
or DWOoP). This study focused on the separate culture of HUVECs and AC16 cells within
microfluidic devices. To further test the capability of the device for coculture studies, HUVECs
and AC16 cells were cocultured within Transwell inserts and devices with posts (DWP) to
determine cell behavior and changes in morphology. Fluorescence images showed even in
coculture studies, AC16 cells elongated around and in between the microposts. Furthermore, two
cancer cell lines, SKBR3 and PDX cells, were encapsulated into a collagen hydrogel and placed
into Nanoscribe devices, the downscaled size of the DWP for 2 days. These results indicated that

tissue models can be cultured within a small-scale device. Lastly, to extract and quantify additional
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information from fluorescence images, a Python based code (AIAPS) was developed and modified
to meet this need. The AIAPS Script was evaluated and compared to ImageJ/Fiji, where the count
and diameter of AC16 cells and fluorescent microbeads were compared. Although the size of
AC16 nuclei is unknown, the AIAPS Script did a better job of counting cells or microbeads
identified in an image, compared to ImageJ. While ImageJ more accurately measured diameter, it
was time consuming to repeat this process for multiple images and with a significantly higher
count of items identified in an image. This script demonstrates the possibility of extracting useful
information from fluorescence images and its comparison to ImageJ/Fiji. Altogether, this work

streamlines the implementation of 3D tissue models within a capillary-circuit microfluidic device.
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Chapter 5
Aim 3 — Study the effects of biochemical and physical changes in the cardiovascular and
breast cancer microphysiological systems.
5.1 AIM OVERVIEW

Specific Aim_3: Application-specific 3D hiPSC-derived microphysiological system with self-

driven microfluidic device.
Goal: Develop 3D tissue models within microphysiological systems to study biochemical and
physical effects cardiovascular and breast cancer technical applications.
Hypothesis: The microphysiological systems will be used to study changes in morphology,
functionality, and gene expression in cardiovascular and breast cancer technical applications.
Rationale: The developed microphysiological systems will create a 3D cellular microenvironment
with capillary-driven flow to study cellular behavior more closely.
Aim 3.1: Develop a 3D breast cancer model to study the effects of Herceptin on hiPSC-CMs.
Aim 3.2: Develop a 3D cardiovascular model to study the effects of microgravity on hiPSC-CMs.
5.2 ABSTRACT

The cardiovascular system is responsible for maintaining blood flow and homeostasis of
the human body in normal and in extreme conditions. Two extreme conditions include cancer, one
of the leading causes of deaths worldwide, and microgravity exposure of astronauts during
spaceflight and long-term missions. Both conditions affect the cardiovascular systems of
individuals. For example, breast cancer patients who receive cancer treatments, are more likely to
suffer cardiotoxicity in the future and astronauts experience changes in their blood flow while in
microgravity and suffer long-term cardiovascular issues when back on Earth’s microgravity. These

examples of cardiovascular changes need to be investigated to improve the quality of life and
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prevent long-term issues in both situations. In this chapter, the capillary-circuit device will be used
to develop specific microphysiological systems to study two Technology Applications (TA): TA-
1 aims to create a 3D cardiovascular and breast cancer tissue model to study the effects of
Herceptin and TA-2 aims to create a 3D cardiovascular tissue model to study the effects of
microgravity. Both TAs will utilize hiPSC-CMs within a collagen hydrogel and the capillary-
circuit devices to study morphological changes and cell behavior. The fluorescence images
acquired for both studies were analyzed using the AIAPS Script. At the end of both studies, it was
determined that the capillary-circuit device can be used to develop specific models to study
cardiovascular tissues in detail.
5.3 INTRODUCTION

The cardiovascular system plays an essential role in the human body by delivering oxygen,
nutrients, and other crucial substances to the organs of the body.*® Additionally, the cardiovascular
system is responsible for maintaining homeostasis of the body, including the continuous and
controlled movement of blood throughout the body.%* It also helps the body manage different
activities, such as exercise, stress, and adapt to extreme conditions. Some examples of extreme
conditions may include cancer treatment and spaceflight. Although both conditions are undergone
separately, they both affect the cardiovascular system and impose long term effects on the
individual. The following sections will dive into each condition individually, discuss current
research, and identify gaps in each research field.

Cancer is one of the top leading causes of death worldwide and responsible for
approximately 10 million deaths in 2020.% The most common cancers in 2020 were breast cancer
with 2.26 million cases, lung cancer with 2.21 million cases, and colon cancer with 1.93 million

cases.® Cancer mortality can be reduced with early detection and treatment, however not
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individuals or countries have the financial means or clinics with the equipment needed to
accomplish this. Effective cancer treatment is based on the cancer diagnosis and often consists of
a combination of treatments including surgery, medications and/or therapies to decrease the size
of the cancer or the progression or migration of cancer. Specifically, breast cancer is the most
common cancer among women in the United States (US), where the average women in the US will
have a 13% chance of developing breast cancer.®” Advances in early detection and treatment
options have improved survival changes and due to this, there has been a shift to focus on reducing
the acute and chronic side effects following cancer treatment.”® One chronic effect is
cardiotoxicity, which is any damage to the heart or cardiovascular system, after cancer treatment
and affects survivor quality of life and cause of death.*® Cardiovascular mortality is the top cause
of death in breast cancer survivors, where the change of cardiotoxicity death increases with pre-
existing cardiovascular conditions before cancer treatment.*® The research for reducing the effect
of cardiotoxicity and/or management in breast cancer survivors is limited. There is a need to
develop in vitro models to study how cardiovascular cells are affected by cancer cells and cancer
therapeutics to predict cardiac toxicity levels in patients.

One study conducted by Weng and George, a microfluidic device platform was used to
culture human induced pluripotent stem cell derived endothelial cells (hiPSC-ECs) and
cardiomyocytes (hiPSC-CMs) and incorporate human tumors within the same space.? Several
drugs (Doxorubicin and Oxaliplatin) were tested on this multicellular platform to monitor how the
function of the cardiomyocytes changes as the tumor grows. Doxorubicin affected the
cardiomyocyte spontaneous beating and conduction velocity, while Oxaliplatin also affected
overall cardiac function. This demonstrated one way to study cardiac toxicity of tumor and cardiac

cells at the same time.
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In the last few decades, there has been a major push for space exploration to study Earth
and our solar system, as well as advance and create new technologies to improve our lives on
Earth, but also in space and beyond. It is known if a person stays in space for an extended period,
there will be physiological changes, including the weakening of muscles and bones, and increased
exposure to microgravity and radiation. Spaceflight and microgravity cause astronauts to
experiences changes in blood volume, aerobic capacity, and increased chances of cardiovascular
problems upon their return to Earth’s gravity.'% The post-spaceflight effects of the cardiovascular
system are not well understood, including the molecular and cellular changes and the translation
into long-term cardiovascular problems. There is a need to develop models to study the
cardiovascular changes that occur during spaceflight and how to prevent detrimental effects.

Microgravity research with 2D models and animal models have revealed changes in
cardiomyocyte structure and function. Payloads with hiPSC-CMs have been launched to the ISS
for evaluation of cardiomyocyte morphology and function, but this can be expensive and 2D
models do not accurately model the 3D cellular microenvironment. Microgravity studies can
benefit from the integration of hiPSC-derived CMs into a microfluidic platform with simulated
microgravity systems, such as rotary cell culture systems.'%? This opens the door for researchers
to conduct simulated microgravity experiments on Earth.

To address these gaps, this chapter will focus on two technology applications (TA): TA-1)
3D cardiovascular and breast cancer tissue model to study the effects of Herceptin and TA-2) 3D
cardiovascular tissue model to study the effects of microgravity on CM structure and morphology

(Diagram 5.1).
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Cells encapsulated
within ECM

Technology Application 1 (TA-1):
3D cardiovascular and breast cancer tissue model to study the effects of
Herceptin
Funding Source: CPRIT-TREC RP210153 (SND)

"

capillary-circuit device 3D cardiovascular tissue model to study the effects of microgravity on
cardiomyocyte structure and morphology
Funding Source: NIH SCORE SC2 1SC2GM144164-01 (SND) and NASA

3D tissue model within Technology Application 2 (TA-2):
2023 MUREP Partnership Learning Annual Notification (MPLAN)

Diagram 5.1: Technology applications 1 and 2 of the microphysiological system.
5.4 MATERIALS AND METHODS
5.4.1 Human induced pluripotent stem cell (hiPSC) culture and maintenance

Human induced pluripotent stem cell (hiPSC) line GM25267 (Coriell Institute) were grown
on plates coated with growth factor-reduced Matrigel (Corning) at 250,000 cells/well and were fed
with Essential 8 medium (Gibco). hiPSCs were passaged every 3 days using Accutase
(STEMCELL Technologies) and rho-associated protein kinase (ROCK) inhibitor (10 uM, Y-
27632, STEMCELL Technologies) was added to the medium the first 24 hours after passaging.
The cells were fed with Essential 8 medium until the day of passaging.
5.4.2 hiPSC-cardiomyocyte (CM) differentiation protocol

The modified protocol for cardiomyocyte cell differentiation presented here was adapted
from previous hiPSC-CM differentiation protocols and is summarized in Figure 5.2.193104 First,
the hiPSCs were passaged onto plates coated with growth factor-reduced Matrigel (Corning) at
250,000 cells/well and fed Essential 8 media with 10 uM ROCK inhibitor (day -3). The medium
was replaced the next day (day -2) with Essential 8 without ROCK inhibitor. The cells were fed
with Essential 8 medium and grown until day 0 (~70-80% confluency) with the initial seeding

density of 250,000 cells/well. The differentiation started on day 0, by feeding the hiPSCs Roswell
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Park Memorial Institute Medium (RPMI) B27 — Insulin (Gibco) with 5 uM CHIR 99021
(STEMCELL Technologies). On day 3, the medium was replaced with RPMI B27 — Insulin
(Gibco) with 10 uM IWP4 (STEMCELL Technologies). On day 5, the medium was replaced with
RPMI B27 — Insulin (Gibco). On day 7, the medium was replaced with RPMI B27 complete. On
day 7, spontaneous beating was observed and the cells were fed with RPMI B27 complete every
other day. Between day 12-16, hiPSC-CMs were used for flow cytometry analysis, cell
encapsulation, or beat rate studies.
5.4.3 Flow cytometry (FC) analysis

Cells were dissociated using Accutase (STEMCELL Technologies) with three 10-minute
incubation periods standard conditions at 37°C and 5% CO,. Every 10 minutes, the cells were
checked for detachment and gently mechanically dissociated using a 10 mL serological pipette and
placed back into incubation. This process was repeated two more times until the 30 minutes, or all
cells were detached. The cells were quenched with RPMI B27 complete (1:2 Accutase to RPMI
B27 complete). The cell mixture was collected, centrifuged at 1200 RPM for 5 minutes and the
supernatant was removed. The cells were washed with 1x PBS and fixed with 4%
paraformaldehyde for 10 minutes. After 10 minutes, 4 mL of PBS was added and the sample was
centrifuged and the supernatant was removed. The sample was permeabilized in 0.1% Triton for
5 minutes. Next, 4 mL of PBS was added, the sample was centrifuged, and the supernatant was
removed. The sample resuspended in FACSB10 buffer and stained with the fluorescent antibodies
listed in Table 5.1. The sample and primary antibodies were incubated for 1-2 hours at room
temperature, subsequently washed with PBS, and resuspended in FACSB10. The secondary
antibody was then added to the samples and incubated in the dark for 1-2 hours at room

temperature. If the antibodies were conjugated, the incubation time was 1 hour. Samples were
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analyzed with a Beckman Coulter Gallios flow cytometer. The FL1, FL2, and FL6 lasers were
used to obtain the data. The data was analyzed with Kaluza analysis software (Beckman Coulter)
and gating was based on corresponding isotype controls or secondary antibodies.

Table 5.1: List of fluorescent antibodies used for flow cytometry analysis.
Cell Type Antibodies Purpose
hiPSCs SOX2-PE Mouse IgG2A, Oct- Pluripotency
3/4-APC Rat 1gG2B, SSEA-4-
CFS Mouse 1gG3, SSEA-1-
PerCP Mouse IgM Isotype
Controls, Mouse 1gG3-CFS
Isotype Control, Mouse IgG2A-
PE Isotype Control (R&D
Systems)
hiPSC-CMs Cardiac Troponin T cTnT expression
Monoclonal Antibody (13-11),
Invitrogen, Alexa Fluor 488
goat anti-mouse secondary
antibody
hiPSC-CMs APC Mouse 1gG1 isotype HER?2 expression
control (Biolegend), APC anti-
human CD340 HER2
(Biolegend)

5.4.4 Immunofluorescence staining

hiPSC-CM samples were rinsed with 1x PBS (Gibco) and fixed with 4% paraformaldehyde
(PFA, ThermoFisher) for 10 min. PFA was removed and samples were rinsed with PBS twice.
Samples were permeabilized with 0.1% Triton for 5 minutes and then rinsed two times with 1x
PBS. Samples were then blocked with 2% Bovine Serum Albumin (BSA, Fisher Bioreagents) for
10 minutes. The 2% BSA solution was removed, and samples were stained with 1:200 primary
antibodies in 2% BSA overnight at 4°C. Table 5.2 outlines the cell type, primary antibodies, and
secondary antibodies used for immunostaining. The following day, samples were rinsed twice with
1x PBS and stained with fluorescent secondary antibodies at a 1:200 ratio in 2% BSA at room

temperature for 1 hour. Samples were rinsed twice with PBS and subsequently stained with Actin-
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stain 555 phalloidin (ActinRed 555 ReadyProbes Invitrogen) and nuclei were stained with DAPI
(NucBlue Fixed Cell Stain ReadyProbes, Invitrogen) for 10 min at RT. Samples were washed with
PBS once and fluorescence images were captured with a Leica Thunder Imager Live Cell and 3D

Assay fluorescent microscope with a 10x or 40x objective lens (Leica Microsystems, Buffalo
Grove, IL).

Table 5.2: Primary and secondary antibodies for immunostaining.

Cell Type Primary Antibody Secondary Antibody
hiPSC-CMs Cardiac Troponin T | Alexa Fluor 488 goat anti-
Monoclonal Antibody (13- | mouse secondary antibody
11), Invitrogen
hiPSC-CMs Primary anti-human HER2, | Alexa Fluor 488 goat anti-
Biolegend mouse secondary antibody

5.4.5 Image analysis using AIAPS

Fluorescence images were acquired for each sample and experiment, where at least n=3 for
each condition. F-actin and DAPI (red and blue merged images, respectively) were saved as .JPEG
files and uploaded into the AIAPS Script to obtain cell count and diameter size as previously
described in Chapter 4. The .CSV files with respective values for each image set were saved and
used for statistical analysis in GraphPad Prism.
5.4.6 Beat rate time lapse videos and calculation

Videos of spontaneously beating hiPSC-CMs were acquired using a Leica Thunder 3D
Imager microscope with a DLS 9000GT camera. The beat rate of hiPSC-CMs in plate and
encapsulated within a 3D collagen hydrogel were calculated using the average displacement over
time formula. The average displacement values were acquired using the MTrackJ plugin from
ImageJ/Fiji (NIH).X% The average displacement was calculated and the beats per minute were

calculated based on this information.
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5.4.7 Technology Application 1 (TA-1) - 3D cardiovascular and breast cancer tissue model

TA-1 is focused on developing a 3D cardiovascular and breast cancer tissue model to study
the effects of Herceptin on cardiomyocyte function.

1. hiPSC-CM culture and dissociation

hiPSC-CMs were maintained in RPMI B27 complete medium for 14-16 days post-
differentiation. The cells were dissociated using Accutase (STEMCELL Technologies) with an
incubation of 30 minutes with occasional mechanical dissociating every 10 minutes. The cells were
quenched with RPMI B27 complete medium and centrifuged to obtain the cell pellet. The cells
were counted and collected at 1x10° cells/mL.

II. SKBR3 cell culture and dissociation

SKBR3 breast cancer cells were maintained in RPMI B27 complete media with 10% FBS.
At 80% confluency, the cells were dissociated using Trypsin (0.25% Corning) with an incubation
of 5 minutes and quenched with RPMI B27 complete with 10% FBS in preparation of coculture
studies with hiPSC-CMs.

I11. Development of 3D cardiovascular and breast cancer tissue models

hiPSC-CMs and SKBR3 cells were encapsulated into a 0.2wt% collagen hydrogel,
prepared as described in Chapter 4 and at a seeding density of 1x10° cells/mL (hiPSC-CMs) and
500,000 cells/mL (SKBR3). There were 4 different culture conditions. In the first two conditions,
hiPSC-CMs encapsulated within a collagen hydrogel were either loaded into a Transwell insert
(12 mm) or the device with posts for a 5 day culture. hiPSC-CMs in Transwell inserts and devices
were maintained in control conditions for 5 days without Herceptin exposure and hiPSC-CMs in
Transwell inserts and devices were cultured for 3 days followed with 2 day Herceptin exposure.

The other two conditions consisted of hiPSC-CMs cocultured with SKBR3 cells in Transwell
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inserts (12 mm) in one well of a 6-well multiwell plate or in their own respective chambers in the
device with posts with the common cell medium of RPMI B27 complete with 10% FBS. Similarly,
the coculture of hiPSC-CMs and SKBR3s were either cultured in control conditions without
Herceptin exposure or cultured with 3 days followed with 2 day Herceptin exposure. The purpose
of this study was to evaluate the effects of Herceptin on hiPSC-CMs in 3D culture and the effects
of SKBR3 and Herceptin exposure on hiPSC-CM morphology.

All cell-hydrogels in either the capillary-circuit microfluidic device or Transwell inserts
were placed into the incubator to allow the hydrogel to crosslink. Medium was added to each
hydrogel; RPMI B27 complete for hiPSC-CM samples and RPMI B27 complete + 10% FBS for
hiPSC-CM and SKBR3 coculture samples.

1V. Herceptin exposure studies

Herceptin (Trastuzumab anti-HER2, Selleckchem) was reconstituted in PBS and then
directly added into cell medium for a final concentration of 10 uM. Control studies, where no
Herceptin was added, were cultured for 5 days with medium changes every other day. For
Herceptin studies, the samples were cultured for 3 days, and Herceptin was added for 48 hours (2
days). Every condition was conducted in triplicate, including controls and Herceptin exposed
samples. On day 5, all samples were observed for hiPSC-CM spontaneous beating and then fixed
for immunofluorescence imaging.

5.4.8 Technology Application 2 (TA-2) - 3D cardiovascular tissue model for microgravity

TA-2 is focused on developing a 3D cardiovascular tissue model to study the effects of

simulated microgravity on cardiomyocyte structure and morphology.
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1. Microgravity Finite Element Analysis (FEA) simulation

Solidworks Fluid Flow Simulation was used to simulate the fluid flow within the rotating
bioreactor vessel. First, a simplified bioreactor vessel was designed in Solidworks and multiple
Nanoscribe device models were added to the CAD model of the vessel. For study parameters, the
same rotational settings applied on the bioreactor rotational base, 2.8 rpm, was added to the
simulation. Additionally, an inlet volume of 3 mL was added to the simulation, as this was the
total volume of cell medium added to the vessel after addition of the Nanoscribe device with the
cell-hydrogel. The liquid chosen for the simulation was room temperature water and the simulation
was based on laminar flow, due to the very low RPM settings.

To calculate the fluid velocity in the bioreactor, the following equation was used:

V=WXTr

Where v is the fluid velocity in the bioreactor vessel, w is the angular velocity or rpm, and r is the
radius of the bioreactor vessel. The operational rotations of the bioreactor vessel were 2.8 rpm, the
lowest the Synthecon Inc. rotary cell culture system used for this study allows. The radius of the
bioreactor vessel is 25.4 mm. After incorporating these values into the main equation, the fluid
velocity within the bioreactor vessel is 71.12 mm/min, converting to mm/s, results in a fluid
velocity of 1.18 mm/s.

The G-force of the bioreactor vessel during rotation can calculated using this equation:

RPM
1000

)2

G force = 11.2 x radius x (

Where the radius is 25.4 mm, and the RPM is 2.8. The calculated G-force value for the bioreactor

vessel during this rotation is 0.00223 mm/s2.
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The flow rate can be calculated using the fluid velocity in the bioreactor vessel by using

the following equation:
Q=Axv

Where Q is the flow rate within the bioreactor vessel, A is the cross-sectional area of either the
bioreactor or the Nanoscribe devices, and v is the fluid velocity within the bioreactor. The cross-
sectional area of the bioreactor is 2026.83 mm? and the cross-sectional area of the Nanoscribe
device is 63 mm?. The flow rate of the bioreactor vessel is 2391.65 mm?®/sec and the flow rate of
the Nanoscribe device is 74.34 mm?®/sec. The flow rates can be converted to mL/sec, where the
flow rate of the bioreactor is 2.391 mL/sec and the flow rate of the Nanoscribe device is 0.074
mL/sec. The flow rate of the bioreactor vessel is close to the 3 mL of fluid added during
experiments. The flow rate of the Nanoscribe device is small due to its overall dimensions.

Solidworks Fluid Flow Simulation was used to simulate the fluid flow within the rotating
bioreactor vessel. First, a simplified bioreactor vessel was designed in Solidworks and multiple
Nanoscribe device models were added to the CAD model of the vessel. For study parameters, the
same rotational settings applied on the bioreactor rotational base, 2.8 rpm, was added to the
simulation. Additionally, an inlet volume of 3 mL was added to the simulation, as this was the
total volume of cell medium added to the vessel after addition of the Nanoscribe device with the
cell-hydrogel. The liquid chosen for the simulation was room temperature water and the simulation
was based on laminar flow, due to the very low RPM settings.

11. Bioreactor rotating vessel preparation

A Sythecon Inc. Rotary Cell Culture System was used and is referred to as the Bioreactor
system. All components of the vessel were rinsed with water, lightly scrubbed with soft detergent

and rinsed. The components were then placed into a 4L beaker with molecular grade water and
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soaked overnight. The following day, the components were air dried and assembled. Using a
serological pipette, 5 mL of 70% ethanol was added into the vessel for sterilization and soaked
overnight. The following day, the ethanol was removed. The ports were removed, and the
peripheral screws were loosened by two turns. The ports and the vessel were autoclaved for 20
minutes at 121°C. Once autoclaved, the vessel was conditioned with cell medium (RPMI B27
complete) over night to check for contamination and to adjust to the standard incubation
conditions.

II1. hiPSC-CM culture and dissociation

hiPSC-CMs were dissociated using Accutase (STEMCELL Technologies) with an
incubation of 30 minutes with occasional mechanical dissociating every 10 minutes. The cells were
quenched with RPMI B27 complete medium and centrifuged to obtain the cell pellet. The cells
were counted and collected at 1x10° cells/mL.

1V. Development of 3D cardiovascular tissue models in simulated microgravity

hiPSC-CMs were encapsulated into a 0.2wt% collagen hydrogel, prepared as described in
Chapter 4 and at a seeding density of 100,000 cells/mL. hiPSC-CMs were prepared for two
different culture conditions. The first culture condition is the standard incubation of hiPSC-CMs
encapsulated within a collagen hydrogel and loaded into a Nanoscribe device and cultured for 3
days. The second condition is the simulated microgravity condition using the rotating bioreactor
system, where hiPSC-CMs encapsulated into a collagen hydrogel and loaded into a Nanoscribe
device are placed inside of the bioreactor chamber. Both conditions were placed into the incubator

to maintain the samples. A total of 6 devices were prepared for each condition.
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5.4.9 Statistical Analysis

All quantitative measurements were performed in triplicate samples, unless otherwise
stated. All values are expressed as mean + Standard Deviation (SD). A Oneway ANOVA with a
post-hoc Tukey test, and a 2way ANOVA were used to compare treatment groups; and p<0.05
was used to assess statistical significance using GraphPad Prism.

5.5 RESULTS AND DISCUSSION

5.5.1 hiPSCs characterization

Prior to CM differentiation, hiPSCs (GM25267) were analyzed for pluripotency using flow
cytometry. Figure 5.1 shows the forward scatter and side scatter plot of the hiPSCs. All

pluripotency markers, including SOX2 and OCT4, were >95%, indicating the hiPSCs were

pluripotent prior to differentiation.
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Figure 5.1: Flow cytometry analysis of hiPSCs (GM25267).

5.5.2 hiPSC-CM differentiation and characterization

After CM differentiation, hiPSC-CMs were fixed, stained, and analyzed for cTnT

expression using flow cytometry. The range of cTnT was dependent on the post-differentiation
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day the cells were used for flow cytometry or for experiments. Figure 5.2 shows the CM

differentiation protocol and the forward scatter and side scatter plot of the hiPSC-CM sample, as

well as the expression percentage of cTnT+ cells. The hiPSC-CMs used for this flow cytometry

analysis were post-differentiation day 16 cells. Table 5.3 lists three replicates (n=3) of hiPSC-

CMs for cTnT+ expression, with an average cTnT+ expression.
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Figure 5.2: CM differentiation protocol and flow cytometry analysis of post-differentiation day

16 hiPSC-CMs for cTnT expression.

Table 5.3: Flow cytometry replicates for cTnT+ expression.

Replicate cTnT+ Expression
1 82.81%
2 75.78%
3 93%
Average 83.36%
Standard Deviation +8.73
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Likewise, hiPSC-CMs were stained for immunofluorescence and imaged using the Leica
3D Thunder Assay microscope. Figure 5.3 shows the 2D monolayer staining for cTnT, F-actin,

and DAPI using 10x and 40x objectives.
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Figure 5.3: Fluorescence images of 2D monolar culture hiPSC-CMs.

The flow cytometry analysis for cTnT and fluorescence images confirm that the CM
differentiation was successful. Additionally, the modified protocol did not require a CM
purification step, as most CM differentiations resulted in a cTnT+ population of >80% or higher.
5.5.3 Beat rate analysis

The Leica 3D Thunder Assay Microscope with the humidity chamber was used to obtain
time lapse videos of spontaneously beating hiPSC-CMs in 2D monolayer culture and in 3D culture
within Transwell inserts. The videos were analyzed using the MTrackJ ImageJ/Fiji plugin and
beats per minute were calculated using average displacement values.%1%7 Table 5.4 lists the
average displacement and beats per minute (BPM) for each condition. Each condition had 3
replicates and has its representative standard deviation. The calculated beats per minute are similar
to other research publications.'%6:1%7

Table 5.4: Average displacement and hiPSC-CM beats per minute.

Condition Average Displacement Beats Per Minute
In Plate (2D) 2.587(+£0.524) 80
Transwell insert (3D) 3.783(x0.72) 32
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5.5.4 TA-1 3D cardiovascular and breast cancer tissue model

1. hiPSC-CM HER? characterization

Post-differentiation day 16 hiPSC-CMs were fixed, stained, and analyzed for cTnT and
HER2 expression using flow cytometry. Figure 5.4 shows the forward scatter and side scatter plot
of the hiPSC-CM sample, as well as the expression percentage of cTnT+ and HER2+ cells. Figure
#d shows the quadrant plot, demonstrating simultaneous expression of cTnT and HER2. This may
imply hiPSC-CMs inherently express some level of HER2 and this expression is affected by the

presence of cancer cells or chemotherapeutics.
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Figure 5.4: Flow cytometry analysis of post-differentiation day 16 hiPSC-CMs for cTnT and
HER?2 expression.

Additionally, hiPSC-CMs were immunostained with HER2 to visualize HER2 expression.

Figure 5.5 shows fluorescence images of hiPSC-CMs that express HER2.

103



hiPSC-CMs

-

4
£

Figure 5.5: Fluorescence images of 2D monolayer culture hiPSC-CMs with HER2, F-actin and
DAPIL

11. Herceptin studies

A preliminary exposure study with Herceptin was conducted to assess the hiPSC-CM
response to biochemical and/or physical stimuli in devices with posts. Control and Herceptin
studies were conducted for a total of 5 days, where samples treated with Herceptin were maintained
for 3 days followed by 2 days of Herceptin exposure. On day 5, all samples (control and Herceptin
samples) were placed in the humidified chamber for identification of hiPSC-CM spontaneous
beating. Control samples, in both Transwell inserts (12 mm) and devices, showed small clusters
of hiPSC-CMs that were beating. However, in hiPSC-CM only and hiPSC-CM — SKBR3 coculture
control and Herceptin exposed devices, there was little to no hiPSC-CMs beating. Additionally,
most hiPSC-CMs in Transwell inserts and devices were rounded, despite hiPSC-CM
spontaneously beating in some areas. Figures 5.6-5.8 shows fluorescence images of each culture
condition in hiPSC-CM only studies and hiPSC-CMs cocultured with SKBR3 cells. Both hiPSC-

CMs and SKBR3s are affected when treated with Herceptin.
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Figure 5.6: Fluorescence images of hiPSC-CMs only in Transwell inserts and devices.
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Figure 5.7: Fluorescence images of hiPSC-CM cocultured with SKBR3 in Transwell inserts and
devices.
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Figure 5.8: Fluorescence images of SKBR3s cocultured with hiPSC-CMs in Transwell inserts
and devices.

Figure 5.9 shows the quantification of the fluorescence images for control and Herceptin
exposure studies. There was no significant increase or decrease in cell count or diameter. This may
be attributed to the cell roundness observation in all conditions in live imaging and in fluorescence
images. Additionally, changes in cell morphology were observed in collagen hydrogel
encapsulations prior to the Herceptin studies from other experiments within our lab. The hydrogel
used in this study must be optimized to provide a microenvironment that is not harmful to the

hiPSC-CMs in the study to be able to gather more informative data.
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Figure 5.9: Quantification of cell diameter for a) hiPSC-CM 3D culture in Transwell insert and
devices and b) hiPSC-CM coculture with SKBR3 in Transwell insert and devices.

5.5.5 TA-2 3D cardiovascular tissue model for simulated microgravity

L. Rotational fluid flow simulation

The incorporation of a microfluidic device within the bioreactor vessel may affect the fluid
flow within the bioreactor vessel. To simulate the fluid flow within the bioreactor vessel with
microfluidic devices, an FEA simulation was conducted. Figure 5.10d shows the fluid flow
simulation with the bioreactor vessel rotating at the same rpm as the experimental study was
conducted. The highest fluid flow velocity (~8 mm/s) is observed approaching the outermost edges
of the bioreactor vessel, while the closer to the center of the vessel, there are lower velocities. This
is beneficial as the outermost edges of the devices do not have any samples that are constantly
exposed to this high fluid velocity. This also confirms the forces the 3D hiPSC-CMs samples in

microgravity experience are minimal.
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Figure 5.10: Nanoscribe device loading into bioreactor vessel (a), final assembly of bioreactor
vessel (b), bioreactor vessel placement onto rotary base for simulated microgravity experiments
(¢), and rotational fluid flow simulation of simulated microgravity experiments (d).

11. Control and simulated microgravity studies

A 3-day study was conducted with control and microgravity samples. The Nanoscribe
device was chosen for microgravity experiments due to its small dimensions and the ability to fit
multiple devices in the bioreactor vessel (~6-7 devices) as seen in Figure 5.10. After three days,
the microgravity 3D hiPSC-CM hydrogels were still intact and may have the potential for longer
studies, such as 5-7 days.

Figure 5.11 shows fluorescence images for control and microgravity 3D hiPSC-CM
samples. The representative fluorescence images do not show a major difference in F-actin and
DAPI, but there does seem to be a difference in the cTnT expression in control compared to
simulated microgravity. To quantify this potential change, the fluorescence images were analyzed

using the AIAPS Script for cell diameter (Figure 5.11b). There was not a significant difference in

the cell count in either condition, however there was a higher standard deviation in the
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microgravity samples. On the other hand, the cell diameter significantly increased from the control
samples to the microgravity samples. Further studies can be used to investigate the cellular
processes that may cause the change in nuclei size, as well as the changes in gene expression in

control and microgravity studies.
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Figure 5.11: Representative fluorescence images of control Nanoscribe hiPSC-CM samples
subjected to standard incubation and simulated microgravity Nanoscribe hiPSC-CM samples (a)
and image analysis of cell diameter (b) using AIAPS Script.

Additionally, beating of hiPSC-CMs in control conditions on day 5 was observed and the
beat rate is outlined in Table 5.5. Simulated microgravity samples were evaluated for any beating

after removal from the bioreactor. hiPSC-CMs exposed to simulated microgravity did not beat
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after immediate removal from the bioreactor. It should be noted that previous studies with hiPSC-
CMs and microgravity studies allowed a recovery period for the hiPSC-CMs after microgravity.
Table 5.5: Average displacement and hiPSC-CM beats per minute.

Condition Average Displacement Beats Per Minute
Nanoscribe 2.423 um (+0.85, n=3) 30

5.6 D1SCUSSION AND CONCLUSIONS

The capillary-circuit device developed in Aim 1 was used to study two Technology
Applications (TA). Technology Application (TA-1) was centered on developing a 3D
cardiovascular and breast cancer tissue model to study Herceptin effects. In this study, hiPSC-CMs
were cultured in Transwell inserts and capillary-circuit devices, with some control (no exposure)
and Herceptin exposed samples. Through live imaging for hiPSC-CM beat rate analysis, it was
observed that not many CMs were beating in control or Herceptin samples. Additionally,
fluorescence images and image analysis revealed there were no significant changes in cell diameter
in Transwell insert or devices, as well as in control or Herceptin exposure. Limitations of this study
included the extracellular matrix (collagen) and the cell behavior in this hydrogel. This study
would need to be repeated to better understand how Herceptin is affecting the hiPSC-CMs and
how the SKBR3 cells are interacting with the hiPSC-CMs in coculture studies. In Technology
Application (TA-2), the goal was to develop a method of studying 3D cardiovascular tissues in
microgravity. In this study, hiPSC-CMs were encapsulated into a collagen hydrogel and placed
into Nanoscribe devices for cultures in either standard incubation conditions or simulated
microgravity within a bioreactor (rotary cell culture system). At the end of the 3-day study, the
microgravity 3D samples were intact, showing promise for longer microgravity studies.
Fluorescence images demonstrated a difference in cTnT expression in control samples compared

to microgravity samples. With further analysis of cell diameter using the AIAPS Script, there was
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a significant increase in the cell diameter in microgravity samples. Further studies to investigate
the cellular changes of hiPSC-CMs in microgravity would be useful. In conclusion, this work
demonstrated that the capillary-circuit device can be used to develop microphysiological systems

for specific studies and applications.
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Chapter 6
Conclusions and future directions
6.1 CONCLUSIONS

Chapter 3 discusses the design and development of a capillary-driven microfluidic device
that uses multiple fabrication techniques. In the pursuit of developing a microfluidic device for the
advancement of physiologically relevant 3D in vitro models, the device design was optimized to
include two tissue chambers for coculture studies and the streamlined fabrication technique to
allow long-term culture and in-house imaging. The material, either 3D printed or Ostemer322,
demonstrated capillary-driven flow. However, the 3D SLA resin was not optically clear and
resulted in the material change to Ostemer322 for future applications.

Shifting focus to the implementation of cardiovascular tissue models within the capillary-
circuit devices, the studies in Chapter 4 aimed to address the optimization and development of this
system. The refined fabrication methods of capillary-circuit devices allowed for studies of
commercially available cell lines such as HUVECs, AC16 cardiomyocytes, SKBR3 cells, and even
the implementation of patient derived xenograft (PDX) cells into the devices. Both cardiovascular
and cancer cell types maintained their morphology in 3D within the capillary-circuit devices and
the downscaled devices (Nanoscribe). The fabrication methods of the Nanoscribe device using
Ostemer322 shows a breakthrough in device fabrication and microstructure integrity at this scale.
These studies show promise for the continuation of developing a physiologically relevant in vitro
model.

Expanding the capillary-circuit device into a microphysiological system, Chapter 5 showed
the Technology Applications of studying cardiovascular and breast tissue models (TA-1) and

cardiovascular tissue models in simulated microgravity (TA-2). TA-1 showed the integration of
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hiPSC-CMs and SKBR3 cells into the microphysiological system and the addition of Herceptin.
TA-2 demonstrated downscaled devices (Nanoscribe) with 3D hiPSC-CMs in collagen hydrogels
can be used in bioreactor studies for microgravity studies and the samples can endure the fluid
flow stresses within the bioreactor vessel. These studies contribute to the development of 3D in
vitro models to closely study cellular processes and mechanisms of cardiovascular diseases.

6.2 FUTURE DIRECTIONS

This project can be continued in several avenues, each to advance the field of
cardiovascular tissue engineering and preclinical drug screening. These directions will not only
highlight the application of microfluidic devices in molecular and cellular studies but set the
foundation for translational medicine and drug screening.

The first route explores the implementation of hiPSC-CMs and patient-derived xenograft
(PDX) cells within the capillary-circuit device. Building upon previous studies, it is important to
use patient-derived cells to more accurately study cell behavior and its translation into in vivo and
clinical trials.'® Specifically, cardiovascular and cancer tissue models can be developed to study
cardiotoxicity of several cancer treatment drugs, including Doxorubicin and Herceptin. Drug
studies can be conducted with the capillary-circuit device and functional outputs can include 1Cso
values, gene expression studies, and functional studies of hiPSC-CMs including beat rate and
calcium handling.

An additional avenue includes studying the combination of radiation and microgravity on
hiPSC-CMs. It is not well known how both radiation and microgravity during spaceflight and time
on the International Space Station (ISS) affects hiPSC-CMs. Combining the bioreactor simulated
microgravity and radiation exposure, could serve as a foundational system to study the effects

closely and identify potential preventative methods, including nanoparticle treatment.
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In conclusion, these approaches not only demonstrate the potential uses of the capillary-
circuit device, but also highlight its potential to build platforms to study specific cardiovascular
diseases. From the design and development of the capillary-circuit device to multiple 3D cell
experiments, this project has the potential to propel tissue engineering and preclinical drug

screening forward.
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