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Abstract:

Cardiac organoids are three-dimensional (3D) structures composed of tissue or niche-specific
cells, obtained from diverse sources, encapsulated in either'a naturally derived or synthetic,
extracellular matrix scaffold, and include exogenous biochemical signals such as essential
growth factors. The overarching goal of developing cardiac=6rganoid models is to establish a
functional integration of cardiomyocytes with physiologically relevant cells, tissues, and
structures like capillary-like networks composed of ‘endothelial cells. These organoids used to
model human heart anatomy, physiology, and_disease pathologies in vitro have the potential to
solve many issues related to cardiovascular .drug discovery and fundamental research. The
advent of patient-specific human-induced “pluripotent stem cell (hiPSC)-derived cardiovascular
cells provides a unique, single-source approach to study the complex process of cardiovascular
disease progression through organoid. formation and incorporation into relevant, controlled
microenvironments such as microfluidic devices. Strategies that aim to accomplish such a feat
include microfluidic technology=based approaches, microphysiological systems, microwells,
microarray-based platforms, 3D/bioprinted models, and electrospun fiber mat-based scaffolds.
This article discusses the engineering or technology-driven practices for making cardiac
organoid models in comparison with self-assembled or scaffold-free methods to generate
organoids. We further, discuss emerging strategies for characterization of the bio-assembled
cardiac organoids “including electrophysiology and machine-learning and conclude with
prospective points of interest for engineering cardiac tissues in vitro.

Abbreviations:

CVD, Cardiovascular Diseases; hiPSC, Human Induced Pluripotent Stem Cell; ECM,
Extracellular Matrix; HyA, Hyaluronic Acid; PEG, Polyethylene Glycol; NIPAAM, N-isopropyl
Acrylamide; ECs, Endothelial Cells; BECs, Blood Vascular Endothelial Cells; LECs, Lymphatic
Endothelial Cells; SLA, Stereolithography; MPSs, Microphysiological Systems; PDMS,
Polydimethylsiloxane; EMT Epithelial to Mesenchymal; hMSCs, Human Mesenchymal Stem
Cells; ALP, Alkaline Phosphatase; Cx43, Connexin-43; CMs, Cardiomyocytes; CFs, Cardiac
Fibroblasts; PGA, Polyglycolide; PLA, Poly(L-lactide); PLGA, Poly(lactide-co-glycolide); PCL,
Poly( -caprolactone); PEG, Polyethylene glycol; GelMA, Gelatin Methacryloyl; SEM, Scanning
Electron Microscopy; FTIR, Fourier Transformed Infrared; -SMA, Alpha-Smooth Muscle Actin;
HUVECs, Human Umbilical Vein Endothelial Cells; VEGF, Vascular Endothelial Growth Factor;
bFGF, Basic Fibroblast Growth Factor; TGF- ,Transforming Growth Factor; LV, Left Ventricle;
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PGS, Polyglycerol Sebacate; TEM, Transmission Electron Microscopy; EPHYS,
Electrophysiology; PPy, Polypyrrole; PEDOT, Poly(3,4- ethylenedioxythiophene); PSS,
Polystyrene Sulfonate; MEA, Microelectrode Arrays; hCS, Human Cerebral Cortex; hSpS,
Human Hindbrain/cerebral Cortex; GLMs, Generalized Linear Models; RNA, Ribonucleic Acid;
RNA-seq, RNA sequencing; GO, Gene Ontology; GSEA, Gene Set Enrichment Analysis;
scRNA-seq, Single-Cell RNA Sequencing; DE, Differential Expression.

1. Introduction
Due to the limited availability of human myocardium samples and the difficulty
associated with culturing primary cardiomyocytes, cardiovascular tissue and diseases
(CVDs) are difficult to study and model in vitro [1-3]. Currently in vivo animal studies are
used for fundamental cardiovascular research and to screen novel CVD therapeutics
but are inefficient due to the associated high cost and advanced technical skill levels
required to perform this work. Additionally, although animal models may resemble
human heart structure, previous studies have shown significant differences from human
cardiovascular physiology including beat rate, vascular flow rate, biochemical signaling,
and gene expression [4-6]. In vitro organoid and tissue-on-a-chip models provide a less
expensive, more controlled, and reproducible platform for better quantification of
isolated cellular processes in response to a biochemical or biophysical stimulus [6-12].
Cardiac organoids have the potential to solve'many issues related to cardiovascular
drug discovery and fundamental research because they can model human heart
structure, physiology, and disease patholagies in vitro. The cardiac organoids described
in this review are three-dimensional, (3D) structures composed of niche or tissue-
specific cells obtained or derived,from many sources including pluripotent stem cells,
adult stem cells, and primary or ‘immortalized cell lines. These cells are typically
encapsulated in a naturally-derived or synthetic extracellular matrix which may contain
exogenously added biochemical signals to form the complete organoid. The
Organ/Tissue-on-a-Chip_meodel“is then developed by incorporating the organoids in a
dynamic culture platformisuch as a microfluidic device [2, 13, 14]. Current in vitro
cardiovascular tissue. models incorporate cells from several sources to develop a
functional integration 'of cardiomyocytes with capillary-like networks composed of
endothelial cells. Human induced pluripotent stem cell (hiPSC) derived cardiovascular
cells (cardiomyoeytes, endothelial cells, and stromal cells) have been predominately
used in cardiac organoid and tissue-on-a-chip models because of their potential to
create patient-specific testing platforms for personalized medicine applications.
Cardiomyocyte and endothelial cell differentiation methods have evolved from
spontaneous embryoid body formation to directed differentiation of two-dimensional
(2D) pluripotent stem cell monolayers with small molecules and growth factors. The
latter methods modulate mechanistic pathways involving signaling via the Wnt, SMAD,
and the MEK/MAPK to recapitulate developmental cardiogenesis and vasculogenesis
during the differentiation and specification of cardiovascular cells in vitro [4, 6, 7, 9, 15-
37]. Biomimetic extracellular matrix scaffold material used to develop 3D in vitro
cardiovascular organoids must meet several requirements to ensure cell survival and
function in addition to being safe and effective. First, the materials should be
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biocompatible, so they support normal cellular function. The matrix should also be
biodegradable so that it decomposes through inherent biological activities like hydrolysis
or enzymatic degradation. The biomaterial should also have cell adhesion sites to
promote cell attachment, migration, and paracrine signaling since the purpose of
encapsulating cells in a scaffold is to improve their survival, retention, and function [6, 9,
10, 30-33]. Finally, the scaffold should be synthesized and cross-linked using mild and
safe reagents. Scaffolds based on extracellular matrix (ECM) proteins, referred to as
“natural” matrices, have dominated the field of cardiovascular tissue engineering due to
their inherent biocompatibility and integrin binding sites that make them easier to use in
complex in vitro or in vivo studies. The most commonly used protein biopolymers
include collagen, gelatin, Matrigel, and fibrin [30, 31, 33, 34]. Hyaluronic Acid (HyA) and
Alginate are the predominately used polysaccharide biopolymers for cardiovascular
organoid ECM because they are biocompatible, biodegradable, non-immunogenic, and
can absorb a large amount of water. HyA and Alginate_do ‘not have any cell binding
motifs for cell attachment However, the biological andmechanical properties can be
controlled through relatively easy chemical modification [30, 31, 33, 34]. Synthetic
scaffolds commonly used in 3D cardiovascular tissue..organoids include polyethylene
glycol (PEG) and N-isopropyl acrylamide (NIPAAM) which provide stiffer ECM and
temperature-dependent solidification properties [30, 31, 33, 34].

2. Outline
Below we summarize the primary approaches for building cardiac organoids as
described in later sections. Our article focuses on these methods as they involve the
adoption and use of disruptive technologies that can drive the field forward to high-
throughput manufacture, testing;, and evaluation of in vitro cardiovascular tissue models.

Table 1. Approaches for bio=fabrication of cardiac organoids

Technique Description Important
References
1. Microfluidic \Utilizes microfluidic devices such as biochips, [42-68]
technology- also referred to as organ/tissue/lab-on-a-chip, to

based platforms, mimic microenvironments and processes that
occur in human tissues. This technology provides
controlled  micro-environmental conditions
including static and dynamic culture conditions,
micro-surface  topography, and surface-cell
adhesion for studying 3D tissues and organoids.

2. Micro- Integrates a multicellular environment as well as  [58-69]
physiological mechanical factors such as stretching and
systems (MPS) perfusion, a 3D structure, and primary or stem-

cell-derived cells to mimic structural and

functional similarity to human organs or tissues
such as the myocardium.
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3. Microarrays and Implements the use of microwells in a poly [70]
Microwell-based (dimethylsiloxane) substrate to form consistent
platforms organoids with high uniformity and reproducibility.

Multicellular aggregates enclosed in microwells
are utilized as micro-scale organoids in different
fields such as regenerative medicine and cancer
biology.

4. 3D bio-printed This method follows the principle of additive [71-85]

models manufacturing, which  employs  biomaterial
scaffolds, cells, and growth factors to produce
engineered constructs by utilizing complex 3D
designs that resemble human tissues. 3D
multicellular systems mimic the in vivo
environment and are utilized to. study
developmental biology and diseases that occur in
the human body.

5. Electrospinning Implements a relatively new technique to increase [86-107]
the biocompatibility of scaffolds= utilized for
cardiac applications. Thistechnique fabricates
nanofibers with adjustable . structure, property,
and functions utilizing «various natural and
synthetic  biodegradable, polymers. This is
accomplished by .using.7a charged polymer jet,
which is deposited,.on a grounded collector.
Deposition on <fast-rotating collectors results in
aligned ,nanofibers, while stationary collectors
result in “fiber mats that have no preferred
orientation.

Other approaches that/are “not elaborated in this review include micropatterning,
hydrogels, decellularization, and scaffold-free methods.

Micropatterning is the technique that utilizes a specialized photolithography
microfabrication”on, a“substrate by manipulating the preexistent surface or by adding a
new layer of, a,previously constructed pattern, which facilitates the cells” proliferation
and differentiation [38]. In one study, the authors developed an early cardiac
organogenesis model in vitro using a protocol that combined biomaterials-based cell
micropatterning with stem cell organoid engineering. As a result, 3D cardiac
microchambers were created from hiPSC colonies, which resembled an early
developing heart with distinct spatial organization and assembly [39].

Hydrogels made of water and a porous network of natural or synthetic polymers are
widely implemented for fabricating tissue models or engineered heart tissues [40].
Hydrogels are solidified by the process of cross-linking, so that cells can be cultured on
top of the hydrogel or interwoven (encapsulated) within the gel [41]. This technique is
widely utilized due to the ease with which these materials replicate tissue characteristics
such as stiffness and porosity, as well as allowing for cells” growth and communication
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[42]. In one characteristic study, the team produced highly structured, heart-forming
organoids (HFOs) by embedding human pluripotent stem cell aggregates in Matrigel
followed by directed cardiac differentiation via biphasic WNT pathway modulation with
small molecules. HFOs were found to be composed of a myocardial layer lined by
endocardial-like cells and surrounded by a vascular network. The architecture of these
HFOs closely resembles aspects of early native heart anlagen before heart tube
formation, which is known to require an interplay with foregut endoderm development.
These HFOs were applied to study genetic defects in vitro by demonstrating that
NKX2.5-knockout HFOs show a phenotype reminiscent of cardiac malformations
previously observed in transgenic mice [43].

Moreover, decellularization involves the process of utilizing an original tissue sample
and using the native cells to produce a scaffold that resembles the extracellular matrix
from the cells [38]. Decellularized ECMs have been employed as myocardial scaffolds,
seeded with hiPSC-CMs and stromal cells to form cardiae, patches [44], which then
showed spontaneous contraction [45].

Likewise, scaffold-free methods utilize constructs sueh as cardiac spheroids. In a
recently published study, the authors reported™ ay self-assembly method to generate
human heart organoids using human pluripotent 'stem cells. These heart organoids were
produced through a three-step Wnt signaling modulation strategy using chemical
inhibitors and growth factors and they ‘matched human fetal cardiac tissues at the
transcriptomic, structural, and celldlar ‘level. When developed further, they revealed
internal chambers with well-organized multi-lineage cardiac cell types, with a complex
vasculature, and exhibited robust functional activity [46]. Other shave also reported on
self-assembling organoids from “human pluripotent stem cells that have the ability to
pattern and transform into chamber-like structures containing a cavity [47]. Cardiac cells
derived and differentiated frem™human induced pluripotent stem cells play a distinct role
in mature/adult cardiac functional recovery as adult cardiomyocytes are incapable of
regeneration [48].

Human heart organoids can also be fabricated using different cell types, which are
combined and result in heterogeneous tissue constructs that resemble different organ
functions [49]. This method is highly efficient since biocompatibility is not an issue.
Lastly, engineered heart tissue is an approach that utilizes cells found in the heart such
as cardiomyocytes and matrix proteins, in combination, the cells form a bridge-like
structure of tissue, which creates a 3D model that resembles tissue in vivo [50].

This manuscript conforms to the relevant ethical guidelines for human and animal
research.

3. Engineering or Technology driven approaches for fabrication of cardiac
organoids
3a. Microfluidic Tissue on a chip systems
Microfluidic technology has advanced different various areas of research by
manipulating small volumes of fluids, broadening material selection, and fabrication
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methods [51]. 2D studies have been used but are limited by their ability to accurately
study biological and physiological characteristics that are affected by their cellular
microenvironment. The size scale of the microchannels that can be fabricated in
microfluidic devices is close to those of the microvascular system and these
microchannel-based cell culture models can be used as perfusion cultures [52].
Microfluidics has expanded the ability to mimic microenvironments and processes that
occur in native human tissues such as cellular activity and reactions by incorporating
fluids that could be flowed, pumped, reserved, or separated within devices called tissue-
on-a-chip or lab-on-a-chip [51]. Micro-environmental conditions, such as static and
dynamic flow, microsurface topography, and surface-cell adhesion can provide a
platform for studying 3D tissues and organoids to reproduce functions in vitro to
understand driving mechanisms for downstream actions, disease, and assessing
toxicity [53]. Although cells are not cultured in a 3D matrix,. their microenvironment can
be designed to achieve this. Applying flow, cells, and a surface can show the difference
in physiology and their response compared to static culture conditions and various flow
rates [54]. Raasch et al. designed a biochip design/for,the culture of endothelial cell
layers with improved perfusion conditions [55-57]. ““Ihe biochip implemented a
perfusable membrane to aid cell culture by supplying medium, removing catabolic cell
metabolites, and applying shear stress to endothelial cells (ECs) under controllable
laminar flow conditions. Cell viability, expression of EC marker proteins and cell
adhesion molecules of ECs dynamically, cultured under low and high shear stress were
compared to EC culture in 2D statieseconditions. Quantitative assays for cell viability and
expression were simultaneously cenducted by the static culture in order to compare the
results to the dynamic platform. The, results demonstrated that the ECs cultured with
dynamic flow in the biochip were more representative of in vivo ECs than the other
culture conditions in this study.nn a study conducted by Sato et al. a microfluidic
platform was developed “to~examine blood and lymphatic vessels for vascular
permeability [52]. The imierofluidic device consisted of an upper and lower channel that
were partly aligned “and, separated by a porous membrane, where the blood vascular
endothelial cells (BECs) and lymphatic endothelial cells (LECs) were co-cultured. Three
different perfusion conditions were tested: static, pulsating flow, and continuous flow.
Cell-viability “and="immunostaining for lymph-specific markers and transmembrane
proteins were_conducted on the cell cultures for 24 hours under static conditions in the
microdevice. The live dead assay suggested the extent of cell death was below the
detection limit. The immunofluorescence staining for VE-cadherin and claudin-5, the key
components of endothelial adherens, were expressed at cell-cell junctions in both BECs
and LECs. Permeability tests were conducted on the BEC-LEC bilayer cultured in the
microdevice for 24 hours under a 1 ulL/hour pulsating-flow condition, 1 ulL/hour
continuous-flow condition, and the static condition. All three conditions showed
comparable levels of TRITC-dextran permeation, however, the LY-permeation level of
the cells cultured in continuous and pulsating flow conditions was lower than the static
culture cells. This suggests flow cultures promoted formation of endothelial cell-cell
junctions. This study presented a model of BECs and LECs co-culture capable of
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studying vascular permeability and lymphatic absorption studies. Kobuszewska et al.
investigated the influence of static and perfusion conditions on cardiac cell proliferation,
morphology, and alignment [58]. Three microdevices were designed with different
microchamber geometries, a circular shape, a longitudinal microchannel shape, and
three parallel microchannels separated by two rows of micropillars. Rat cardiomyoblasts
(H9C2) cells were added to the H9C2 cell suspension and seeded into the culture
chambers of each fabricated microdevice. The static culture consisted of placing H9C2
cells in a 96 well for 4-days in the incubator. For the microdevices subjected to static
conditions, the cells were seeded and placed into the incubator for 24 hours to allow for
cell adhesion and then placed in the incubator for 96 hours. For the perfused or
dynamic condition, the cells were seeded into the culture microchamber at a flow rate of
5 uL/min and placed into the incubator for 24 hours, and every 24 hours following, the
culture medium was replaced at a flow rate of 1 puL/min for.40 min until 96 hours were
complete. The cell population changed over time in each“of the three geometries
following the first 24 hours for cell adhesion, although 'there was no significant
difference. The cells in static cultures in the microdevices had a statistically significant
increase in the number of H9C2 cells. H9C2 cell growth had the highest statistically
significant increase in the microdevice with thé lengitudinal channel, followed by the
circular chamber (128.6%), and lastly, the three _parallel microchannels separated by
two rows of micropillars (107%) after 48 heurs. The exponential cell growth increase
was dependent on the microdevice design. The circular microchamber microdevice
experienced different flow rates within ‘the microchamber, affecting H9C2 orientation.
The microdevice with the longitudinal channel, the cells were elongated and strictly
adhered to each other, mimicking theucell orientation in native myocardium tissue. In the
microdevice with micropillars,, the cells were mostly flattened and randomly oriented.
The study concluded that®thewgeometry of microdevices and micro environmental
conditions (static and perfusion) influence H9C2 cell proliferation, morphology, and
alignment.

Using a microfluidics-based approach our aim was to develop a high-throughput
bioengineered human  cardiac organoid platform, which provides functional contractile
tissue with biolegical properties similar to native heart tissue, including mature, cell-
cycle-arrested cardiomyocytes for drug development. Our group utilized a pillar/post-
based design (~200 um) adopted by others [59, 60], to assemble 3D cardiac organoids
using a 3D Stereolithography (SLA) printed platform and cardiac cells including human
AC16 CM, a proliferating cell line. All cells were homogenously mixed in a density of 1 x

10" cells/ml within an alginate-gelatin bioink mixture using two luer lock syringes to

make the cell density homogenous throughout the mixture. The cell-gel mixture was
loaded into an SLA printed cassette with and without posts and the entire set-up was
housed within a bioreactor at 10 rpm under standard culture conditions (37°C, 5% CO2)
for 5 days. This optimized microfluidic device is expected to maintain continuous fluid
circulation and laminar flow within the channels. The posts within the central chamber of
the microfluidic device will serve as biophysical cues to help align cells in the cardiac
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tissue to form organoids like self-assembled units and assist with continuously moving
liquid through the device (unpublished observations). Furthermore, precise parameters
such as fluid inlet velocities and viscocity, channel dimensions, effective mass transfer
rates of nutrients and metabolic wastes, dynamic flow rates for matching the growth and
remodeling of the organoids in relation to optimization of cell growth conditions was
achieved by adoption of the Navier-Stokes equation.

Heart-on-a-Chip systems are developed by incorporating cardiac organoids into
microfluidic chips/devices that facilitate fluid flow, gas exchange, biochemical signaling,
and biophysical stimulus through the system. Microfluidic devices used with these
models serve to maintain a controlled, sterile environment for the 3D tissue and move
fluid through the system [2, 12, 15, 32, 35, 36, 61, 62]. Incorporating hiPSC-
cardiovascular cells into relevant microfluidic devices provides a unique, patient-specific
platform to study in vitro the complex process of CVD progression and the cellular
response to biochemical and biophysical changes in their ‘microenvironments [19, 63-
66]. Recent studies have demonstrated functional cardiae,.vascular, and multi-cellular
cardiovascular organoids in microfluidic devices or, platforms. The organoids within
these systems self-assemble into structures thatresemble human myocardium and
provide physiologically relevant phenotype and gene expression output when exposed
to external biochemical, biophysical, or environmental stressor stimuli [67-77].

Microphysiological systems (MPSs) go Jeyond the traditional 2D culture or monolayer
cell assays by integrating several ‘design characteristics such as multicellular
environment, mechanical factors 'such as stretching and perfusion, a 3D structure, and
primary or stem-cell derived ¢ells. The addition of these characteristics increases the
ability to create structural .and functional similarity to human myocardium and
vasculature composed of @ multiple cell types, incorporating cardiac  conditions,
monitoring different biomarkers for functional and morphological changes, and
engineered materials for ‘higher throughput models (Figure 1). MPSs can be designed
and fabricated to faeilitate reproducibility and support additional testing for tissue and
organ developmentiin vitro and drug discovery [78].
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Figure 1. Proposed multi-tier categorization scheme of biologicalcomplexity levels for cardiovascular
MPS models.

3b. 3D Multicellular aggregates and spheroids

Multicellular aggregation facilitated within miecrowells in a poly (dimethylsiloxane)
(PDMS) substrate offers a promising solution” for forming consistent organoids at high
uniformity and reproducibility. These multicellular aggregates have been used as micro-
scale organoids in the fields .of, “regenerative medicine, cancer biology and
developmental biology for a leng ./ time. However, smaller aggregates (<1 mm
corresponding to 500 cells per aggregate) pose a challenge for high throughput
manufacturing and implementation. Albritton et. al custom-modified a commercial laser

cutter to provide complete /control over laser ablation to generate micro-wells (1800
micro wells per cm?) over. large surface areas for multicellular aggregation (60 cm?).
This approach enabled ‘generation of micro-wells with a variety of sizes, contours, and
aspect ratios. The study also demonstrated utility of these custom design laser ablated
micro wells towards fermation of multicellular aggregates using the following cell types,
murine 344SQ metastatic adenocarcinoma cells, and human C4-2 prostate cancer cells
that demonstrated epithelial lumen formation on Matrigel, and underwent epithelial to
mesenchymal(EMT) and invasion in the presence of TGF-B. We adopted these custom
designed micro wells (diameter-400 um) for formation of multicellular aggregates or
embryoid bodies using human mesenchymal stem cells (hMSCs). The PDMS micro well

inserts were custom designed to fit 24-wells in standard well plates (ThermoFisher) and
were coated with Pluronic F-127 solution wusing published procedures [79].
Approximately 5 X 10° hMSC cells per well were seeded via pipetting using a
multichannel micro-pipette. For even distribution of the cells, the micro well plate was
gently rocked back and forth and sideways after which the plate was centrifuged in
order to help force all cells into the microwells at 50xg for 2 minutes. The well plate was
incubated at 37°C, 5% CO:2 for 48 hours to facilitate cell aggregation and growth. To
harvest the multicellular aggregates, a fresh well plate was prepared by adding 2 ml of
fresh media to the wells. The number of wells was kept constant to the number of micro
well inserts that were used for cell aggregate harvest. Next, the micro well plate
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containing cell aggregates was removed from the incubator and the spent media was
removed. Following this, the PDMS plate was dislodged and transferred to fresh unused
wells filled with media, in the multi well plate, using a pair of tweezers, it was ensured
that the insert was inverted so that the micro wells were faced downward. The plates
were centrifuged at 50xg for 2 minutes to force the formed cellular aggregates out of the
micro wells into the newer wells. The formed hMSC cellular aggregates were collected
and transferred to a conical flask using a micropipette and centrifuged to facilitate the
formation of a pellet which was collected. This pellet was broken down and analyzed.
Uniform sized clusters of human MSCs (~400 ym) formed after micro well culture for 48
hours in an incubator (Figure 2A). After retrieval from the micro wells these cell clusters
retained viability as they adhered to the bottom of the well and started proliferating
(Figure 2B). Cells cultured in non-Pluronic coated wells showed normal growth
morphology (Figure 2C). Defined clusters of hMSCs formed after micro well culture for
48 hours in an incubator showed positive staining with Alkaline Phosphatase (ALP),
indicating retention of pluripotency. Control human MSCs,_not. coaxed to form clusters
also retained pluripotency as shown by ALP staining (Figure 2D). This technique can
be extrapolated to form cardiac organoids.

Figure 2. (A) Defined clusters of hMSCs formed in PDMS microwells coated with Pluronic after 48
of culture and incubation. (B) After retrieval these cell clusters retained viability as they depicted cell
adhesion and growth. (C) HMSCs._cultured in non-Pluronic coated wells depicted normal morphology. (D)
The hMSCs clusters of formed after micro well culture for 48 hours in an incubator showed positive
staining with ALP, indicating retention-of pluripotency (unpublished data).

3D bioprinting uses a“complex architectural design found in 3D tissues and translates it
into a complex .structure using additive manufacturing techniques that employs
biomaterial scaffelds, cells, and growth factors to produce engineered constructs
serving as ‘physiolagical replicates of their in vivo counterparts. Different combinations
of 3D bioprinting techniques and biomaterial scaffolds have been used for tissue
engineering applications. 3D multicellular systems can be used to mimic the in vivo
environment and also serve as promising alternatives to animal models to study cardiac
developmental biology and recapitulate disease [80]. 3D spheroidal droplets are
considered to be the most widely accepted models for 3D in vitro culture [81-83]. A
scaffold with a spheroidal design is projected to offer an enhanced habitat for tissue
formation as it enables sufficient distribution of oxygen, media, growth factors, nutrients,
and ions into the scaffold for maintaining cell growth and proliferation. In prior published
works, our laboratory has robustly demonstrated the potential of naturally derived
hydrogels including gelatin, alginate, and collagen as naturally derived biodegradable
materials for bioprinting of multilayered systems [84-90].
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In a recently published study, we developed a cardiac organoid model using spheroidal
droplets (<2 mm diameter) for facilitating the heterocellular coupling between cardiac
myocytes (CM) and cardiac fibroblasts (CF) [91]. In the in vivo cardiac wall, CM and CF
form extensive networks, with numerous physical contacts between these two cells and
other supporting cells. The CF secrete the majority of the extracellular cardiac tissue
matrix, and their number increases with aging and disease [92]. The CM form functional
gap junctions with CF coupled by connexin-43 (Cx43) gap junctions which serves as a
basis for electrical coupling of CM [93]. In our works, we have demonstrated proof of in
vitro heterocellular coupling between CM and CF, facilitated by 3D bioprinting in vitro
[86]. In a recent publication, we established a 3D cardiac tissue model that may
facilitate the study of biomarkers for targeting therapeutic strategies to treat cardiac
disease and thereby allow for a better understanding of cardiac biology. We expected
that this 3D cardiac cell spheroidal droplet model would serve as a platform for enabling
the heterocellular coupling between cardiac myocytes and‘fibroblasts for studying drug
cytotoxicity effects in the future. After standardization of the 3D bioprinting parameters,
this study resulted in high throughput production of 3D spheroidal droplets that exhibited
interconnected porosity that promoted cell viability andfunction (Figure 3) [91].

In the setting of cardiac disease, enhanced “cardiac myocyte and fibroblast
heterocellular coupling may affect the electrical activity of the myocytes and contribute
to arrhythmias. Thus, the heterocellular coupling“phenomenon is key to understanding
the potential active contribution of non-myoeyte cells to cardiac electrophysiology and
their relevance towards cardiac structuretand function. In another recently published
study [94], we developed 3D sbioprinted scaffolds of hydrogel (gelatin—alginate)
constructs encapsulated with a mixture of human cardiac AC16 cardiomyocytes (AC16-
CMs), CFs, and microvascular ECs, as cardiac organoid models in preparation for
investigating the role of _mierogravity in cardiovascular disease initiation and
development. We confirmed sthe heterocellular coupling normally exhibited between
AC16-CM and CF by the"expression of FSP-1 by the CF and CX43 by the CM. Due to
the introduction of a third, cell type, we expected all of the cells to communicate with
each other through, direct cell-cell interactions (CM-CF) and paracrine signaling
(between EC and, other cells), as both homotypic and heterotypic cell interactions
contribute to the ‘erganized structure and proper function of the heart. We observed
direct communieation between all of the cells, CMs, CFs, and ECs, in the bioprinted
scaffold, after 10-11 days of culture. The extent of the number of cell couplings
improved with”time and was significantly greater at 10-11 days, which continued to
increase, reaching a peak at 20-21 days, compared to earlier time points.



Journal Pre-proof

U TP
u I P A (
Gelatin —H=CH=C— N~ CH~C—N—CH-C—N
g i g
T by e
weligueci-gie ] o, ey
CHy H T i:u

Cardiomyocytes (Red)
Gross Morphology (en-face image)  Cardiac Fibroblasts (Green)
3D bioprinted cardiac spheroidal droplets of a cardiac spheroidal droplet Nuclei (Blue)

SES——

Hetarocellular coupling
widiomyocytes  and
v “broblasts

Figure 3. Outline and Schematic for cardiac spheroidal droplet formation. Reproduced from [91].
Copyright © 2021 Raven ElI Khoury et al. Exclusive/Licensee Beijing Institute of Technology Press.
Distributed under a Creative Commons Attribution License (CC BY 4.0).

3c. Electrospinning

Cardiac organoid engineering is aimed at creating in-vitro equivalents that can optimally
duplicate the in-vivo functionality ofthuman cardiac tissues. These organoid platforms
are becoming valuable tools_to*model cardiac functions, for being used as preclinical
platforms for drug testing, or/ alternatively be used as approaches for cardiac repair.
Recent efforts in cardiac tisste engineering are being developed on enhancing the
tissue regenerative abilitynof in-vitro cardiac tissue by targeting an increase in scaffold
biocompatibility via the“incorporation of various cell sources and bioactive molecules.
Although primary_cardiomyocytes can be successfully implanted via embedding within
scaffolds, clinical translations of tissue engineering approaches are restricted. This is
due to the lower cardiomyocyte survival rates and poor proliferation in traditionally
designed hydrogel-based scaffolds owing to the lack of physical cues enabling cell
adhesion, migration, and growth. New technologies must be introduced to improve
myocardial regeneration to develop successful cardiac and cardiovascular tissue
regeneration systems. Electrospinning is a simple, versatile technique for fabricating
nanofibers with adjustable structure, property, and functions using various natural and
synthetic biodegradable polymers that can be used for cardiac organoid fabrication. In
this process, a charged polymer jet is deposited on a grounded collector, and a fast
rotating collector results in aligned nanofibers while stationary collectors result in
randomly oriented fiber mats [95]. Fiber dimension modification leading to changes in
the nano-architecture of the scaffolds can increase cell survival, proliferation, and
migration and provide supporting mechanical properties by mimicking micro-
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environment structures, such as the ECM. In this section, we focus on the applications
and types of electrospun nanofiber-based scaffolds for myocardial regeneration. We
also highlight recent developments on stem cells and electrospun scaffolds combined to
improve biocompatibility. We also describe the various aspects of fabrication of cardiac
organoid constructs using electrospinning, from the choice of the components to their
modeling, the final geometry of generated tissues, and the subsequent data and
applications to model and treat cardiac diseases.

Naturally derived polymers possess non-toxicity of their degradation products and elicit
an overall lower immune response making them ideal for in-vivo applications. The most
commonly used natural polymers for electrospinning are collagen, alginate, chitosan,
and gelatin. However, their application is challenged owing to their weak mechanical
properties as a supportive scaffold and their rapid in-vivo degradation [96]. To overcome
these disadvantages, naturally derived polymers have been.electrospun in conjunction
with other synthetic polymers to offer the flexibility of choice of biomaterials for tissue
regeneration. The addition of synthetic polymers in electrospinning is beneficial because
they can regulate the biodegradability of the resultant scaffolds biomaterials for longer
periods and are minimally immunogenic. Moreover, they are highly economic and
reproducible and have a simple quality control process.

Among synthetic polymers, polyglycolide (PGA), poly (L-lactide) (PLA), and poly
(lactide-co-glycolide) (PLGA) have been widely used as clinical surgical sutures and
implant materials due to their good mechanical properties and biocompatibility. PGA is
known to exhibit the fastest rate of degradation followed by PGA > PLGA >> PGA.
Furthermore, PLGA can be fabricated into nanofibers with larger diameters (760 nm)
compared to PGA and PLA (=300 nm) [97]. Poly (g-caprolactone) (PCL) is another
biodegradable synthetic pelymer that has been electrospun for a wide range of medical
devices and implants.,PCL is also known to exhibit a sustained degradation period,
providing a sustained, microstructure for prolonged therapeutic effects for tissue
engineering applications [98]. A combinatorial approach using natural and synthetic
polymer blend systems has been investigated to improve the materials and biological
efficacy of electrospun scaffolds. The common goal of such electrospun polymer blend
systems is to; support increased cell adhesion, survival, growth, migration, and
enhanced cell penetration within the core of the scaffolds [99]. In one study, electrospun
fibers were made using a blend of PCL, poly (ethylene glycol) (PEG), and gelatin
methacryloyl (GelMA). The blending of this hydrophobic-hydrophilic polymer
combination allowed for the preparation of a biomaterial that preserved the mechanical
strength of PCL, while at the same time improving the hydrophilicity of the blended
material and enhancing human osteoblast maturation [99].

Another approach to enhance biocompatibility is to modify the surface of the
electrospun nanofibers to enhance cell adhesion and their drug loading ability. For
example, PCL electrospun-fibers have been surface-grafted with gelatin to improve their
compatibility with ECs for the enhancement of cell spreading and proliferation in
vascular tissue engineering applications [100]. Other chemical modification methods
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include surface-grafted modification by radiation, plasma, and chemical treatment for
the formation of functional groups such as carboxyl, amine, hydroxyl-groups, and other
hydrophilic or hydrophobic spacers [101].

Compared with one-component single nozzle electrospinning, blending of two or more
components leads to the creation of electrospun fiber networks that may exhibit
sustained biodegradability especially if the blend comprises a mixture of hydrophilic and
hydrophobic polymers [102]. In a previously published study, Nagiah et. al made
electrospun fiber mats using furfuryl-gelatin (f-gelatin), developed from visible light
cross-linkable gelatin through the introduction of furfuryl groups [102] as summarized in
Figure 4. Although these scaffolds had enhanced biocompatibility and surface
topography as shown by scanning electron microscopy (SEM), mechanical testing
performed on the aforementioned scaffolds showed an élastic modulus of 1.7 kPa,
much lower than the expected values. So, the authors blended the hydrophilic f-gelatin
with the hydrophobic PCL (50%:50%) to enhance the mechanical fidelity of the resultant
scaffolds. We expected that combining PCL with/f-gelatin would ensure that the
hydrophobic PCL component would confer mechanicakstability to the scaffold, while the
f-gelatin would enhance biocompatibility to mimic*the,ECM properties of native cardiac
tissue matrix. Next, we used a coaxial needle to_electrospin scaffolds with PCL as the
core and f-gelatin as the sheath to further “‘enhance the structural stability of these
blended scaffolds, as well as their biocompatibility. Uniform nanofibrous mats were
produced in the scaffolds with a range of varying average fiber diameters of 760 + 80
nm (f-gelatin only), 420 + 110 nm [f-gelatin and PCL blended in 1:1], and 810 + 60 nm
(coaxial f-gelatin > PCL). Thermal“analysis and Fourier transformed infrared (FTIR)
spectroscopy revealed no interactions between the f-gelatin and PCL in the blended
electrospun scaffolds. The difference in blending (single nozzle versus coaxial) methods
led to significant differences, in“the elastic moduli of the electrospun scaffolds with the
coaxial scaffolds demonstrating the highest elastic modulus of all scaffolds with an
average elastic modulus of 164 + 3.85 kPa. However, the biocompatibility of all
scaffolds remainedyunaltered when evaluated with human AC16-CM cells and hiPSC-
derived CM, thereby demonstrating the potential of electrospun scaffolds for being
adopted as platforms for cardiac organoid models.
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Figure 4. Outline and Schematic for single- and coaxial-electrospinning of f-gelatin blended with PCL to
yield nano-fibrous scaffolds for cardiac tissue engineering applications. Reproduced with permission from
[102].

Since the discovery of Vinyon N*(nylon) by Voorhees and Dacron by DeBakey, the
development of artificial vascular grafts was significantly advanced [103]. Although the
transplantation of larger vascular grafts (with a diameter of >6 mm) faced no challenges
due to their prominent highsflow rate, the development of thrombi and increase of
compliance mismatch have“been shown in a small diameter vessel grafts [104]. To
overcome these limitations, advanced techniques including electrospinning of tubular
vessel grafts have been developed to increase construct potency, via chemical
modifications on=surfaces with different coating methods. Among these strategies, the
delivery of ‘growth ‘factors from these scaffolds is of paramount importance for vessel
regrowth and regeneration. The culture of ECs on different electrospun nanofibers has
been previously studied by many groups. The materials that have been electrospun
include Collagen Type |, PCL-Collagen blend, PGA and Chitosan-PCL using the
following cell types including endothelial a-SMA positive cells [105], ECs [106] and
human umbilical vein endothelial cell (HUVECs) [107]. All of these reports collectively
emphasized the capability of the electrospinning method to fabricate natural and
synthetic polymers fibers supplemented with various growth factors for cardiovascular
tissue engineering.

A similar approach can be built via the incorporation of growth factors and other
biomolecules to enhance stem cell adhesion onto electrospun scaffolds to improve their
retention and survival leading to in vivo transplantation that is critical for regenerative
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medicine. One study reported the cardiomyogenic differentiation of hMSC cells seeded
on electrospun scaffolds made from a blend of PLA-PCL, gelatin and VEGF [108]. In
another study, a cylodextrin/PEG-b-PCL-(dodecanedioic acid)-polycaprolactone—
poly(ethylene glycol) (MPEG-PCL-MPEG) mixture was developed to reduce
myocardial infarct expansion and to inhibit left ventricle (LV) re-modeling [109]. All of
these studies confirmed improved cardiac function with no cell death.

Electrospinning with the encapsulation of biomolecules or drug-moieties results in fibers
that may exhibit a more sustained release profile of these target molecules without an
early burst release resulting from the physical adsorption technique [101]. These
encapsulated bio- or drug-molecules can sustain their activity for a long-term release
when released steadily from an electrospun scaffold. However, the electrospinning
technique is often criticized due to the denaturation of the biomolecules resulting from
conformational changes in the organic solvent environment, This drawback can be
overcome by choosing the chemistry of the polymer backbone to effectively enable and
regulate the degradation profile [110]. Toh et. al produced PLGA electrospun nanofibers
combined with bFGF for tissue engineering applications [111]. The PLGA nanofibers
containing bFGF efficiently discharged the proteinwfor upto two weeks resulting in
increased collagen production and an upregulation’ of gene expression of ECM-related
proteins.

Electrospun scaffolds are valuabley, for cardiac regeneration as they provide an
environment capable of providing the synchronized beating of cardiomyocytes and
promote overall contractile functionwof the cardiac tissue as well as the anisotropic
structure of the native myocardium in vivo. Based on such premise, one study reported
an electrospun scaffold with elastomeric and biodegradable properties, and fabricated
from poly(glycerol sebacate) (PGS): gelatin which facilitated neonatal rat cardiac cell
attachment, proliferation, “differentiation, and contractile function of the cardiomyocytes
[112].

Recently our group ‘developed three types of electrospun scaffolds, including furfuryl-
gelatin (f-gelatin) alone, f-gelatin with polycaprolactone (PCL) in a 1:1 ratio, and coaxial
f-gelatin (sheath) scaffolds with PCL (core) to serve as in-vitro platforms or engineered
cardiac tissue models [102]. Our results demonstrate a simplistic approach to produce
visible light cross-linkable, blended, biodegradable nanofibrous scaffolds for cardiac
organoid applications [102].

Nanofibrous hydrogels that combine electrospun fibers with hydrogels can provide a
porous and aqueous environment helping the cells to migrate and proliferate atop such
hybrid scaffolds. One study reported the use of collagen-like synthetic self-assembling
nanofiber hydrogels that supported the attachment, growth, and function of both
neonatal rat CM and human embryonic stem-cell-derived CM for cardiac tissue
engineering [112]. Thus, adoption of such hybrid 3D functional scaffold systems can be
used to generate 3D heart tissue.
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Electrospun scaffolds have been also adopted to serve as a biodegradable in-vivo
patches placed to repair the infarcted heart with delivery of cardiomyocytes [113, 114].
Recently such bioengineered cardiac patches have been constructed with thermoplastic
polymers, such as PGA, PLA, and PCL, with the goal of increasing their long-term
elasticity and mechanical characteristics [115]. Boccaccini et. al developed
biocompatible, biodegradable and elastic heart patches from PGS that lead to an overall
reduction in the cardiac wall stress [116].

4. Characterization of organoid models
4a. Electrophysiology (EPHYS)

Cerebral/Brain Organoids and EPHYS: Lessons Learned

Advancements in organoid models for neural and cardiac tissue have established the
feasibility for the use of such a model for improved drug.toxicity screening, disease
pathogenesis, and other environmental simulations. Their, use, combined  with
microfluidic devices and three-dimensional cell culture, has only furthered the
capabilities of these constructs in various applications by ‘coming closer to mimicking
the physiological responses of native tissues. Of these, cerebral organoid models have
become the most widely studied due to easily=identifiable electrical occurrences by
which intercellular communication is carried®out’ in neurons. Thus, giving rise to
characterization via electrophysiological (EPHYS) techniques as a critical validation tool
for use in any application.

Neuronal lipid membranes are composed of mechanosensitive protein-gated channels
that allow for the inward and outward flow of Na+, Ca+, K+, and CI- ions. The flux of
which is mitigated by the presencevof electrical potential in the cell membrane. In
response to stimulation, neurensttransmit electrical signals, known as action potentials,
along the axon to allow for thevinflux or release of ions. Action potentials caused by
neuronal firing can theny be observed via EPHYS techniques. Monitoring the
electrophysiological responses produced by organoids has proven to be a useful
indicator of the presence of a healthy, functioning cellular network. Perhaps the most
distinguishing feature jof tissue-on-a-chip models is the culture of cells in a 3-D
environment rather, than 2-D. This array allows for enhanced cell-cell communications,
thus improving eellular activity as model conditions approach those observed in vivo. By
this method, it is possible to achieve an arrangement in which there exist neighboring
cells in x, y, and z directions for any given cell. This multi-directional cellular
communication is imperative to developing ,normal functioning” networks [117]. In case
of cerebral organoids, the gel must be conductive to achieve an acceptable formation of
pathways in culture while also allowing promoting cellular adhesion [118]. To
accomplish this, studies have developed gel formulas using a variety of conductive
polymers and nanoparticles including gelatin and alginate with polypyrrole (PPy) [119],
poly(3,4- ethylenedioxythiophene) (PEDOT) cultured with polystyrene sulfonate (PSS)
[120], and collagen hydrogel microfibers infused with PPy nanoparticles [118]. The latter
two of which both showed promising results in effectively transmitting electrical signals
throughout the gel as well as promoting the differentiation of neurons. In completing this
optimization step, an environment conducive to cellular growth and activity is created
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while also supporting the transmission of electrophysiological signals through the gels.
Successes and continual optimization of EPHYS characterization for neuronal models
has incited a shift towards the use of such techniques in cardiac models. Like neurons,
cardiac cells possess a negative resting membrane potential that changes due to the
outward flow of K+ ions, which can be measured as electrical current [121]. Though
resting and stimulated potentials vary slightly from neuronal cells, it is understood that
the same EPHYS techniques and organoid optimization concepts can easily be
translated to cardiac organoids.

Systems: Patch-Clamp, Microelectrode Arrays (MEA)

Previous electrophysiology work relies on a traditional whole-cell recording technique
known as patch-clamp. In this process, a micropipette tip connected to a recording
electrode is placed in contact with a targeted cell. Suction.is applied to create a seal
between the cell membrane and pipette tip, thus isolating“the ion channels in that
region. The cell is stimulated via induced current or pharmaceutical delivery and the ion
response is recorded in terms of measured voltagesacross the cell membrane [122].
This provides valuable insight into the electrophysiological properties of cells in
response to intentional manipulation. However,, this technique allows only for the
observation of an individual cells response while also imposing damage to the cell
membrane. Consequently, this method is supplemented with calcium imaging to
corroborate cell-cell communication within the network. In one study, which utilized
human iPSC-CMs derived from patients ‘with autosomal polycystic kidney disease to
study the development of cardiovascular. disease which is often associated with the
disorder. Calcium imaging revealed’ decreased sarcoplasmic reticulum content in the
diseased cell types along with decreased PKD1 gene types. Whole-cell patch clamp
recording was then utilized, to. assess L-type calcium currents, baseline action
potentials, and drug responsiveness of diseased cells in comparison to control cells,
enabling researchers to/demonstrate proof of concept for the utilization of patient-
specific iPSC models_forshuman diseases [123]. As can be seen, the use of calcium
imaging and patch-clamp electrophysiology in parallel has proven to be an effective tool
for identifying formations and relative function of cellular networks in organoid models.
Still, the limitations,imposed by this technique offer no insight into network function as a
whole, which, has_led recent studies to shift toward the use of microelectrode arrays
(MEA) for the characterization of organoid function.

MEAs are chips consisting of multiple microscopic electrodes which are used to collect
extracellular EPHYS data from a wide number of cells in a population. This provides
significantly more data compared to patch-clamp technique, which utilizes only a single
electrode and measures activity from a single cell, thus creating a higher-throughput
model for organoid network characterization. One study successfully recorded both the
spontaneous and evoked response electrical activity of hiPSC-derived neurons plated
on a biochip coated with PDLO for up to 3 months [124]. This approach demonstrates
the use of such devices for long-term observation of networks of cell cultures by multi-
site data acquisition which could not have been obtained with traditional methods.
Though early works focused on recording data from a 2D culture grown over the top of
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multi electrode arrays, increasing potential in applications for organoid models has led
to the combination of this technology with 3D cultures maintained in microfluidic
devices. Advancements in technology have also made possible the fabrication of MEAs
in various arrays designed for specific applications such as those embedded in well
plates, probe, and mesh-types to be embedded throughout the organoid [124, 125].
One example is 3D human spinal cord organoids placed on MEA plates to monitor
cellular response to chronic pain treatment, the results of which proved to be successful
in validating the use of this model for similar applications [126]. The placement of the
scaffold on the array, however, may result in observing on the cells in contact with
electrodes resulting in limited data acquisition and understanding of the organoid
function as a whole. Multi-planar EPHYS recording via probe or mesh-type MEAs
provide an enhanced opportunity for monitoring cellular response throughout the
organoid. An ongoing study aims to accomplish this by integrating a Neuropixel probe
into a microfluidic device fabricated from UV-curing resin. iCell (GABA) neurons in a 9:1
alginate-matrigel hydrogel are then injected into the device along the probe shank
where they are maintained for further experimentation. They are supplemented with
complete maintenance medium (iCell Neural Base Medium=1, iCell Neural Supplement

A) which flows through inlets on either side of the organoid chamber. In shifting towards
cardiac models, one approach has developed “a ,cyborg organoid® in which a
nanoelectronic mesh is cultured onto a 2D sheet of hiPSC-derived cardiac progenitor
cells and human mesenchymal stem cells. /-The nanoelectronics naturally become
woven throughout the culture and reconfigure into a 3D spherical morphology. This
allows for the observation of EPHYS patterns throughout cell maturation with minimal
perturbations to the culture [125]+ Evolutions in MEA technology, including the probe
and mesh-type systems, allow for'the integration of the MEA into the tissue rather than
at the surface for more abundant data acquisition relevant to the scaffold as a whole
and vastly expand the scope for the validation of organoid models via electrophysiology.

4b. RNA-Sequencing

Changes in global gene expression profiles due to processing via various methods for
organoid formations can be accessed via RNA-sequencing (RNA-seq), a high
throughput-sequencing» assay that can provide an unbiased quantification of all
expressed genes in the engineered cardiac tissue-on-a-chip platform and will also allow
identificationwofithe key cellular signaling pathways that are perturbed, in response to
environmental stressors. Generalized linear models (GLMs) can be adopted to identify
differentially expressed genes before and after exposure as shown by prior published
works [127, 128]. This can be a useful tool to reveal cell damage pre- and post-
exposure to environmental stressors.

Analysis of transcriptome dynamics will also allow identification of the key cellular
signaling pathways that may be perturbed by long term culture of the cardiac organoids.
We can also leverage this data to assess the impact of heterocellular culture on
aging/senescence or trans-differentiation. For downstream functional analysis, Gene
Ontology (GO) enrichment and Gene Set Enrichment Analysis (GSEA) analysis can
be performed on the differentially expressed genes. One such differentially expressed
gene is the YAP/TAZ1 component that plays an instructive, role in the regulation of
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myocardial growth [129]. In our preliminary studies, we compared the gene
expression profiles of CM-CF cultures exposed to acute hyperglycemic stress
condition to CM-CF cultures from control condition (Figure 5). This comparison
revealed widespread, transcriptome-wide changes in gene-expression programs of CM-
CF cultures. Specifically in this case, culture conditions lead to significant
perturbation of the genes involved in cardiovascular development pathway (Figure
5A). We uncovered differential expression of YAP1, a key component of YAP1/TAZ
pathway and we detected the differential regulation in the gene expression of the
YAP/TAZ1a well-established regulator of myocardial growth (Figure 5B).
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Figure 5. A) Cardiovascular system development pathway (GO ID: 0072358) was significantly
perturbed in CM: CF cultures that were exposed to acute hyperglycemic stress conditions (5Days) in
comparison to control (1Day). The red dots highlight the genes that are differentially expressed
(Padjust<0.01) between, the conditions. B) The change in gene expression profile of YAP1 (aligned
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Furthermore, advancements in next-generation sequencing (NGS) technologies have
allowed for the, study and characterization of individual cells. According to Hwang et al,
single-cell RNA sequencing (scRNA-seq) provides an in-depth analysis of complex cell
populations, cell lineages, as well as the relation between different genes [130]. This
technique solves the limitations of bulk RNA-sequencing since scRNA-seq does not
provide the average gene expression among multiple cells. ScRNA-seq allows
scientists to obtain an unbiased analysis of cellular heterogeneity [131]. The
implementation of these technologies has been critical in the development and
implementation of 3D cardiac organoids. Additionally, scientists have developed a
different range of single-cell methods to provide useful data. The workflow to perform
scRNA-seq consists of sample preparation, single-cell capture, reverse transcription,
amplification, library preparation, sequencing, and analysis [128].
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For this technique, Differential Expression (DE) analysis and Gene Set Enrichment
(GSE) analysis are most commonly used. DE identifies the different genes expressed in
cell subpopulations as well as comparing gene expression between experimental
conditions and case control samples, this analysis uses methods such as MAST,
SCDE, and zingeR, which are used to analyze one gene at a time. Likewise, GSE
provides the significant difference between two distinct biological states, this analysis
utilizes multiple gene set analysis methods such as Significance Analysis of Function
and Expression (SAFE) and Correlation Adjusted Mean RAnk (CAMERA) [132].

A single-cell approach is especially useful for cardiac applications due to the different
cell types found in the heart. In previously published work scientists have implemented
the use of RNA-sequencing to validate the mimicking characteristics of 3D cardiac
organoids in relation to the human body [133-135]. Rossi et. al developed a multicellular
cardiac organoid in which they implemented a scRNA-seq analysis, which resulted in
gene expression sequences containing MESP1, RYR2; and “alpha-actinin, which are
markers of cardiac progenitor cells and mature cardiemyocytes. In addition, multiple
studies have implemented 3D cardiac organoids for disease modeling. These studies
implement scRNA-seq for testing the disturbance of genes involved in different
cardiovascular diseases. Richards et. al utilized a cardiac organoid to model myocardial
infarction and drug cardiotoxicity. The study compared the gene expression in control
and infarct organoids by utilizing RNA-seq analysis. The resulting gene expressions
were indicative of oxidative stress _and “heart contraction [136]. In summary, RNA-
sequencing provides meaningful” data ‘that demonstrates whether an  organoid
resembles the biological characteristics of human tissue.

4c. Imaging and Algorithm based,analysis

The development of 3D™cardiac organoids and advanced imaging techniques to
characterize these models necessitates a high-throughput, automated image analysis
and quantification process [137]. Current image analysis algorithms are primarily written
in Python or Matlaby.code and incorporate established computer vision libraries,
packages, andsmaodules (collectively called tools or algorithms) [138-142]. These tools
like skimage=watershed and scipy-ndimage implement image analysis functions such as
segmentation, ‘sharpening, de-speckle, rotation/translation, and pixel intensity detection
to identify and”characterize objects of interest. The quantitative output of this analysis
includes for these objects includes pixel intensity values (correlated to fluorescence
intensity), automated counts per image, mean distance to nearest neighbor, and
size/shape measurements. The basic workflow to incorporate ML image analysis in
organoid characterization is:1) immunofluorescence staining 2) 3D
fluorescence/confocal microscopy to acquire z-stack images 3) organize/process z-
stack images to desired quality with ImagedJ or similar software, and 4) apply ML
algorithm for automated image analysis [138-140].

Recent studies implementing machine learning (ML) image analysis of
immunofluorescently stained organoids have demonstrated these algorithm-based
approaches are reproducible, objective, and simple to use by inexperienced operators.
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Gritti et. al [138] presented a Machine-learning-based Organoid Analysis software
(MOrgAna), a Python program used to characterize morphological and fluorescence
parameters for various samples. The sample types included human brain organoids,
zebrafish explants (pescoids), mouse embryonic organoids (gastruloids), and intestinal
organoids. Each sample type was maintained according to their respective culture
procedures. All images were acquired in different conditions, such as microscopic
devices, magnifications, and fields of view. Gastruloids were imaged every 24 h with the
Opera Phenix High Content Screening System in wide-field mode with  10x
magnification and every 20 min for time-lapse. Pescoids were imaged on a benchtop
Leica stereomicroscope S9i 11 h after pescoid generation. Brain organoids were
imaged between 7 and 8 days on an Olympus FV3000 confocal microscope using a 10x
objective with brightfield. To evaluate the segmentation of MOrgAna, a dataset of 91
organoid images were applied into CellProlifer and OrganoSeg. CellProlifer and
OrganoSeg required processing, including smoothing, inverting image intensities, and
removing debris by filtering objects. Three images were used to train the machine
learning (ML) network for MOrgAna and directly applied to the remaining images in the
dataset. The trained model was then used to predict inseen images. A custom Python
script was used to perform a quantitative analysis to linearize the mask into a 1D array,
compute the Jaccard distance, and output true.positive (tp), true negative (tn), false
positive (fp), and false negative (fn) pixel classification. The runtime was computed by
manually monitoring the start and finish time for CellProfiler, OrganoSeg, and MOrgAna.
When comparing runtime, CellProfiler processing time was more than twice as long
compared to OrganoSeg and MOrgAna. When detecting global morphological changes
in time lapse images, MOrgAnaswas capable of segmenting and quantifying small
changes in brain organoids overstime, including morphological shape, area, and
perimeter. Fluorescent organoids were used to test the ability of MOrgAna to quantify
and visualize elements, such as those in Gastruloids. Over the course of 5 days,
MOrgAna presented an increase: in brachyury expression over the course of 96 h of
imaging. Time lapse images with 90 gastruloids and 144 time points were used to test
the applicability of large ‘datasets. Only ~1% of the total images were used to train the
ML network and within a few hours, the entire dataset was analyzed resulting in ~0.5 TB
of data and output graphs. MOrgAna displayed its ability to process hundreds of
images, extracting, morphological and fluorescence information, as well as, providing
output graphs for the user. Additionally, MOrgAna can be used by new users with little
to no image analysis or coding experience and experienced users, with the ability to
customize code in the form of Jupyter notebooks and merged with the image analysis.

Toepfer et. al [139] developed a MATLAB software for large-scale analysis of
sarcomere function in human induced pluripotent stem cell derived cardiomyocytes
(hiPSC-CMs). This program, SarcTrack, was developed to monitor sarcomere count
and dynamic changes in sarcomere length (SL), parameters for sarcomeres, percent
and sarcomere contraction, relaxation durations, and cellular beat rate. These
measures were obtained using fluorescent videos of labeled Z-disc or M-line pairs
within each sarcomere. hiPSC-CM sarcomere proteins were fluorescently tagged using
CRISPR/Cas9-mediated homology-directed repair of hiPSCs to introduce red



Journal Pre-proof

fluorescent protein (RFP) onto the carboxyl terminus of myomesin-1 (MYOM1-RFP),
which is an M-band protein. For imaging, hiPSC-CMs were replated and imaged at day
30 after post-differentiation. Fluorescent tags were delivered by mApple-ACTN-2
lentivirus. Contractile forces were exerted by hiPSC-CMs on micropatterned fibronectin
polyacrylamide hydrogel substrates at 1 Hz and videos of bead motion near the
substrate surface were acquired at 30 frames per second. Five second video imaging
on small hiPSC-CM clusters of 2 to 4 cells using a 100X objective of a fluorescent
microscope at 30 frames per second. After removing sarcomeres of low fluorescence
intensity, SarcTrack was able to detect real-time distances between sarcomere
domains. To detect the duration of contraction and relaxation, individual sarcomeres
were fitted to a period curve that could be custom designed. SarcTrack was compared
to synthetic computer-generated sarcomeres. Here, Z-discs were generated with known
parameters. Using two simulation contractions, SarcTrack was used to measure the
synthetic sarcomeres and measured the prescribed valueswas identified. To assess
contractility affected by fluorescent tags, SarcTrack analyzed GFP< RFP< and ACTN-2-
mApple, showing comparable contractility and relaxation™durations. There was little
variance across replicates for sarcomere shortening, resting SLs, contraction durations,
and relaxation durations. Contractile parameters®were quantified over differentiation
days, showing trends such as sarcomere shortening increased at day 12 and reached a
plateau by day 20. Contractile cycle parameters where quantified, revealing beat rate
had a substantial impact on contractility parameters. In addition, parallel analyses with
common cardiac drugs, such .as Propranolol, showed effects on sarcomere
performance while Verapamil, hadsminimal effects on duration of contraction and
relaxation. SarcTrack demonstrated ‘accuracy and functional assessment of sarcomeres
in hiPSC-CMs. However, SarcTrack needed to account for fluorescent labeled, paired
domains of sarcomeres in{ cells without high background signal. Input videos into
SarcTrack must be 30 frames per second or more with good signal-to-noise ratio, which
may limit the types of fluerescence confocal microscopes that cannot obtain high frame
rate videos. SarcTrack, demonstrated the ability to evaluate sarcomere contractile
function with a set,of 6 parameters and in turn fitted to an individual sarcomere in a
frame, an application that can be used to address sarcomere analysis platforms.

Recently our groups conducted a cursory ML analysis on a small set of images
collected during the course of our ongoing work developing cardiac organoids in
dynamic microfluidic culture systems, presented in section 3a. This section describes a
straightforward prototype image processing pipeline that is widely applicable to
fluorescence-stained biomarker based images. We implemented customized image
processing pipelines using computer vision techniques for approximating cell count,
distribution, and stain absorption to quantify the extent of cardiac organoid formation in
our studies. Figure 6 shows representative images of our stained samples and
automated image analysis written in Python code. Automated image analysis has been
used to address most of these quantitative measurements [140]. The quantification
process begins with preprocessing, where all z-stacked fluorescent images are scaled
to the same magnification level, standardizing pixels per micron. Next, we converted
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each image to grayscale and threshold using Otsu“s method [141], for computing the
Otsu threshold for each image and using the lowest observed threshold across the set
as the standard. We eliminated noise from the thresholded images with an erosion
operation, and then computed a distance transform map, which calculates the distance
of each pixel to the nearest zero-valued pixel. The local peaks of the distance
transformed images indicated the nominal centers of convex objects, and were used as
seed points in a watershed segmentation [142]. The resulting segmentation yields
instances of round image objects, corresponding to detected cells (Figure (6(a-b)) or
clusters (Figure 6(c-d)) of cells. With cell clusters identified in comparison with no
clusters, several quantitative metrics can be computed, including counts, densities, pixel
brightness/intensity distributions, and cluster sizes. Shown in Figure 6(e) shows the
main components of the Python code used in this automated image processing and
Figure 6(f) is the resulting histogram with intensity profile for cell clusters observed
under dynamic conditions with and without posts. Without.the presence of posts, the
cluster intensities are greater due to the homogenous spreading of cells throughout the
culture platform.

In summary, a very simple processing pipeline can, extract meaningful analytics for
images of this type, enabling output of quantitative data. Notably, this processing
pipeline requires no upfront manual annotation of images. While computer vision is
more broadly approachable using deep learning techniques, this particular problem is
better approached with conventional processing as there is no need for the large
receptive field of a neural network, and‘the quantity of interest (intensity) is being
measured directly. Future work will\seek to standardize image capture and adapt
algorithms appropriately to compare experimental variations.

(&) Example Python Script to run Image Analysis

Quantitative Data Output
(e.g.Mean Cluster Intensity)

__

Microfluidic Device without Posts

(f) Histogram of Mean Cluster Intensity

= Dynamic with Posts
W Dynamic without Posts

3D Cardiac Tissue-on-a-Chip in Dynamic Culture Conditions

AC16 Human Cardiomyocytes + Gelatin/Alginate hydrogel + Microfluidic Device + Bioreactor

Microfluidic Device with Posts
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Figure 6. Representative images of our stained cardiac organoid samples and automated image analysis
written in Python code. (a) Z-stacked image of f-actin (red) and dapi (blue) after 5-days of culture under
dynamic conditions with no post. (Original image), (b) Processed image, showing minimum
encompassing circles around detected clusters (c) Z-stacked image of f-actin (red) and dapi (blue) after
5-days of culture under dynamic conditions with posts. (Original image), (d) Processed image, showing
minimum encompassing circles around detected clusters (e) main components of the Python code used
in this automated image processing. (f) Histogram of cluster mean intensities for Dynamic with Posts vs.
Dynamic without Posts images (unpublished data).

5. Discussion

Cell-cell and celllFECM cues presented within 3D cardiac organoids allow the
encapsulated cells to differentiate, migrate and self-organize thereby overcoming the
limitations of 2D monolayer cultures [143]. Thus, the 3D organoid models bear the
promise to transform and accelerate research on embryonic development, onset of
diseases and drug development, thereby reducing the requirement for animal and in
vivo models. Furthermore, using human iPSC derived cardiomyocytes key aspects of
embryonic development of the heart can be studied, as wellasour understanding of the
genetic basis of development and pathophysiology of heart,diseases can be probed.

However, there are several limitations to 3D engineered cardiac organoid models as

they require a high initial cell count for aggregation(3-6"X 10° cells/ml), within a complex
equipment setup that may prevent high throughput screens [144]. In addition, drug
cytotoxicity testing and disease modelling studies require the models to achieve
maturation [145]. In order to facilitate long-term studies and to overcome maturation
limitation of these 3D organoid models, .development of these organoids via bioreactors
is critical. Bioreactors facilitate biechemical signals by improving media circulation
around the organoids to ensure higher uptake of physiological nutrients and removal of
waste products [146]. In addition, the dynamic culture conditions induce shearing forces
in bioreactor environment which has been shown to act as a mechanical stretching
stimuli, promoting CM maturation [147]. Therefore, long-term bioreactor culture can lead
to maturation of the organeids to match that of adult heart tissues.

The utilization of scaffeldsvand technology for scaling up the process of manufacturing
3D cardiac organoids, is also vital in this regard. However, the success of these
technologies e.g«, 3D/ bioprinting, is largely dependent on the material properties,
chemistry and 'crosslinking as well as shear thinning and viscosity of the ECM based
bioink which remains variable across studies conducted by different groups in the field.
However, precise control of cellular arrangement and spatial distribution of single cells
can be accomplished via 3D bioprinting. Naturally derived or synthetically derived
hydrogels and decellularized ECM have been developed into bioinks that serve as a
scaffold for individual cell types for 3D bioprinting [87, 88, 91, 94]. Recently 3D
bioprinting has been utilized to construct personalized cardiac patches matching the
patient’s myocardium [148]. While these engineering approaches allow for highly
controlled generation of cardiac constructs, they do not accurately capture
developmental cues present for embryonic heart development and cannot recapitulate
human cardiogenesis [149]. Biologically derived organoids driven by self-assembly on
the other hand, exhibit self-organization and patterning properties and are thus of
interest for studying these earlier developmental processes [150].
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Owing to the rapid pace of advances in the technologies used for cardiac organoid
development in recent years [16, 44-89, 94] , a composite and scalable organoid model
inspired by biology and driven by engineering and technology may soon be developed
for studying of cardiac development and high-throughput disease modelling. Figure 7
illustrates the steps that should be adopted to generate such a robust and
physiologically relevant cardiac organoid model with multiple cardiovascular cell types
followed by long-term maturation in a bioreactor system. Adapting these cardiac
organoids for high throughput disease modelling will require assessment of cardiac
function in real time, including electrophysiological measurements, contractile
mechanical forces, and other physiological functions.
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Figure 7. Schematic of the steps that can be adopted to generate robust and physiologically relevant
cardiac organoid /models“with multiple cardiovascular cell types followed by long-term maturation in a
bioreactor system

6. Conclusion

Future work for the cardiovascular organoid and heart-on-a-chip platform will target the
development of more complex multicellular and multi-organ systems derived from a
single-source such as human pluripotent stem cells to study specific biological reactions
and diseases like cardiomyopathy, atrial fibrillation, myocardial infarction, and
atherosclerosis. Additionally, more physiologically relevant cardiovascular tissue models
will facilitate improved and accurate preclinical drug screening studies [2, 151-153]. The
use of human induced pluripotent stem cells and incorporation of artificial
intelligence/machine learning algorithms will allow patient-specific predictions of drug-
induced changes in human cardiac tissue and facilitate personalized medicine
approaches [151, 154, 155].
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