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ABSTRACT

Fabrication and Prevascularization of Extracellular Matrix Derived Scaffold for Cardiac Healing

Sameeksha Sharma
Department of Biomedical Engineering
Texas A&M University

Research Faculty Advisor: Dr. Feng Zhao
Department of Biomedical Engineering
Texas A&M University

Cardiovascular disease is a grievous and growing problem across the globe with limited
therapeutic interventions available. This is due to the inability to replace fibrotic scar tissue
which tends to accumulate and impair cardiac function. While stem cell-based regenerative
therapies are promising, they are hindered by low survival and engraftment rates. These
obstacles can be overcome by fabricating a complementary biomimetic scaffold that can support
the development of an organized microvasculature and the growth of induced pluripotent stem
cell derived cardiomyocytes (iPSC-CMs) to promote positive cardiac remodeling after
myocardial infarction. The effectiveness of a cardiac scaffold relies on its ability to mimic the
native myocardium by facilitating a multitude of cell-cell interactions and promoting the
integration of implanted stem cells with the native myocardium. This has garnered attention on
extracellular matrix cell sheets because they can form a completely biological, highly
customizable, and tissue-specific scaffold. One of the cornerstones of designing a self-sustaining
cardiac patch construct is supporting the development of a dense and highly organized
microvasculature to meet the daily metabolic needs of implanted iPSC-CMs. The aim of this
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project was to test the potential of iPSC-ECs to form such a robust and dense microvasculature
on decellularized ECM cell sheets in comparison to the previously studied HUVECs. This was
achieved by co-culturing bone marrow derived human mesenchymal stem cells (hMSCs) with
iIPSC-ECs or HUVECs on decellularized ECM cell sheets over ten days. The results of the ECM
cell sheet fabrication demonstrated that human dermal fibroblasts (HDFs) can be used to produce
a highly aligned ECM which retains its structural components after decellularization. Next, the
prevascularization comparison between the hMSC/iPSC-EC and the hMSC/HUVEC revealed
that iPSC-ECs could form a highly aligned microvasculature like the HUVECs. In fact, the
average vessel length, diameter, and intercapillary distance in the hMSC/iPSC samples was more
representative of the native myocardium than the hMSC/HUVEC control. Therefore, it can be
concluded that co-culturing hMSCs and iPSC-ECs encompasses great promise for replicating the
cardiac microvasculature and creating a perusable network of vessels that can support stem cell
growth and maturation in cardiac patch constructs. This can propel regenerative medicine a step
further by providing the biomimetic ECM scaffold the self-sustaining and robust
microvasculature it needs to promote lasting cardiac repair healing for the growing number of

patients in cardiovascular distress.
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1. INTRODUCTION AND LITERATURE REVIEW

11 Extracellular Matrix Scaffold in Tissue Engineering

Tissue engineering solutions require a robust and biocompatible scaffold to effectively
deliver regenerative therapeutics and induce lasting healing [1]. Regenerative therapies harness
the infinite proliferative potential and selective differentiating ability of stem cells to repair
injured tissue [2]. Wherein, scaffolds are constructs that support implanted stem cell survival,
growth, maturation, and integration by serving as the delivery vehicles for regenerative
therapeutics. Scaffolds provide a 3D mesh-like network that act as templates for tissue
regeneration by closely emulating tissue microenvironments and facilitating cellular interactions
[3]. This makes choosing a suitable scaffold a multifactorial decision. Properties, such as
biocompatibility, porosity, topography among other physical and chemical properties must be
taken into careful consideration when selecting an appropriate scaffold. Due to the innate
complexity of tissues, biological tissue scaffolds have an edge over their synthetic counterparts.
Unfortunately, synthetic scaffolds are not able to produce intact cell-cell junctions which causes
disruptions in cell communication and even aggregation of cells that reduces the effectiveness of
the therapy [4]. On the other hand, naturally derived tissue scaffolds can be easily customized to
mimic the tissue-specific microenvironment. This aids in the differentiation and organized
growth of implanted stem cells which optimizes sustainable tissue healing [5]. Among the
biological tissue engineering options, ECM-based scaffolds are becoming subjects of vast
research because they are naturally derived scaffolds with customizable structure and complex
biophysical properties. Moreover, they naturally contain various important regulatory

biochemical cues that influence cell shape, survival, proliferation, migration, and differentiation



[6]. Control over these delicate factors can play a pivotal role in enhancing implanted cell
viability and producing lasting tissue regeneration [7].
1.1.1 Extracellular Matrix Scaffolds

ECM is complex connective network composed of proteins, polysaccharides, and
glucosamine glycans (GAGS) and other natural macromolecules secreted by the tissue resident
cells [8]. ECM is a biomaterial designed by nature with 600 million years of material
optimization which makes it a highly desirable scaffolding material for regenerative therapies
[9]. It provides an organized template for growth in tissues because it plays an indispensable role
in cell motility which is a requirement for tissue development [10]. It serves as a reservoir for
various macromolecules, including polysaccharides, growth factors, cytokines, and proteins
guiding cell structure and function until the patient’s own ECM can replace the implanted
structure [11]. This allows ECM-based scaffolds to mimic tissue specific microenvironments and
support the sustainable growth, maturation, and integration of stem cells into native tissue [12].
While single component ECMs made of collagen, fibrin, and hyaluronic acid are being tested for
bone and skin regeneration they have individual shortcomings that can be addressed by using
versatile ECM-based scaffolds.
1.1.1.1 Components of ECM Scaffolds

Some of the major structural components of ECM include collagen, fibronectin, laminin,
elastin, and other short peptide sequences. Collagen is the among the most abundant protein in
ECM [13]. While collagen has diverse isoforms, they share a commonality. Each isoform can
construct complex functional superstructures which offer tissue strength and homeostasis [14].
Whereas fibronectin and laminin are essential glycoproteins that improve cell adhesion and

migration [15]. Moreover, elastin is responsible for the overall flexibility of the ECM and



regulates cell behavior [16]. While there are several more proteins present in ECM, overall, these
components work in unison to produce a stable scaffold that can promote and direct cellular
growth better than a single component or synthetic scaffold.
1.1.1.2 Tissue Derived ECM

Single component scaffolds lack the overall biological complexity of native tissue
microenvironments even though they can be produced in a large scale [17]. Some researchers
have tried to address this challenge by using harvested ECM from whole tissues. Since the
harvested ECM is tissue specific, it has been shown to promote implanted stem cell growth and
differentiation and maintenance of their phenotypic characteristics [18]. While this methodology
has been beneficial in characterizing various ECM components and understanding their
interactions, these tissues carry the risk of pathogen transfer and can’t be standardized because
they are influenced by individual health conditions, such as age and illnesses. Moreover, ECM
scaffolds derived from native organs continually face a challenge of organ donor scarcity and
large batch-to-batch variation [19-20].
1.1.1.3 Cell Derived ECM

On the other hand, cell sheet derived ECM is easily customizable to patient needs without
complications of possible pathogen transfer [21-22]. This provides a 3D model for scaffolding
and can be used to generate various tissue-specific ECM by varying compositional resident cells
and regulating their interactions [23]. Cell-derived ECM can curb the risk of pathogen transfer
because. Moreover, the alignment and overall spatial distribution of cell derived ECM can also
be regulated by using customized patterned substrate [24]. Studies and therapies are also not
bound to the thickness of a harvested tissue and can stack the ECM cell sheets to produce a

regenerative patch of a customizable thickness [25]. These reasons elaborate which cell derived



ECM sheets are a highly versatile scaffolding material that can be used in clinical studies and
applied in future therapeutics.

1.2 Cardiac Tissue Engineering

1.2.1 Clinical Need: Myocardial Infarction

Cardiovascular disease has consistently been one of the leading causes of death
worldwide. Out of the total cardiovascular disease deaths, nearly 60% occur due to the
accumulation of scar tissue are caused by myocardial infarction (MI). According to the data
published by the American Heart Association in 2021, an American adult dies of cardiovascular
disease every 36 seconds [26]. M1 is caused by a blockage in the coronary artery, which can lead
to a reduction in the blood supply to the surrounding myocardium. This can severely impair
cardiac function and precipitate the loss of highly specialized cardiomyocytes (CMs) [27]. The
loss of the CMs is critically dangerous since they are cardiac muscle cells responsible for the
heart’s contractile forces and electrical signaling [28]. However, the adult body can hardly
recover from ischemic injuries, like MlI, because the body is unable to endogenously regenerate
terminally differentiated CMs. Consequently, ischemia-induced loss of CMs leads to the
accumulation of fibrotic scar tissue that can negatively remodel the heart and severely comprise
its function [29]. In fact, MI can increase the chances of arrythmia and a more debilitating heart
attack in the future, which is associated with less than a 50% chance of five-year survival [26].
1.2.2 Current Therapies

Currently the only therapeutic option for end-stage heart failure is heart transplantation
[30]. This is an impractical solution for most patients due to the lack of healthy heart donors as
well as chances of immune rejection and pathogen transfer [31]. Less acute heart failure is

usually treated by prescribing blood thinners to prevent blood clots, inserting balloon stents to

remove plaque formation, and bypass grafting. However, these methods serve to mitigate the



dangers of MI but are unable to restore healthy CMs in place of accumulated fibrotic scar tissue.
This has produced a need for an external therapeutic that can stimulate and replenish injured
cardiac tissue with healthy CMs post-cardiac distress. Researchers are currently striving to
sustainably restore CMs using a regenerative cardiac patch construct that can stimulate
controlled and lasting cardiac healing that meets clinical standards.

1.2.3 Prospective Stem Cell Therapies
1.2.3.1 Cell Injection Therapy

Since the adult human body can’t endogenously regenerate CMs, each ischemic injury
damages the cardiac tissue permanently and impairs its proper function. Researchers have been
trying to use animal models to study the effects of injecting CMs on the site of cardiac injury to
induce tissue repair and angiogenesis [32]. CMs for these therapies can be derived from various
stem cell lineages, such as embryonic stem cells (ESCs), and from cardiac progenitor cells and
injected onto the site of cardiac injury. It has been shown that an intramyocardial injection
containing embryonic stem cells derived cardiomyocytes (ESC-CMs) improved cardiac function
in mice with MI [32]. The injected ESC-CMs were able to integrate with the native CMs and
form gap junctions for at least 12 weeks [33].

While intramyocardial injection therapies have led to improved cardiac function and a
decrease in the negative remodeling of the heart in an animal model, intramyocardial injection
has also been associated with a higher rate of arrhythmia [34]. This can be caused by insufficient
structural integration of implanted stem cells or differences in electrical conduction velocities
between implanted stem cells and the patient’s native myocardium. Additionally, injecting stem
cells makes it hard to control engraftment rate, cell orientation, and wave propagation, which are
essential for regular cardiac function [35]. This makes injectable regenerative cardiac therapies

unsustainable for clinical use which is why research is focused on fabricating a complementary
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scaffold that can improve implanted stem cell survival, stimulate maturation, and avoid risk of
arrhythmia.
1.2.3.2 Prevascularized ECM Cell Sheet Cardiac Patch

The need to produce a highly customizable and self-sustaining cardiac patch construct
has sparked interest in ECM cell sheets. Using ECM cell sheet patches can make the cardiac
patch construct more customizable because ECM can be generated in a highly aligned and tissue-
specific manner using varied composition. Literature indicates that higher levels of fibronectin
have been associated with increased cell proliferation and migration in cardiac tissue [36].
Fibronectin levels can be increased in the fabricated ECM by introducing resident cells that
secrete more fibronectin. Similarly, increased presence of laminin too stimulates cardiac tissue
regeneration [37]. This is because stem cell derived cardiomyocytes respond to spatial cues
produced by laminin. CMs form elongated rod-shaped cells parallel to the lanes of laminin which
can greatly improve the alignment of cells in the cardiac patch and enable them to generate more
contractile force. The decellularized cell sheets can also be stacked to produce a cardiac patch of
desired thickness. Work by other researchers has shown that cell sheet based cardiac patches can
improve myocardial performance and impeded disease progression by discouraging the infarct
from bulging [38]. Therefore, ECM cell sheets provide a more reliable way to improve stem cell
survival, engraftment, and integration rate.

Additionally, ECM-based cell sheets are also capable of supporting a functional and
perfusable vascular network which are making them increasingly clinically relevant. Since ECM
cell sheets are natural and can be produced in a highly aligned manner, they provide endothelial
cells (ECs) a conducive microenvironment for angiogenesis. Capillaries in native cardiac tissue

have been observed to orient themselves in a uniaxial direction of myocardial fibers and wrap
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around CMs [39]. ECM proteins allow ECs to form more focal adhesions, exhibit increased cell
permeability, and form familiar cord like structures that emulate native vessels [40]. HUVECs
have been shown to form dense and branched microvasculature on decellularized ECM cell
sheets when co-cultured with hMSCs. The results of the study also described the formation of
CD166 tracks which guided EC assembly and aligned microvessel formation [40]. However,
prevacsularization of decellularized ECM hasn’t been tested with hMSCs co-cultured with iPSC-
ECs. This avenue is worth exploring because iPSCs are an ideal cell line for regenerative
therapies given that they can be derived from patients, have an unlimited differentiating
potential, and pose a minimal risk of immune rejection compared to HUVECSs [41].
1.2.4 Future Perspective

Since all parts of the heart act as a single unit conducting significant contractile force and
synchronized electrical signals, the implanted cardiac patch must meet these high mechanical
and metabolic needs [42]. These conditions currently pose a challenge because there aren’t
standardized protocols on how to aid CM maturation and to enable patch integration with the
systemic blood supply. Possible avenues to explore include understanding the mechanism of
anastomosis, coculturing CMs with more tensile cell types, and mechanically stretching the
cardiac patch to activate vessel branching. These are some prospective approaches that can be
used to enhance CM maturation and integration to produce a self-sustaining cardiac patch [43].
1.3 Objective of Study

This thesis aimed to compare the potential of iPSC-ECs to form a comparable dense and
organized microvascular network compared with previously tested HUVESCs. This was
accomplished by first creating a biomimetic and anisotropic ECM-based scaffold made from

HDF cell sheets (Figure 1.1). The secreted ECM cell sheets were decellularized and
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characterized using immunofluorescent staining to ensure that key structural features and
components were retained after ECM decellularization. After characterization, the decellularized
ECM samples were vascularized by seeding either hMSCs and iPSC-ECs or hMSCs and
HUVECSs to observe the differences in vessel development on day 3 and day 10 (Figure 1.1).
This study is the first to explore the microvasculature produced by co-culturing hMSCs and
IPSC-ECs. iPSCs were chosen for this study because they are a promising regenerative cell line
that can be implanted into patients with minimal risk of immune rejection. Being able to cultivate
a highly aligned and dense microvasculature on the decellularized ECM cell sheets with iPSC-
ECs can bolster the compelling case for using ECM-based scaffolds for designing patient-

specific self-sustaining cardiac patch.

Obtain prevascularized ECM scaffold

Figure 1.1: Objective of the study. Outlines two specific aims achieved in this study. The first aim is fabricating an
ECM-based scaffold with anisotropic feature using HDFs. The second aim is investigating whether the HDF-
derived ECM scaffolds can support the development of dense vasculature when coculturing hMSCs with iPSC-ECs
as compared to the hMSCs and HUVEs control group. Created by Sameeksha Sharma on BioRender.com
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2. METHODS AND MATERIALS

2.1  Fabrication of HDF Cell Sheets

Aligned polydimethylsiloxane (PDMS) substrates were created from nano-grated sheets
of 450 nm width and 300 nm depth. The obtained PDMS was then coated with type | collagen
(20 pg/mL) (Sigma-Aldrich, St Louis, MO) and dopamine-HCI (0.01% W/V). Passage 3
HDF(ATCC) at 10,000 cells/cm2 density were seeded onto the collagen and polydopamine
coated PDMS and cultured for five weeks. The HDF were cultured with Dulbecco's modified
eagle medium (DMEM) with 20% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(Penn-strep). Media was changed every 48 hours (h) for 5 weeks in the 24-well plate.
2.2  Decellularization of HDF Cell Sheets

The cultured cell sheets were then put into a decellularization solution composed of 1 M
NaCl, 10 mM Tris (Bio-rad, Hercules, CA), and 5 mM Ethylenediaminetetraacetic acid (EDTA,
Sigma, St Louis, MO). After which the 24-well plate was put on a shaker for 1 h at room
temperature and rinsed thrice with phosphate buffered saline (PBS). The cell sheets were then
put into a second decellularization solution containing 0.5% sodium dodecyl sulfate (SDS,
Sigma), 10 mM Tris, and 5 mM EDTA and shaken for 30 minutes at room temperature. After
which the cell sheets were washed thrice with PBS. Then submerged into FBS-containing
medium for 48 h before being rinsed thrice with PBS.
2.3  Freezing and Storage of ECM

All liquid was first drained from the 24 well plate before being at -80 deg C in the liquid

nitrogen tank.
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2.4  ECM Characterization

The ECM derived from the HDF culture was first allowed to thaw at room temperature
before immunofluorescence staining. Then the cell sheets were fixed and blocked with 1%
bovine serum albumin (BSA, Sigma-Aldrich) in a 0.2% Triton X-100 (Sigma-Aldrich) solution.
The samples were then incubated with collagen I, fibronectin, and laminin primary antibodies
(Abcam, Cambridge, MA) for 1 hour followed secondary antibody staining forl hour at room
temperature. There were two identical samples for each type of staining. Representation images
of the staining were then taken using the fluorescent microscope.
2.5  ECM Prevascualrization

Decellularized ECM samples were seeded with passage 3 hMSCs obtained from the
Texas A&M University Health Sciences Center. The hMSCs were seeded at a 10,000
cells/cm? density and were cultured in a-minimum essential medium (a-MEM) with 20% FBS,
1% Penn-strep, and 1% L-glutamine (Thermo Fisher Scientific, Waltham, MA). The seeded
hMSCs were subjected to hypoxia (5% O.) condition for 7 days. After 7 days, the remaining
samples were divided into two groups. Four wells were seeded with passage 3 human umbilical
vein endothelial cells (HUVECs) (Lonza, Walkersville, MD). The HUVEC were seeded at
20,000 cells/cm? density on top of the hMSCs/ECM combination and would serve as the
experimental control. The other four samples were seeded with passage 3 induced pluripotent
stem cell derived endothelial cells (iPSC-ECs, P3) (Fujifilm, College Station, TX) at 20,000
cells/cm? density on top of the h(MSCs/ECM combination. These co-cultures were maintained in
normoxia (20% O.) for 10 days and the endothelial cell growth media (EGM-2, Lonza) was

changed every 48 h (Table 2.1).
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Table 2.1: Well-plate layout for prevascularizing decellularized ECM samples.

Day 3 Day 10 Day 3 Day 10

MSCAPSC- | MSCAPSC- | \sc/HuvEC | MSC/HUVEC

EC EC -EC

mscripsc- | P

e MSC/iPSC- | MSC/HUVEC | MSC/HUVEC
EC SC-EC

2.6 Immunofluorescent Staining

The co-cultured prevascularized constructs were washed with PBS, fixed and co-stained
with mouse polyclonal antibody against human CD31 (Abcam, Cambridge, MA) and rabbit
polyclonal antibody against human CD 166 (Abcam, Cambridge, MA) for 1 h at room
temperature. After carefully washing primary antibodies, samples were incubated with Alexa-
flour 488 goat anti-mouse secondary antibody (Thermo Fisher), Alexa-Flour 555 goat anti-rabbit
secondary antibody (Thermo Fischer), and Phallodin-Alexa flour 647 conjugated antibody
(Thermo Fischer) for 1 h at room temperature in the dark. The samples were then incubated in 4/,
6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) solution for 5 minutes to stain cell nuclei.
The samples were then mounted on cover glass using antifade mounting media and images were
captured under the inverted fluorescent microscope (Zeiss Axio Observer) and the confocal
microscope (Olympus FVV1000). The images were processed with Image J software.
2.7 Microvasculature Analysis

The samples stained with CD31 revealed the growth of new vessels. This growth was
quantified by comparing three key features across the two groups and the two time points. Image
J was used to measure the length, dimeter, and the interpapillary distance in each sample. For

each representative sample and feature, ten values were taken across a board spectrum of values
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to encompass the diversity of data. The recorded data was assembled in Excel and then
transferred into Spectrum data analysis software to create bar graphs. The graphs were formatted
to analyze the standard deviation of the values to see whether there was a significantly
significant difference in the length, diameter, and interpapillary distance of the samples.
2.8  Statistical Analysis

All statistical results were obtained from triplicated experiments. In software-based
image analysis, five non-overlapping panels were randomly selected and analyzed from each
sample to perform unbiased statistical analysis. The results were reported as mean + standard
deviation. Statistical comparisons between experimental groups were performed by one-way
ANOVA and Tukey's post hoc test using GraphPad Prism software. Results were considered

statistically significant for * p < 0.05, **p < 0.01, ***p <0.001, ****p <0.0001.
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3. RESULTS

To assess the results of the experiments, immunofluorescent staining was conducted.
Each staining had two identical samples associated with it. The first set of staining characterized
the major components of the decellularized ECM derived from the secretion of HDFs after five
weeks of culturing. The second set of staining compared the development of vessels from Day 3
to Day 10 on the decellularized ECM with two experimental groups: (1) hMSC/iPSC-EC and (2)
hMSC/HUVEC. Images were taken at 10x magnification to captsure a holistic representation of
protein distribution and vessel development in the ECM.
3.1 ECM Characterization

Upon staining and characterization, the HDF-derived ECM demonstrated that it had been
decellularized effectively without damaging the major structural components of the ECM. The
anisotropic structure of collagen I, laminin, and fibronectin was verified using
immunofluorescent staining after decellularization. The staining revealed that the collagen I,
fibronectin, and laminin components were aligned with the underlying PDMS (Figure 3.1). This
resulted in an overall well-aligned scaffold suitable for the subsequent seeding of cells for
prevascularization comparison between hMSCs/HUVECs and hMSCs/iPSC-ECs sample groups.
The images captured that collagen I and fibronectin created a highly aligned and elongated
network on ECM (Figure 3.1, A and B). Laminin, however, was more localized within the
samples (Figure 3.1, C). Finally, the DAPI staining data revealed that there were no cell nuclei
present in the decellularized ECM which indicated that the samples were ready for the second

objective of the study, prevascularization comparison.
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Collagen I Fibronectin Laminin

Figure 3.1: Fluorescence microscopy of 3D HDF decellularized cell sheets. The HDFs were culture for 5 weeks at
20% oxygen. After five weeks, the cultures were fixed and stained to view major structural and regulatory
components of the ECM. The above stains represent (A) Collagen I, (B) Fibronectin, and (C) Laminin at 10x
magnification.

3.2 Prevascularization of ECM

After decellularization, to conduct a prevascaulrization comparison, two identical
samples from the h(MSC/HUVEC and hMSC/iPSC-EC groups was conducted. The
prevascularized samples were compared at day 3 and day 10. The samples were stained using
CD 31, CD 166, F-actin, and DAPI to compare vessel development. VVessels were characterized
by analyzing the length, diameter, and interpapillary distance of vessels in each sample. Images
of the vessels was taken at 10x magnification with the confocal microscope (Olympus F\V1000).
While the images for CD166, F-actin, and DAPI were captured through the immunofluorescent

microscope (Zeiss Axio Observer).
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hMsc/iPsc I
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E F
Day 10

Figure 3.2: The immunofluorescent staining of hMSC/iPSC-EC experimental group. The first panel of staining
representation (A) CD31, (B) CD166, and (C) F-actin and DAPI on day 3. The following set of staining reveals
(D) CD31, (E) CD166, and (F) F-actin and DAPI on day 10. The figure overarchingly depicts that samples have a
denser and more branched vessel structure on day 10.

hMSC/HUVEC @y

Day 3

200 pm
T

F
Day 10

Figure 3.3: The immunoflruorecnt staining of h(MSC/HUVEC control group. The first panel of staining
representation (A) CD31, (B) CD166, and (C) F-actin and DAPI on day 3. The following set of staining reveals
(D) CD31, (E) CD166, and (F) F-actin and DAPI on day 10. This figure allows for the comparison in vessel
development and morphology across experimental groups.
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Specific proteins were chosen to be stained because of their direct relevance in cell
migration and vessel development which is further elaborated in the discussion section. The
statistical analysis of the samples is based on CD31 staining which stained the endothelial cells,
HUVEC or iPSC-EC, thus marking the development of tissues. There was on overall increase in
vessel length, decrease in diameter and intercapillary distance noted across the day 3 and day 10
in the hAMSC/iPSC-EC experimental group. The data for iPSC-EC samples revealed an increase
from an average length of 708.28 um on day 3 to 961.27 um on day 10 (Figure 3.2 and 3.3, A,
D). The average vessel diameter in the hMSC/iPSC-EC group on day 10 was 18.42 um as
compared to the 38.77 um average diameter on day 10. Finally, a similar decrease in
intercapillary distance was noted in the hMSC/iPSC-EC group from 63.71 um on day 3 to 31.42
pum on day 10. While data was found to not be statistically significant because a wide range of
values were used in the statistical analysis to get a holistic overview of the angiogenesis across
all regions of the sample (Figure 3.4, A, B, C). This is attributed to the fact that not all regions in
the samples had homogenous vessel development. Therefore, it is important to focus on the
average values of length, diameter, and intercapillary distance to understand the holistic trend
between the groups and time points. The range of values remain are insightful for optimizing
future protocol to make more a homogenous prevascularized sample.

Quantifying the vessel development in the hMSC/HUVEC control group revealed a
similar trend in the increase in average vessel length accompanied by a decrease in vessel
diameter and intercapillary distance (Figure 3.2 and 3.3, A, D). Across the day 3 and day 10, the
length of the vessels increased from an average of 558.58 um on day 3 to 562.29 um on day 10

in HUVEC. The decrease in diameter was more prominent across the two timepoints as the
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average decreased from 52.09 um on day 3 to 41.33 um on day 10. Moreover, the average value
of intercapillary distance for nMSC/HUVEC group on day 3 was 125.84 um and it dropped to

67.66 um, nearly half, by day 10.
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Figure 3.4: This is a statistical comparison of the values in length, diameter, and intercapillary distance between the
hMSC/iPSC-EC and the hMSC/HUVEC groups and across the two time points on day 3 and day 10 along with its
statistical significance. (A) The average length of the vessels in each group. The MSC/iPSC-EC group had the
longest vessels in comparison to the other groups. (B) The average diameter of the vessels in MSC/iPSC-EC in each
group. (C) The intercapillary distance in each sample group. The average data trend revealed an increase in
average vessel length, decrease in average vessel diameter and intercapillary distance from day 3 to day 10.

These wide range of values were also observed across all samples and both timepoints
since there wasn’t homogenous development of vessels in all regions of the samples which caused
variability in measurement. There are several parameters can be optimized, including cell density
and incubator settings, which could have affected the homogeneity of vessel development. Despite
there being no statistically significant significance in the comparisons between hMSC/iPSC-EC
and hMSC/HUVEC group due to high variability, it is important to notice the overall trends of

length, diameter, and intercapillary distance are indicated by the average data values (Figure 3.4,

22



A, B, C). The comparison between the hMSC/iPSC-EC and h(MSC/HUVEC group on day 3 reveals
that that the iPSC group had longer average vessel length, small diameter, and less intercapillary
distance than the HUVEC control group. This trend was also present in the day 10 samples
revealing that the hMSC/iPSC-EC experimental group was more representative of native
myocardial features that than the control HUVEC samples. This can also be visually corroborated
when looking at the staining data.

The other staining results were analyzed qualitatively to aid in the interpretation of the
statistics derived from CD31 staining and overall vessel development data. The staining of
CD166 revealed a homogenous network with organized alignment in the same direction as the
ECM (Figure 3.2 and 3.3, B, E). Moreover, a dense and aligned network of F-actin was also
observed since it an integral feature of the ECM upon which the hMSCs and two different types
of ECs were scaffolded. Finally, cell nuclei were stained using DAPI which showed that there
was a dense and healthy presence of hMSC and endothelial cells in both groups (Figure 3.2 and

3.3,C, F).

23



4, DISCUSSION

4.1 Interpreting Results

The eventual application of self-sustaining regenerative cardiac patches is highly
dependent on being able to replicate the dense microvasculature present in the myocardium.
Research has shown that vascular development and density is influenced by the scaffolding
material which is why this study focused on fabricating naturally derived ECM and conduct a
prevascularization study to better understand the stages of angiogenesis on ECM scaffolds over
10 days [44]. This was achieved by producing a highly aligned ECM generated from HDFs to
observe ECM composition post-decellularization to ensure that the integrity of the ECM scaffold
was maintained before conducting a prevascularization comparison. For the second aim, the
prevascularization comparison was conducted between two sample groups consisting of
hMSC/iPSC-EC and hMSC/HUVEC seeded on the decellularized ECM. The test aimed to
compare the status of angiogenesis between the two sample groups at two timepoints on day 3
and day 10. The immunofluorescent spectroscopy revealed that there was an increase in vessel
formation and a distinct change in their morphology which is more consistent with native cardiac
vessels.
4.1.1 ECM Characterization

The characterization of the derived ECM demonstrated that the seeded HDF cells could
sense of the topography of a patterned PDMS substrate which encourages to grow in an aligned
manner along the nano grated patterns. Being able to replicate such high levels of structural
alignment in fabricated ECM is promising because this indicates that the ECM can mimic tissue-

specific spatial micromovements that can enhance stem cell growth, survival, and integration

24



into the native tissue. The characterization also revealed that the ECM can retain its composition
and has the major structural components after being completely decellularized. Since collagen I,
fibronectin, and laminin are structurally integral to cell organization and migration, these
proteins were stained using antibody staining. The samples revealed a thick and aligned network
of collagen and fibronectin as has been observed in previous studies [45]. This is expected since
collagen 1 is the most abundant protein in ECM and fibroblasts are considered a major collagen |
source which is why they were selected for ECM deposition [46]. Observing highly aligned
collagen I network enhances the possibility the ECM is a scaffold that can enhance 3D cell
attachment and implanted stem cell growth. Similarly, a dense fibronectin network also indicates
various cellular activities vital for normal tissue function such as cell adhesion and migration
which are crucial to the subsequent prevascularization comparison [47]. Whereas laminin comes
from a family of glycoproteins located in the basal lamina of cells to regulate communication
between cells and cell surface receptors as well as other ECM components. It has been shown to
self-assemble into localized aggregates which serve to communication bridges between
molecules [48]. Overall, the characterization of the decellularized HDF cell sheet derived ECM
demonstrates that ECM is highly versatile and aligned scaffold made from a composite of
glycoproteins that can support cell structure as well as provide higher levels of organization for
angiogenesis.
4.1.2 ECM Prevascularization Comparison

The prevascularization test was conducted on hMSC/iPSC-EC with hMSC/HUVEC
serving as the experimental control. These cells were co-cultured on the decellularized ECM for
ten days and the vessels of two identical samples from each group were stained on day 3 and ay

10. The time points were chosen based on previous literature to make an analogous comparison
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between the group of interest consisting of hMSC/iPSC-EC and the hMSC/HUVEC control
group.

Overall, four proteins were stained to observe new vascular growth and get an insight
into the mechanism of its development. Prevascularization samples were stained with CD31,
CD166, F-actin, and DAPI to compare results with previous work and deem whether the
observations were consistent. CD31 tracks endothelial cells so it was chosen to record the
development of new vessels in the prevascularization samples from both the hMSC/iPSC-EC and
hMSC/HUVEC groups. Previous research has shown that in HUVEC matrix proteolytic activity
can influence EC migration and angiogenesis [49]. This has made CD 166 a protein of interest
because it is known to activate and regulate MMP-2 which becomes significantly activated in
aligned ECM samples during the initial stages of angiogenesis. It was expected that the
MSC/HUVEC samples would reveal track marks made by CD166 along the highly aligned ECM
which would then be followed by endothelial cells during vessel development [50], However, the
staining of CD166 didn’t reveal any visually distinct track marks made by CD166 along the
ECM that were also stained with CD31 showing endothelial cell migration along the tracks.
Despite that, the resulting vessels were highly aligned like the underlying ECM. On the other
hand, F-actin and cell nuclei were also stained to gain a better understanding of the ECM
structure and the overall density of cells in each sample. The staining demonstrated that the
structure of the ECM was not compromised and still had a high degree of organization and
alignment to guide vessel growth.

The endothelial cells (HUVECs and iPSC-ECs) were co-cultured with hMSCs because
previous work has shown that hMSCs co-cultured with HUVEC vyields a highly organized and

dense microvasculature with both endothelial and perivascular phenotypes being expressed [50].
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This was consistent with the findings of this study. Although the differences in length, vessel
diameter, and intercapillary distance were not found to be statistically significant, given the
broad range of values, it is important to highlight that the iPSC-EC experimental group yielded
longer, thinner, and denser vessels the HUVEC control group. In fact, the average intercapillary
distance in the MSC/iPSC-EC group, 31.40 um, resembles the intercapillary distance of the
native myocardium, typically 20 um. The statistical significance of the measured features can be
proven in a future study my optimizing protocol to ensures a denser and more homogenous patch
to make a starker comparison between the MSC/iPSC-EC group and the MSC/HUVEC control
group.

Overarchingly, this study demonstrated that the h(MSC/iSPC-EC group created a more
suitable microvasculature than the hMSC/HUVEC control group. These results are promising for
the eventual clinical application of cardiac patches because regenerative medicine requires
biomimetic scaffolds that can support the growth and integration of suitable stem cell lines with
minimal risk of immune rejection in host tissue. As discussed earlier, iPSCs are an ideal
candidate for patient-specific regenerative therapies because of their high proliferative potential
and ability to differentiate into numerous cell types. Therefore, iPSCs are the key to designing
highly individualized cardiac patch constructs with aligned microvascular features [51].
Moreover, the versatility of ECM along with other optimizations in technique can help
researchers obtain a self-sustaining patient-specific cardiac patch that can connect with the

systemic blood supply and significantly improve cardiac regenerative outcomes.
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5. CONCLUSION

Overall, the results demonstrated that a highly aligned and compositionally versatile
ECM can be naturally derived from HDFs, which can mimic tissue-specific microenvironment to
promote angiogenesis. This was tested by revascularizing decellularized ECM cell sheets and co-
culturing it with MSCs and two different types of ECs which yielded a dense microvasculature.
It is important to highlight that the experimental group containing MSCs and iPSC-ECs yielded a
longer, thinner, and denser vasculature as compared to the MSCs with HUVECs control group
on both day 3 and day 10. The vessels produced from iPSC-ECs presented an aligned and narrow
morphology demonstrating its capacity to form organized vessels and meet the daily metabolic
needs of implanted stem cells in a cardiac patch construct.
51  Short-term Focus

While the results of the ECM characterization and the prevascularization study were
promising there is a urgent need to expand the understanding of other microvasculature features,
such as degradation and cytokine expression. Although the results of this study did not confirm
that CD166 creates tracks in the ECM for endothelial cells to follow during angiogenesis, there
are serval parameters that can be optimized to reassess results more carefully. Conditions such
ECM freezing, incubator settings, staining conditions, and cell seeding density can be altered to
improve vascular development to produce a denser microvasculature. Being able to conduct
more experiments will better elucidate the mechanism underlying angiogenesis and how other
ECM components interact and influence vessel formation. Having an insight into this will help
standardize protocols to produce more angiogenesis microenvironments because a robust

vasculature is an integral part of self-sustaining regenerative construct. The mechanism of
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angiogenesis and morphology of new vessels can also be compared across multiple cell lines to
see which option or combination yields the most robust and dense microvasculature for creating
an individualized ECM-based cardiac patch to promote endogenous cardiac healing.

5.2 Long-term Possibilities

While developing a microvasculature is critical, there are more avenues of study that
need to be ins and elucidated to make regenerative cardiac patches a clinical reality. This
includes investigating the survival and interactions of iPSC-CMs on prevascularized ECM
scaffolds [52]. When designing these studies, it will be important to take factors, such as iPSC-
CM alignment, density, and maturation into close consideration to ensure low risk of mechanical
failure and arrythmias [53]. Moreover, there must remain an emphasis on optimizing
methodology to improve cell-engraftment and maturation because those are indispensable
conditions that must be demonstrated before clinical application.

Researchers also need to find way of storing ECM for long periods of time without
compromising its structural integrity while preserving its endogenous biochemical cues. Looking
further into the future, researchers must reach consensus on an optimized and standardized
approach for creating clinically relevant cardiac patches [54]. This can be made possible by
further studying ECM-based scaffolds given its highly aligned structure and ability to closely
replicate the native tissue microenvironment. Additionally, this study demonstrated that ECM-
based scaffolds are also capable of supporting a dense microvasculature which can be optimized
to resemble the native myocardium. Being able to devise a self-sustaining cardiac patch will
overcome several challenges that plague regenerative medicine right now by minimizing the
need for organ donors, making pathogen screening easier, and producing a patient-specific patch

that stimulates cardiac healing.
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