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Cardiovascular Regenerative Medicine:
An Introduction

In the past decades, the progress made in cardiovascular regenerative medicine has
been nothing but spectacular. From an improved understanding of how the heart
develops in the earliest stages of fetal development to barriers that prevents an adult
cardiomyocytes to undergo cell division, we have come a long way to identify
potential therapeutic strategies that can mediate the repair and regeneration of the
mammalian heart. While much scientific progress has been celebrated and show-
cased at research conferences and in published studies, the stark reality remains that
cardiovascular disease is the number one cause of death in the Western world with
rapidly rising incidence in developing countries such as China and India. Given this,
the interest in developing new therapies for treating, if not curing, damaged hearts
remains strong.

Therapeutic approaches to treat cardiovascular diseases span a broad spectrum
from small molecules/drugs (least invasive) to heart transplant (most invasive).
Unfortunately, while drugs have helped improve the quality-of-life of patients with
heart failure, they have not significantly alter the overall course of disease. On the
other hand, heart transplant is life saving and provides a durable solution to heart
failure, the number of hearts available for transplant is limited to roughly 2200 per
year in the U.S. and this number has not changed significantly in the past three—four
decades. Given that there are in excess of 100,000 patients waiting and dying while
on the heart transplant waitlist, there is a great need to find innovative solutions to
stem the rising tide of mortality due to heart failure. Hence, cardiovascular investi-
gators have actively sought new therapeutic strategies that fills this large void
between these two therapeutic extremes.

With the discovery of stem cells from tissue/resident sources, early human
embryos, and more recently induced from somatic cells by the over-expression of
key pluripotent transcription factors, many investigators have turned to using stem
cell-derived cardiac cells as the therapeutic agent to help repair and regenerate lost
heart tissue. The remarkable potential for stem cells to differentiate into cardiac
cells has naturally led to the interest in applying these different types of stem cells
in clinical studies. The transplantation of autologous adult derived stem cells to treat
heart disease has received significant attention in the past 15 years and is a topic that
will be addressed in Chap. 9. In parallel, the rapidly expanding field of bioengineer-
ing has taken notice of the possibility of creating new cardiac tissues or even
replacement organs using stem cell-derived cardiac cells. The convergence of stem
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cell biology and bioengineering may represent one of the greatest synergy for gen-
erating new therapy for cardiovascular diseases and improving the care of heart
disease patients. Given the numerous advances that have been made in this area, we
have chosen to devote a number of Chaps. 3, 4, 5, and 6 to this topic.

Among the different stem cells types that are being explored, induced pluripotent
stem cells (iPSCs) has received significant attention due to the lesser concerns ethi-
cally compare with human embryonic stem cells (ESCs) and greater differentiation
potential into various cardiac cell types compare with autologous stem cells from
the blood, bone marrow, or adipose tissues. Indeed, these iPSC cells derived from
human carrying specific genetic mutation has been actively explored by cardiovas-
cular investigators in a strategy akin to “disease-in-a-dish”. In Chaps. 1 and 2, the
use of iPSC to model arrhythmia, sarcomeric gene mutation with contractile defect,
and metabolic syndrome will be discussed. The use of patient/disease-specific iPSC
has raised the exciting prospect for being able to deliver personalized treatment in a
way that meets the intent of precision medicine. Indeed, numerous studies have now
shown the faithful recapitulation of cardiac disease phenotype in the in vitro dif-
ferentiated iPSC-derived cardiomyocytes and endothelial cells. Furthermore, the
use of these disease models for high throughput drug discovery will be highlighted
in Chap. 2, since there is no longer a limitation on the number of cardiac cells avail-
able for screening hundreds of thousands of compounds at a time.

While iPSC-derived cardiac cells show significant promise as a drug discovery
and disease modeling platform, they represent another source of stem cells that may
be used for autologous cell-based therapy. Thus far, very few clinical studies have
utilized human iPSC as the cell source due to concerns for teratoma formation, low
rate of cell engraftment, and toxicity from potentially lethal arrhythmia. Fortunately,
there has been no reported incidence of teratoma formation when human ESC/
iPSC-derived cardiac cells were injected into hearts of large animal models.
However, the size of the transplanted cell graft is generally small and declines in
size over time. Notably, there was an extremely high incidence of ventricular tachy-
cardia in non-human primates that receiving iPSC-CM injection. To overcome this
challenge, cardiovascular investigator have turn to creating engineered tissue that
can be perfused and integrated to connect with the host. The hope is that these engi-
neered tissues will be better aligned and organized so that their arrhythmogenic
potential will be reduced as well. This strategy will be explored in Chaps. 8 and 9
on engineering of cardiac patch for regenerative medicine.

Aside from the goal of remuscularization of the damaged heart, it has been
shown that some improvement in cardiac function may be achieved when the
adverse remodeling of the heart can be prevented after myocardial infarction. This
was originally shown in an unique surgical procedure where the latissimus dorsi
muscle of the patient is resected and used as a flap to wrap around the epicardial
surface of the infarcted region of the heart. This was intended to prevent the aneu-
rysmal ballooning of that region of the heart and promote normal pump function of
the left ventricle. Subsequent studies have found that much if not all of the benefit
from this invasive surgical procedure can be recapitulated by injection of biomateri-
als into the infarcted regions. A number of biomaterials such as fibrin, alginate, and
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decellularized cardiac matrix have been studied in recent year. These studies will be
discussed in Chap. 10 on injectable hydrogel biomaterial for treatment of myocar-
dial infarction.

Beyond the treatment of adult cardiac diseases, a special consideration needs to
be given to the treatment of pediatric patients with congenital heart diseases. As
detailed in Chap. 11, the treatment of children with congenital heart diseases has
been particularly challenging due to the severity of their disease, the need for con-
tinued growth during childhood, and the complexity of their cardiac anatomy.
Furthermore, the number of patients available for clinical study is generally small
so conclusions are harder to reach when the error bars for studies are large.
Nevertheless, significant advances have been made in generating engineered heart
valves and vascular grafts for surgical and percutaneous repair of children with
heart disease. These advances will be covered in Chap. 11 on regenerative medicine
for the treatment of congenita heart diseases.

In summary, we hope this book will illustrate both the challenges and excitement
of regenerative medicine and tissue engineering for cardiovascular applications. By
incorporating advances in stem cell biology, biomaterials, and high through put
drug screen, we hope that new therapies for children and adults with heart disease
will be available in the near future.

Stanford, CA, USA Sean M. Wu
Atlanta, GA, USA Vahid Serpooshan
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Introduction

In vitro disease modeling can provide compelling insights into the molecular under-
pinnings of various pathological conditions. Traditionally, researchers have used
two-dimensional (2D) cell culture methods to elucidate the molecular mechanisms
that drive diseases. However, this method of cell culture fails to recapitulate the
complex, three-dimensional (3D) microenvironment that is present in vivo. Recently,
tissue-engineered models have been generated to create culture systems that better
recapitulate the complex 3D microenvironments found in living tissue. By using
these engineered models, more relevant data may be produced to unravel the molec-
ular underpinnings of disease states and potentially translate into new therapeutic
strategies. In this chapter, we will discuss engineered tissue models for studying
cardiovascular diseases and some of the insights gained through using these com-
plex, 3D models.

Enabling Technology: Induced Pluripotent Stem Cells

Pluripotent stem cells are defined as those which are capable of self-renewal, and
differentiation into multiple somatic cell lineages [1]. One of the first types of stem
cells for biological research were embryonic stem cells (ESCs). ESCs are cells
derived from the inner cell mass of the blastocyst that retain the ability to derive
cells from all three germ layers [1, 2]. One appealing trait of ESCs is that they are
capable of being expanded in culture indefinitely. Because the establishment of an
ESC line requires the destruction of the developing human embryo, the national
dialogue surrounding this issue ultimately restricted progress in ESC research in
that there could be no new ESC lines generated with federal funds as declared by the
Dickey-Wicker amendment in 1996, which is still in effect to this day [3]. ESCs
have been crucial in understanding basic biology surrounding pluripotency; how-
ever, current laws surrounding the legality of using public funds on new lines has
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severely limited the genetic diversity that can be studied with this cell type. In 2007,
Shinya Yamanaka described successful reprogramming of human somatic cells into
a pluripotent state by using retroviral transduction of what have become known as
the Yamanaka factors (Oct3/4, c-MYC, Klf4, Sox-2) that behave similarly to ESCs
in both its phenotype and transcriptome expression patterns [4]. These induced plu-
ripotent stem cells (iPSCs) have allowed for the study of patient-specific cellular
models of genetic and acquired cardiovascular diseases. Furthermore, by combining
the ample, renewable supply of these iPSCs with emerging technologies from the
field of tissue engineering, increasingly complex models of human physiology and
pathophysiology which capture the complexity of primary human tissues can be
created. It is the hope that these complex, stem-cell-derived models will provide
insight into the mechanisms underlying cardiovascular disease and potential thera-
peutic strategies.

Cardiac Disease Models
Differentiation Protocols

Widely employed protocols for differentiation of ESCs into cardiomyocytes in vitro
have been largely based on observations of cardiac development pathways in vivo
(Fig. 1.1). During development, heart tissue is initially formed from the brachyury*
lateral plate mesoderm. The developing heart is initially in a relatively simplistic
structure known as the cardiac crescent. Through a series of complex contortions
performed by Isl1* cardiac progenitor cells, populating the first and second heart

Tissue engineered cardiac disease models
EHT based on hydrogel ||EHT based on native
' extracellular matrix
— (i | e 5

Cardiomyocyte Cardia(arganOid = GEQ

Tissue engineered vascular disease models
TEVG Vascular ring

Endothelial cell

Patient-derived Induced
somatic cells pluripotent

stemcell L—s "
Qi | (-4 % ¥
Smooth muscle cell

Fig. 1.1 Production of patient specific cardiovascular disease models. This schematic depicts the
workflow of how clinical models can be produced from patient cells. Somatic cells may be derived
from a noninvasive source such as cord blood and reprogrammed into induced pluripotent stem
cells (iPSC) [4]. From here, the new iPSC line can be expanded indefinitely and differentiated into
the different cell lineages relevant to the cardiovascular system [47, 56, 67]. Finally, these cells will
be incorporated into one of a variety of engineered tissue designs as 3D culture models for study
[8, 66, 68, 69]
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fields, the four-chambered geometry of the postnatal heart is gradually formed.
Several key pathways have been found to be involved in differentiation of meso-
derm into cardiac cells. These include that of Wnt, activin/Nodal/TGFp, BMP, and
FGF signaling cascades. A typical protocol for cardiac differentiation may include
the following basic steps: (1) Pluripotent cell differentiation into cardiac mesoderm
(brachyury*) cells through upregulation of Bmp4, Nodal/activin A, and Wnt/p--
catenin signaling cascades; (2) subsequent inhibition of both Wnt/B-catenin and
Nodal/activin A to yield cardiac progenitor (Isl1*) cells; (3) continued inhibition of
Whnt/B-catenin and addition of FGF to induce differentiation into cardiomyocytes;
(4) addition of Wnt/B-catenin, IGF, NRG, FGF1, Notchl, periostin to support fur-
ther proliferation of early stage cardiomyocytes [5].

Design Strategies for Engineered Heart Tissue

Engineered heart tissues (EHTSs) offer a novel method for studying various cardiac
pathologies in vitro. EHTs have recently begun to be exploited to model genetic
disorders such as hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy
(DCM) and acquired disorders such as arrhythmias, drug-induced cardiac dysfunc-
tion, and fibrosis [6]. EHTs foster a 3D cellular landscape that allows for more
complex and physiologically relevant interactions between cells, matrix architec-
ture, and functional conditions such as anisotropic conduction, afterload, and pre-
load when compared to traditional 2D culture environments [7]. These 3D
conformations also allow for more robust functional characterization than what is
possible in a 2D monolayer. Furthermore, as discussed below, increased maturation
of iPSC-CMs toward adult-like phenotypes has been achieved only in biomimetic
3D engineered heart tissues, a critical consideration in modeling many cardiac
diseases.

EHTSs may be produced in a variety of ways including seeding cardiomyocytes
onto an existing biomaterial scaffold, stacking cell sheet monolayers, or incorporat-
ing them into a hydrogel that can be molded into the desired shape [8—10]. Each
strategy for generating EHT's has unique attributes that make them suited for varied
clinical and research applications. Broadly, strategies for preparation of engineered
heart tissues use one of three methodologies: (1) hydrogel-based tissue models; (2)
fibrous, solid-state scaffolds seeded with cells; and (3) self-assembly of tissue
organoids. Each model has its own unique advantages and drawbacks which must
be considered when selecting the most appropriate design to build a given disease
model.

Hydrogel-Based Engineered Heart Tissues

Fibrin/fibrinogen-based cell suspensions have been used by a variety of labs for car-
diac tissue generation [7, 11, 12]. An advantage of using a gel-based design strategy
for production of engineered heart tissue is versatile fabrication. The malleability of
the hydrogel design provides this versatility to generate EHTs of complex patterns
and shapes that can be modified based on the intended use. However, some
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mechanical input is needed to coax growing fibers to align within the gel. Cells are
generally suspended in the hydrogel and can be cast into customized molds to produce
the desired shape. Although there is no inherent topography within these gels for car-
diomyocyte fibers to align with, mechanical stress during the development period has
been shown to increase fiber alignment within these tissues [11, 12]. Cardiomyocytes
naturally align themselves along the plane where the stress is being applied, an impor-
tant consideration in the measurement and analysis of cardiac contractility.

Fibrous Scaffolds

Natural or fabricated solid scaffolds offer a greater degree of control of the cellular
arrangements within the tissue as compared to gel-based design strategies. One such
design for performing in vitro testing of engineered tissues utilizes native extracel-
lular matrix (ECM) as a scaffold for seeding iPSC-derived cardiomyocytes [8]. The
native scaffold provides naturally aligned fibers that ensure seeded myocardial cells
to align in a controlled direction for more standardized force output [8]. Another
strategy that holds great promise is the use of electrospun scaffolds, which can be
created from various ECM materials but embodying characteristics of tissues such
as fiber geometry, anisotropy, porosity, and additional tunable characteristics.
Further advancement of these techniques have allowed researchers recently to cre-
ate even miniature ventricles and heart valves for in vitro studies [13-15].

Engineered Heart Tissue Self-Assembly

Organoid technology has been used to produce self-assembling organ-like struc-
tures where all of the relevant cell types are represented in the tissue [16]. However,
these tissue structures do not recapitulate the complex, hierarchal physical struc-
tures seen in vivo. Therefore, these strategies for generating heart tissues are better
suited for dissection of paracrine effects of diseased cells during pathological and
normal development [17, 18].

Molecular Maturity of Cardiovascular Stem Cell Models

Despite their promise in modeling human disease, stem-cell-derived cardiomyo-
cytes show some limitations due to their relatively immature phenotypes. It has
been noted that current protocols for generating cardiomyocytes from pluripotent
cells yield cardiac cells whose physical, metabolic, and electrical characteristics
more closely resemble that of neonatal cardiomyocytes rather than what is found in
adult myocardium [12, 19, 20]. This question of cellular maturity raises a notable
issue when looking at both research and clinical applications of these iPSC-CMs.
The neonatal transcriptional profile may throw into question results obtained from
molecular and pharmacological data extracted from drug screening and various
experimental perturbations [21]. For example, some pathological hypertrophy
markers are associated with upregulation of fetal genes, including ANP, BNP,
a-skeletal actin, and MHC [22]. It is for these reasons that cardiac maturation is a
very active area of investigation.
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Mature cardiomyocytes display several prominent phenotypes such as an elon-
gated rod shape, gap junction expression and the formation of robust sarcomere,
t-tubule, and intercalated disk structures. Each of these factors will directly influ-
ence the electrical and physical characteristics of the cells within a given tissue [23,
24]. Additionally, excitation-contraction coupling are a very important factor for
proper cardiomyocyte function [25]. Stem-cell-derived cardiomyocytes do not
immediately display these phenotypes, though long-term studies of implanted cells
in animal models showed these cells do have the capacity to reach maturity if the
proper environmental cues are presented [26].

Alternatively, researchers are also working toward developing methods to mature
stem-cell-derived cardiomyocytes in vitro (Fig. 1.2). As mentioned before, 3D sys-
tems have opened many avenues to manipulate these cells in ways that were not
possible with traditional 2D cultures. EHT's can be leveraged for maturation of myo-
cardium in addition to simple characterization. Biomimetic strategies to coax out
phenotypes closer to what is seen in mature myocardium have shown great promise
with neonatal rat cardiomyocytes [11]. When developing hiPSC-CM-derived EHTs,
researchers have specifically turned to mechanical and electrical stimulation which
are present in the heart during development and throughout life. Manipulating these
parameters has become an area of great interest for maturing stem-cell-derived car-
diomyocytes [24, 27, 28]. The Murray group, for example, generated collagen-gel-
based hiPSC-derived cardiomyocyte tissues that were subjected to static tensile

Initial tissue T ey Matured tissue Molecular
morphology morphology markers
® Cxn43
Cardiac ”" \ 4 RYR2
tissue ’, ‘ ‘ ’ 4 SERCA2
4 TNT
5-9% stretch *c
e S5, Lo } * o-SMA
Vascular faneNyte f:\‘;'\‘:“r L 4 calponini
tissue “"'Ig\\‘ \‘5’.:\; = \ * SM22 o,
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Fig. 1.2 General approaches for maturation of engineered cardiovascular tissues. A schematic
diagram of strategies employed for maturing pluripotent stem-cell-derived cardiovascular cells
(cardiomyocytes; green) (vascular smooth muscle cells; blue). Cardiac tissue maturation protocols
generally employ mechanical stretching and/or electrical stimulation, similar to what is experi-
enced during systole and diastole in vivo [24, 29]. These strategies have demonstrated an improved
alignment of cardiomyocytes in the tissue parallel to the applied force and/or electrical current [70,
71]. This is accompanied by a transcriptomic shift closer to what is seen in mature cardiac tissue.
Similarly, mechanical cyclic stretching of vascular smooth muscle cells allows for the alignment
of these cells perpendicularly to the applied force in addition to transcriptome shifts toward matu-
rity benchmarks [68]
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force alone or in conjunction with electrical stimulation [24]. They found that com-
pounding these cues lead to an additive effect for increased force output of the tis-
sue. Additionally, they noted an increase in expression of sarcoplasmic reticulum
proteins RYR2 and SERCA?2 which further indicate molecular maturation of the
cardiomyocytes. Co-culturing cardiomyocytes with fibroblasts aided in remodeling
of the EHT and likely provide paracrine signals that aid in cardiac maturation [12].
Co-culturing with human foreskin fibroblasts led to a significant increase in con-
tractile output of the EHT, although it was noted that the optimal seeding ratio var-
ied between stem cell lines. Another major contributing factor to the maturity of
these tissues is the media composition used to provide nutrients. Zimmerman et al.
described a serum free media that helps push the transcriptional profile of differenti-
ated cardiomyocytes closer to that of adult myocardium and functionally resulted in
a positive force frequency response. Aside from nutrient composition, the availabil-
ity of those nutrients throughout the tissue is vital for proper maturation of the EHT
[10]. Using dynamic culturing conditions, where the media was constantly agitated
and better able to penetrate the thickness of the tissue, was shown to increase con-
tractile force of the EHTSs [10]. This observation was shown to be linked to nutrient
availability through a noted increase in mTOR signaling pathway activation in the
dynamic condition. Although more refinement of protocols is needed to produce
fully mature myocardium, great strides have been made in this effort and reliable
data has been collected from these methods [29]. Bouchard et al. recently demon-
strated that gradually increasing pacing frequency of engineered heart tissues from
2 to 6 Hz during a 2 week training regimen while undergoing auxotonic contrac-
tions achieved an unprecedented level of contractility and molecular maturity of the
iPSC-derived cardiomyocytes [29].As investigators continue to improve and stan-
dardize the metabolic, electrical, mechanical, and other microenvironmental condi-
tions for maturing iPSC-CMs during culture, iPSC-CMs will continue to gain
relevance and applicability for applications such as disease modeling and regenera-
tive medicine.

Disease Models of Genetic Cardiac Disorders

Since iPSCs can be readily derived from individual patients and furthermore, edited
via techniques such as TALEN and CRISPR/Cas9 prior to differentiation into car-
diomyocytes, they hold great promise in unraveling underpinnings of genetic car-
diac disease and in allowing therapeutic strategies to be screened in an in vitro
setting with high relevance to human biology (Fig. 1.3). While the application of
engineered heart tissues to genetic cardiac disease is still an emerging approach,
several studies have revealed the promise of this technology in understanding
pathologies such as hypertrophic cardiomyopathy (HCM) and dilated cardiomyopa-
thy (DCM). Though iPSC-CMs have been used more generally in 2D systems to
model cardiac disease as comprehensively reviewed in previous works [30, 31], we
focus here on papers that have specifically looked at tissue-engineered models of
genetic cardiac diseases.
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Fig. 1.3 Development of isogenic, patient derived lines for cardiovascular disease modeling.
Induced pluripotent stem cells (iPSC) can be readily derived from patients harboring genetic muta-
tions linked to specific diseases. A stable iPSC line will be generated from a noninvasively derived
cell source (i.e., blood derived, circulating lymphocytes) through induction of Yamanaka factors.
Gene editing corrections can be performed on stable cell lines to generate a gene corrected iso-
genic line from each patient, using TALEN and CRISPR/Cas9 technology. From here, engineered
tissues can be developed from diseased cardiovascular cells and compared to tissues derived from
isogenic control lines

Dilated cardiomyopathy is a relatively common (up to 1 in 250 people) but
severe disease of the myocardium that manifests as reduced left ventricular ejection
fraction and increased ventricular chamber size with simultaneous wall thinning
[32]. Approximately 50% of DCM cases may have a genetic origin, usually inher-
ited in an autosomal recessive pattern with the genetic defect present in a gene of the
cardiac sarcomere; however, many cases are idiopathic and highly heterogeneous in
disease penetrance and phenotypic expression [6, 32]. Since titin truncating muta-
tions (TTNtv) have been found as one among the major causes (up to 20%) of
genetic DCM, Hinson et al. designed a comprehensive study of TTNtvs [33].
Utilizing a series of genetically edited isogenic and patient-derived iPSC lines to
explore the influence of TTNtv in the A band and I band that were correlated with
clinical disease severity, the investigators determined that contractile performance
was decreased when cardiac microtissues [34] were made using hydrogels cast
around mildly flexible cantilever beams; the auxotonic displacement of these canti-
levers were optically measured and used to calculate the force produced by these
engineered heart tissues with and without TTNtvs. While alternative exon splicing
attenuated the effects of the I band TTNtvs to some extent, the A band TTNtvs gen-
erally resulted in decreased incorporation of titin into the sarcomere, via mRNA and
protein instability and degradation, limiting sarcomerogenesis and impairing the
typical response to mechanical and adrenergic stimulus [33]. Using a different tis-
sue engineering approach which fabricated circular engineered heart muscle rings
[35], Streckfuss-Bomke et al. explored the effect of RMB20 mutation S635A in
patient-derived iPSC cardiomyocytes, which results in aberrant TTN splicing [36].
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Isometric measurements of engineered heart muscles demonstrated both decreased
systolic and diastolic force production, correlated with reduced TTN N2B isoform
expression at the protein and transcript level [36]. While both of these studies
described above explore only a limited aspect of DCM pathophysiology given the
diversity of primary genetic changes, the underlying defect of early impaired sar-
comerogenesis identified in the iPSC-CMs may be one of the common mechanisms
of genetic DCM and potentially be a fruitful target for therapy, an area open for
much future investigation. Approaches to further elucidate key clinical features of
DCM such as arrythmogenesis and heterogeneous expression and penetrance may
also be warranted to fully capture the underlying drivers and subsequent sequelae of
genetic DCM.

Familial hypertrophic cardiomyopathy (HCM) is an inherited autosomal domi-
nant disorder occurring in about 1 in 500 people which manifests as abnormal thick-
ening of the heart wall, cardiomyocyte remodeling, diastolic dysfunction, fiber
disarray, and interstitial fibrosis [37]. Over 90% of all genetic variants linked to
HCM occur in the cardiac sarcomere, though many HCM cases have not yet been
linked to a specific genetic change [37]. Mosqueria et al. used a series of isogenic
lines to study the R453C variant in MYH?7, one of the most common sarcomeric
genes mutated in HCM, often leading to functional changes in the myosin muscle
protein itself [37]. Using engineered heart tissues created from fibrin hydrogels
attached to silicone posts, auxotonic contractions in the mutation-carrying EHTs
had reduced force and prolonged time to maximal activation compared to control
EHTs [38]. Attempted treatment of these hypocontractile mutant EHTs using the
crossbridge activating agent omecamtiv mecarbil did not alleviate the behavior but
led to further contractile deficits; studies of mitochondrial dynamics suggested that
depletion of energetic substrates in the mutant iPSC-CMs and alterations in
MYH7:MYHS6 isoform ratio found in transcriptomic studies could underlie some
aspects of the hypocontractile phenotype [38]. Utilizing similar approaches, recent
work published from the same group by Smith et al. considered the phenotype of the
E99K mutation to alpha-cardiac actin (ACTC1), using both isogenic and patient-
derived iPSC lines [39]. Surprisingly, though previous nonhuman models had
shown some calcium-dependent hypercontractility with this variant, not all cell
lines revealed consistent contractile abnormalities, though there was evidence of
prolonged contractions as well as a predominant phenotype of calcium-triggered
arrythmogenic events, suggesting that targeting calcium cycling through drugs such
as ranolazine and dantrolene could be beneficial [39]. Importantly, this study under-
scores that complex clinical entities like HCM may not depend solely on the
Mendelian inheritance of single rare variants such as ACTC1 E99K but also on the
particular patients’ genetic backgrounds potentially containing various genetic
modifier of disease risk [40]. While not in the sarcomere itself, mutations to the
regulatory subunit of AMPK, PRKAG?2, have been noted to cause a HCM-like phe-
notype though notably without presence of significant fibrosis [41]. Hinson et al.
utilized their cardiac microtissue platform to study the phenotype of PRKAG2
N488I iPSCs derived from both patients and from lines edited with TALEN; they
found that the mutant EHTs produced greater twitch force as a result of increased
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viability, which correlated with transcriptomic analysis revealing upregulation of
metabolic and hypertrophic pathways [41]. Though it remains unclear whether the
phenotype of HCM may depend specifically on gene involved and other genetic and
epigenetic factors, tissue-engineered iPSC-CM models have already revealed novel
interactions and events early in the pathogenesis of HCM, a condition which typi-
cally takes decades to develop in vivo. Much remains to be explored as only a few
studies have been published at this time but engineered heart tissues should prove a
valuable tool in integrated functional, structural, and biochemical analyses of dis-
ease pathophysiology. Going forward, these engineered heart tissue technologies
offer a powerful new tool to produce more physiologically relevant information on
development of cardiac diseases.

Vascular Disease Models
Discussion of Vascular Differentiation Protocols

Blood vessels are developed as the circulatory channels for blood supply between
the beating heart and the peripheral tissues. Damaging of blood vessels, especially
the vascular endothelial cells (ECs), is a major driving feature of ischemia related
cardiovascular diseases. As such, a thorough understanding of these events is cru-
cial for the development of more efficacious treatments down the line. Blood vessel
diseases, especially those for arteries, are rampant worldwide. As such the most
essential cellular components of the blood vessels, endothelial cells (ECs) and vas-
cular smooth muscle cells (VSMCs) are intensively studied. To date, a growing
body of reports have described the derivation of ECs and VSMCs from human
induced pluripotent stem cells (hiPSCs) as the model, models of cultured cells or
engineered tissues, for studies on vascular disease mechanisms in sophisticated 3D
engineered culture systems.

Derivation of Endothelial Cells (ECs) from hiPSCs

As noted in the previous section on cardiac differentiation, protocols for develop-
ment of robust vascular cells have also been derived from signaling cascades and
genetic programs present in the natural development. During early embryogenesis,
vascular cell precursors undergo mesodermal lineage commitment that is driven by
bone morphogenetic protein 4 (BMP4) and fibroblast growth factor 2 (FGF2) sig-
naling. From these mesodermal cells, a population of endothelial progenitor cells is
progressively established [42]. This process is regulated by visceral endodermal-
secreted vascular endothelial growth factors (VEGF), especially VEGF-A. From
here, these EC precursors are committed to the endothelial lineages and participate
in vasculogenesis [42]. Primordial endothelial cells can subsequently be specified
into arterial, venous, and lymphatic ECs based on a variety of mechanical and bio-
chemical cues [42-44]. The differentiated ECs are majorly characterized by a
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cobblestone-like morphology in monolayer culture and their specific marker expres-
sion profile which includes KDR, VE-cadherin, CD31, and NOS3 at both mRNA
and protein levels [42, 45]. The vessel forming capability is considered as an impor-
tant functionality of the ECs, both in vitro and in vivo [46]. The production of nitric
oxide is also assessed as one of the most authentic hallmark of the EC function [46].
One robust method for pluripotent cell differentiation of ECs uses a treatment of
human iPSC (hiPSC) monolayers with growth factors and small molecules.
Generally, the monolayer of undifferentiated hiPSCs are specifically induced into
mesodermal progenitor cells by BMP4, FGF2, or GSK3 inhibitors to activate the
activin/Nodal and Wnt pathways. Through this, cells are primed to become vascular
EC progenitors [46]. Subsequently, the CD31+ or VECAD+ cell population are
selected by magnetic-activated cell sorting (MACS) or fluorescence activated cell
sorting (FACS) and further expanded in the EC growth medium. For example, Lian
et al. reported that the Wnt agonist CHIR99021 could specifically induce the hiP-
SCs into mesodermal progenitor cells containing the population of CD31+ EC pro-
genitor cells [47]. The EC progenitors, which were composed of over 50%
differentiated cells, could be isolated by MACS, further differentiated into func-
tional ECs and expanded in endothelial growth medium. Recently, Patsch et al.
reported an alternative, but highly robust, method to derive ECs from hiPSCs [48].
Similarly, to previously mentioned protocols, GSK3 inhibition and BMP4 treatment
effectively committed hiPSCs into mesodermal progenitors, and the following
exposure to VEGF immediately pushed these cells into EC lineage. The authors
claimed that this protocol can produce ECs from hiPSCs with efficiency over 80%
within 6 days of differentiation. Moreover, 99% of these hiPSC-ECs present
EC-specific markers, gene expression profiles, and functionality in vitro and in vivo.
In addition, Prasain et al. reported the derivation of endothelial colony-forming cells
(ECFCs) from human embryonic stem cells (hESCs) [49]. Treated by VEGF, BMP4,
and FGF2, the hESCs were committed to mesodermal cells with endothelial poten-
tial, then the cells were further differentiated into the highly proliferative ECFCs,
which could be expanded to 15-18 passages. Besides, these hESC-derived ECFCs
displayed typical and stable EC phenotype in forming human vessels in mice and
repairing the ischemic mouse tissue. Considering the high similarity between hESCs
and hiPSCs, this method could be potentially applied to hiPSCs for EC derivation.

Derivation of Vascular Smooth Muscle Cells (VSMCs) from hiPSCs

Vascular smooth muscle cells (VSMCs) are the major cellular components of the
vessel wall. VSMCs primarily contribute to the mechanical strength and extensibil-
ity of the vessel wall, and regulate the dilation and contraction of vessel lumen, in
order to regulate local blood pressure in various tissues. Additionally, VSMCs play
a major role in the maintenance of vascular extracellular matrix mechanics, which
allow the vessel to withstand the pulsatile pressure from blood flow. Abnormality of
VSMC’s function and phenotype may fundamentally alter the vascular functions
and plays crucial roles in various diseases including atherosclerosis, hypertension,
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stenosis, and aneurysm [50]. In embryonic development, progenitors of VSMCs are
established in multiple germ layers, and these VSMC populations with distinct
embryonic origins are found in different vessels, or even adjacent segments of the
same vascular conduit [51]. For instance, the thoracic segment of the aorta, includ-
ing the ascending aorta, aortic arch, and descending aorta, is composed of VSMCs
from three embryonic layers (neural crest, lateral plate mesoderm, and paraxial
mesoderm, respectively) [52]. VSMCs with different embryonic lineages may pres-
ent distinct phenotypes such as the resistance to thrombogenesis [51]. Despite the
heterogeneity of embryonic origins, VSMCs are sharing similar regulatory path-
ways to fulfill the lineage commitment. Various signaling pathways and molecules
are involved in the maturation of VSMC phenotype, such as MYOCD and serum
reactive factor (SRF) complex, TGF family, PDGF, retinoid receptor, and others,
and play major roles in VSMC development [53]. The phenotype of VSMCs transit
from proliferative, extracellular matrix-synthesizing status to the quiescent and con-
tractile status as the maturation of VSMCs proceed [54]. The mature VSMCs exhib-
its a series of protein components of cell contraction machinery such as alpha
smooth muscle actin (a-SMA), calponin-1 (CNN1), transgelin (SM22a), smooth
muscle specific myosin heavy chain (SM-MHC) and smoothelin [54]. The VSMCs
also contribute to the secretion and deposition of extracellular matrix including col-
lagen and elastin [54]. Function-wise, contractile VSMCs exhibit contractility in the
presence of vasoconstrictors such as carbachol or potassium chloride [53].

VSMC:s can be derived from hiPSCs via embryoid body (EB)-driven method. As
reported by Xie. et al., the dissociated hiPSC clusters can form EBs in suspension
culture [55]. As the formation of three-dimensional structure and the withdrawal of
pluripotency-supporting growth factors trigger the spontaneous differentiation of
pluripotent stem cells, EBs mimic the processes of early embryonic development
and form all three germ-layers. The differentiated cells from EBs are further cul-
tured in attachment with VSMC-promoting medium to complete VSMC lineage
commitment in order to derive the hiPSC-VSMCs in proliferation status. To further
induced the contractile phenotype, these cells can be further maintained under the
serum-starvation. The VSMCs generated from EB-based protocol displayed spin-
dle-shaped morphology and expressed a-SMA, SM-MHC, and CNN1. FACS anal-
ysis indicated that the efficiency of VSMC differentiation was of 55.26% for
SM-MHC expression and 96.81% for a-SMA expression. In addition, these hiPSC-
VSMCs showed the contractility in response to vasoconstrictor treatment, indicat-
ing the contractility of these hiPSC-VSMCs. Besides the EB-driven approach,
hiPSC-VSMCs can also be differentiated through monolayer culture model. By
forming a monolayer in culture dish, individual hiPSCs are equally exposed to the
culture condition favoring differentiation and promoted to desired somatic lineages.
Multiple monolayer-based VSMC differentiation approaches have been reported.
Wanjare et al. reported that both collagen synthesizing and contractile hiPSC-
VSMC:s could be derived from hiPSCs [56, 57]. Briefly, a monolayer of hiPSCs are
subjected to differentiation toward VSMC-like cells, and these cells are further pro-
moted to synthetic or contractile VSMC phenotypes, respectively, by using medium
containing 10% serum with TGFbl and 0.5% serum with TGFbl. The authors
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further discovered that biomechanical stretching could dramatically enhance the
ECM production of these contractile hiPSC-VSMCs including collagen and elastin
[58]. These contractile hiPSC-VSMCs could be even derived when cultured on a
PEGdma/PLA scaffold under the condition with pulsatile medium flow [59]. These
contractile hiPSC-VSMCs developed along with the exposure to the biomechanical
stimuli also presented largely improved elastin deposition. Notably, it was reported
by Cheung et al. that the monolayer approach allowed the derivation of the lineage-
specific VSMCs derived from hiPSCs [52]: hiPSCs cultured in monolayer are initi-
ated to differentiation toward the progenitors of neuroectoderm, lateral plate
mesoderm, or paraxial mesoderm, and these progenitors are initiated toward highly
enriched, mature VSMCs with contractile phenotype with the treatment of TGFb1
and PDGF-BB.

Tissue-Engineered Models for Vascular Diseases

The progress of tissue engineering technology has allowed the application of vascu-
lar cells, including the hiPSC-derived ECs and VSMCs, to fabricate bioengineered
vessels as vascular disease models. Tissue-engineered blood vessels (TEBVs) can
be produced by seeding the VSMCs onto the malleable, fibrous or porous, biode-
gradable scaffold and subsequently cultured in bioreactor with pulsatile, radial
stress in the lumen [60]. The lumen of the TEBYV is eventually coated with vascular
ECs and maintained in the presence of luminal shear stress for a short period of
time. Beside the biodegradable-based approaches, TEBVs can also be fabricated by
mixing VSMCs with biodegradable hydrogel, such as fibrin gel or collagen gel, and
then casting the mixture into polymerized tissue in tubule shape [61, 62]. The
molded hydrogel-VSMCs mixture will be coated with a luminal layer of ECs and
mounted onto the bioreactor and cultured in the presence of cyclic stretching or
shear stress. To date, it was reported by Gui et al. that the implantable TEVGs have
been produced by seeding hiPSC-VSMCs onto the biodegradable polyglycolic acid
scaffold followed by 8 weeks of static culture [63]. Moreover, Fernandez et al.
reported that collagen-gel-based small-caliber TEBVs using hiPSC-VSMCs with
luminal endothelium layer were generated and cultured with constant luminal flow
for drug screening purpose [64]. Subsequently, Atchison et al. reported that these
hiPSC-based engineered vascular tissues have allowed the modeling of vascular
diseases and studies on elucidating the pathological mechanism underneath [62].
Hutchison-Gilford Progeria Syndrome (HGPS) is an accelerated aging disorder
caused by nuclear accumulation of progerin, and the primary cause of death is car-
diovascular diseases such as stroke and coronary artery at 14 years old. Dysfunctional
VSMCs are observed in HGPS patients and may cause defects associated with
HGPS. Recently, Atchison et al. created TEBV using VSMCs derived from HGPS
patient-specific iPSCs. As mentioned above, HGPS hiPSC-VSMCs were mixed
with collagen gel and casted into the tubule shape to form the TEBVs. The TEBVs
were further maintained in the presence of luminal constant flow. As a result, TEBVs
fabricated from HGPS hiPSC-derived vascular cells showed the key features of
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defect vessels from HGPS patients, including the reduced vasoactivity, increased
medial wall thickness, increased calcification, and apoptosis of hiPSC-VSMCs.
Additionally, treatment of HGPS patient’s hiPSC-based TEBVs with proposed ther-
apeutic Everolimus enhanced the vasoactivity of these TEBVs and preserved the
hiPSC-VSMC properties.

Besides generating the tubule vessel-like tissue, the modulus vascular rings can
be another option to model the vascular diseases. VSMCs can be seeded into an
agarose-based mold to cast a ring-shape tissue via self-aggregation of the seed cells
[65]. The dimension of the tissue rings such as the lumen diameter can be adjusted
by changing the size of the agarose mold. The self-aggregated cells can be further
cultured in the mold for 10-14 days to form vascular tissue rings before being sub-
jected for analysis. These vascular tissue rings can serve as the modulus unit of a
segment of blood vessels. Dash et al. have applied the hiPSC-VSMCs derived from
supravalvular aortic stenosis (SVAS) patients to generate the vascular tissue rings
[66]. SVAS is characterized by hyperproliferation and decrease contractility of
VSMCs leading to blockage of the ascending aorta and other arterial vessels, which
is attributed to the loss-of-function mutations in elastin gene (ELN). The SVAS
hiPSC-based vascular tissue rings preserved the core phenotypes of SVAS such as
the reduced tissue contractility when exposed to carbachol, as well as the dramati-
cally high proliferation rate of the hiPSC-VSMCs within the rings.

Summary

With the advent of tissue engineering, more sophisticated models of human disease
can be produced in a laboratory setting. This has become possible through the
development of stable pluripotent cell sources and robust differentiation protocols
for the development of cardiovascular cells. These initial differentiation strategies
were derived from biomimetic approaches of recapitulating key aspects of the
developmental environment for cardiovascular cells, an approach that has worked
elegantly though with room for further improvement. Modulation of the Wnt/B-
catenin signaling cascade is a major factor for production of cells of cardiovascular
lineages. Similarly, questions surrounding phenotypic maturity of these cells, and
by extension, these engineered models, are being addressed in the same fashion.
The application of mechanical and electrical stimuli to these engineered tissues as
well as more physiological media formulations has shown great promise in improv-
ing their maturity for the development of further refined and relevant disease mod-
els. Engineered tissue models holds promise for modeling disease progression due
to cell intrinsic factors such as genetic mutations and extrinsic factors such as high
blood pressure, altered preload, and electrical dysfunction. The versatility and wide
array of design strategies for these engineered models greatly empowers researchers
to pick one of a variety of tissue designs that best allows them to answer their
intended question. Through the production of these human engineered models
which may lead to a more realistic understanding of various pathologies, the effi-
ciency of developing novel, precise, and targeted therapies may be improved.
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Introduction

The overall probability of success for drug development from phase 1 studies to
regulatory approval is 13.8%, with insufficient efficacy and inappropriate safety
profiles accounting for 52% and 24% of failures, respectively [1, 2]. Discovering
new drugs for heart failure (HF) has been particularly challenging. The contradic-
tion of encouraging results from preclinical and early phase clinical data with disap-
pointing outcomes in larger registration trials have increased the uncertainty of HF
drug development programs, together contributing to the increased cost and time
investment needed to create new HF medicines [3]. Cardiovascular toxicity, includ-
ing cardiomyopathy, QT prolongation, ventricular tachycardia, and the fatal poly-
morphic ventricular tachycardia Torsade de Pointes (TdP), is the most common
safety issue and remains difficult to predict, also contributing to increased cost and
uncertainty [4, 5]. The significant commercial and societal ramifications of these
issues underscore the need for new approaches for identifying and evaluating thera-
peutic targets and drug candidates that would optimize the development process.
The advent of induced pluripotent stem cell (iPSC) technology has revolution-
ized our ability to study human disease [6]. iPSCs are reprogrammed from somatic
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cells, typically from blood or skin biopsies, and can be modified by genome editing
to introduce or correct disease-causing mutations [7, 8]. As such, they provide a
potentially unlimited source of disease-specific or patient-specific cardiomyocytes
and other cells, and their isogenic controls, without the limitations of donor biop-
sies. The modern drug discovery paradigm commonly uses biochemical or reduc-
tionist cell culture models for initial drug screening, and in vivo animal models later
in the process. The human context is typically incorporated later in the process once
lead compounds have emerged. Similarly, the identification of a therapeutic target
typically proceeds from studies of disease mechanisms that focus on one or rela-
tively few hypotheses rather than from large-scale unbiased testing, although the
implementation of human genomics is rapidly changing target identification.
Therefore, from the perspective of discovering drugs for heart disease or predicting
cardiotoxic effects of drugs, iPSC technology coupled with advances in high
throughput (HT) instrumentation offers an exciting path to introduce the human
context into the early discovery and hit to lead phases of the drug discovery pipeline
(Fig. 2.1) 9, 10].

Despite their advantages, iPCS-derived cardiomyocytes suffer from immature
structural, electrophysiological, metabolic, and mechanical features that currently
limit their faithful recapitulation of disease phenotypes and hence also their utility
for drug discovery and safety testing [11, 12]. Not only are they young in terms of
time from initiation of differentiation relative to their adult counterparts (few weeks
compared to many years), a major and partially remediable problem might be that
the simple culture conditions that do not recapitulate the anatomical and hemody-
namic influences of the fetal heart. Consequently, iPSC-derived cardiomyocytes in
simple monolayer culture are typically small and polygonal-shaped and are prolif-
erative, in contrast to their adult counterparts that are larger, non-proliferative, and
rod-shaped with well-organized sarcomeric structures. Even though iPSC-derived
cardiomyocytes express most cardiac ion channels, sarcoplasmic reticulum compo-
nents and the structural machinery resembling adult cardiomyocytes, there are
important differences that impact force generation, metabolism, neurohormonal
responsiveness, and electrophysiology [13]. For example, the lack of T-tubule net-
work and poorly organized SR results in poor co-localization of calcium channels
and ryanodine receptors, non-uniform distribution of calcium release, and slower
release and reuptake kinetics compared to adult cardiomyocytes [14]. In addition,
iPSC-cardiomyocytes rely mainly on glycolysis whereas the adult heart relies pre-
dominantly on fat oxidation while retaining the capability to metabolize multiple
carbon sources [15, 16].

This chapter summarizes state-of-the-art large-scale applications of iPSC-
cardiomyocytes to identify therapeutic targets for heart disease and assess the car-
diotoxic risk of drugs, with emphasis on emerging technologies to address current
limitations. Although delineating disease mechanisms, therapeutic target discovery
and assessing cardiotoxic risk differ in experimental design, our philosophy is that
advancing iPSC-cardiomyocyte models that recapitulate disease and have the
throughput to enable large-scale chemical or functional genomics screening will
enable all three applications.
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Fig. 2.1 Patient-derived cardiomyocytes as an in vitro disease model. Somatic cells derived from
a patient biopsy are reprogrammed to induce pluripotency, and the expanded iPSCs are directed to
differentiate into 2D or 3D cultures of iPSC-cardiomyocytes, capable of functioning as a disease
model for drug discovery research and cardiotoxicity screening
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Addressing Immaturity: How Mature Is Mature Enough?

There are important differences in the electrophysiology of adult cardiomyocytes
and iPSC cardiomyocytes, as summarized in [17-19]. The iPSC-cardiomyocytes,
produced by various protocols, contain most of the cardiac ion currents present in
adult cardiomyocytes but nonetheless are immature and reflect their early fetal
rather than adult counterparts. Important distinctions are that they are deficient in
Ik, which is important for the normally low resting potential of mature cardiomyo-
cytes and a pronounced slow depolarizing If current that contributes to automaticity
increasing the cell’s membrane potential to the threshold for action potential firing.
Ik, deficiency contributes to the relatively depolarized resting potential of —30 mV
to —60 mV typical of early iPSC-derived or ESC-derived cardiomyocytes. Prolonged
culture periods, especially in three dimensional systems, can decrease the resting
potential to about —70 mV although not quite reaching the —80 mV typical of adult
cardiomyocytes [20-24]. A consequence of the lack of a polarized resting potential
is that functional Na* channel density is relatively low compared to more mature
cells; consequently, the dependence of the action potential on Na* current has been
inconsistent across iPSC-cardiomyocyte preparations and accounts for the slow
velocities (Vi) of depolarization (about 2—100 V/s compared to about 300 V/s for
adult ventricular cardiomyocytes [20, 21, 24].

Ca?* handling also differs between iPSC-derived and adult cardiomyocytes.
Most notably, iPSC-cardiomyocytes have largely undeveloped transverse tubule
(T-tubule) networks. In adult cardiomyocytes, T-tubules align with the sarcoplasmic
reticulum (SR) [25]. Action potential depolarization causes voltage-gated L-type
Ca* channels in the T-tubule sarcolamellae to open, triggering an influx of Ca** in
close proximity to the SR. The influx of extracellular Ca2+ triggers the rapid release
of Ca** from the SR through Ryanodine receptors (RyR) in a mechanism known as
calcium-induced calcium release (CICR) that coordinates contraction with the
action potential. In simple two-dimensional (2D) cultures of iPSC-cardiomyocytes,
the underdeveloped T-tubule and SR networks means that intracellular Ca** for con-
traction comes primarily from entry of extracellular Ca’* across the sarcolamella.
The relatively slower extracellular Ca?* influx (relative to release from SR stores)
accounts for the negative force-frequency relationship in iPSC-derived cardiomyo-
cytes when paced, whereas adult cardiomyocytes show a positive force-frequency
relationship [26, 27].

Healthy adult cardiomyocytes rely on adrenergic signaling to regulate Ca* han-
dling and contraction through phosphorylation of multiple proteins, including
CAMKII, phospholamban (to regulate SERCA2 mediated Ca** reuptake into the
SR) and cardiac Troponin-T, mediated by localized activity of B2 adrenergic recep-
tors (f2-ARs) and cAMP-hydrolyzing phosphodiesterases (PDEs) to caveolae/T
tubules [28, 29]. In contrast to healthy adult cardiomyocytes, immature iPSC-
cardiomyocytes have dysregulated catecholamine-dependent phosphorylation of
Ca?* handling and contractile proteins [30]. Interestingly, the immature adrenergic
regulation of the SR/Ca®* machinery is reminiscent of failing cardiomyocytes.
Failing adult myocytes lose T-tubule structure [31] and switch from
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compartmentalized function of the 2 AR to a dysregulated 2-AR and upregulated
expression of B1-ARs [32, 33], which are less responsive to catecholamine-induced
downregulation than are f2-ARs [34, 35].

Recent studies have succeeded in partially maturing the electrophysiological and
mechanical properties of iPSC-derived cardiomyocytes. In the fetal and adult heart,
hemodynamic load and alterations in metabolism lead to a coordinated metabolic,
structural and mechanical (patho)physiological response. Not surprisingly, there-
fore, the manipulation of metabolism and load have had a positive influence on
myocyte electrical, structural and mechanical maturation. Supplementation of cul-
ture media with T3 and dexamethasone, or promoting oxidative metabolism, can
drive the cells to a more mature electrophysiological and structural state [36—38].
The influence of an elongated shape, constrained by culturing cells on a micropat-
terned surface in an optimized 7:1 ratio, had a positive influence on sarcomeric and
mitochondrial organization, response to adrenergic stimulation and force genera-
tion, with evidence of a nascent T-tubule network [39, 40]. Recently, several ven-
dors have introduced multiwell plates with micropatterned grooved surfaces that
induce alignment of cardiomyocytes and are expected to improve their maturational
properties.

Many studies have shown that engineering substrate stiffness influences the dif-
ferentiation, myofibril organization and alignment of immature cardiomyocytes
through signaling cascades that differentially respond to substratum elasticity, e.g.
[41-44]. For example, Young et al. [45] have shown that mechanosensing at focal
adhesions regulates the expression and phosphorylation of protein kinases known to
control differentiation. Interestingly, they also found that cells matured best (judged
by achieving z-disc spacing <1.8 pm) when the hydrogel substrata stiffened over
time after cardiomyocyte plating, reaching about 8kPA in 11 days, approximating
the stiffness of fetal myocardium (~10 kPa).

Three-dimensional (3D) engineered heart tissues (EHTs) improve upon 2D sys-
tems since they provide the possibility of imposing stiffness and load in the correct
physiological ranges, which aligns cells and induces anisotropy, and also permit the
inclusion of non-cardiomyocytes that can provide maturational cues. EHTs have
been reported to develop positive a force-to-frequency relationship, T-tubule
involvement in excitation-contraction coupling, increased oxidative metabolism,
well-organized ultrastructure, and native sarcomere length and increased mitochon-
drial volumes [46-50]. Several studies have explored physical conditioning regi-
mens, such as mechanical or electrical stimulation, to promote physiological
maturation, e.g. [48, 51, 52]. Care must be exercised using these approaches because
sustained afterload can induce pathological cardiac remodeling with reduced con-
tractile function similar to chronic endothelin-1 or phenylephrine stimulation [53].
Addition of non-cardiomyocyte cell types, in particular fibroblasts, play crucial
roles in developing optimal functional and structural properties of the EHT in part
by regulating secretion of extracellular matrix proteins [54, 55]. Endothelial cells
also enhance cardiomyocyte proliferation and maturation in 3D tissues [56, 57].
Most recently, atrial EHTs were generated [58]. EHTs face several hurdles for
implementation with HTS platforms. For instance, creation of the constructs, and
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certain readouts, such as measurement of force generation typically accomplished
by optically or magnetically quantifying deflection of the posts that support the
EHTs [59, 60] is more complicated in 3D than in 2D. The selection of 2D versus 3D
systems depends on nature of the physiological response being probed, and the
particular requirements for the extent of physiological maturation and degree that
the assay model resembles native cardiac tissue. For instance, an interesting appli-
cation of monoaxial EHTs is the reproduction of re-entry arrhythmia and the dem-
onstration of restoration of rhythmic contraction and Ca** wave propagation by
electrical shocking mimicking resynchronization therapy [61].

iPSC-Derived Cardiomyocytes for Disease Modeling
and Drug Discovery

iPSC-derived cardiomyocytes have been used to model an increasing number of
genetic heart diseases. Given the simplicity and relative immaturity of the iPSC-
cardiomyocyte models, they have been used successfully to recapitulate a wide
range of congenital diseases caused by early onset monogenic disorders for which
the affected genes are expressed autonomously in cardiomyocytes [19].

Not surprisingly, familial arrhythmogenic disorders were among the first to be
modeled, and examples include Long QT Syndrome [62], catacholaminergic poly-
morphic ventricular tachycardia [63], and Brugada Syndrome [64]. In addition,
iPSC-derived cardiomyocytes have also been used to study familial cardiomyopa-
thies [65], including multiple genetic mutations leading to hypertrophic cardiomy-
opathy (HCM) [66-68] or dilated cardiomyopathy (DCM) [69-71], and
arrhythmogenic right ventricular cardiomyopathy (ARVD/C) [72-74]. EHTs have
contributed to the study of a range of inherited cardiac diseases, including Mybpc3
[75, 76], Titin DCM [77], BRAF HCM [78], PLN-R14del [79], and PRKAG2
HCM [80].

Metabolic diseases have also been successfully modeled. The significant societal
and economic impact of metabolic syndrome, obesity and type 2 diabetes, and the
challenges inherent in studying multifactorial disease etiologies in animal models
makes iPSC-based models an important contribution. Cardiometabolic diseases due
to monogenic enzyme deficiencies can have cell autonomous pathologies amenable
to iPSC modeling—on the other hand, however, many are polygenic for which cur-
rent culture systems consisting of single or few cell types cannot be expected to
recapitulate the range of pathologies [81]. One example of successful modeling
neutral lipid storage disease (NLSD), which is a rare disorder characterized by
excessive accumulation of neutral lipids in a variety of cell types in the body, includ-
ing cardiomyocytes. A deficiency in the patatin-like phospholipase domain-
containing protein 2 (PNPLA2) gene encoding adipose triglyceride lipase (ATGL)
causes NLSD with myopathy (NLSD-M), and the consistent pathological pheno-
type of increased lipid accumulation in cardiomyocytes can be observed nile red
staining of lipid droplets [82]. Another example is Barth syndrome, which is caused
by mutations in the Tafazzin, a multifunctional protein that catalyzes the
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modification of cardiolipin into its mature form that is essential for its roles in main-
taining mitochondrial shape and energy production and is also a transcriptional co-
activator with YAP in the Hippo pathway that regulates cell size and proliferation
[83]. An example of acquired disease modeling is Drawnel et al. [84], who created
environmental and patient-specific iPSC-CM models of diabetic cardiomyopathy
and used them in conjunction with a library of 480 well-characterized bioactive
compounds in a chemical biology exploration of possible therapeutic pathways.
Several of the hits pointed to deranged calcium cycling and signaling as causative
for the myopathic phenotype.

Modern drug discovery typically follows one or both of two approaches: (1)
phenotypic screening and (2) target-based screening. Phenotypic screening, which
identifies screen hits based on modulation of pathology or behavior, dominated his-
torically but was overshadowed by target centric approaches following advances in
the mechanistic understanding of disease and physiology during the twentieth cen-
tury [85]. Unlike conventional target-centric drug discovery, phenotypic drug dis-
covery is agnostic with regard to target and molecular mechanism of action and has
enjoyed a revival in the past couple decades, contributing to about twice as many
first-in-class small molecule drugs as solely target-centric approaches [79, 80].
Linking initial screening to disease phenotypes might address failures during drug
development [86, 87] due to irreproducible targets [88-90] or overestimation of the
role of a target in a disease process [91, 92] and underestimation of the molecular
action of drugs (including potentially multiple targets) [93]. However, the approach
has inherent weakness of providing little or no target information hindering risk
assessment and hit advancement [78]. Nonetheless, it is our view that iPSC-based
disease models have the potential of bringing the human disease context into the
earliest stages of the drug discovery process, and embody criteria described by
Vincent et al. [81] for predictive phenotypic assays: (1) disease relevance of the
assay system, (2) disease relevance of the mechanism that evokes the phenotype,
and (3) assay readout proximity to the clinical endpoint.

iPSC-Derived Cardiomyocytes to Assess Cardiotoxicity

Several drugs have been recalled or their use restricted due to cardiac safety con-
cerns. A notable example is the 1992 US FDA black box warning for terfenadine, a
non-sedating antihistamine used to treat allergic rhinitis. Ultimately, terfenadine
was removed from the market in 1997. Other important examples include cisapride,
a serotonin agonist associated with 125 deaths, Sibutramine, a weight loss drug, and
propoxyphene, an opioid pain reliever. In addition to the patient harm, withdrawals
and failures during development contribute the high cost to develop new medicines,
now upwards of $2 billion [5, 94].

Drug-induced tachyarrhythmias are commonly caused by off-target inhibition of
the human Ether-a-go-go Related Gene (hERG/KCNH2) channel that mediates the
delayed rectifier potassium current (Iy,) that is important for action potential repo-
larization [95, 96]. Following documentation of hERG block and arrythmogenicity
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of proarrhythmic drugs, regulatory agencies mandated universal testing for hERG
inhibition and clinical studies to assess proarrhythmic potential for investigational
drugs that have now become industry standards [97]. Although hERG testing has
prevented high risk drugs from entering the market, hERG binding per se is not
entirely predictive of arrhythmia or QT prolongation [98, 99]. As a result, the reduc-
tionist hERG assays which are used for detecting cardiotoxicity may cause the
unwarranted attrition of novel drug candidates [100]. Moreover, drugs can cause
structural [101] and contractile dysfunction, but no single cellular mechanism is
recognized as affecting cardiac contractile performance and has hence been difficult
to predict in vitro. Hence, iPSC-derived cardiomyocytes have been proposed as an
in vitro model system to predict both arrhythmic and contractile safety liabilities of
drug candidates [100, 102, 103].

iPSC-derived cardiomyocytes are currently being evaluated as a model system
for arrhythmic risk under the Comprehensive in vitro Proarrhythmia Assay (CiPA)
initiative. Recently, a blinded, multisite validation study by Millard et al. [104] dem-
onstrated high sensitivity of iPSC-derived cardiomyocytes for prominent depolar-
izing currents at 10 out of 18 studies; in qualifying studies, single and multichannel
blocking compounds were observed to alter field potential duration (FPD) in con-
cordance with known pharmacological behavior. Moreover, a second blinded, mul-
tisite validation study by Blinova et al. [105] amalgamated data from ten independent
locations and reported overall predictability, consistent with data from single site
studies, with minimal site-to-site variability. Although recent efforts have favored
multielectrode array (MEA) for measuring field potential, alternatives are being
explored. Pfeiffer et al. [102] utilized HT calcium imaging of iPSC-derived cardio-
myocytes to identify arrhythmogenic drugs, reporting degrees of sensitivity and
specificity that outperform hERG channel screens and match the upper bound of
laborious non-rodent mammalian models. Taken together, these experiments indi-
cate the utility of iPSC-derived cardiomyocyte models for detecting cardiotoxicity
and represent a growing collection of studies that support iPSC-derived cardiomyo-
cyte in vitro models [104—115]. Table 2.1 summarizes examples of published car-
diotoxicity screens using iPSC-derived cardiomyocytes, typically in 2D.

Limitations of the above studies include the use of relatively few iPSC lines (the
commercial lines were used across studies; typically, 1-2 lines/study). Therefore,
the studies were incapable of assessing how patient variation might confer suscep-
tibility to clinical cardiotoxicity and late-stage drug failure. Given the increasing
availability of patient-specific and genome-edited lines, effort should be focused on
understanding the influence of human genetic variation on drug-induced cardio-
myopathic or proarrhythmic risk. Secondly, physiological properties of the iPSC-
cardiomyocyte models (e.g., immaturity, homogeneity, 2D architecture), especially
in MEA recordings, probably account for limited success in discriminating risk of
certain compounds. For instance, drugs requiring metabolism to a cardiotoxic form
or drugs that require a multicellular arrhythmia substrate would under-estimate
clinical risk, whereas the increased sensitivity of iPSC-derived cardiomyocyte cul-
tures to proarrhythmic effects of hERG blockade probably over-estimates the risk of
hERG inhibitors with lesser clinical risk. To address cell type dependency,
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Table 2.1 Overview of use of iPSC-derived cardiomyocytes for drug testing in 2D or 3D
cultures

Cell line #
Culture Measurement Cell lines ~ Genetic compounds Compound
modality technology (source) Background evaluated  Type Reference
2D Calcium 1 (iCell) WT 125 Various [102]
(Fluo4) arrhythmia-
related
2D MEA/VSP 2 (iCell, WT 26-28 CiPA [105,
Cor.4 U) 108]
2D MEA 1 (iCell) WT 10 Various [107]
arrhythmia-
related
2D MEA 1 (iCell) WT 7 Various [106]
arrhythmia-
related
2D MEA 4 (iCell, WT 8 Various [104]
Cor4 U, arrhythmia-
GE, related
Stanford
CVI)
2D MEA 1 (iCell) WT 60 Various [109]
arrhythmia-
related
2D MEA 1 (Cor4U) WT 28 Various [110]
arrhythmia-
related
2D MEA 1 (iCell) WT 15 Various [111]
arrhythmia-
related
2D MEA 1 (iCell) WT 7-31 CSHAI, [112—
Various 115]
2D VSP 2 (iCell,in ~ WT 4-14 Various [9]
(FluoVolt) house) arrhythmia-
related
2D Contractility 5(@Cell, 4 WT 3-21 Kinase [124]
in house) inhibitors
2D Impedance 1 (iCell) WT 65 Kinase [125]
contractility inhibitors
3D Contractility 1 (in house) WT 2 Isoproterenol, [132]
Verapamil
3D Contractility 1 (iCell) WT 10 Inotropes [133]
3D Contractility 1 (in house) WT 8 Various [131]
3D Motion, 2 (MiraCell, WT 1-3 Various [128]
VSP(FluoVolt) in house) arrhythmia-
related
3D Calcium and 1 (in house) WT 3 Various [129]
contractility
3D Beat rate 1 (in house) WT 1 Doxorubicin ~ [130]

Abbreviations: MEA multielectrode array, VSP voltage-sensitive probe
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multiplexed assays incorporating iPSC-derived hepatocytes [116] or neural cells
[117] have been proposed. Finally, a greater understanding of how cellular pheno-
types reflect clinical arrhythmia should increase predictiveness. Artificial intelli-
gence is being used currently to classify ECG features to discriminate different
cardiac conditions [118-120], and similar approaches might help to classify predic-
tive features of iPSC-cardiomyocyte arrhythmia phenotypes.

Oncology drugs as a class exhibit cardiomyopathic and proarrhythmic effects.
As many as 30% of patients experience heart disease during or after treatment, in
some cases decades after their cancer treatment is completed [121, 122]. Not only
older chemotherapeutics, such as anthracyclines, but also modern molecularly tar-
geted therapeutics such as kinase inhibitors (KIs) have considerable adverse effects
on the heart [121-123]. iPSC-cardiomyocytes have been used to detect cardiotoxic-
ity that stems from KIs. Sharma et al. [124] screened 21 KIs and devised a cardiac
safety index extracted from data on viability, contractility, calcium handling, and
cellular electrophysiology. Low safety index values correlated with arrhythmogenic
compounds, substantiating potential clinical utility. In addition, pathways confer-
ring protection to toxicity of anticancer drugs were also explored. Further, Lamore
etal. [125] screened 65 kinase inhibitors using a impedance contractility assay in an
attempt to identify the kinases responsible for kinase inhibitor induced toxicity. In
addition, Talbert et al. [126] explored the toxicity mechanism of ponatinib using a
multi-parameter toxicity screen. Ponatinib is approved as the only KI used to treat
chronic myelogenous leukemias with mutated BCR/ABL kinase, including the
common “gatekeeper” T3151 mutation, and is associated with a high incidence of
cardiovascular toxicity [127]. Talbert et al. reported that ponatinib disrupts key sig-
naling pathways, inflicts of structural toxicity, and perturbs beat rate of iPSC-derived
cardiomyocyte models [126].

3D tissues have also been utilized to model drug-induced cardiotoxicity
(Table 2.1). Recent efforts by Kawatou et al. [128] reported visualization of drug-
induced TdP in 3D cardiac sheets. Likewise, Takeda et al. [129] studied the effect of
doxorubicin in 3D cardiac tissues and observed toxicity at levels comparable to
what has been observed in monolayer cultures. In contrast, Amano et al. [130]
observed that 3D tissues were less susceptible to doxorubicin and noted reduced
vascularization in 3D tissues with embedded microvasculature exposed to doxoru-
bicin. Lu et al. [131] studied the cardiotoxic effects of a panel of drugs in stem cell
derived cardiac tissues.

Conclusions and Future Perspectives

The advent of iPSC technologies—encompassing advances in cardiac cell type pro-
duction, patient and disease specific genetics, high-throughput physiological record-
ing, and tissue engineering—is promising for the study of cardiac disease
mechanisms in vitro, drug discovery, and safety pharmacology. Major limitations
are the physiological immaturity of the derived cardiomyocytes, and the homogene-
ity and simple architecture of the cultures. Research to address these issues by
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culture media optimization and the fabrication of 3D micro tissues should have
near-term improvements in predictiveness of the system. Furthermore, machine
learning approaches will likely improve predictiveness of the in vitro models for
clinical disease.
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Introduction

Cardiovascular disease remains an extremely deadly and costly burden across the globe.
Since the myocardium has a limited regenerative capacity, current therapies are restricted
to pharmaceuticals, mechanical and electrical support devices, and synthetic materials.
Decellularized extracellular matrices have strong potential to provide support to failing
myocardium. Their native composition offers complex biochemical cues beyond what
can be synthesized in the laboratory. Their physical versatility affords multiple applica-
tion routes as entire recellularized organs, acellular or recellularized patches, or inject-
able materials that conform to the dimensions of the injury. Manipulating the materials
allows for engineering their mechanical properties, such as stiffness and degradation
kinetics, through crosslinking or building hybrid scaffolds. Decellularized matrices can
also serve as delivery vehicles by harnessing native conjugation sites for bioactive mol-
ecules. When delivered with cells, the decellularized matrix improves cell retention,
protects these cells from the harsh microenvironment of the injured tissue, and directs
their behavior. Importantly, the materials mimic the native extracellular matrix and can
be remodeled, adapting and growing with the repaired tissue.

The field for decellularization of extracellular matrices has grown tremendously
in the last decade and a half. To date, research has focused on the best material
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sourcing and decellularization process. Ultimately, the goal of decellularization
is complete removal of cellular material, including immunogenic antigens, and
preservation of the underlying matrix structure and composition. Methods for this
include ionic and nonionic detergents, hypotonic and hypertonic solution, acidic
and basic solutions, physical disruption with pressure or temperature alterations,
enzymatic degradation, chelating agents, or a combination of the above. For thera-
peutic applications, material-specific properties, nontoxicity, and sterility must also
be achieved. The versatility and adaptability of decellularized extracellular matrices
makes them strong tools in cardiovascular tissue engineering.

The cardiovascular network is a complex system composed of conduits (blood
vessels), valves, and contractile muscle (the myocardium). Within each of these
components is further heterogeneity. For example, healthy myocardium ranges
in localized mechanical stiffness due to variations in matrix protein composition
and organization [1]. Dynamic alterations with aging also result in the increased
deposition and changing composition of structural extracellular matrix proteins
[2—4]. This is paralleled by an increase in mechanical stiffness with development as
well [4]. Heart disease, such as that induced by pressure overload, volume overload,
and myocardial infarction, results in remodeling of myocardium [5, 6]. Typically,
an increase in structural matrix protein deposition is observed [7-11]. This, in com-
bination with increased crosslinking of the extracellular matrix leads to progressive
passive stiffening of the myocardium [7, 11]. This is underscored by remodeling
of nonstructural extracellular matrix components that regulate cell behavior [10,
12]. This description is specific to overall changes in the myocardium with age-
ing and disease, but similarly, increased stiffness and mineralization is observed
in blood vessels and cardiac valves as well. Cardiac remodeling drives a need for
tissue engineering strategies and also dictates the sources of choice materials for
such strategies.

Methods for Decellularization

Decellularization and Characterization of Myocardium
and Pericardium

To date, the most common method of decellularization of the myocardium is deter-
gent based. Protocols vary in format of the native material (whole heart, slices, pieces,
etc.), which dictates timing of the decellularization and the final application. These
protocols are summarized in Table 3.1. To summarize, ventricular tissue is cut into
small (millimeter or centimeter cubed) size pieces. Decellularization is then car-
ried out by immersion and stirring in 1% sodium dodecyl sulfate (SDS) for several
days [16, 17]. This process may be followed by a shorter 30-min incubation in 1%
Triton X-100. The decellularized material (cCECM) is then washed in water for sev-
eral hours to remove any remaining detergent. In comparison, the pericardium can be
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Table 3.1 A comparison of various reported protocols for decellularization of myocardial tissues.
Note that the tissue type and source dictate the success of a given method.

Tissue
Pericardium

Pericardium

Pericardium

Myocardium

Myocardium

Myocardium

Myocardium

Source
Human

Human

Bovine

Porcine

Human

Porcine

Human

Structure
Pieces;
later milled
and pepsin
digested
Intact

Intact

Pieces;
later milled
and pepsin
digested
300 pm
sections

2 mm

sheets

300 pm
sections

Method Sterilization Citation

Water, 1% SDS in PBS  Not reported [13]
for 60—-65 h

Hypotonic buffer Not reported [14]
(10 mM Tris—HCI,

pH 8) for 16 h at 4 °C,

0.1% SDS for 24 h,

DNase and RNase for

3hat37°C

(1) 1% SDS, Not reported [15]
(2) 1% SDS + 0.5%

sodium deoxycholate

(3) 1% Triton X-100

(4) 1% Triton

X-100 + 0.5% sodium

deoxycholate

(5) Freeze—thaw cycles

+ 1% SDS + 0.5%

sodium deoxycholate

(6) Freeze—thaw cycles

+ 1% Triton

X-100 + 0.5% sodium

deoxycholate

1% SDS for 4-5 days,  Not reported [16, 17]

1% Triton X-100

30 min

10 mM Tris, 0.15 Penicillin, [18]
EDTA, pH 7.4 for2h,  streptomycin,

0.5% SDS for 6 h nystatin

(1) 1% Triton X-100 Cefazolin, [19]
(2) 1% SDS gentamicin,

(3) 0.5% trypsin for amphotericin B,

3 days at4 °C metronidazole

(1) 0.5% SDS for 9 h Penicillin, [20]
(2) 5% Triton X-100 for streptomycin,

48 h nystatin

(3) 4% sodium

deoxycholate for 40 h

(4) Alternating hypo/

hypertonic treatment for

3 days,

(5) 3-step protocol:

10 mM Tris for 2 h,

0.5% SDS for 6 h and
FBS for 3 h at 37 °C

(continued)
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Table 3.1 (continued)

Tissue Source

Epicardium, Porcine

myocardium,

endocardium

Myocardium  Porcine

and skeletal

muscle

Myocardium  Human,
porcine

Myocardium  Rat

Myocardium  Rat (fetal,
neonatal,
and adult)

Myocardium  Rat (fetal,
neonatal,
and adult)

Whole heart Rat

Structure
Sheets

Pieces;
later milled
and pepsin
digested

Pieces;
later milled

and pepsin
digested

Pieces

Intact or
pieces

Intact or
pieces

Intact

Method

(1) 1% SDS for 72 h,
1% Triton X-100 for

48 h, DNase for 72 h
(2) Alternating 1.1%
NaCl and hypotonic
0.7% NaCl for 8 h,
0.05% trypsin for 48 h
at 37 °C, 1% triton
X-100 plus 1%
ammonium hydroxide
for 96 h

1% SDS for 3—4 days;
skeletal muscle also
treated with isopropanol
(12-24 h) to remove
lipids

Porcine: 1% SDS
solution 3-5 days
Human: 1% SDS
solution 6-8 days,
isopropanol 12-24 h,
DNase/RNase 24 h, 1%
SDS 24 h, 0.001% triton
X-100 30 min
Submerged in ethanol in
a high-pressure reactor;
supercritical CO, added
at 37 °C and 350 bar for
6 h, DNase

0.05% fetal
(immersion), 0.5%
neonatal (immersion),
1% adult (perfusion or
minced before
immersion) SDS, then
Triton X-100 for several
hours;

Pepsin digestion: 1 h for
fetal, 2—4 h for neonatal,
24-48 h for adult
Hypotonic buffer for

18 h, 0.2% SDS for

24 h, hypotonic buffer

1 h, DNase 3 h at 37 °C
Heparinized PBS with
adenosine at pressure of
77.4 mmHg for 15 min,
1% SDS for 12 h, 1%
Triton-X100 for 30 min

Sterilization Citation
uv [21]
Penicillin, [22]
streptomycin
Penicillin, [23]
streptomycin
Penicillin [24]
Not reported [3]
Penicillin, [25]
streptomycin,
fungizone

Penicillin, [26]
streptomycin,

amphotericin B
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Table 3.1 (continued)

Tissue Source Structure ~ Method Sterilization Citation
Whole heart Porcine Intact Freeze—thaw, hypotonic  Peracetic acid, [27]
wash, 0.02% trypsin at  ethanol
37 °C for 2 h, 3% Triton
X-100 perfusion for 2 h,
4% deoxycholic acid
solution for 2 h

decellularized by gentler conditions, such as hypotonic buffer and 0.1-1% SDS in just
1-2 days [13, 14]. If the myocardium is instead sectioned into thin sheets (hundreds
of microns thick), it can also be decellularized under gentler conditions. One such
example is a three-step immersion protocol, that is, a few hours each in hypotonic Tris
buffer and 0.5% SDS, followed by overnight sterilization in antibiotics [18].

In an effort to determine the optimal procedure several studies have performed
head-to-head comparison of decellularization methods. SDS also better removed
cellular material and preserved fiber structure when compared to 1% Triton X-100
concentrations or enzymatic degradation by 0.5% trypsin [19]. While SDS is the
strongest decellularization tested, its use can also result in lost elastic fibers, glycos-
aminoglycans, and even collagen matrix proteins. Combination methods that allow
for lower concentration of SDS with the addition of cell bursting (freezing or hypo-
tonic solution) and Triton X-100 incubation improve preservation of cECM compo-
sition and biomechanics, without sacrificing removal of cellular material [15, 20].
A comparison of 0.5% SDS, 5% Triton X-100, 4% sodium deoxycholate, alternat-
ing hypo- and hypertonic solutions or a combination as described in the three-step
protocol above demonstrated that the combination method outperformed the others.
Triton X-100, sodium deoxycholate, and hypo/hypertonic treatment damaged the
matrix structure of the myocardium and did not completely remove cellular material
[20]. Interestingly, the authors also demonstrated that cECM derived from infarcted
tissue had a denser fibrotic network.

A drawback to these methods is that detergent-based decellularization can be
overly harsh and may result in alteration of biomechanical properties or composi-
tion. To overcome this, Seo et al. submerged freeze-dried rat myocardium in etha-
nol in a high-pressure reactor. The tissue was then decellularized with supercritical
carbon dioxide at 37 °C and 350 bar in 6 h [24]. Supercritical carbon better pre-
served glycosaminoglycans, extracellular matrix proteins, and angiogenic cytokines
than an SDS and Triton X-100 protocol; however, the fibrous structure was more
fragmented and required mixture with collagen before gelation. After bulk decel-
lularization, cECM can also be treated with deoxyribonuclease I and ribonuclease
A or serum to further reduce DNA content. Finally, if the final desired application
of the material is a culture coating or injectable hydrogel, then the cECM should be
lyophilized, milled into a powder, and solubilized in pepsin under acidic conditions
for 48 h [13, 16, 18, 24].
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Fig.3.1 Photographs showing each step of decellularization process: before decellularization (1);
after deionized water perfusion (2); after PBS perfusion (3); after enzymatic perfusion (4); after
1% SDS solution perfusion (5); after 3% Triton X-100 solution perfusion (6); after acidic perfu-
sion (7); perfusion of DC-ECMs with trypan blue solution to visualize the intact coronary vascu-
lature (8). (Adapted from Lu [28])

The above methods focused on decellularizing pieces of myocardial or pericar-
dial tissue. A landmark study in 2008 demonstrated that retrograde perfusion of an
intact rat heart was possible, allowing the geometry of the heart to be preserved in its
entirety [26]. With the vascular tree intact, decellularized hearts can be repopulated
and conditioned in a bioreactor. Since this initial study, intact mouse (Fig. 3.1) and
porcine hearts have been decellularized. Decellularization of a porcine heart, the
most studied for its physiological similarities to the human heart, was performed in
a matter of hours through retrograde perfusion [29]. Perfusion solutions contained
both enzymatic (trypsin) and detergent (Triton X-100) components. Maintaining
a high flow rate improves decellularization by removing waste components. Once
decellularized, the hearts can be frozen and lyophilized and then used for recellular-
ization or cut for cardiac patches. Lee et al. improved upon this method by inverting
the heart during retrograde perfusion [30]. They used hypertonic and hypotonic
solutions followed by SDS perfusion and showed that inverting the heart required
lower flow rates, which reduced the amount of damage done to the aortic valve. This
method addresses the varying thickness of the myocardium and best maintains the
structure stiffness and collagen and elastin content, while leaving the least amount
of residual DNA and SDS.

The source of tissue used for decellularization should be considered for each
desired application. Decellularization of cECM from different developmental ages
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requires tuning the decellularization method, but results in materials with distinct
protein compositions [3]. Younger hearts were decellularized with lower detergent
concentrations and required less time to solubilize. The cECM contained collagen
I and IV-VI, fibrillin-1, fibronectin, periostin, and emilin-1. Laminin was observed
to increase with age, while perlecan decreased. The most studied developmental
age, adult cECM, exhibited larger diameter fibers and exclusively contained colla-
gen III and lacked fibrillin-2. Similar results were observed from three-dimensional
constructs, with smaller fiber diameter in fetal than adult scaffolds [25]. In these
scaffolds, fetal cECM had less collagen I and more fibronectin than adult scaffolds.
In both cases, fetal scaffolds better supported cardiomyocytes [3, 25]. In adult tis-
sue, decellularization of distinct cardiac layers yielded materials with similar ultra-
structure, protein content, and mechanical stiffness [21]. Interestingly, culture of
adipose-derived progenitors on these decellularized sheets resulted in higher cell
density and cardiac marker expression after the detergent-based decellularization.
However, no effect of the cardiac layer was observed, suggesting decellularization
of the entire myocardium is sufficient.

A head-to-head comparison of the decellularization of human and porcine myo-
cardium revealed that human myocardium required more processing, likely due
to increased fibrosis, crosslinking and adipose tissue deposition from aging [23].
Further the human material did not always form a gel and yielded softer gels when
it did. Although the protein composition of the porcine and human myocardium
is distinct, porcine myocardium remains a more attractive option given the diffi-
culties of decellularization, limited availability, and patient-to-patient variabil-
ity of human tissue. In order to maximize the amount of decellularized material
from a single animal, skeletal muscle has also been considered for cardiac thera-
pies. Decellularization of cardiac and skeletal muscle can be achieved with SDS,
although lipid removal from skeletal muscle requires an additional treatment with
isopropanol [22]. Pepsin digestion of material from either source generates a sheer
thinning, injectable material that forms a porous nanofiber structure upon gelation.

Decellularization of Cardiac Valves

Mechanical valves have been very successful in the clinic, but require lifelong anti-
coagulation therapy and in pediatric patients, are not capable of growth. Biologic
valves on the other hand, deteriorate and calcify in patients. Decellularized heart
valves may address these limitations as they can remodel with the patient and should
not elicit an immune response. Detergent and basic conditions have been evaluated
by multiple groups for the decellularization of heart valves.

Recent studies have examined the question of the ideal buffer for valve decel-
lularization. In a direct comparison, SDS-based methods better removed DNA and
cytosolic proteins and induced a weaker inflammatory response than Triton-based
methods in decellularizing a porcine aortic valve [31]. Both detergents removed
xenogeneic antigens, while also unfortunately reducing collagen and elastin con-
tent. In a porcine pulmonary valve, detergent-based (SDS and Triton combination)
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methods outperformed enzymatic decellularization methods with either trypsin or
commercially available Accutase [32]. Enzymatic-based methods either loosened
and thinned the pulmonary valves or enlarged the leaflets. These methods also
created rough, partially degraded, disorderly microstructures. In a separate study,
sodium hydroxide and hydrogen peroxide better preserved glycosaminoglycan and
elastin content compared to SDS-based decellularization of a porcine pulmonary
valve [33]. Both methods maintained the mechanical integrity of the valves. Three
months after implantation, the valve leaflets were intact, flexible, and partially
repopulated with cells, and only minor calcification was observed.

The heterogeneity of the heart valve root and leaflets adds a challenge to decel-
lularization. Immersion in a basic solution containing the detergents SDS and Triton
X-100 for 16 days was insufficient to decellularize the wall of a porcine aorta.
However, a perfusion system that generated internal pressure within the aortic root,
forcing the decellularization solution through the wall without applying pressure to
the leaflets, was successful for DNA removal [34]. Further this method maintained
the collagen and elastin fibers.

Decellularization of Blood Vessels

As with any tissue, to determine the best decellularization method, multiple proto-
cols should be considered in parallel. Increasing doses of SDS for increasing incu-
bation times were compared for the decellularization of human umbilical arteries
that were either fresh or frozen [35]. The most effective decellularization was real-
ized by the highest dose of SDS (1%) for the longest duration (48 h) in fresh tissues.
This procedure also reduced the collagen content of the material. Freezing should be
avoided as it reduces material compliance and glycosaminoglycan content. Slicing
of human aortic tissue into micrometer scale pieces reduced the dose and treatment
duration of SDS [36]. However, this also destroys the structure of the blood vessel,
potentially limiting its therapeutic use. Triton-X 100 is an alternative detergent for
vessel decellularization. While Triton-X 100 and SDS produce decellularized ves-
sels with similar mechanical properties, Triton-X 100 better preserves the glycos-
aminoglycan content of the matrix [37]. As an additional modification heparin was
covalently incorporated into these vessels after decellularization to reduce thrombo-
genicity upon implantation. In addition to the characterization performed in decel-
lularized myocardium, decellularized vessels should be assessed for preservation of
their elastic fibers, burst strength, and calcification after implantation.

While efficient decellularization agents, detergents may destroy components of
the extracellular matrix and lead to cytotoxicity. In order to avoid the use of deter-
gents, decellularization methods using high hydrostatic pressure, activated serum,
and enzymatic methods have also been evaluated for blood vessels. Decellularization
by hydrostatic pressure is rapid and requires just 10 min at 980 MPa to clear a por-
cine radial artery of cellular material; however, this is followed by a week-long
exposure to DNase [38]. This method maintains both the internal elastic lamina and
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inner surface collagen layer of the artery. Ishino et al. used the inherent complement
system and DNase activity of human or rat serum to decellularize a porcine carotid
artery within 5 days [39]. While serum-based decellularization better retained the
native fiber structure and resulted in more stable graft material, it was less effi-
cient in removing nuclei and DNA from the scaffolds (leaving 80 ng/mg tissue) and
would require further optimization before clinical use (Fig. 3.2). Decellularization
of a blood vessel, in this case a porcine coronary artery, can also be achieved by
alternating hypotonic and hypertonic solutions to burst the cells followed by enzy-
matic degradation with trypsin [40]. Optimization of this method is also required as
it quickly reduces collagen and glycosaminoglycan content without fully removing
DNA from the matrix.

Native SDS Human Serum *

Fig. 3.2 Pictures of native and SDS- or human-serum-treated porcine carotid (a—¢) and H&E-
stained images (d—f). The surface of the vessel after SDS treatment seems to turn coarse (b), but it
does not change much after serum treatment (c). In the H&E-stained images, many nuclei in native
tissues are stained (d). Smooth muscle cells (black arrows) observed in native tissue (g). Cellular
components removed (white arrows) after SDS treatment (h) and 5 days of serum treatment (i).
Some components remain in serum-treated samples (gray arrow). Striation patterns of collagen
fibers observed in native and serum-treated samples (j, 1). Collagen fibers in the SDS-treated sam-
ple are destroyed (k). bm, basement membrane. (Adapted from Ishino [39])
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*20% CO, and 20 mM Mg?* addition, 5 days treated.

Fig. 3.2 (continued)

Other Decellularization Strategies

Given the promise of decellularized matrices, simple cost-effective strategies for
generating reproducible matrices will be important to clinical applications. Searches
for such a process have led beyond the mammalian heart and include decellularized
plant tissue and ex vivo cell-derived matrices. These isolation schemes also reduce
the risk of disease transfer and inflammation induced by xenogeneic epitopes.
Plant tissues are porous and vascularized and exhibit a range of mechanical prop-
erties. Decellularization of plant tissue is carried out with detergent or ionic solu-
tions similar to mammalian tissues [41]. Once lyophilized, it can be stored at RT
under low humidity. One potential drawback of decellularized plant tissues is that
they require the addition of adhesion sequences in order to support cell attachment
and spreading. Given the negligible degradation of cellulose by mammalian cells,
decellularized plant material is appropriate for long-lived applications.
Cell-derived matrices can be manufactured in a dish, allowing for controlled
deposition, and better recapitulate the mammalian microenvironment than plant tis-
sues. Human cardiac fibroblasts are commercially available and easily expanded in
culture, reducing the xenogeneic burden. This simple technique is highly scalable
and has the potential for off-the-shelf therapies. Alternatively, given a longer pro-
duction time, a patient’s own fibroblasts could be used as an autologous therapy.
Two weeks of culture is sufficient to produce scaffolds 20 mm in diameter and in con-
trolled shapes and sizes [42]. The produced matrix can be decellularized by detergent or
acidic conditions [42, 43]. Processing conditions of cell-derived matrices are typically
milder than that required for decellularization of tissue pieces. This may help to preserve
bioactive molecules in the extracellular matrix such as growth factors or glycosamino-
glycans. Schmuck et al. found that cardiac fibroblasts produced and extracellular matrix
that was composed primarily of fibronectin (>80%), followed by collagen I and III and
elastin [42]. These matrices can be repopulated and remodeled by host cells, and also
serve as a suitable scaffold for the delivery of cells into the epicardium (Fig. 3.3).
A further benefit of manufacturing cell-derived ECM is that it can be cultivated
in many formats, including monolayers, inside tubes, on porous scaffolds, or within
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Fig. 3.3 Cardiac fibroblast derived ECM at time of placement on the mouse heart (0 h), arrows
denote the edge of the scaffold (a). Attached scaffold after 48 h the beating mouse heart, arrows
denote the edge of the scaffold (b). Hematoxylin and eosin stain of a cross-section of the epicardial
surface, arrows denote the scaffold (c). Note the absence of gaps between the scaffold and epicar-
dial surface (scale bar = 100 pm) confirming adherence. Immunofluorescent micrograph of an
attached scaffold after 48 h on the beating mouse heart (d; scale bar = 100 pm). Inset image
denotes the tight attachment between CF-ECM scaffold and the epicardial surface. Fibronectin
(green), DAPI (blue) (scale bar = 25 pm). (Reused with permission Schmuck [42])
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a degradable carrier [43, 44]. These forms allow for appropriate mechanical pre-
conditioning to strengthen the matrix and are maintained after decellularization for
relevant applications. They can be stored for several months under refrigeration,
allowing for off-the-shelf therapies. In the future, in addition to tailoring the physi-
cal shape of these constructs, genetic engineering or small molecule delivery will
allow the deposition of specific biochemical components to be controlled [44].

Characterization of Decellularized Extracellular Matrix

Finally, after decellularization, careful characterization of the material is required to
ensure adequate removal of cellular material and maintenance of material composi-
tion and structure. At minimum, the DNA content must be determined and should be
lower than 50 ng/mg of ECM (dry weight). Given the sample preparation, this con-
centration is at the low end of the detectable range of DNA measure by Nanodrop
2000 spectrophotometers. More sensitive quantification should be performed with
a Picogreen assay. Additionally, an agarose gel can be employed to ensure that any
remaining DNA fragments are less than 200 bp in length. While Hoechst or DAPI
staining can confirm any remaining nuclei, they are not quantitative or sensitive
enough for free DNA. If detergents or crosslinking reagents were used in producing
the material, then residual content needs to be assessed. A recommended maximum
threshold for SDS is 200 pM [45]. Also necessary are tests for biocompatibility and
cytotoxicity. Currently, these are less quantitative assays, but include in vitro culture
methods or in vivo transplant.

Further characterization provides great insight into the material properties.
Scanning electron microscopy (known as SEM) is extremely common and useful
to determine qualitative ultrastructure, fiber diameter, and pore size (Fig. 3.4).
Histology is also frequently employed to demonstrate cell removal and intact
fibrous structure. The most common method is hematoxylin and eosin (H&E)
to reveal tissue structure. Masson’s trichrome can also be used to stain colla-
gen fibers and confirm the lack of intact cells. Elastic fibers can be visualized
by Verhoeff—Van Gieson staining. In addition to the methods discussed below,
individual matrix components can be determined by Alcain blue staining (gly-
cosaminoglycans) or immunohistochemistry for specific proteins (i.e., collagen I,
laminin, and fibronectin). Finally, immunohistochemistry can be used to identify
potential xenogeneic antigens such as alpha-Gal, T-antigen, and major histocom-
patibility complexes I and II.

Although not sensitive enough to reveal individual proteins, gross compari-
sons of the protein composition of decellularized matrices can be made by SDS-
polyacrylamide gel electrophoresis analysis. Liquid chromatography with tandem
mass spectrometry, on the other hand, provides an unbiased and quantitative assess-
ment of protein composition, but is more expensive and less readily available.
Quantification of individual matrix proteins can also be determined by modified
enzyme-linked immunosorbent assays or biochemical assays. Glycosaminoglycan
content is also commonly assessed as these molecules are bioactive and alter
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mechanical properties of the extracellular matrix. Quantification is carried out by
absorbance reading after binding with 1,9-dimethylmethylene blue, also known
commercially as the Blyscan assay.

In addition to composition, application-specific characterization of mechanical
properties can, and in the case of blood vessel burst strength should, be performed.
For hydrogels this includes rheometry for storage and loss modulus and gelation
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Fig. 3.4 Internal structure and protein composition of the cardiac scaffolds. Ultrastructure deter-
mined by SEM of the native myocardium (a) and acellular myocardial scaffolds (b); or native
pericardium (g) and acellular pericardial scaffolds (h). Representative images for the native myo-
cardium and decellularized myocardial scaffolds (d, e), respectively; and native pericardium and
decellularized pericardial scaffolds (j, k) showing immunostaining for col-I (green), col-III (red),
and cTnl (white). SEM images for recellularized myocardial (¢) and pericardial scaffolds (i).
Photographs displaying immunostaining for col-I (green) for recellularized myocardial and peri-
cardial scaffolds (f, 1). Nuclei were counterstained with DAPI (blue). Scale bars = 50 pm. (Reused
with permission Perea-Gil [21])
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Fig. 3.4 (continued)

kinetics if injecting. For intact structures biomechanical assays for tensile strength
and stiffness are commonly assessed. Biodegradability, which will affect not only the
mechanical properties but also biocompatibility potentially, can be assessed in vitro
by controlled enzymatic degradation. Ultimately, safety is the primary goal of any
potential therapeutic and appropriate testing should be performed to minimize patient
risk. Additional testing can be performed to help improve efficacy of the treatment.

Crosslinking and Sterilization of Decellularized Extracellular
Matrix

Ideally, complete removal of cellular material from the extracellular matrix would
prevent the stimulation of an inflammatory response upon implantation. However,
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this is also influenced by the chemicals used in the decellularization process and for
crosslinking. Detoxification of glutaraldehyde crosslinked materials can be achieved
with citric acid or a combination of citric acid and ethanol to reduce free aldehydes
present in the material [47]. A comparison of the macrophage-like cell response
to crosslinking reagents glutaraldehyde and 1-ethyl-3-(3-dimethyl-aminopropyl)-
carbodiimide in vitro demonstrated cytotoxicity of glutaraldehyde [48]. Fewer cells
attached and survived on glutaraldehyde crosslinked matrices; the cells present had
disrupted membranes and released more proinflammatory cytokines. Interestingly,
the authors concluded that this response was due to the surface characteristics of the
crosslinked material.

Residual detergents, such as SDS, also reduce cell viability, with the half-maximal
cell viability occurring around 200 pM SDS [45]. This is a relevant concentration
of detergent found after washing alone of a decellularized matrix. Higher concen-
trations of the detergent induced fibroblast activation, while detergent precipitation
out of the material with calcium chloride beneficially induced more reparative-
like macrophages. When implanted in vivo, high SDS concentrations reduced cell
infiltration, induced expression of inflammatory cytokines, limited vascularization,
increased myofibroblast presence, and resulted in fibrotic encapsulation.

Finally, sterility is also an important concern for decellularized matrices, espe-
cially for implantation. If performed under aseptic conditions, decellularization with
detergents or acidic or basic conditions will largely sterilize matrices. However, out
of an abundance of caution, sterility should be confirmed. Antibiotic and antimitotic
treatments alone are insufficient to guarantee sterilization, but the addition of low
dose (<0.1%) peracetic acid effectively disinfects matrices [49]. This avoids harsh
sterilization techniques which may damage the matrix structure or biochemistry.

Decellularized Extracellular Matrix Formats
Culture Coating

Rigid tissue culture plastic hardly mimics the native microenvironment of the myo-
cardium. Solubilized cECM can be applied as a culture coating to study cell behav-
ior by providing at least tissue-specific biochemical cues. The naturally derived
cECM improved cell viability, proliferation, cardiomyogenic differentiation, and
growth factor secretion in cardiac progenitor cells compared to collagen controls
[50]. Age-dependent effects of cECM on cultured neonatal rat ventricular myocytes
were also observed, with fetal-derived cECM supporting the adhesion and prolifera-
tion of cardiomyocytes better than neonatal or adult cECM [3].

In addition to simple culture coatings, more advanced culture conditions, includ-
ing engineered heart tissues, will be useful for pharmaceutical drug testing. By
cryosectioning porcine myocardium, Schwan et al. was able to maintain the anisot-
ropy and microstructure of the native material [51]. After laser cutting the sheets to
the desired shapes, they were decellularized. Laser cut shapes allow for simplified
and uniform mechanical testing. Seeding of these constructs with neonatal rat ven-
tricular myocytes led to cell alignment and force generation parallel to the underly-
ing fiber orientation.
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Injectable Materials

Injectable extracellular matrices are attractive because they require only minimally
invasive delivery either through direct injection of catheter delivery into the myo-
cardium [52]. They assemble into hydrogels within the tissue and provide biochem-
ical and biomechanical cues to native infiltrating cells. Additionally, they can be
used as delivery scaffold for cells or other bioactive molecules (e.g., growth factors,
cytokines, DNA, or siRNA).

Early work with tissue-specific decellularized matrices demonstrated that cECM
injected into the myocardium gels within 30 min of exposure to body temperature
and mimics the microscopic structure and porosity of native myocardium [16]. The
same group later showed that both human- and porcine-derived cECM gelled in
the rat myocardium [13]. Further, arteriole-sized vessels were observed within the
hydrogel 2 weeks after injection.

In a similar approach, a decellularized rat liver was milled into a powder and then
glued to the infarct in a rat model of myocardial infarction by mixing with fibrin
glue [53]. The powder induced neovascularization of the infarct area. As an alter-
native, the solubilized form of this decellularized liver powder could be injected
directly into the myocardium for a more spatially relevant treatment. The potential
drawback to injected materials is that their delivery may require special training,
material delivery into the tissue is not well controlled, and crosslinking strategies
are limited by the required slow gelling kinetics [52].

Patch

Patches for tissue engineering are advantageous because they allow for development
and maturation in culture or a bioreactor prior to implantation. They are also strong
enough to be manipulated and may provide mechanical support when applied to a
tissue. As a drawback, they require invasive delivery and still only contact the sur-
face of a tissue, limiting their restorative capabilities. Unless vascularized, patches
are also limited in thickness by the diffusion of nutrients.

For example, 2-mm slides of porcine myocardium can be decellularized without
disrupting the interstitial fibers or vascular structure [54]. However, when repop-
ulated, cell death inside the construct was still apparent. Alternatively, an intact
rat heart can be decellularized and then cut into pieces of the desired shape [55].
These slices can then be repopulated. Sheets of cECM increase cardiac gene marker
expression in human-induced pluripotent stem cell-derived cardiomyocytes com-
pared to cell aggregates alone. The sheets also demonstrated spontaneous contrac-
tions and can be applied as patches to an infarcted myocardium.

Jakus et al. took a modified approach to creating patches, which they termed
tissue paper, from decellularized, lyophilized, and milled extracellular matrix
[56]. Tissue papers can be rapidly produced in any castable geometric shape at
room temperature, making fabrication highly scalable. Poly(lactic-co-glycolic)
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acid can be incorporated for mechanical support. The tissue papers are flexible
enough to be rolled, folded, cut, and sutured and have a long shelf-life. They are
also highly porous, maintain their shape, and support cell adhesion, prolifera-
tion, and migration. The main drawback to their fabrication is the use of organic
solvents, which limits cell incorporation. However, sheets of repopulated tissue
paper can be stacked to create thicker patches.

Whole Organ Decellularization

While decellularization of myocardial sheets preserves the microstructure of the
tissue, it does not maintain the complexity of the intact heart as an organ. Ideally,
decellularization of an intact organ preserves vascular structure in addition to organ
structure. This vasculature can be harnessed for perfusion-based decellularization
in order to remove cellular material from the full thickness of the tissue [57]. In the
heart this can be done through retrograde or antegrade perfusion. Successful decel-
lularization of an intact heart, and its subsequent repopulation, would open the door
to functional, transplantable organs, although the ideal source of donor material
would have to be established.

Perfusion decellularization has been achieved in whole hearts in small and large
animal models [26, 27, 58]. This is achieved by freezing and serial perfusion of an
enzymatic, nonionic detergent, ionic detergent, and acid solution with hypotonic
and hypertonic rinses [27]. The decellularized matrix maintains its composition and
can support cardiomyocytes in vitro. Weymann et al. describe a compact, easy to
handle, sterilizable, and low-cost system for decellularization [58]. Antegrade per-
fusion of detergents for the decellularization of whole organs has been outlined in a
detailed protocol that can be adapted for small to large animal models [59].

More recent studies have aimed repopulation of decellularized intact hearts.
Human-induced pluripotent stem cell-derived cardiac progenitor cells were used to
repopulate an intact decellularized mouse heart [28]. Using a multipotent progeni-
tor cell allows for the generation of multiple required cell types. Repopulated hearts
were perfused with growth factors to promote in situ differentiation of the progeni-
tor cells. Cardiac and smooth muscle markers were later detected in the repopulated
hearts, along with vessel-like structures. While some spontaneous contractions were
also observed, distinct tissue regions were largely uncoupled.

Given the variety of cell populations and large number of cells required to repop-
ulate an entire heart, complete repopulation of organized functional cells remains a
challenge. To address this, Taylor et al. transplanted an intact decellularized porcine
heart in line with the recipient animal’s circulation to allow for endogenous repopu-
lation [60]. Within 6 h, endothelial cells were observed in the donor heart vessels.
By 60 days, more mature vessels and evidence of muscle tissue had formed. While
promising, this technique is not capable of subjecting the heart to the mechanical or
electrical loads that may be required for tissue maturation. Further, it is limited by
the risk of coagulation and thrombosis.
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Fig. 3.5 Rheological behavior of the dECM pregels. Solution to gel transition (a) of the dECM
pregels prepared from cartilage dECM (cdECM), heart dECM (hdECM), and adipose dECM
(adECM). Rheological properties of the dECM pregels: viscosity at 15 °C (b), gelation kinetics
from 4 to 37 °C (c¢) (initial temperature: 4 °C, increment of 5 °C/min with holding at 15 °C for 5
min, reaching to 37 °C, and maintaining 37 °C for 40 min), and dynamic modulus at varying fre-
quency at 37 °C (d). All experiments were performed in triplicate. Error bars represent standard
deviation. (Reused with permission Pati [46])

Bioink

The increasing popularity of three-dimensional printing tissue-engineered con-
structs has realized the potential of decellularized matrices to be used as bioinks. In
addition to the typical characterization of decellularized materials that must be per-
formed, bioinks should also be assessed for their viscoelasticity and shear thinning
[61]. In extrusion-based bioprinting, the nozzle diameter and printing speed should
also be considered. Similar to other forms of cECM, bioinks provide tissue-specific
biochemical cues and mechanical support, although they may require crosslinking
or composites to be mechanically strong.

Bioinks can be generated from a number of tissues, including the myocardium
[46]. They provide a complex fibrous matrix that self-assembles at body tempera-
ture without the immediate need for crosslinking agents (Fig. 3.5). Materials should
be kept cool during the printing process. Cell-laden cECM can be printed and gelled
without loss to cell viability. Compared to collagen controls, cECM enhanced car-
diac marker gene expression in myoblasts of printed constructs. Using multiple
printing heads, naturally derived bioinks can be printed in patterns with synthetic
materials such as polycaprolactone to create desired structures [62]. Further, each
material can contain a distinct cell population. This improves vascularization after
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implantation. Additionally, to enhance cell maturation or recruitment, growth fac-
tors can be incorporated into the bioink before printing.

Cardiac Applications
Myocardial Application of Cardiac-Derived Matrices

Pepsin digestion of decellularized porcine ventricular matrix allows for catheter
delivery of the material, a promising minimally invasive approach. Crosslinking
of cECM with glutaraldehyde to improve mechanical properties does not interfere
with its delivery [63]. In a rat model of ischemia reperfusion, cECM was injected
2-weeks after the surgery to mimic a clinical setting. After injection no increase in
risk for arrhythmia was observed and the cECM prevented the decline in cardiac
function observed with saline control [64]. Similarly, the group demonstrated trans-
endocardial delivery of the solubilized cECM into post-infarcted pigs preserved
cardiac function and reduced ventricular dilation. A visible band of muscle tissue,
representing enhanced survival or tissue repair, was observed near the injected mate-
rial [65]. A lack of thrombogenicity also makes these preclinical studies promising.

Chen et al. followed an interesting premise that since zebrafish have more car-
diac regenerative potential than mammals, the extracellular matrix comprising their
myocardium may elicit a stronger regenerative response [66]. Additionally, since
zebrafish myocardium is thinner, it can be decellularized under gentler conditions,
potentially retaining more bioactive molecules. In a head-to-head comparison,
zebrafish cECM better preserved cardiac function and decreased infarct size com-
pared to murine cECM in a murine model of myocardial infarction. Interestingly,
zebrafish cECM that was harvested after an apical resection (deemed “healing”) had
an even stronger effect on preserving the cardiac ejection fraction. The zebrafish
cECM induced more proliferation, possibly due to higher elastin and glycosamino-
glycan content. Given the inexpensiveness and ease of breeding zebrafish, this may
prove to be an attractive material in the future.

Decellularized scaffolds can be applied as patches either alone or in combina-
tion with cells. A decellularized rat cECM increased the gene expression of car-
diac markers in human-induced pluripotent stem cell-derived cardiomyocytes when
seeded on the matrix in combination with fibroblasts [55]. These patches showed
good cell viability and no observable segregation from native tissue in a rat model
of myocardial infarction. In fact, when patched over the infarct zone, the construct
improved cardiac function, increased peri-infarct vascularization, and decreased
infarct size. Inclusion of cells in extracellular matrix patches may outperform acel-
lular patches alone [67].

In order to bring additional benefit to patch constructs, Jang et al. created a pre-
vascularized patch, patterning stem cells and endothelial cells in bioink contain-
ing decellularized rat myocardium [62]. Through this technique, they were able
to create fairly stiff (16 kPa), millimeter scale patches. These patches were able
to improve cardiac function and reduce left ventricle dilation and fibrosis after
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myocardial infarction in rats. Interestingly, these patches had a positive outcome on
cardiac function even when implanted without cells.

In a clinical setting, the application of a patch in a patient is not realistic until
the patient has been stabilized. At this point, fibrotic remodeling is already under-
way. In most animal models of myocardial infarction, biomaterial-based therapies
are applied shortly after injury and may not mimic the clinical setting. However,
in a rat model of myocardial infarction, when porcine cECM patches were placed
on the infarct as late as 30 days post-injury they were still successful [68]. The
patches were vascularized, infiltrated by immature myocytes, induced a more
reparative macrophage phenotype. Ultimately, this led to improved cardiac func-
tion and reduced infarct size. Similarly, an injected porcine cECM-hybrid hydrogel
also improved cardiac function when applied 4 weeks after injury in a rat model of
myocardial infarction [69].

Myocardial Application of Noncardiac-Derived Matrices

While they do not provide tissue-specific microenvironments, decellularized matri-
ces derived from other tissue have shown promise in cardiac applications. These
matrices are capable of attracting native cells and do not risk mineralization, fibro-
sis, and infection like some synthetic matrices. For example, both porcine small
intestinal submucosa and urinary bladder submucosa were used to successfully
repair right ventricle wall defects in a porcine model [70]. No scar tissue or thrombi
were observed in or around the implanted material. Instead, a mixture of muscle
and connective tissue was observed to be created and well vascularized. In fact,
the implanted extracellular matrices were degraded and replaced. The regenerated
tissue exhibited spontaneous contractions at approximately 70% of the force of the
native myocardium.

Interestingly, the human heart valve has also been shown to be a viable source for
myocardial repair [71]. After sectioning into sheets, the valve tissue was decellular-
ized and then repopulated with murine bone marrow-derived cells. Implantation in
a mouse model of myocardial infarction demonstrated that the patch alone and the
cell-laden patch could both improve cardiac function and decrease infarct size.

Myocardial Application of Hybrid Scaffolds

While decellularized myocardial scaffolds maintain the fibrous structure and
biochemical composition of the native myocardium, they often lack adequate
mechanical strength. Further, instructive materials can be designed to influence the
regenerative process. The addition of crosslinking agents, biological factors, or syn-
thetic materials restores function of the matrix lost during the decellularization pro-
cess and pushes beyond the restorative capabilities of the native microenvironment.

In an effort to increase the stiffness of cECM, Grover et al. used two methods of
crosslinking polyethylene glycol to the decellularize scaffolds [72]. Based on the
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crosslinking method and polyethylene glycol molecular weight, hybrid scaffolds
were generated with storage moduli ranging from that of gelled cECM (5 Pa) to
700 Pa, beyond that which is achieved by glutaraldehyde crosslinking (140 Pa).
These methods achieve increased stiffness while maintaining a nanofibrous network
and cell adhesion and migration. Given the distinct crosslinking kinetics of the two
methods, each approach might be better suited for in vitro cell culturing or in vivo
injection.

A similar approach harnessed the naturally occurring biomaterial silk to cre-
ate hybrid hydrogels with tunable mechanical properties and controllable stiffen-
ing kinetics [73]. Incorporation of lower molecular weight silk led to faster gelling
kinetics, while using a higher weight percent of silk increased the elastic modu-
lus. Tuning the composition of these gels altered cardiac myofibroblast activation
in vitro as well as cell infiltration and vascularization in a subcutaneous model.

Chitosan, another biocompatible, naturally occurring material, has been used to
provide mechanical support to cECM. Incorporating 3% (w/v) chitosan in 0.5%
(w/v) cECM yields hydrogels with storage moduli on the order of 15,000 Pa after
glutaraldehyde crosslinking [74]. In order to avoid the cytotoxicity of glutaralde-
hyde, hydrogels can be crosslinked with the natural crosslinker genipin [69]. In
either case, chitosan incorporation leads to the formation of denser hydrogels that
are capable of supporting cell viability.

In addition to tuning mechanical properties of cECM hydrogels, the biochemi-
cal properties can be tuned by incorporating bioactive molecules such as growth
factors or adhesion peptides. To improve cell adhesion and survival, RAD16-I was
incorporated into decellularized porcine myocardium and pericardium [21]. The
two scaffolds shared only 40% of their proteins, but after reseeding with adipose-
derived mesenchymal stem cells, both decreased infarct size and improved ejection
fraction in swine subjected to coronary ligation.

Through carbodiimide crosslinking, basic fibroblast growth factor can be teth-
ered to cECM, even in an intact decellularized whole heart [75]. This incorporation
leads to a higher cell density, more synchronous contractions, and upregulation of
cardiac markers after reseeding of the scaffold with human embryonic stem cell-
derived cardiac progenitor cells. A more efficient reseeding will reduce the total
number of cells required. Namiri et al. applied a similar method to tether either
stromal cell-derived factor-1a or basic fibroblast growth factor to decellularized
heart valves [76]. Culture of the hybrid scaffolds with umbilical cord blood-derived
mononuclear cells leads to higher cell adhesion and migration on stromal cell-
derived factor-1a scaffolds, while these scaffolds elicited lower platelet adhesion
in vitro. After subcutaneous implantation stromal cell-derived factor 1a decreased
calcification of the scaffolds, especially compared to the increase noted in basic
fibroblast growth factor scaffolds. This suggests that incorporation of the most
advantageous bioactive molecules is application specific.

Recent work has demonstrated the incorporation of gold nanoparticles into a
decellularized scaffold in order to create a conductive material [77]. A more con-
ductive material was generated by incorporating larger nanoparticles. Compared
to pristine scaffolds, when seeded with neonatal rat ventricular myocytes, the cells
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exhibited more organized connexin43, a gap junction protein. The nanoparticle-
containing matrices also demonstrated increased contraction amplitude, with a
lower excitation threshold and faster calcium transients. In this study the authors
used a decellularized matrix derived from the omentum, suggesting that given the
right engineered cues, noncardiac substrates can provide successful therapeutics.
In the future, incorporation of carbon nanotubes into decellularized matrices may
also provide cardiomyocytes with the requisite environment for electrical stimula-
tion and signal transduction [78]. While extremely promising, materials with altered
conductive properties will have to be evaluated for risk of arrhythmia in vivo.

Repair of Cardiac Valves and Blood Vessels

Decellularized cardiac valves have received the most attention in a clinical setting
and will be discussed in the next section. While engineered blood vessels have
also advanced to preclinical testing, much work is still being performed in animal
models. The need for small diameter vascular grafts is not well met by synthetic
materials which are not only limited in availability but also plagued by acute throm-
bogenicity, anastomotic intimal hyperplasia, and minimal spontaneous reendotheli-
alization. Toward this end, Schneider et al. decellularized human placenta chorion
vessels with diameters less than 3 mm [37]. After implantation into the rat infra-
renal aorta, the matrices were infiltrated by endothelial and smooth muscle cells.
The grafts functioned properly, without a severe immune response, clotting, luminal
narrowing, or dilatation noted after 1 month. Further, the grafts were capable of
vasoconstriction.

Small diameter vessels (500-1500 pm) have also been generated by three-
dimensional printing. The inner diameter of the vessel and the wall thickness can
be tuned by adjusting coaxial needle size when printing. Gao et al. used this tech-
nique to print alginate-based hydrogels, loaded with decellularized aortic tissue,
endothelial progenitor cells, and drug carrying microspheres, around a dissolvable
core [36]. When implanted in a model of hind limb ischemia, the hybrid constructs
improved the survival and differentiation of the endothelial progenitor cells, while
also increasing local neovascularization and blood flow. Unfortunately, these ves-
sels lack mechanical strength.

Decellularized Extracellular Matrix in Preclinical and Clinical Trials

As discussed, decellularized materials come in a variety of formats, appropriate
to different applications. The ideal material would be available off the shelf and
would be capable of remodeling to match host tissue. Before advancing decellular-
ized matrix technologies to a clinical setting, rigorous testing is performed in large
animal models. Cardiac valves and blood vessels reached preclinical and clinical
testing first, in part due to the already occurring transplant of biological equiva-
lents. Myocardial patches have also advanced to this stage and are of particular
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interest for therapeutic application in congenital heart defects. Guidelines will need
to be developed to ensure sufficient removal of cellular material, xenogenic epit-
opes, and detergents [79]. Thorough decellularization should also be shown to not
compromise function. Swine are appropriate models for cardiac therapies as they
share similar cardiac anatomy and physiology with humans. Care should be taken
in considering data from ovine models as they have a lower risk of thrombosis and
demonstrate more spontaneous reendothelialization of valves and vessels that are
not observed in humans. Of significance, anticoagulants, antibiotics, and/or anti-
inflammatory drug regimens are used in many of these studies.

Success has been demonstrated in decellularized valve replacement. Gallo et al.
used a decellularized porcine aortic valve in place of a porcine pulmonary valve
[80]. The valves remained functional for 15 months with no signs of thrombi for-
mation, calcification, or deterioration. Decellularized valves had higher flow veloc-
ity and pressure gradients compared to autologous pulmonary valve transplants,
but performed well. There was no noted infection or signs of inflammation post-
transplantation. Of concern is that only 11 of 17 surgeries were free of compli-
cations. Strategies to increase remodeling of implanted heart valves include the
addition of protein coatings or reendothelialization in vitro before implantation.
Decellularized sheep pulmonary valve allografts subjected to these methods showed
more repopulated valves and stronger von Willebrand Factor staining [81]. Despite
the additional remodeling, all valve groups performed similarly.

Despite the ongoing work in animal models, decellularized valves have been
implanted in patients for more than a decade. With great tragedy, the first implan-
tations resulted in rapid failure due to a heightened inflammatory response [82].
Continued work with a similar tissue-engineered construct fared better but still
required reparative surgery in a third of the patients [83]. Advances in decellular-
ized allograft preservation, however, led to enhanced successful pulmonary valve
replacement in the Ross procedure out to 5 years [84]. In a case study from Japan, a
6-month old infant with doubly committed ventricular septal defect and right ventri-
cle outflow tract (RVOT) stenosis received a decellularized donor pulmonary valve
allograft [85]. The graft was transplanted within 4 months of preparation and did not
require cryopreservation. Even though the donor valve was twice the diameter of
the patient valve, the surgery was successful with normal pressure gradients across
the valve a year later. Decellularized xenografts on the other hand require further
improvement as inflammation and fibrosis lead to failure of half of the grafts [86].

In an effort to manufacture off-the-shelf, nonxenogeneic valve scaffold, Weber
et al. seeded human fibroblasts on polyglycolic-acid meshes, cultured the con-
structs under dynamic conditions for 4 weeks, and then decellularized the scaf-
folds [87]. After implantation in a baboon model, these constructs showed greater
cell repopulation than decellularized valves, maintained mobile and pliable leaflets,
and showed no sign of thrombi. However, functionally, these constructs require
improvement because they demonstrated reduced coaptation, increased transval-
vular pressure, regurgitation, and surgical detachment. If successful, a significant
benefit of this engineered valve is its incorporation into a stent, making minimally
invasive delivery possible.
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Similar to the construct manufacturing described above, Syedain et al. engi-
neered a decellularized vascular graft from ovine dermal fibroblasts cultured on a
fibrin scaffold in a tubular mold under pulsatile flow [88]. The decellularized grafts
matched the thickness, ultimate tensile strength, stiffness, anisotropy, collagen con-
tent, and cellular content of a native femoral artery 6 months after implantation
in an ovine model, with no sign of aneurysm or mineralization. In order to repair
higher pressure vessels, Dohmen et al. derived a patch from equine pericardium
[89]. Equine pericardium is stronger than porcine pericardium. Four months after
implantation in the descending aorta of sheep, the patches were pliable, with min-
imal adhesion, no hematomas, vegetations, thrombi, or calcification. No adverse
events were observed.

Future Outlook

Decellularization of cardiac structures began two decades ago with heart valves and
quickly led the way for the decellularization of vessels, pericardium, myocardium,
and other tissues with cardiac applications. The field has reached a stage of optimiza-
tion in decellularization strategies and is beginning to explore new methods of fabrica-
tion like 3D-printing and cell-based manufacturing. These will be exciting resources
that allow for better control of materials of design properties. Meanwhile, we eagerly
await the results of early clinical trials utilizing decellularized myocardium.

As the field expands its successes, we will also see this material translated to
nonischemic cardiac diseases. Congenital heart defects are often cited as motivation
for tissue-engineered therapies; however, these studies are largely underrepresented
in animal studies. This may in part be due to a lack of appropriate animal mod-
els or risk of congenital heart repair, but the clinical need persists. Other forms of
adult cardiac disease do not generate large scar regions the way ischemic disease
(i.e., myocardial infarction) does but still lead to heart failure that is just as deadly.
Decellularized matrices may prove useful as localized therapeutic delivery vehicles
in nonischemic diseases.
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3D Bioprinting of Cardiovascular Tissue
Constructs: Cardiac Bioinks

Martin L. Tomov, Andrea Theus, Rithvik Sarasani,
Huyun Chen, and Vahid Serpooshan

Introduction

Cardiovascular tissue bioprinting occupies a critical crossroads position between the
fields of biomaterials engineering, cardiovascular biology, three-dimensional (3D)
design and modeling, and biomanufacturing [1-4]. This complex area of research
requires expertise from all these disciplines to provide a multidisciplinary approach
that enables fabrication of functional and living tissues and organs, whether for
basic science or translational research applications [5]. A major challenge that ham-
pers this field is the lack of systematic characterization of the physical and chemical
properties of hydrogel-based bioinks that are applicable to organ and tissue bio-
printing [6—8]. Tailoring bioink properties to mimic the complex native tissue extra-
cellular matrix (ECM) is of great importance and a slight divergence could result in

pathological or loss of function manifests [9, 10].
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Fig. 4.1 Major methods that are available to bioprint tissue analogues. (a) Extrusion-based bio-
printers use single- or multi-nozzle print heads, squeezing out the bioink using mechanical or
pneumatic forces. (b) Droplet-based bioprinting uses thermal or piezoelectric forces to discharge
droplets of bioinks. (¢) Laser-based bioprinters use high-energy pulsed laser to eject bioink drop-
lets from a donor layer onto the receiving substrate. (Adapted from [32])

Functional tissue bioprinting holds great promise to combine rationally designed
biomaterials, functional cells, and macromolecules into 3D constructs that closely
recapitulate the mechanical, structural, and functional microenvironment of native
tissues [11]. With precise control over spatial arrangement of the cell-biomaterial
architecture, 3D bioprinting can provide complex physiochemical and biological
cues that are necessary for the maintenance and maturation of functional tissue
analogues. To date, a range of bioprinting platforms have been used to create artifi-
cial tissue constructs, such as extrusion-based [12—15], droplet-based [16—18], and
laser-based printing [19-21] (Fig. 4.1).

Recent advances in in vitro tissue development has made 3D bioprinting an attrac-
tive means for the next-generation regenerative medicine, specifically as a platform
for tissue replacement to rescue failed organs in patient-specific therapies [6, 22—24].
Some of these applications include pancreatic tissue printing, to address loss of func-
tion in diabetes [25, 26], bioprinted kidney tissue analogues that can be used instead
of, or in conjunction with, dialysis in kidney failure therapies [27, 28] and cardiac tis-
sue constructs which can be bioprinted to repair the damaged heart tissue post injury
(e.g., myocardial infarction), or in the case of congenital heart diseases [29-31].

This chapter explores the critical parameters of hydrogel-based bioinks that are nec-
essary for their successful application in functional cardiovascular tissue engineering,
as tissue analogues for disease modeling and drug screening in vitro, or as implantable
tissue grafts to treat a range of congenital and acquired cardiovascular diseases. We will
explore the biophysical, biochemical, and biological considerations for the candidate
bioinks that enable 3D bioprinting of functional cardiovascular constructs.

Types of Bioinks

Bioink can be defined as a printable biomaterial, based on naturally occurring
or synthetically derived polymers (hydrogels), that can recreate some aspects of
native tissue ECM [6, 7, 14]. In addition to the hydrogel component, bioinks
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typically consist of cells and/or small molecules (e.g., growth or angiogenic
factors) to enhance their bioactivity. Successful bioinks maintain (or promote)
encapsulated cell survival, adhesion, proliferation, and function in vitro and ulti-
mately in vivo. Some of the desirable features of bioinks include the ability to
form stable filaments during printing and gentle crosslinking mechanisms, which
allow for spatial control of hydrogel deposition while maintaining cell viability
[7, 8, 15, 33]. Currently available bioink formulations are often based on existing
hydrogel biomaterials, such as alginate [34, 35], fibrin [36, 37], hyaluronic acids
[38, 39], and gelatin [13, 40-42]. These bioinks can be divided into several broad
categories based on the specific crosslinking/solidification characteristics of their
parent hydrogel (Table 4.1). Critical for a successful bioink, it should be able to
incorporate and protect bioactive compounds within the formed hydrogel. This
could enhance the bioink functional mimicry to native tissues and enhance the
function of encapsulated cells [43].

To achieve an optimal bioink formulation and successfully print functional
tissues, the choice of specific bioprinting process and post-print tissue culture,
maintenance, and maturation is critically important [6, 7, 14]. Further, hydro-
gel properties such as viscosity, crosslinking mechanism, stiffness, mass transfer
properties (e.g., diffusion and permeability), and biodegradability must be taken
into consideration, depending on the specific application [6, 8, 15, 19, 44]. To
generate a biomimetic niche that can support tissue functionality and cell matu-
ration, the chosen bioink would need to also allow for specific chemical modifi-
cations such as small molecule conjugation and ECM proteins immobilization
within the 3D printed construct.

Cardiac Bioink Characteristics

Printability Printing resolution is dependent on the volume of deposited layer.
To maintain a fine balance between thin prints (high resolution) and cell viability,
the bioink should generate relatively low shear stress levels under modest pres-
sures [33, 45, 46]. Shape fidelity at high-resolution prints is critical for building
up functional tissue analogues, particularly for organs that are highly vascularized
and have complex tissue organization such as the heart [8, 15, 40, 41]. To maintain
fidelity, bioinks should have low reflow rate during the printing process and facile
crosslinking steps and culture conditions (Fig. 4.2). This requires the ability of
printed construct to be self-supporting at the macroscale, ideally with little to no
supporting materials. While some support bioinks might be required to maintain
complex/hollow shapes during printing, they would have to be either incorporated
as a functional component of the tissue analogue or allow for full removal post-
printing (i.e., sacrificial inks such as pluronic). This is particularly important in
bioprinting of cardiovascular tissues, considering the remarkably high blood ves-
sel density in the tissue (about 160 capillaries per mm? of myocardial tissue [47]).
For cardiac tissue bioprinting, therefore, successful fabrication of self-standing
and stable, hollow channels at diameters ranging from micrometers (capillaries)
to centimeters (arteries) would be a major challenge. These perfusable vascular
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Fig. 4.2 Schematic demonstration of the typical approach to assess bioink printability. 1: Initial
screening of bioink formulations to (a) establish fiber versus droplet formation, and (b) success-
fully stack multiple layers without fusing between the layers. 2: Rheological evaluations are per-
formed to determine (a) the flow initiation and yield stress properties, (b) degree of shear thinning,
and (c) recovery from shear thinning after printing. (Adapted from [14])

cardiac constructs can provide an invaluable platform for drug screening [27, 48,
49] and disease modeling studies [2, 27, 48, 50] in vitro, and a new generation of
cardiac patch devices for in vivo regenerative therapies [38, 51, 52].

Post-print Processing Post-print processes are required to achieve the adequate
print fidelity, as bioinks often require crosslinking [7, 53, 54]. Introducing cross-
linking agents via an additional liquid phase may be detrimental to the shape fidel-
ity. Therefore, employing a crosslinking step via long-wave ultraviolet (UV)
radiation [53, 55] or visible light [40, 56] exposure at appropriate durations and
intensities would be beneficial. Other types of post-print processes have often been
used. For instance, promising results have been shown for salt-based post-processing
after the constructs were printed [57-59]. Regardless of the chosen process, the
structural and chemical stability of the initial print are critical to maintain reproduc-
ibility of engineered tissues. One challenge with light-based crosslinking is, how-
ever, the possible cell damage due to UV light irradiation [60]. This can be mitigated
by combining or replacing UV with other more cytocompatible post-processing
methods. Some alternative processes include aerosolized salt solution spray [61],
incubation at elevated temperatures (>30 °C) [62], and enzymatic reactions [63]
(Table 4.1). Additionally, less reliance upon ionic-based crosslinking may mitigate
the precipitation or salting-out of adjunct proteins [64].

A successful cardiac bioprint will rely on a fast-acting crosslinking reagent
with negligible cytotoxicity, while capable of retaining high printing fidelities.
UV-crosslinked hydrogels, such as methacrylate modified gelatin (gelMA), have
been extensively used for cardiac tissue printing as these hydrogels can generate
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stable yet relatively soft matrices that mimic the physiomechanical and biochemical
properties of the native heart tissue [5, 65]. GeIMA crosslinking via UV light occurs
at relatively short times and moderate intensities (~2 minutes and between 1 and
20 mW/cm?), which could help to avoid excessive cell damage and death [16, 65].

Printed Tissue Stability and Controlled Degradation Swelling and contraction
of hydrogels upon crosslinking and during tissue culture could be detrimental to the
printed construct fidelity and cellular interactions/functions [66]. This can also alter
the final mechanical properties of the bioink and skew its 3D arrangement [67, 68].
Controlled degradation and remodeling of bioprinted construct, along with secre-
tion of ECM proteins by encapsulated cells, are critical for engineering a biomi-
metic tissue microenvironment [69]. However, printed tissue breakdown and
remodeling, in an uncontrolled manner, can severely limit its translational applica-
tions, as they could cause implant detachment and failure in vivo [70, 71]. To allevi-
ate these challenges, extensive research has focused on the development of new
bioink formulations with tunable degradation profile, to enable cell-mediated tissue
remodeling, while maintaining the construct integrity [72-79]. Particularly in the
case of cardiac tissue constructs, a significant degree of matrix remodeling by bio-
printed cells is necessary to achieve the intercellular connectivity and the remark-
ably high cell packing density of the native heart tissue [50, 80-83]. To that end,
gelMA-based bioinks are specifically favorable as they are both biodegradable and
chemically defined.

Mass Transfer Properties of Cardiac Bioinks Incorporating functional vascular-
ization is a critical aspect of tissue bioprinting to generate and maintain large (clini-
cally relevant) tissue constructs [84-93]. This is particularly important for
bioengineered cardiac constructs, considering the remarkably high vascular density
in the native myocardial tissue (approximately one capillary per cardiomyocyte)
[94, 95]. With passive perfusion alone, the maximum thickness of a viable 3D tissue
construct is usually around 100-250 pm [96, 97] before vascularization is required.
This distance can potentially be extended to about 600 pm in bioprinted constructs
that can be prevascularized prior to cell seeding. If the construct’s pore size is large
enough to allow for more effective passive diffusion, a similar effect can occur
[98-100].

Tissue-Specific and Chemically Modifiable Bioinks The ability to incorporate tis-
sue- and cell type-specific materials into the bioink is critically important for achiev-
ing in vivo-like functionality. Modification chemistry can provide the small molecules
and ECM factors that are specific to the tissue/organ microenvironment [73, 78,
101]. For this purpose, covalent conjugation, or similar levels of immobilization,
would be an effective approach to recapitulate the specific tissue cues for bioprinted
cells and initiate self-directed environmental remodeling. Keeping the modification
chemistry and bioink preparation steps simple would also be significantly beneficial
by cutting down on preparation time and equipment and material expenses and by
enhancing batch-to-batch consistency [6]. Furthermore, the hydrogel bioink should
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be xeno-free or consist of entirely chemically defined components, to facilitate trans-
lational use in regenerative medicine and to enhance the reliability for use in in vitro
assays, such as drug screening and disease modeling [3].

To generate a bioink that is supportive to cardiac cells and recapitulates the
organ/tissue-specific niche, high-throughput analysis techniques, such as transcrip-
tome analysis (RNA-Seq) and proteomics can be used to characterize the native
cardiac tissue ECM. For instance, bone morphogenic proteins (BMP2/BMP4) and
Wht inhibitors (IWP2) are known to play key roles in generation of early cardio-
myocytes in vitro [102-110]. Incorporating certain concentrations of these factors
in the tissue generation pipeline (e.g., in cardiac bioink) may promote the regenera-
tive capacity of printed constructs. Further, functionalizing the bioink with ECM
proteins, such as cadherins, connexins, and collagen, can be used to promote cell
attachment, migration, and remodeling [86, 111-116]. ECM proteins coupled with
secreted small molecules such as tumor necrosis factor alpha (TNFa), interleukin
(IL)-1, IL-6, transforming growth factor beta (TGFp), angiotensin II, and endothe-
lin 1 can also help promote tissue maturation and vascularization in cardiac con-
structs (Fig. 4.3) [117, 118].

Tunable Mechanical Properties Altering biomechanical characteristics of the
bioinks can be achieved via initial or secondary crosslinking processes. Such modi-
fications can provide the specific mechanical cues to encapsulated cells and pro-
mote desired cellular functionalities [14, 119]. The ability to independently tune
chemical and mechanical properties of these hydrogels is critically important. For
example, crosslinking of hydrogel matrices can tune their stiffness [120-123], while
conjugation of various ECM proteins and small molecules can independently pro-
vide biochemical cues to the cells [7, 124]. Mechanical properties play a major role
in successful application of bioprinted cardiac constructs, as these tissues require
strictly regulated stiffness values to exhibit proper functionality both in vitro and

— Vascularization

Fig. 4.3 The demand for effective vascularization in vitro increases with tissue construct size and
complexity
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in vivo (Fig. 4.4) [32, 82, 123, 125, 126]. The post-print crosslinking mechanisms
that are used for most hydrogel bioinks allow for generating tissues with a relatively
broad range of stiffness. Therefore, bioprinting technology holds a great potential
for manufacturing a wide variety of functional tissues.

It has been shown by different groups that cardiomyocytes exhibit maximal
contractile function on matrix stiffnesses ranging from 1 to 16 kPa [51, 82, 115,
123, 126]. Thus, an optimal cardiac-specific bioink may be expected to show elastic
modulus within this range (Fig. 4.5) [126]. Incorporating large numbers of nondi-
viding cardiomyocytes in bioinks can compromise their mechanical properties and
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printing fidelity (resolution and stability). To address this issue, cardiomyocytes can
be combined with proliferative cardiac precursor/stem cells, cardiac, and vascular
cells (endothelial and smooth muscle cells) and be encapsulated in the bioink at
remarkably lower cell densities [29, 128—130]. Multiplication, differentiation, and
maturation of these multilineage cardiac cell populations in bioprinted constructs,
in association with controlled matrix degradation and remodeling, can lead to gen-
eration of myocardial mimetic tissue constructs at appropriate cell density and
configuration. The use of stem cell sources for cardiac tissue printing may require
additional examination and characterization to avoid incomplete or undesirable cell
differentiation (e.g., tumor formation or reduced functionality of the engrafted tis-
sue) that could impact the clinical application of the printed constructs [131-133].

Outlook and Conclusions

To maintain cell viability and functionality, hydrogel-based bioinks must fulfill
several key biophysical and biochemical requirements, before, during, and post-
printing processes. These parameters, together with the need for a functional vas-
cular network in the construct, are critical for generating high fidelity cardiac tissue
analogues. Initial and/or secondary crosslinking processes would allow for bet-
ter control over the chemical and mechanical cues within the 3D constructs and
therefore, enable reconstructing diverse tissue microenvironments. Preparing com-
mercially available cardiac bioink kits that can be optimized for a specific tissue
bioprinting would be a significant advancement in the field, especially if differ-
ent chemical and mechanical properties of the hydrogels could be decoupled and
independently tuned. A balance must be obtained between cardiac bioink crosslink-
ing degree, stiffness, and biodegradation to allow for bioprinted cells to remodel
their microenvironment. This is a critical step toward achieving enhanced cardiac
cell connectivity, maturation, and function. Additionally, keeping bioink synthesis
and modification chemistry robust and simple would be highly beneficial for wider
appeal to researchers in the field.

In summary, cardiac bioprinting aims to generate clinically applicable, cardiac
tissue analogues that can replace damaged/diseased tissue in vivo or be used as
biomimetic platforms in vitro to model various diseases. Recent advances in bio-
printing technologies have enabled fabrication of complex, patient-specific, tissue
architectures at an organ-relevant spatial resolution, while supporting viability and
function of multiple cell types. However, there remain some challenges for the
clinical application of bioprinted cardiac constructs. Development of new cardiac-
specific bioinks, using tailored biomaterials and precisely tuned selection of macro-
molecules, could be a great step forward toward clinical bioprinting. New methods
are also needed to incorporate functional, multiscale vascular networks within
printed constructs that can be perfused to maintain functionality of large-scale tis-
sue constructs. Further, enhanced temporal and spatial resolutions in the new gen-
eration of bioprinters can help engineering more advanced cardiac tissue substitutes
for regenerative medicine.



72 M. L. Tomov et al.
References
1. Murphy SV, Atala A. 3D bioprinting of tissues and organs. Nat Biotechnol. 2014;32(8):773-85.

2.

3.

4.

10.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Wang Z, et al. 3D bioprinted functional and contractile cardiac tissue constructs. Acta
Biomater. 2018;70:48-56.

Ji S, Guvendiren M. Recent advances in bioink design for 3D bioprinting of tissues and organs.
Front Bioeng Biotechnol. 2017;5:23.

Suntornnond R, et al. A mathematical model on the resolution of extrusion bioprinting for the
development of new bioinks. Materials (Basel). 2016;9(9):756.

. Jang J. 3D bioprinting and in vitro cardiovascular tissue modeling. Bioengineering (Basel).

2017:4(3):71.

. Gopinathan J, Noh I. Recent trends in bioinks for 3D printing. Biomater Res. 2018;22:11.
. Holzl K, et al. Bioink properties before, during and after 3D bioprinting. Biofabrication.

2016;8(3):032002.

. Ouyang L, et al. Effect of bioink properties on printability and cell viability for 3D bioplotting

of embryonic stem cells. Biofabrication. 2016;8(3):035020.

. Smith L, Cho S, Discher DE. Mechanosensing of matrix by stem cells: From matrix heteroge-

neity, contractility, and the nucleus in pore-migration to cardiogenesis and muscle stem cells
in vivo. Semin Cell Dev Biol. 2017;71:84-98.

Geckil H, et al. Engineering hydrogels as extracellular matrix mimics. Nanomedicine.
2010;5(3):469-84.

. Mandrycky C, et al. 3D bioprinting for engineering complex tissues. Biotechnol Adv.

2016;34(4):422-34.

Chung JHY, et al. Bio-ink properties and printability for extrusion printing living cells.
Biomater Sci. 2013;1(7):763-73.

Liu W, et al. Coaxial extrusion bioprinting of 3D microfibrous constructs with cell-favorable
gelatin methacryloyl microenvironments. Biofabrication. 2018;10(2):024102.

. Paxton N, et al. Proposal to assess printability of bioinks for extrusion-based bioprint-

ing and evaluation of rheological properties governing bioprintability. Biofabrication.
2017;9(4):044107.

Zhao Y, et al. The influence of printing parameters on cell survival rate and printability in
microextrusion-based 3D cell printing technology. Biofabrication. 2015;7(4):045002.
Stratesteffen H, et al. GelMA-collagen blends enable drop-on-demand 3D printablility and
promote angiogenesis. Biofabrication. 2017;9(4):045002.

Graham AD, et al. High-resolution patterned cellular constructs by droplet-based 3D printing.
Sci Rep. 2017;7(1):7004.

Gudapati H, Dey M, Ozbolat I. A comprehensive review on droplet-based bioprinting: past,
present and future. Biomaterials. 2016;102:20-42.

Dababneh AB, Ozbolat IT. Bioprinting technology: a current state-of-the-art review. ] Manuf
Sci Eng-Trans ASME. 2014;136(6):061016.

Entsfellner K, et al. First 3D printed medical robot for ENT surgery — application specific
manufacturing of laser sintered disposable manipulators. 2014 IEEE/RS]J international confer-
ence on Intelligent Robots and Systems (Iros 2014), 2014. p. 4278-83.

Zhang Z, et al. Effects of living cells on the bioink printability during laser printing.
Biomicrofluidics. 2017;11(3):034120.

Leberfinger AN, et al. Concise review: bioprinting of stem cells for transplantable tissue fabri-
cation. Stem Cells Transl Med. 2017;6(10):1940-8.

Malyala SK, Kumar YR, Rao CSP. Organ printing with life cells: a review. Mater Today-Proc.
2017:4(2):1074-83.

Datta P, Ayan B, Ozbolat IT. Bioprinting for vascular and vascularized tissue biofabrication.
Acta Biomater. 2017;51:1-20.

Ravnic DJ, Leberfinger AN, Ozbolat IT. Bioprinting and cellular therapies for type 1 diabetes.
Trends Biotechnol. 2017;35(11):1025-34.



3D Bioprinting of Cardiovascular Tissue Constructs: Cardiac Bioinks 73

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Woliner-van der Weg W, et al. A 3D-printed anatomical pancreas and kidney phantom for
optimizing SPECT/CT reconstruction settings in beta cell imaging using (111)In-exendin.
EJINMMI Phys. 2016;3(1):29.

Homan KA, et al. Bioprinting of 3D Convoluted Renal Proximal Tubules on Perfusable Chips.
Scientific Reports. 2016;6:34845.

Zhang YS, et al. 3D bioprinting for tissue and organ fabrication. Ann Biomed Eng.
2017;45(1):148-63.

Ong CS, et al. Biomaterial-free three-dimensional bioprinting of cardiac tissue using human
induced pluripotent stem cell derived cardiomyocytes. Sci Rep. 2017;7:4566.

Cheung DYC, Duan B, Butcher JT. Chapter 21 — Bioprinting of cardiac tissues. In: Atala
A, Yoo JJ, editors. Essentials of 3D biofabrication and translation. Boston: Academic; 2015.
p. 351-70.

Lee S, et al. 3D bioprinted functional and contractile cardiac tissue constructs. Tissue Eng A.
2017;23:596.

Serpooshan V, et al. Bioengineering cardiac constructs using 3D printing. J 3D Print Med.
2017;1(2):123.

Nair K, et al. Characterization of cell viability during bioprinting processes. Biotechnol J.
2009;4(8):1168-717.

Axpe E, Oyen ML. Applications of alginate-based bioinks in 3D bioprinting. Int J Mol Sci.
2016;17(12):1976.

Duan B, et al. 3D Bioprinting of heterogeneous aortic valve conduits with alginate/gelatin
hydrogels. ] Biomed Mater Res A. 2013;101(5):1255-64.

Lee YB, et al. Bio-printing of collagen and VEGF-releasing fibrin gel scaffolds for neural stem
cell culture. Exp Neurol. 2010;223(2):645-52.

Kolesky DB, et al. 3D bioprinting of vascularized, heterogeneous cell-laden tissue constructs.
Adv Mater. 2014:26(19):3124-30.

Gaetani R, et al. Epicardial application of cardiac progenitor cells in a 3D-printed gelatin/
hyaluronic acid patch preserves cardiac function after myocardial infarction. Biomaterials.
2015;61:339-48.

LuoY, et al. Injectable hyaluronic acid-dextran hydrogels and effects of implantation in ferret
vocal fold. J Biomed Mater Res B Appl Biomater. 2010;93b(2):386-93.

Lim KS, et al. New visible-light photoinitiating system for improved print fidelity in gelatin-
based bioinks. ACS Biomater Sci Eng. 2016;2(10):1752-62.

Liu W, et al. Extrusion bioprinting of shear-thinning gelatin methacryloyl bioinks. Adv Healthc
Mater. 2017;6(12). https://doi.org/10.1002/adhm.201601451.

Yin J, et al. 3D bioprinting of low-concentration cell-laden gelatin methacrylate (GelMA) bio-
inks with a two-step cross-linking strategy. ACS Appl Mater Interfaces. 2018;10(8):6849-57.
Levato R, et al. Biofabrication of tissue constructs by 3D bioprinting of cell-laden microcarri-
ers. Biofabrication. 2014;6(3):035020.

Duan B. State-of-the-art review of 3D bioprinting for cardiovascular tissue engineering. Ann
Biomed Eng. 2017;45(1):195-209.

Blaeser A, et al. Controlling shear stress in 3D bioprinting is a key factor to balance printing
resolution and stem cell integrity. Adv Healthc Mater. 2016;5(3):326-33.

Forget A, et al. Mechanically tunable bioink for 3D bioprinting of human cells. Adv Healthc
Mater. 2017;6(20). https://doi.org/10.1002/adhm.201700255.

Khazaei M, Salehi E. Myocardial capillary density in normal and diabetic male rats: effect of
bezafibrate. Res Pharm Sci. 2013;8(2):119-23.

Vanderburgh J, Sterling JA, Guelcher SA. 3D printing of tissue engineered constructs for in vitro
modeling of disease progression and drug screening. Ann Biomed Eng. 2017;45(1):164-79.
Zhang YS, et al. Bioprinting 3D microfibrous scaffolds for engineering endothelialized myo-
cardium and heart-on-a-chip. Biomaterials. 2016;110:45-59.

Serpooshan V, et al. Use of bio-mimetic three-dimensional technology in therapeutics for heart
disease. Bioengineered. 2014;5(3):193-7.


https://doi.org/10.1002/adhm.201601451
https://doi.org/10.1002/adhm.201700255

74

M. L. Tomov et al.

S1.

52.

53.

54.

55

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Serpooshan V, Ruiz-Lozano P. Ultra-rapid manufacturing of engineered epicardial sub-
stitute to regenerate cardiac tissue following acute ischemic injury. Methods Mol Biol.
2014;1210:239-48.

Serpooshan V, Wu SM. Patching up broken hearts: cardiac cell therapy gets a bioengineered
boost. Cell Stem Cell. 2014;15(6):671-3.

Bartnikowski M, et al. Tailoring hydrogel viscoelasticity with physical and chemical crosslink-
ing. Polymers. 2015;7(12):2650-69.

Schoenmakers DC, Rowan AE, Kouwer PHJ. Crosslinking of fibrous hydrogels. Nat Commun.
2018;9:2172.

. Jung J, Oh J. Influence of photo-initiator concentration on the viability of cells encapsu-

lated in photo-crosslinked microgels fabricated by microfluidics. Dig J Nanomater Biostruct.
2014;9(2):503-9.

Zhou D, Ito Y. Visible light-curable polymers for biomedical applications. Sci China-Chem.
2014:57(4):510-21.

Akar E, Altinisik A, Seki Y. Preparation of pH- and ionic-strength responsive biodegradable
fumaric acid crosslinked carboxymethyl cellulose. Carbohydr Polym. 2012;90(4):1634—41.
Fekete T, et al. Synthesis and characterization of superabsorbent hydrogels based on hydroxy-
ethylcellulose and acrylic acid. Carbohydr Polym. 2017;166:300-8.

Segura T, Chung PH, Shea LD. DNA delivery from hyaluronic acid-collagen hydrogels via a
substrate-mediated approach. Biomaterials. 2005;26(13):1575-84.

Boerma M, et al. Microarray analysis of gene expression profiles of cardiac myocytes
and fibroblasts after mechanical stress, ionising or ultraviolet radiation. BMC Genomics.
2005;6:6.

Johnson DM, et al. Polymer spray deposition: a novel aerosol-based, electrostatic digital depo-
sition system for additive manufacturing. NIP Digit Fabric Conf. 2016;2016(1):129-33.

Wu Z, et al. Bioprinting three-dimensional cell-laden tissue constructs with controllable deg-
radation. Sci Rep. 2016;6:24474.

Irvine SA, et al. Printing cell-laden gelatin constructs by free-form fabrication and enzymatic
protein crosslinking. Biomed Microdevices. 2015;17(1):16.

Najdanovic-Visak V, et al. Salting-out in aqueous solutions of ionic liquids and K(3)PO(4):
aqueous biphasic systems and salt precipitation. Int J Mol Sci. 2007;8(8):736—48.

Wang X, et al. Gelatin-based hydrogels for organ 3D bioprinting. Polymers (Basel).
2017;9(9):401.

Ersumo N, Witherel CE, Spiller KL. Differences in time-dependent mechanical properties
between extruded and molded hydrogels. Biofabrication. 2016;8(3):-035012.

Bueno VB, et al. Synthesis and swelling behavior of xanthan-based hydrogels. Carbohydr
Polym. 2013;92(2):1091-9.

Rahali K, et al. Synthesis and characterization of nanofunctionalized gelatin methacrylate
hydrogels. Int J Mol Sci. 2017;18(12):2675.

Swinehart IT, Badylak SF. Extracellular matrix bioscaffolds in tissue remodeling and morpho-
genesis. Dev Dyn. 2016;245(3):351-60.

Tosun Z, Villegas-Montoya C, McFetridge PS. The influence of early-phase remodel-
ing events on the biomechanical properties of engineered vascular tissues. J Vasc Surg.
2011;54(5):1451-60.

Velasco MA, Narvaez-Tovar CA, Garzon-Alvarado DA. Design, materials, and mechanobiol-
ogy of biodegradable scaffolds for bone tissue engineering. Biomed Res Int. 2015;2015:729076.
Fenn SL, Oldinski RA. Visible light crosslinking of methacrylated hyaluronan hydrogels for
injectable tissue repair. J Biomed Mater Res B Appl Biomater. 2016;104(6):1229-36.
Burkoth AK, Burdick J, Anseth KS. Surface and bulk modifications to photocrosslinked poly-
anhydrides to control degradation behavior. J] Biomed Mater Res. 2000;51(3):352-9.

Coletta DJ, et al. («) Bone regeneration mediated by a bioactive and biodegradable extra-
cellular matrix-like hydrogel based on elastin-like recombinamers. Tissue Eng Part A.
2017;23(23-24):1361-71.



4

3D Bioprinting of Cardiovascular Tissue Constructs: Cardiac Bioinks 75

75.

76

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

Du JZ, et al. Synthesis and characterization of photo-cross-linked hydrogels based on bio-
degradable polyphosphoesters and poly(ethylene glycol) copolymers. Biomacromolecules.
2007;8(11):3375-81.

. Jeon O, et al. The effect of oxidation on the degradation of photocrosslinkable alginate hydro-
gels. Biomaterials. 2012;33(13):3503-14.

Kocen R, et al. Viscoelastic behaviour of hydrogel-based composites for tissue engineering
under mechanical load. Biomed Mater. 2017;12(2):025004.

Prestwich GD, et al. Controlled chemical modification of hyaluronic acid: synthesis, applica-
tions, and biodegradation of hydrazide derivatives. J Control Release. 1998;53(1-3):93-103.
Shin H, et al. In vivo bone and soft tissue response to injectable, biodegradable
oligo(poly(ethylene glycol) fumarate) hydrogels. Biomaterials. 2003;24(19):3201-11.
Badylak SF, et al. The use of extracellular matrix as an inductive scaffold for the partial
replacement of functional myocardium. Cell Transplant. 2006;15:S29-40.

Eitan Y, et al. Acellular cardiac extracellular matrix as a scaffold for tissue engineer-
ing: in vitro cell support, remodeling, and biocompatibility. Tissue Eng Part C Methods.
2010;16(4):671-83.

Serpooshan V, et al. The effect of bioengineered acellular collagen patch on cardiac remodel-
ing and ventricular function post myocardial infarction. Biomaterials. 2013;34(36):9048-55.
Wang B, et al. Myocardial scaffold-based cardiac tissue engineering: application of coordi-
nated mechanical and electrical stimulations. Langmuir. 2013;29(35):11109-17.

Dvir T, et al. Prevascularization of cardiac patch on the omentum improves its therapeutic
outcome. Proc Natl Acad Sci U S A. 2009;106(35):14990-5.

Hirt MN, Hansen A, Eschenhagen T. Cardiac tissue engineering: state of the art. Circ Res.
2014;114(2):354-67.

Kreutziger KL, et al. Developing vasculature and stroma in engineered human myocardium.
Tissue Eng Part A. 2011;17(9-10):1219-28.

Lux M, et al. In vitro maturation of large-scale cardiac patches based on a perfusable starter
matrix by cyclic mechanical stimulation. Acta Biomater. 2016;30:177-87.

Mannhardt I, Marsano A, Teuschl A. Perfusion bioreactors for prevascularization strategies in
cardiac tissue engineering. In: Holnthoner W, et al., editors. Vascularization for tissue engi-
neering and regenerative medicine. Cham: Springer International Publishing; 2017. p. 1-14.
Montgomery M, Zhang B, Radisic M. Cardiac tissue vascularization: from angiogenesis to
microfluidic blood vessels. J Cardiovasc Pharmacol Ther. 2014;19(4):382-93.

Pagliari S, et al. A multistep procedure to prepare pre-vascularized cardiac tissue con-
structs using adult stem sells, dynamic cell cultures, and porous scaffolds. Front Physiol.
2014:5:210.

Sarig U, et al. Pushing the envelope in tissue engineering: ex vivo production of thick vascu-
larized cardiac extracellular matrix constructs. Tissue Eng Part A. 2015;21(9-10):1507-19.
Schaefer JA, et al. A cardiac patch from aligned microvessel and cardiomyocyte patches. J
Tissue Eng Regen Med. 2018;12(2):546-56.

Vunjak-Novakovic G, et al. Challenges in cardiac tissue engineering. Tissue Eng B-Rev.
2010516(2):169-87.

Johansson B, et al. Myocardial capillary supply is limited in hypertrophic cardiomyopathy: a
morphological analysis. Int J Cardiol. 2008;126(2):252-7.

Mohammed SF, et al. Coronary microvascular rarefaction and myocardial fibrosis in heart
failure with preserved ejection fraction. Circulation. 2015;131(6):550-9.

Rouwkema J, et al. Supply of nutrients to cells in engineered tissues. Biotechnol Genet Eng
Rev. 2010;26:163-78.

Liu J, et al. Monitoring nutrient transport in tissue-engineered grafts. J Tissue Eng Regen
Med. 2015;9(8):952-60.

McMurtrey RJ. Analytic models of oxygen and nutrient diffusion, metabolism dynamics,
and architecture optimization in three-dimensional tissue constructs with applications and
insights in cerebral organoids. Tissue Eng Part C Methods. 2016;22(3):221-49.



76

M. L. Tomov et al.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Lovett M, et al. Vascularization strategies for tissue engineering. Tissue Eng Part B Rev.
2009;15(3):353-70.

Phelps EA, Garcia AJ. Engineering more than a cell: vascularization strategies in tissue engi-
neering. Curr Opin Biotechnol. 2010;21(5):704-9.

Hoch E, et al. Chemical tailoring of gelatin to adjust its chemical and physical properties for
functional bioprinting. J Mater Chem B. 2013;1(41):5675-85.

Chen WP, Wu SM. Small molecule regulators of postnatal Nkx2.5 cardiomyoblast prolifera-
tion and differentiation. J Cell Mol Med. 2012;16(5):961-5.

Lee K, Silva EA, Mooney DJ. Growth factor delivery-based tissue engineering: general
approaches and a review of recent developments. J R Soc Interface. 2011;8(55):153-70.
Ghazizadeh Z, et al. Transient activation of reprogramming transcription factors using pro-
tein transduction facilitates conversion of human fibroblasts toward cardiomyocyte-like cells.
Mol Biotechnol. 2017;59(6):207-20.

Braam SR, et al. Inhibition of ROCK improves survival of human embryonic stem cell-
derived cardiomyocytes after dissociation. Ann N'Y Acad Sci. 2010;1188:52-7.

Cagavi E, et al. Functional cardiomyocytes derived from Isl1 cardiac progenitors via Bmp4
stimulation. PLoS One. 2014;9(12):e110752.

Cai CL, et al. Isl1 identifies a cardiac progenitor population that proliferates prior to differen-
tiation and contributes a majority of cells to the heart. Dev Cell. 2003;5(6):877-89.
Degeorge BR Jr, et al. BMP-2 and FGF-2 synergistically facilitate adoption of a cardiac phe-
notype in somatic bone marrow c-kit+/Sca-1+ stem cells. Clin Transl Sci. 2008;1(2):116-25.
Hao J, et al. Dorsomorphin, a selective small molecule inhibitor of BMP signaling, promotes
cardiomyogenesis in embryonic stem cells. PLoS One. 2008;3(8):e2904.

Serpooshan V, et al. Nkx2.5+cardiomyoblasts contribute to cardiomyogenesis in the neonatal
heart. Sci Rep. 2017;7(7):12590.

Bax NA, et al. Matrix production and remodeling capacity of cardiomyocyte progenitor cells
during in vitro differentiation. J] Mol Cell Cardiol. 2012;53(4):497-508.

Fan D, et al. Cardiac fibroblasts, fibrosis and extracellular matrix remodeling in heart disease.
Fibrogenesis Tissue Repair. 2012;5(1):15.

Hanson KP, et al. Spatial and temporal analysis of extracellular matrix proteins in the devel-
oping murine heart: a blueprint for regeneration. Tissue Eng Part A. 2013;19(9-10):1132-43.
Lindsey ML, et al. A novel collagen matricryptin reduces left ventricular dilation post-
myocardial infarction by promoting scar formation and angiogenesis. J Am Coll Cardiol.
2015:66(12):1364-74.

Suhaeri M, et al. Cardiomyoblast (h9c2) differentiation on tunable extracellular matrix
microenvironment. Tissue Eng Part A. 2015;21(11-12):1940-51.

Ungerleider JL, et al. Fabrication and characterization of injectable hydrogels derived from
decellularized skeletal and cardiac muscle. Methods. 2015;84:53-9.

Porter KE, Turner NA. Cardiac fibroblasts: at the heart of myocardial remodeling. Pharmacol
Ther. 2009;123(2):255-78.

Nian M, et al. Inflammatory cytokines and postmyocardial infarction remodeling. Circ Res.
2004;94(12):1543-53.

Diamantides N, et al. Correlating rheological properties and printability of collagen bioinks:
the effects of riboflavin photocrosslinking and pH. Biofabrication. 2017;9(3):034102.
Duong H, Wu B, Tawil B. Modulation of 3D fibrin matrix stiffness by intrinsic
fibrinogen-thrombin compositions and by extrinsic cellular activity. Tissue Eng Part A.
2009;15(7):1865-76.

Kaiser NJ, Coulombe KLK. Physiologically inspired cardiac scaffolds for tailored in vivo
function and heart regeneration. Biomed Mater. 2015;10(3):034003.

Throm Quinlan AM, et al. Combining dynamic stretch and tunable stiffness to probe cell
mechanobiology in vitro. PLoS One. 2011;6(8):e23272.

Lee S, et al. Contractile force generation by 3D hiPSC-derived cardiac tissues is enhanced by
rapid establishment of cellular interconnection in matrix with muscle-mimicking stiffness.
Biomaterials. 2017;131:111-20.



4 3D Bioprinting of Cardiovascular Tissue Constructs: Cardiac Bioinks 77

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Lee JP, et al. N-terminal specific conjugation of extracellular matrix proteins to
2-pyridinecarboxaldehyde  functionalized polyacrylamide hydrogels. Biomaterials.
2016;102:268-76.

Serpooshan V, et al. Chapter 8 — 4D printing of actuating cardiac tissue. In: Al’Aref SJ,
et al., editors. 3D printing applications in cardiovascular medicine. Boston: Academic; 2018.
p. 153-62.

Wei K, et al. Epicardial FSTLI reconstitution regenerates the adult mammalian heart. Nature.
2015;525(7570):479-85.

Cox TR, Erler JT. Remodeling and homeostasis of the extracellular matrix: implications for
fibrotic diseases and cancer. Dis Model Mech. 2011;4(2):165-78.

Gao L, et al. Myocardial tissue engineering with cells derived from human-induced pluripo-
tent stem cells and a native-like, high-resolution, 3-dimensionally printed scaffold. Circ Res.
2017;120(8):1318-25.

Giacomelli E, et al. Three-dimensional cardiac microtissues composed of cardiomyocytes
and endothelial cells co-differentiated from human pluripotent stem cells. Development.
2017;144(6):1008-17.

Pati F, et al. Printing three-dimensional tissue analogues with decellularized extracellular
matrix bioink. Nat Commun. 2014;5:3935.

Weissman IL. Normal and neoplastic stem cells. Novartis Found Symp. 2005;265:35-50;
discussion 504, 927

Knappe N, et al. Directed dedifferentiation using partial reprogramming induces invasive
phenotype in melanoma cells. Stem Cells. 2016;34(4):832-46.

Clement F, et al. Stem cell manipulation, gene therapy and the risk of cancer stem cell emer-
gence. Stem Cell Investig. 2017;4:67.



Check for
updates

Nanobiomaterial Advances 5
in Cardiovascular Tissue Engineering

Michael J. Hill, Morteza Mahmoudi,
and Parisa P. S. S. Abadi

Introduction

Heart failure remains one of the deadliest, most expensive, and medically chal-
lenging problems in the modern world [1]. Occlusion of coronary arteries (e.g., as
a result of atherosclerosis) leads to ischemic myocardial infarction (MI) which in
turn can cause an irreversible substantial epicardial and myocardial tissue damage
and loss of function [2]. The irreversibility of the loss of tissue is mainly due to the
innately low self-renewal of adult cardiomyocytes (CMs), as human radioisotope
studies show that less than half of the myocardium is renewed during the normal
adult lifespan [3].

Various drugs (e.g., f-blockers and aldosterone), bare-metal stents, and drug elut-
ing stents have been used to induce regeneration of CMs damaged by MI [4, 5].
Additionally, left ventricular polymeric restraints have been developed to prevent
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the negative remodeling events post-MI [6]. However, long-term use of drugs can
have side effects and excessive costs. Surgical interventions can be also dangerous
[7-9]. Cell therapy is an alternative approach that consists of injecting a bolus of
cells intravenously, so they can home to the site of injury and become engrafted to
replace damaged cells or exert therapeutic paracrine effects to retrieve the functions
of stunned or hibernated CMs in the pre-infarcted area of myocardium [10-13]. This
approach can be efficacious with cell types such as human umbilical vein endo-
thelial cells (HUVECs) or bone marrow derived mesenchymal stem cells (MSCs),
since these cells can be obtained from patients, have limited but clinically relevant
expansion capacity in vitro, and have been shown to engraft at the injury site [14,
15]. Cell therapy has a high potential for regeneration of post-MI ischemic damage
to the myocardium. However, due to the notoriously low renewal capacity of adult
CMs, producing clinically relevant numbers of mature adult CMs is difficult. Thus,
conventional cell therapy approaches have been thwarted, because of the inability of
adult CMs to remain mature in vitro while undergoing expansion [16]. Under culture
conditions where CMs remain mature, they remain viable only a few days, and under
conditions where they proliferate and expand, they become immature [17, 18].

Because of the senescent nature of adult human CMs, researchers have turned
to utilizing various stem cell types which can be expanded and then differentiated
into CMs. The main stem cell types proposed for use in regenerative medicine
are human embryonic stem cells (hESCs), human induced pluripotent stem cells
(hiPSCs), and MSCs [19, 20]. HESCs once held a great promise as a source of
species-specific biological cells which could be differentiated into adult cell types
for regenerative therapy. The failures of this technology have since been evidenced
due to ethical controversies, risk of immune rejection, immature phenotype resem-
bling CMs of the primary heart tube, and tumor formation [21-23]. Unlike hESCs,
patient-specific cells such as iPSCs and MSCs can partially avoid immune rejection
and ethical controversies, as we can extract the cells from the patients and cre-
ate patient-specific CMs [24-26]. Although these patient-specific CMs provided
better opportunities to reduce the cardiac scar size, one of their main issues is the
immature nature of the differentiated cells. Maturation of patient-specific CMs to
a particular lineage cannot be achieved without providing stem cell or early stage
differentiated CM cues on multiple spatial scales, from the molecular and nanoscale
to the microscale [27-29]. Therefore, the field of tissue engineering (TE) has sought
sources of patient-specific cells which can be engineered with spatiotemporal cues
on the nanoscale. The nanoscale is the spatial domain of biological information and
molecular recognition, thus giving the cells the ability to be expanded in a coordi-
nated manner, and finally to mature into functional adult cells [30].

Two of the major candidate cell types currently carrying the most promise for car-
diac TE are patient-specific human iPSCs and MSCs. In recent years it has become
evident that each cell source carries drawbacks and advantages. Adult multipotent
stem cells, such as MSCs, and progenitor cells have a capacity to differentiate into
mature cardiac cell types; however limited self-renewal and potential for expan-
sion remain a major hurdle [31]. iPSCs, obtained from patient cells such as skin or
immune cells, can be reprogrammed to the pluripotent state and exhibit unlimited
self-renewal. The reprogrammed cells display the capacity for in vitro expansion to
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therapeutically relevant cell numbers and the ability to differentiate into immune-
compatible CMs [32, 33]. The major drawbacks of iPSC-derived CMs include the
immaturity of the resultant CMs, batch-to-batch variations, and lack of reproduc-
ibility [16, 34, 35]. The immaturity can cause low functionality, teratoma formation,
arrhythmia, and low cardiac regenerative capacity [16, 34, 35].

The immature phenotype of iPSC-derived CMs produced from various biochem-
ical cocktails (typically modulating the Wnt and TGF-p signaling pathways), using
traditional culture materials, include microscopic details such as pleomorphic mor-
phology, nanoscopic details such as disorganized, smaller sarcomeres, and clustered
mitochondria, as well as molecular level Ca** transport isotropy. This is in contrast
to the cylindrical adult CMs with aligned, larger sarcomeres, distributed mitochon-
dria, and directional Ca*™* signaling [16, 36-38]. In addition, current methods of
injecting a CM bolus for heart regeneration result in low retention and engraftment
rates, lower than 10% in mice models [39]. Such a low survival percentage is due
not solely to low engraftment but also to the immune reaction after the integration
of the therapeutic cells into the tissue [40]. The idea that nanoenvironmental scaf-
folds which mimic the adult cardiac milieu can enhance iPSCs differentiation and
maturation and serve as delivery platforms or enhancers for engraftment has been a
major factor in the development of nanobiomaterials. In addition to iPSCs, human
adult MSCs and CMs derived from animal models are being studied for their inter-
actions with nanobiomaterials. As nanotechnology has advanced over the past few
decades, with discoveries of new materials and methodologies, applications to TE
have followed close behind.

Advances in Nanobiotechnology

The nanotechnology paradigm began in the 1960s, and the name was coined in
the 1970s in connection with processing materials with nanometer accuracy [41].
The definition of nanotechnology is utilizing materials with one or more geometric
dimensions smaller than 100 nm [42]. An alternative definition is, the building of
materials from their atoms or molecules to suit an application (bottom-up nanotech-
nology), rather than devising applications based on a material’s macroscopic prop-
erty [43]. Since then, many nanomaterials have been discovered (e.g., buckyballs,
carbon nanotubes, and graphene) and planned to be implemented in the field of TE
beginning in the 2000s and cardiac TE within the past few years [44—47]. Aside from
the discovery of new materials, in the past few decades, nanotechnological advances
such as the manipulation of single molecules with atomic force microscopy (AFM),
the deposition of nanoliter volumes of ink using nano three-dimensional (3D) print-
ing, and improved methods for producing nanotopography (e.g., electrospinning,
polymer-demixing, and colloidal lithography) have also led to a widespread interest
and growth in nanobiotechnology for TE applications [48—50]. The main promise is
to mimic the explosive growth in the electronics industry by controlling biological
molecules on the smallest scales, a currently urgent initiative for cardiac TE consid-
ering the growing epidemic of heart disease in the younger populations of western
countries [51, 52].
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Utilization of biomaterials with nanoscale features and organized structures
that can mimic natural biological structures on the smallest scales results in unique
material properties unobtainable by mimicking gross morphological features of tis-
sue or organs, alone. This is because incrementally changing the structure on a
lower spatial scale can have nonlinear outcomes on material and biological prop-
erties, providing the possibility of mimicking diseased rather than healthy tissue
nanostructure [53]. Therefore, the ubiquity of nanosurfaces in biological systems,
such as the nanoscale domains of proteins responsible for molecular recognition,
makes utilizing nanoscale approaches a necessity [30, 54]. In general, nanobio-
materials can create tissues with structures that mimic many physiological tissue
characteristics including cell orientation, cell morphology, diffusion of gases/nutri-
ents, extracellular matrix (ECM) topological structure, and mechanical/electrical
properties [55-58].

The Heart at the Nanoscale

The heart is a complex three-dimensional organ with a multiscale structure consist-
ing of CMs and supporting cell types and ECM. Cardiac muscle ECM has a role as
both scaffold for the CMs to physically bind them into an organ unit and an intrinsic
role in force transmission, CM mechanotransduction to control gene expression,
propagation of electrical signals via inducing alignment of CM gap junctions, etc.
[59, 60]. The collagenous matrix of the heart consists of the endomysium, a net-
work weave-like structure wrapped around CMs, collagen struts connecting CMs,
perimysium consisting of larger collagen fibrils, and the epimysium consisting of
the largest and most ordered fibers [61]. This morphological multiscale structure is
preserved among species and mechanical strength differences are mainly due to the
concentration of collagen in the structure.

The importance of the cardiac ECM is highlighted by the finding that reversible
ischemic CM injury results in structural changes to the collagenous network includ-
ing uncoiling of fibers and discontinuities in the structure [62]. Such nano- and
microscale differences between healthy and diseased ECM are important consid-
erations in TE when the goal is either to model diseased tissue or engineer tissue
replacements. For instance, the fractal dimension of liver tissue ECM as assessed
by imaging software has been used to distinguish healthy from fibrotic tissue [63].
In addition to CMs, another important cell type are the Purkinje fibers and other
cells which compose the conduction system of the heart and are also integrated with
the nanoscale ECM into fractal-like networks [64]. These cells are responsible for
propagating the electrical impulse of the Sino-atrial (SA) node and synchronizing
CM contraction in a spatiotemporal manner [65]. With the discovery of conductive
nanomaterials with various geometries similar to native cardiac ECM, this con-
duction system can also be mimicked with nanobiomaterial scaffolds that act as
“artificial” Purkinje fibers to help synchronize CM electrical communication [66,
67]. Recent advances in TE have exploited the discovery of such materials to better
mimic the properties of native heart tissue [56, 68].
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While the actual arrangement of CMs, their connectivity, and the macroscopic
structure of the heart have remained controversial, it is evident that the properties
of functional heart tissue result from a unique microscopic structure that is ordered
spatially down to the nanoscale. Therefore, a more physiologically functional tissue
will result by taking this order into account [69, 70]. Little is known about how the
nanoscale features of the heart relate to the structure and function at higher spatial
scales, which is critically important for mimicking the natural structure of the heart,
making the task of the cardiac tissue engineer even more difficult [71]. Despite this
impediment, considerable progress has been made in the field of nanobiomateri-
als over the past few decades [72-74]. The increased understanding of cell signal
transduction has integrated the nanoscale role of ECM and the physical nanoenvi-
ronment with biochemical signaling [75]. The central task of the cardiac tissue engi-
neer is therefore to provide a nanoenvironment which induces proper biochemical/
physical signal integration for producing a functionally mature cardiac tissue. This
integration of signals will determine whether a stem cell becomes a mature CM and
help the cardiac function.

The three main emerged strategies for nanoscale TE of cardiac tissue are the
following: (i) creating nanoscale topography or patterns that guide cells into more
mature morphological structures; (ii) using nanomaterials or composite scaffolds
with conductive nanoenvironments; and (iii) utilizing nanoparticulate systems to
engineer or deliver payloads to CMs.

Engineering Nanotopography of Cardiac Tissue Scaffolds

Perfectly smooth solid surfaces are rarely found in nature and are difficult to pro-
duce using current engineering techniques. Most surfaces even with fabrication
techniques designed to reduce surface heterogeneities will have some degree of
nano- or atomic scale heterogeneity, and on most engineered topographies, there
will be multiscale features (Fig. 5.1d) [76, 77]. The biological influences of such
surface nanoscale topographies are relevant to TE and can be utilized to mimic
the natural ECM and control cell behavior through contact guidance in cardiac TE
applications. Creating nanofibrous surfaces (Fig. 5.1a) and nanoscale surface struc-
tures such as tubes and pillars (Fig. 5.1b) and grooves (Fig. 5.1¢) are some of the
methods for engineering nanotopography of surfaces and systematically studying
its effect on cardiac tissue regeneration.

The field of contact guidance probably first began with the culture of cells
on spider webs during the early twentieth century where it was noted that cells
aligned along the length of the fibers [78]. From the 1960s forward, the realiza-
tion that surface topography and gradients control cell behavior gradually devel-
oped [79-81]. The cell cytoskeleton must be specifically oriented in space for
proper signaling and maturation to ensue and cells will tend to align along struc-
tures of minimal curvature to prevent cytoskeletal deformation [82]. The creation
of nanotopographical cues on a biomaterial surface is the extension of contact
guidance down to the nanoscale motivated by biomimicry of the natural ECM. In
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Fig.5.1 (a) Schematic representation of CM cultured on nanofibrous scaffold where cell pseudo-
pods are aligning along the fibers. (b) Schematic representation of CM cultured on nanostructure,
showing alignment of cytoskeletal structures (sarcomeres are green mitochondria are dark red)
with the topography. (¢) Schematic representation of CM alignment on nanogrooves showing par-
allel alignment and spreading of CMs and cytoskeletal structures. (d) Magnified view (from yellow
circles in a—c) of cells on nanostructures showing the features of topography interacting with cell
membrane. Feature sizes are not to scale

this section, recent advances in nanotopographical strategies for biomimicry of
heart ECM and cardiac TE will be discussed.

Nanofibrous Scaffolds

One of the most widely used strategies for mimicking natural cardiac ECM topog-
raphy on the nanoscale is the creation of nanofibrous scaffolds using electros-
pinning of polymers or other fabrication techniques [83]. Such scaffolds can be
fabricated with varying degrees of fiber orientation/alignment, porosity or space-
filling character, and surface properties/hydrophilicity [84, 85]. The motivation for
using this strategy is to mimic the complex multiscale fibrous network of the cardiac
ECM. The main objective is to create nanotopographic cues on the scaffold surface
to use contact guidance to control CM maturation. This includes focal adhesion
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formation, CM aspect ratio, ion channel gene expression, and cytoskeletal arrange-
ment [86—88]. In addition, stem cell differentiation can be directly influenced by
topography via mechanotransduction mediated by focal adhesion kinase [89].

Given the goal of creating as realistic and natural a scaffold as possible, one
natural choice for a fibrous TE cardiac scaffold is an injectable form of the decel-
lularized cardiac ECM which can reassemble in vivo after injecting [90]. Such a
scaffold presents not only native nanofibrous topography but also the solid phase
protein molecular recognition sites (typically 50 nm? or less) of the native cardiac
milieu [30]. This strategy was used to compare fetal and adult bovine cardiac ECM
as a 3D scaffold for CMs which naturally have organized, periodic nanoscale cell-
recognition sites in the gel molecular backbone [88]. HiPSC derived CMs were
seeded onto two-dimensional (2D) layers or in 3D gels composed of the decellular-
ized and digested scaffold proteins. Initial studies prior to digestion showed that
adult ECM had more organized bundles of ECM proteins whereas fetal ECM was
more disorganized. The 3D gels led to mature CM gene expression relative to 2D
layers as determined via quantitative polymerase chain reaction (QPCR) with mul-
tifold enhanced expression of mature cytoskeletal, cell adhesion, and Ca*™ handling
and other ion channel genes, including Kir2.1, an ion channel with higher expres-
sion in mature CM, thought to prevent arrhythmia [91]. In addition, adult ECM had
greater positive influence than fetal ECM on CM maturity.

While reconstituted natural ECM intrinsically carries the molecular recognition
sites of the native myocardium, the methods for decellularization and processing
create variability in mechanical properties and biocompatibility. To gain more engi-
neering control over TE scaffold creation, synthetic polymers can also be used to
fabricate biomimetic nanofibrous scaffolds [92]. Poly (lactic-glycolic acid) (PLGA)
is one of the most common biodegradable TE materials which can also be used for
nanofibrous scaffold creation via electrospinning [93]. Aligned PLGA nanofibrous
scaffolds coated with gelatin were used for the maturation of hiPSC derived CMs.
Resultant CMs were aligned with PLGA nanofibers via contact guidance relative
to flat, smooth culture plates which was observed in scanning electron microscopic
images (Fig. 5.2a). Sarcomeres were larger on the PLGA scaffold, closer to the size
of native sarcomeres (~ 2 pm) than on flat surfaces and mitochondria were also
aligned with the fibers showing more dense cristae. The rate of beating of CMs on
the aligned structures was also approximately 50% higher than on a traditional, flat
culture surface.

Electrospun polyurethane (PU) scaffolds have also been fabricated as scaf-
folds for mouse ESCs differentiation to CMs [96]. PU is a copolymer consisting
of polyol, diisocyanate, and chain extender which self-organize into micro- and
nanoscopic hard (diisocyanate and chain extender) and soft segment (polyol) [97].
Polycaprolactone diol (PCL) soft segment with a lysine-based diisocyanate and
phenyl-alanine-based chain extender was used to create biodegradable electrospun
PU. Such scaffolds could be spun with diameters ranging from hundreds of nm to
pm; however, the multiscale hard/soft segment morphology can add another layer
of nano- and microscopic complexity with incompletely known effects on pro-
tein adsorption and cell adhesion [98, 99]. Mouse ESCs could be differentiated to
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CMs on these scaffolds with improved maturation characteristics on scaffolds with
aligned fibers relative to those with more random orientation.

Surface Nanostructures
A second form of nanotopography which can give spatial control over the cues
presented to CMs is creating nanogrooves or nanopillars on the substrate surface

which can have varying diameter and separation [100, 101]. These controlled nano-
topographies can be used to study fundamental mechanisms of cell interaction

a

Flat Plate

Fig.5.2 Engineering nanotopography for Cardiac TE scaffolds: (a) SEM images of CMs on flat
surfaces (top) and nanofibrous PLGA scaffolds (bottom), showing distinct alignment of CMs on
nanofibers by contact guidance (Reprinted with permission from [93]). (b) CMs cultured on nano-
grooves of varying geometry stained for «-actinin and F-actin (Reprinted with permission from
[94]. Copyright 2016 American Chemical Society). (¢) iPSC-CM on flat, 2D cell-imprinted, and
multiscale cell-imprinted PDMS surfaces showing beating analysis in the insets. (d) qPCR analy-
sis of CMs on various patterned PDMS substrates where multiscale imprinted PDMS had the
highest expression of cardiac markers (¢ and d reprinted with permission from [95]. Copyright
2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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with topographies of different dimensions and geometries [86]. One such strategy
utilized poly(ethylene glycol) (PEG) diacrylate-based aligned nanofibers formed
with surface nanogrooves as scaffolds developed from a UV cross-linking capillary
molding technique [27]. The groove/ridge width was 150/50-800/800 and the depth
of grooves was 200-500 nm in height. The hydrophilic nature of PEG creates a high
water content scaffold with aligned fibers similar in diameter to native collagen.
Neonatal rat ventricular CMs were used to create highly aligned beating cardiac
monolayers. Cell cytoskeletal proteins such as sarcomeric o-actinin and F-actin
are also highly aligned on such nanotopographic surfaces relative to control unpat-
terned surfaces.

The creation of nanogrooved surfaces has also been combined with variation
of substrate stiffness to examine the important influence of the deformability of
the nanostructured surfaces using photolithography techniques [102]. PU and
polystyrene nanogrooved surfaces were fabricated to compare nanotopographi-
cal surfaces with differential stiffness. Rat CMs were cultured on engineered
substrates. The surface nanogrooves of 100 or 350 nm depth controlled the cell
alignment, regardless of surface stiffness, with 350 nm giving greater alignment
than 100 nm grooves. However, CM contractility differed between PU (softer,
~4 MPa) and polystyrene (stiffer, ~2 GPa) and synchronous contractility was
longer maintained on the former, indicating that the stiffness of topographical
features is also an important parameter. When human ESCs were differenti-
ated on poly (acrylamide) gels of variable stiffness, expression of Brachyury (a
marker of mesendodermal fate) on day 1 peaked on gels of intermediate stiffness,
which also lead to the highest expression of Troponin T expressing CM [103].
However the impact was less significant if differentiation was initiated on TCP,
to the point of cardiac progenitor stage, and subsequently transferred to sub-
strates of variable stiffness.

Nanogrooves imprinted in PU-acrylate (PUA) with self-assembled (due to
a PUA binding domain) chimeric peptides promoted cell adhesion [94]. Various
groove/ridge widths were fabricated from a few hundred nm to 2 pm, all of which
had uniform adhesion of hiPSC derived CMs after coating with the peptide. Each
nanogroove substrate enhanced CM morphological anisotropy. The 800 nm grooves
resulted in greatest cell-spread area as demonstrated by immunofluorescent staining
of a-actinin and F-actin (Fig. 5.2b).

Creating shapes other than grooves, such as nanopillars, has also been recently
achieved using a UV-curable PEG derivative [100]. The tapered pillars, created
by capillary lithography were ~ 100 nm wide and a few hundred nm in height.
Rat CMs were seeded on the nanopillar substrate and observed by environmen-
tal scanning electron microscopy (ESEM) to be migrating across PEG pillars,
causing them to bend. Due to the non-fouling characteristics of PEG, cell adhe-
sion was restricted and ephemeral. The posts, however, could be used to study
the dynamics of cell focal adhesions on nanopillars. Immunofluorescence stud-
ies revealed that cytoskeletal filaments were aligned with the underlying PEG
nanopillars.
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Molecular and Cellular Imprinting

Molecular imprinting has also emerged as a rising strategy for TE including cardiac
regenerative medicine. Molecular imprinting began in the 1930s, when it was dis-
covered that silica gelled in the presence of a specific molecule will have increased
selective adsorption of the molecule [104]. In general, the method usually consists of
curing a cross-linkable polymer on a molecular template and subsequently remov-
ing the template to obtain geometrically defined cavities which mimic binding sites
of the molecular template [105]. Importantly, the cavities will have complemen-
tary binding sights (lock-and-key type specificity) and chemical recognition of the
template species. In this way, molecularly imprinted surfaces can act as “artificial
antibodies.” Molecular imprinting has been used for separation/sorting systems, bio
sensing, drug delivery, and catalysis [105]. Recently, this methodology has been
extended to the imprinting of bacterial and mammalian cells for selective adsorption
or adhesion [106]. Cardiac applications for molecular imprinting include templated
polymers to detect cardiac troponin T and myoglobin, while previous cell imprinting
applications included the imprinting of mature CMs for iPSC differentiation as well
as mature chondrocytes and keratinocytes for MSC differentiation [95, 106—-109].
Cells in different 2D or 3D microenvironments can be imprinted to achieve dif-
ferent results. One photolithographic method created cell-imprinted surfaces with
multiscale topography by seeding primary human CMs on a 3D semicylindrical
micro-molded poly(dimethyl siloxane) (PDMS) surface with a pattern aspect ratio
similar to in vivo CM morphology. PDMS was poured over adult primary human
CMs, aligned within the 3D patterns, and cured to create a mold of the mature cells
with topography at the pm and sub-pm level, which could be used as a substrate
for the differentiation of iPSCs to CMs. In addition to the asymmetrical microscale
mature cell-shaped pattern, the nanoscale topography of the adhesion molecules
of primary human CM was used as complementary binding sights for the iPSCs
throughout their differentiation to CMs. CMs produced on these substrates started
beating earlier, showed enhanced expression of cardiac markers, and mature cal-
cium handling characteristics relative to traditional culturing surfaces. Contractile
function of CMs was analyzed at day 16 of differentiation on multiscale imprinted
PDMS, and was compared with CMs generated on tissue culture plastic (TCP),
showing no beating (Fig. 5.2¢). QPCR data (Fig. 5.2d) showed highest expression
of cardiac markers on multiscale CM imprinted PDMS compared to TCP, micropat-
terned PDMS, or PDMS imprinted by adult primary human CMs on 2D surfaces.

Conductive Nanomaterials

Over the past few decades, the discovery of graphene and the earlier discovery of
carbon nanotubes have led to an explosion in research in conductive materials that is
predicted to revolutionize the electronics industry [110]. This excitement has fueled
a parallel interest in the field of nanobiomaterials. The reason for this interest is the
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concept of engineering a tissue on the nanoscale that can mimic the complex electri-
cal activity and signal propagation of the native heart [65, 111]. Materials such as
graphene, carbon nanotubes (CNTs), gold nanorods, and silver nanoparticles have
become routinely used fillers or as pure materials in scaffold design [112-120].
Such materials have a niche in cardiac TE due to the need for CMs to propagate
electrical signals to synchronize cell-cell communication (in the absence of a native
conduction system). There is also need for conductive tissue elements to interface
with a patient’s heart tissue for TE cardiac grafts [121]. This strategy is becom-
ing popular due to the high electrical impedance of most traditional cross-linkable
materials used for TE purposes, such as hydrogels and various synthetic polymers
which can interfere with the conduction velocity of engineered CM tissues.

Spherical Conductive Nanomaterials

Spherical conductive nanoparticles have been incorporated in biomaterials for dif-
ferent applications such as creating scaffolds with actuation, with antibiotic prop-
erties, or with reduced impedance to enhance CM cell-cell communication [122,
123]. They are typically incorporated into a fibrous matrix or a hydrogel material
[115]. One study used gold nanoparticles (AuNPs) combined with an autologous
ECM matrix to create conductive immune-compatible scaffolds which can be
used with patient-specific cells. AuNPs were decorated on the scaffolds by e-beam
evaporation. Cardiac patches were made by seeding neonatal rat CM on Au-coated
ECM. These scaffolds could maintain the population of CMs, against being over-
populated by fibroblasts, relative to control non-conductive scaffolds. Additionally,
the Au-coated ECM resulted in greater contractile forces and lower excitation
threshold for induced contraction by external electrical stimuli. Ca** transients on
scaffolds decorated with 4 and 10 nm AuNPs were two to threefold greater than
that on pristine ECM, demonstrating an overall more mature electrophysiological
behavior. The cytoskeletal alignment and organization of CX-43 also increased with
increasing AuNP concentration (Fig. 5.3a).

Silver (Ag) nanoparticles have attracted attention due to their antimicrobial and
possible anti-inflammatory effects [126, 127]. One method of producing a natu-
ral conductive ECM is to use collagen protected with nano-Ag for electrospin-
ning, which can produce electrical conductivity at low pmolar Ag concentration
[128]. The Ag nanoparticles were added to the collagen solution prior to elec-
trospinning followed by a glutaraldehyde cross-linking process [129]. Neonatal
rat CMs were plated on the Ag containing scaffolds and controls with no Ag.
After electrical pacing, the CMs on the Ag-containing scaffolds exhibited greater
expression of gap junction protein CX-43 and protein Ki67 (a marker of prolif-
eration) compared to control collagen fibers. The Ki67 expression increase may
have been due to increased survival and growth of the neonatal CMs. In addition,
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Fig. 5.3 Conductive nanomaterial strategies: (a) immunofluorescent staining of ca-actinin and
CX-43 on pristine (left), 4 nm AuNP (center), and 10 nm AuNP (right). Arrows point to CX-43
fluorescence (Reprinted with permission from [122]. Copyright 2014 American Chemical Society).
(b) TEM images showing the close approximation between CM membrane and CNT substrate
creating electrical shortcuts (Reprinted with permission from [124]. Copyright 2013 American
Chemical Society). (¢) a-actinin staining of CMs on control culture dish (left) and graphene sub-
strates (right), showing sarcomere length is significantly greater on graphene substrates (Reprinted
with permission from [125]. Copyright 2017 American Chemical Society). (d) SEM of CNT-
Gel-MA networks showing fractal-like structure of CNTs (left) and CNT-Gel-MA supporting
adherent CMs as free-floating bioactuator, capable of spontaneous movement in suspension
(Reprinted with permission from [47]. Copyright 2013 American Chemical Society)
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antibacterial properties of Ag nanofiber scaffolds were evident by the ability to
prevent Pseudomonas aeruginosa biofilm formation [130, 131].

High-Aspect Ratio Conductive Nanomaterials

Conductive one-dimensional (1D) or 2D nanomaterials with high aspect ratios

have recently been used as substrates for CM maturation or iPSC differentiation to
CM. For 1D materials, CMs were matured on CNT layers attached to glass [124,
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132]. Since CNTs do not passively bind with glass, they were first functionalized
using 1,3-dipolar cycloaddition of azomethine ylides [133]. They can then form
100 to 200 nm films on the glass and be defunctionalized by heating under N,
resulting in a layer of pristine CNTs. Transmission electron microscopic (TEM)
images showed that rat ventricular CM membranes had close approximation to
CNT bundles that were periodically distributed over the basal surface (Fig. 5.3b).
CMs also had greater proliferative capacity on CNTs than control gelatin films,
while fibroblasts had no proliferative advantage on CNTs versus gelatin. Smooth
conductive control surfaces such as amorphous carbon and indium tin oxide were
also compared and did not demonstrate the enhanced proliferative effect on CMs;
however fibroblast proliferation rate on those surfaces was slightly increased. In
addition to this enhanced proliferative effect, CMs on CNTs exerted more negative
action potentials and higher probability of firing an action potential relative to CMs
on control surfaces.

To study 2D materials, both hESCs and hiPSCs were differentiated to CMs on
2D graphene substrates [125, 134]. HiPSCs were differentiated by small molecule
modulators of Wnt signaling pathway while hESCs were differentiated by removing
fibroblast growth factor from the medium and adding fetal bovine serum. Both cell
types showed increased expression of cardiac markers and hiPSCs had increased
alignment of sarcomeres as shown by a-actinin staining (Fig. 5.3c) and larger mito-
chondria that were aligned with myofibril bundles. The hESCs had higher early
expression of cardiac mesodermal gene MESP1, higher SOX 17, similar ectoder-
mal genes, and higher later expression of CX-43, NKX2.5, cardiac and troponin
T, indicating a promotion of mesodermal and eventually cardiac mesodermal fate.
However, beating CMs were not observed in the absence of small molecule inhibi-
tors or cytokines typically used for CM differentiation, indicating that graphene
alone, promoted cardiac differentiation but not complete maturation. Graphene was
also shown to enhance BMP4 signaling in hiPSCs relative to oxidized graphene,
showing a direct role of substrate conductivity in cardiac differentiation. This is
despite the fact that CMs on smooth conductive surfaces (such as amorphous car-
bon) did not have enhanced maturation, demonstrating that scaffold conductivity
and nanostructure can have diverse pathways in affecting cell function [124].

One of the most popular strategies for creating conductive TE substrates is mix-
ing a natural hydrogel material with conductive nanomaterials. One of the major
drawbacks using 3D nanomaterials such as spherical particles is the high filler con-
centration required to achieve percolation and highly reduced impedance [135].
The obvious drawbacks to such high nanofiller concentrations for biomedical appli-
cations are the high cost of nanomaterial as well as the release of nanomaterials
which can interface with cells in vitro or tissues in vivo, in an uncontrolled manner.
Substituting 1D or 2D conductive nanomaterials with high aspect ratios can sub-
stantially reduce the percolation threshold for nanomaterial concentration, allowing
for conductive composites with reduced risk of particle accumulation in the sys-
tem. One of the early trials utilized gold nanowires, mixed with alginate, to create
electrical connectivity between CMs via mechanically and electrically connecting
the individual pores containing CMs [121]. The resultant neonatal rat heart cells
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demonstrated increased alignment and expression of cardiac markers. It was sug-
gested that such engineered tissues could be used as a regenerative cardiac patch
that will be degraded and replaced with natural ECM with the exception of the
gold-nanowires.

This strategy was subsequently extended to other ECM molecules containing a
variety of nanomaterials with high aspect ratios (1D or 2D nanomaterials), which
are a preferred filler due to the lower concentration percolation threshold, minimiz-
ing the amount of nanomaterial in the system. For instance, CNTs were used with
a gelatin methacrylate (Gel-MA)-based scaffold for maturation of rat neonatal CMs
[47]. Gel-Ma is a UV-curable gelatin derivative that can be mixed with CNTs and
cured to form a composite hydrogel. SEM images of dried Gel-MA laden with CNTs
revealed nanotube networks had a morphology reminiscent of Purkinje fiber net-
works in the heart (Fig. 5.3d). Gel-MA-CNT scaffolds, fabricated at ~50 pm thick-
ness, showed enhanced expression of cardiac proteins as well as enhanced alignment,
lower excitation threshold, and more synchronous CM beating behavior. In addition,
the scaffold exerted a protective effect against free radicals, possibly due to absorp-
tion via the CNTs. The engineered tissue could then be released from the substrate to
form a spontaneously beating, floating bioactuator (Fig. 5.3d). This strategy was later
extended to create biomimetic swimming bioactuators utilizing the Gel-MA-CNT-
based CM sheets as the actuator in the shape of a batoid fish [136].

Conductive nanomaterial culture substrates can also be used for purposes other
than contact guidance or maturation/differentiation of cells. In one case, a platinum
nanopillar electrode array was fabricated using photolithographic methods for the
purpose of culturing hiPSC and hESC-derived CMs and having the ability to mea-
sure action potentials in a more efficient, high throughput manner than traditional
patch-clamp techniques [137]. The fabricated nanopillars were 200 nm in diameter
and 1.5 pm in height and the surface of the substrate was electrically insulated to
isolate the signal of the nanopillar electrodes. The nanopillars created nanoholes
in the CMs via electroporation prior to measuring action potentials. The poten-
tial recording from the nanoelectrode array was compared with that obtained from
traditional patch-clamp technique, showing that action potential shape was of dif-
ferent amplitude but identical shape. The array was also capable of determining
CM subpopulation, determining what percentage of CMs were atrial, ventricular, or
pacemaker types. This system was also able to differentiate between normal CMs
versus those with long QT syndrome.

Engineering Nanocarriers for Cardiac Tissue Repair

Using nanoparticles to deliver molecules and engineer tissues is another nano-
biotechnological strategy where rapid progress has been made. The basic concept
involves encapsulating delivery agents inside colloidal scale matter with variable
dimensions and geometry, which can be made to protect the payload until it reaches
the desired location in the body. Such targeted delivery in which collateral damage
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is completely avoided is called a “magic bullet” and is often considered the holy-
grail of nanomedicine and has been increasingly used in cardiac TE [138, 139].

Therapeutic payloads such as interleukin 10 (IL-10) have recently been used
inside blends of biodegradable poly(D-lactic acid) (PLA) and PLGA to target cell
types that form coronary atherosclerotic plaques [140]. A targeting polymer con-
sisting of PLGA, PEG, and collagen IV (PLGA-PEG-Col-1V) was mixed into the
blends at a small percentage to impart the specificity of the nanoparticle. The basic
concept is to target collagen IV basement membrane protein, which will be exposed
due to injury/inflammation at the site [141]. These particles were capable of reduc-
ing reactive oxygen species of macrophages in vitro by ~30-60%. Additionally, in a
mouse model of atherosclerosis, the fibrous cap thickness could be increased, while
the necrotic area of the plaque was reduced (Fig. 5.4a).

Decorating cell surfaces with nanoparticles, which can then control cell binding
behavior or be internalized by the cells stimulating signaling cascades, is another
engineering strategy which has been developed [142, 144]. In one case, iron oxide
nanoparticles were used for increasing the expression of CX-43 in cardiomyoblasts,
with inherently low CX-43 expression, to enhance therapeutic efficacy and cell-cell
communication [142]. Iron oxide nanocubes were the particle chosen for this study,
due to their higher colloidal stability and magnetization. Particles are internalized
by the cardiomyoblasts after exposure with endosomal localization, which partially
ionizes them due to the lower pH. These iron ions caused JNK-mediated CX-43
expression. To examine the influence of this increased gap junction protein expres-
sion cardiomyoblasts were cultured with MSCs (cMSCs) after taking up two dyes,
one of which can pass through gap junctions (Calcein-AM). After 48 hours, more
MSCs had calcein AM when plated with iron oxide nanoparticle containing cardio-
myoblasts than those plated with control cardiomyoblasts (Fig. 5.4b). The MSCs
were then sorted from the cardiomyoblasts, and those which had communicated
with iron oxide containing cardiomyoblasts had greater expression of cardiac genes.
The results of the injection of iron oxide nanocube treated MSCs versus control
groups in a model of rat ventricular infarction were then examined histologically
(Fig. 5.4c). The extent of collagenous remodeling and blue-colored fibrotic scar tis-
sue formation was reduced in the treatment groups versus control MSCs.

Magnetotactic bacteria (MB) are another naturally occurring nanobiomaterial
that have recently gained attention. MB are bacteria that naturally synthesize mag-
netic nanoparticles at density sufficient to allow their alignment with the Earth’s
magnetic field. They were examined as a contrast agent for cardiac TE by infect-
ing CMs with the non-pathologic bacteria (commercially available “Magnelles®”)
[143]. The nanoparticles inside the bacteria were visible in TEM images and by
immunofluorescence (within CM cytoplasm, Fig. 5.4d). CMs could then be injected
in a mouse model and their magnetic resonance imaging could be compared with
that of cells injected after decoration with iron oxide particles. The iron oxide par-
ticles tend to remain in the tissue even after cell death while the MB are present
only with living cells, giving a more objective determination of the engraftment
efficiency.



5 Nanobiomaterial Advances in Cardiovascular Tissue Engineering 97

Cardiac hypertrophy is another variant of heart disease caused by adaptation
of the heart to pathological mechanical stress levels caused by various conditions.
Its uncontrolled progression can lead to heart attack or death. An endogenous pep-
tide, apelin, with a short plasma half-life and incompletely known function was
recently encapsulated in liposomal nanocarriers with PEG surface decoration for
use in a model of cardiac hypertrophy [145]. Previous studies had shown that loss
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Fig.5.4 Engineering Nanocarriers for Cardiac Tissue Repair: (a) Histological slices of sacrificed
mouse heart with H&E staining comparing size of necrotic core between treatment and control
groups where necrotic core was substantially reduced for targeted IL-10 containing NPs (Reprinted
with permission from [140]. Copyright 2016 American Chemical Society). (b) 48 hours after stain-
ing cardiomyoblasts in coculture with MSCs, having green but no red dye denotes MSCs with gap
junction crosstalk, while having DAPI but no stain denotes MSCs with no gap junction crosstalk.
(c) Histological sections of rat heart 2 weeks after treatment with MSCs, stained with Masson’s
trichrome stain to assess the extent of collagenous fibrous tissue formation (b and ¢ reprinted with
permission from [142]. Copyright 2015 American Chemical Society). (d) TEM images of mag-
netotactic bacteria showing the synthesized magnetic nanoparticles (top) and immunofluorescence
showing the Magnelles® (red) inside CMs (Reprinted with permission from [143])
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Fig.5.4 (continued)

of function of the peptide or its receptor is associated with cardiovascular diseases
[146, 147]. Specifically [Pyr 1]-apelin-13 was used in a transverse aortic constric-
tion mouse model. The nanoencapsulated apelin (lipoPEG-PA13) was compared
with direct administration of PA13 and saline injection. LipoPEG-PA13 attenuated
the adaptive hypertrophic response compared to the two control groups and resulted
in a sustainably elevated level of plasma PA13 up to 6 days post injection [148]. The
extent of fibrotic scar tissue was also significantly less with the nanoencapsulated
peptide relative to the free peptide, demonstrating the controlled and sustainable
release which could overcome the short plasma half-life of the peptide.

Future Outlook

Top-down strategies for cardiac TE, such as decellularized heart tissue, are popular
and plausible strategies to utilize the native architecture of the heart, in the absence
of fundamental principles for engineering cardiac tissues [149]. However gaining
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more engineering and manufacturing control and avoiding immunogenicity issues
have led to the continuous search for bottom-up engineering strategies. A greater
understanding of fundamental mechanisms of cell interactions with nanofeatures and
assessment of in vivo performance of the nanomaterials will be required to advance
the nanobiomaterial technologies. This knowledge could particularly accelerate the
use of nanomaterials for obtaining sufficient quantities of patient-specific mature
CMs. In vitro experiments typically use purified proteins to coat scaffold surfaces
and defined cell culture medium. These strategies can work for producing CMs
in vitro, but would not be able to predict the fate of CMs or nanostructured grafts
in vivo, where they will be exposed to a complex mixture of thousands of plasma
proteins and many cell types. Upon administration in vivo and exposure to the blood,
nanostructured materials will be spontaneously coated with protein corona [150].
Recent studies suggest that the biological identity of this corona may change based
on patient disease phenotype [151, 152]. An increased emphasis on realistic nanosys-
tems with biomimetic structures that examine more faithful conditions will move the
field of cardiac nanobiomaterials closer to a stage of viability and ubiquity.

Despite the significant progress in using various nanobiomaterials in cardio-
vascular TE applications, the clinical use of such material systems has not been
achieved. To advance toward clinical applications, socioeconomic aspects of the
technology as well as the time frame and speed of development should be con-
sidered. Furthermore, the specific needs of patients and physicians should be
assessed as guiding factors in the design of the material, treatment, or implant-
able device.
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Bioengineering 3D Cardiac Microtissues 6
Using Bioassembly

Longjun Gu, Jinghan Feng, Donghui Zhang, and Pu Chen

Introduction

Bioengineering of three-dimensional (3D) microtissues has developed rapidly in
recent years due to the increasing demands of drug screening [1-3], regenerative
medicine [4-7], and basic biomedical research [8—10]. Specifically, bioengineer-
ing of 3D cardiac microtissues has been regarded as a potential strategy to repair
impaired heart and prolong patient survival via cardiac regenerative therapies [11,
12]. Furthermore, 3D cardiac microtissue is also a preferred physiologically rel-
evant model for preclinical screening of cardiotoxicity [13]. Drug-induced cardio-
toxicity is one of the primary reasons for the failure of drug development [14—17],
leading the rate of cardiotoxicity-related withdrawal to reach 33.3% since 1997
[18, 19]. Thus, a better cardiac model that enables high-throughput preclinical drug
screening is needed in the drug discovery pipeline to replace or supplement tradi-
tional two-dimensional (2D) monolayer culture and animal models. Emerging 3D
cardiac microtissues that better mimic the human native cardiac physiology in vitro
can improve the predictive accuracy of preclinical drug evaluation. In addition, 3D
cardiac microtissues constructed with patient-derived cardiomyocytes have unique
advantages in modeling gene-associated cardiac diseases for personalized therapy.
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In recent years, biofabrication approaches have attracted great attention and
have been broadly used in bioengineering of 3D cardiac microtissues to address the
aforementioned demands [20, 21]. The definition of biofabrication is the generation
of defined biological products from living cells, biomaterials, bioactive molecules,
and extracellular matrix (ECM) by one of two distinct strategies: bioprinting and
bioassembly [22-25]. The formation of functional tissue products is usually accom-
panied by subsequent tissue maturation procedures after fabrication [24, 26, 27].

Bioprinting is one of the widely adopted technical routes in biofabrication [21,
28-30] and is defined as the assembly of living and nonliving materials into struc-
ture- and component-defined cytoarchitectures with a prescribed 2D or 3D structure
via computer-aided transfer processes [24, 27]. Different bioprinting techniques
have been used in the preparation of 3D cardiac microtissues [31], including inkjet
bioprinting [32], microextrusion bioprinting [33-36], and laser-assisted bioprinting
[37]. These bioprinting techniques usually require a significant portion of the bio-
materials and living cells to be a part of the bioink. However, many types of widely
used natural biomaterials (e.g., Matrigel, collagen, gelatin, alginate, and chitosan)
potentially induce adverse biological effects such as immunogenicity, fibrous tissue
formation, toxicity of degradation products, and host inflammatory responses which
affect their long-term function for in vivo applications [38]. Ong et al. have devel-
oped a biomaterial-free 3D bioprinting method for generating 3D cardiac microtis-
sues. Living cells are initially patterned on a needle array, which greatly increases
the difficulty of the operation and the complexity of bioprinting [39, 40]. Many
more challenges still exist for 3D bioprinting of cardiac tissues: (1) Traditional bio-
printing techniques cannot effectively control intercellular proximity; therefore, it
is difficult to accurately emulate the in vivo arrangement of cardiomyocytes (CMs)
and intercellular interactions. (2) Cell damage or death can be caused by a high
printing speed. (3) A long operation process is needed for large-scale designed
product. (4) Physiologically relevant cell density is difficult to be obtained due to
the abundant usage of biomaterials in the bioink. Especially for cardiac tissue, cell
density is much higher than that of any other tissues and the fraction of ECM is
very low [41]. For these reasons, alternative approaches are urgently needed in the
construction of cardiac microtissues.

Bioassembly has recently emerged as a well-accepted technical alternative
to biofabrication. The first clear definition of bioassembly was provided by the
International Society for Biofabrication in 2016 [26]. Bioassembly represents the
manufacture of hierarchical structures with defined 2D or 3D organization using
the automatic assembly of preformed cell-containing fabrication units, which are
generated though cell-driven self-organization or via the preparation of hybrid cell-
material building blocks, representatively by utilizing enabling techniques [26,
27]. Compared with bioprinting, a large number of cells can be assembled into a
closely packed cytoarchitecture in a short time by bioassembly. In addition, cell
containing building blocks can also be closely packed into a 2D or 3D construct in
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a noninvasive way [26, 27]. Most importantly, microtissues with a physiologically
relevant cell packing density and low ECM fraction can be easily prepared by bio-
assembly approaches. These advantages make bioassembly an optimal choice for
constructing cardiac microtissues.

Over the past decade, several emerging bioassembly techniques have been devel-
oped for bioengineering cardiac microtissues: acoustic field-guided assembly [42—
44], magnetic field-guided assembly [45-47], gravity-driven assembly [48, 49], and
molecular recognition-assisted self-assembly [50, 51]. Cardiac constructs prepared
by these approaches have been cultured in vitro for the maturation and formation
of cardio-specific functions. These cardiac microtissues have been demonstrated
as an in vitro model for basic medical research and preclinical drug screening. In
addition, these cardiac microtissues have also been utilized as building blocks for
cardiac regenerative therapy. Until now, an in-depth summary of these bioassembly
techniques for the fabrication of cardiac microtissues has been lacking.

In this chapter, we aim to provide a systematic review on bioengineering 3D car-
diac microtissues using various bioassembly techniques (Fig. 6.1). A comprehen-
sive comparison of the pros and cons of these techniques is presented. Maturation is
an essential procedure for 3D cardiac microtissues to exert organ-specific functions,
a topic that is also touched upon briefly in the chapter. Additionally, three types of
typical applications of 3D cardiac microtissues are mentioned. We also discuss the
challenges and prospects for the application of bioassembly techniques in cardiac
tissue engineering. We believe that this chapter will be helpful for postgraduate and
undergraduate students as well as clinicians and medical researchers who wish to
gain a fundamental understanding of 3D cardiac microtissue biofabrication using
bioassembly approaches.
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Fig.6.1 Four types of bioassembly techniques for the generation of 3D cardiac microtissues. The
sizes of the cardiomyocytes, cell spheroids, and cell sheets are shown above the axis, while the
sizes of the 3D cardiac microtissues fabricated by each bioassembly technique are shown below
the axis
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Bioassembly Techniques for 3D Cardiac Microtissues

Bioengineering human physiologically relevant 3D cardiac microtissues potentially
facilitates a wide range of biomedical applications, including the probing of cardiac
disease mechanisms, screening of cardiac toxicity of drug candidates, and repair
of cardiac damage. In recent years, numerous bioassembly techniques have been
developed to fabricate cardiac microtissues from building materials, including CMs,
biomaterials, and bioactive molecules (Fig. 6.2). These bioassembly techniques
usually employ interactions between cardiac cells and external fields as well as the
intercellular interaction to form predefined cytoarchitectures. The formed cytoar-
chitectures are usually immobilized via a sol-gel transition and are transferred to a
cell incubator for further tissue culture and maturation. In this section, we provide
a comprehensive summary of current bioassembly techniques and discuss aspects,
such as their working principle, instrumentation, operating procedure, and typical
examples. Additionally, we also discuss the merits and drawbacks of each bioas-
sembly technique (Table 6.1).
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Fig. 6.2 Commonly used techniques in bioassembly and their brief use in cardiac microtissues
fabrication. (a) Acoustic field-guided assembly (Faraday wave and surface acoustic wave), (b)
magnetic field-guided assembly, (¢) gravity-driven assembly (hanging drop and micromolding
assembly), and (d) molecular recognition-assisted self-assembly
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Fig. 6.2 (continued)

Acoustic Field-Guided Assembly

Acoustic waves have long been utilized in biomedical research to manipulate or
detect biological systems due to their biocompatibility, tunability, and multiformity.
Vibrational frequency and amplitude are two pivotal parameters that determine the
intrinsic characteristic of acoustic waves. According to the range of vibrational fre-
quency and the type of propagation medium, acoustic waves can be categorized into
different wave types. Currently, three types of acoustic waves, Faraday wave [52],
surface acoustic wave (SAW) [44], and bulk acoustic wave [53, 54], are used as bio-
fabrication tools to assemble cells into various cytoarchitectures. Among these tools,
Faraday waves and SAW have been demonstrated to fabricate cardiac microtissues.

Faraday Wave

Faraday wave is a nonlinear standing wave existing at the air-liquid interface that
is generated by oscillatory vertical acceleration of a liquid layer [55]. Faraday
waves take various forms such as circle, square, bar, or other more complex geom-
etries. These waveforms are determined by vibrational parameters (i.e., vibrating
frequency and acceleration amplitude), boundary geometries, and fluid properties
(i.e., surface tension, viscosity, and density) [56]. In Faraday wave-based assembly,
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Table 6.1 Comparison of four types of bioassembly techniques

Bioassembly techniques Advantages Limitations Refs
Acoustic field-guided Noninvasive No control over spatial [42,
assembly (Faraday wave)  High speed organization of heterogeneous 43]
Physiologically building units
relevant cell density
Acoustic field-guided Noninvasive Single geometry [44]
assembly (SAW) High speed
Magnetic field-guided High speed Potential cytotoxicity [46]
assembly Low throughput
Gravity-driven assembly Ease of operation Single geometry [72]
(hanging drop) High throughput

Precise control over
microtissue size
Gravity-driven assembly Ease of operation Requires templates [77,
(micromolding assembly)  Precise control over 79]
microtissue size
Multiple geometries
Molecular recognition- Highly specific Requires surface modification [86]
assisted self-assembly Noninvasive

microscale bioentities can be assembled either at the air-liquid interface as a mono-
layer structure [57] or at the bottom of a liquid container as a closely packed multi-
layer structure [52]. The use of this technique for the assembly of polymeric beads
[57], single cells [42, 43], and cell spheroids [52] has been reported previously.

Chen et al. employed Faraday wave pattern as a liquid-based template to assem-
ble microscale particles (microparticles) into a closely packed monolayer structure
at the liquid surface. In principle, the beads drift to a region with minimized force
potential, which is determined by Faraday wave pattern [57]. The pattern of mic-
roparticles can be flexibly tuned by varying the vibrational frequency or geometric
boundary of the liquid container. Thereafter, the same group reported the application
of this technique to assemble hepatic spheroids into 3D hepatic microtissues at the
bottom of a liquid container. Hepatic spheroids have been successfully constructed
into 3D hepatic microtissues [52]. Assembly of striated 3D cardiac microtissues has
also been reported by using human induced pluripotent stem cell-derived cardio-
myocytes (hiPSC-CMs) [42, 43]. Briefly, a fibrin prepolymer solution containing
hiPSC-CMs with a density of 1.7 x 10° cells/mL was transferred to the assembly
chamber. After cell sedimentation, Faraday waves with stripe-like waveforms were
generated in the chamber by applying vertical mechanical vibration. The hiPSC-
CMs, subjected to Faraday waves, were assembled into a 3D construct with a pre-
defined pattern. The cellular construct was subsequently immobilized by gelation
of the fibrin prepolymer solution for further tissue culture. The generated cardiac
tissues demonstrated some critical nature cardiac functions, including the expres-
sion of connexin 43 (CX43) and a-actinin, spontaneous beating and high metabolic
activity compared to unassembled CMs. Faraday wave-based bioassembly provides
a noninvasive and rapid approach to fabricate functional cardiac microtissues with
a cell density close to that of human cardiac tissues.
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Surface Acoustic Wave

SAW is a type of acoustic wave that travels along an elastic material surface [58].
An interdigital transducer (IDT) is a widely used device to generate SAW from
electric signals. The IDT is fabricated on a piezoelectric (PZT) substrate by a lift-off
or etching process [59]. The wavelength of the SAW can be easily determined by
periodic spacing of the interdigital electrodes of the IDT, while the amplitude of the
SAW is tuned by input electric signals. When two series of SAWs travel in opposite
directions, a standing surface acoustic wave (SSAW) forms through the interference
of the two SAWs. Cells in the SSAW are trapped in regions with the lowest force
potential as defined by the interaction between the acoustic radiation field and the
cells. Based on this mechanism, SSAW has been used for microparticle focusing
[60] and 2D or 3D single-cell patterning [61-63].

Recently, Naseer et al. demonstrated spatial patterning of CMs and cardiac fibro-
blasts (CFs) using an SAW device [44]. To generate these patterns, a cell mixture
was first suspended in a prepolymer solution of photocrosslinkable gelatin methac-
rylate (GeIMA). The GelMA solution was added to the chamber and covered with
glass slide. Then, SAWs were generated by applying sinusoidal electric signals to
the LiNbOj; substrate. Cardiac cells were driven to the pressure node of the SSAW
and stripe shaped cytoarchitectures were formed. Subsequently, the cardiac cells
were immobilized by crosslinking the GeIMA prepolymer solution via ultravio-
let (UV) exposure. The cell-encapsulating GelMA hydrogel was transferred to an
incubator for tissue maturation. Expression of F-actin was validated in the gener-
ated cardiac microtissues. The SAW-based bioassembly enables the manipulation
of single cells to form cytoarchitectures with a high spatial resolution. However,
this technique is limited to the generation of line or cross-shaped patterns, which
hampers its application in the bioengineering of complex cytoarchitectures in native
cardiac tissues.

Magnetic Field-Guided Assembly

Magnetic field-guided assembly is a technique that explores an external mag-
netic field to drive suspended cells into a closely packed construct with a spatially
defined geometry. In a magnetic field-guided assembly, the movements of the
cells are initially determined by the magnetic force. When the magnetic force on
the cells is balanced with other forces such as buoyant force or gravity, the cells
ultimately aggregate in the region. Target cells can be either labeled with mag-
netic nanoparticles or suspended in a magnetic contrast medium like gadolinium
solution. The assembled cytoarchitectures are determined by the location and
shape of the magnets. For example, Souza et al. explored the use of a ring-shaped
magnet for biofabricating of a ring-shaped tumor microtissues by magnetic levi-
tation [64]. Until now, more than 20 types of cells including stem cells [64], pri-
mary cells [65], and cell lines [66] have been used in the magnetic assembly.
Specifically, Hogan et al. [46] demonstrated the magnetic assembly of rat CMs
into cardiac microtissues for cardiac tissue engineering. Freshly isolated primary
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rat CMs were labeled with magnetic iron oxide (MIO)-based nanoparticles via
endocytosis. These MIO-containing cells were uniformly suspended in cell cul-
ture medium and then levitated at the air-liquid interface by applying a disk mag-
net on top of the liquid container. Levitated cells were closely packed by the
magnetic field, and they finally formed spherical cardiac microtissue that could
contract spontaneously and expressed cardio-specific proteins such as a-actinin
and fibronectin. As levitation of CMs relies on the cellular uptake of magnetic
nanoparticles, complete removal of nanoparticles from CMs poses a challenge for
utilizing these microtissues in regenerative therapy. The throughput of the current
device was 24 microtissues per batch, which can be further scaled up if this tech-
nique is combined with a 96-well or 384-well plate.

Gravity-Driven Assembly

In a gravity-driven assembly, cell assembly is realized by the gravitational sedimen-
tation of cells to the bottom of a nonadhesive restriction interface, which can be an
air-liquid interface used in the hanging drop technique or a polymeric template used
for micromolding. Gravity-driven assembly has the advantages of being free from
external bulk equipment, easy to operate and scale-up [67], and able to precisely
control the microtissue size [48].

Hanging Drop

The hanging drop technique is a well-commercialized gravity-driven assem-
bly method. In this method, hanging drops can be generated in a homemade
mold [68], cell culture dish [69], microwell arrays [70, 71], or microfluidic plate
[67]. Suspended cells are cultured in a hanging drop that adheres to a flat sur-
face. The settling cells are driven by gravity and then aggregate at the bottom
as hemisphere-shaped hanging drops. After a period of incubation, the cells
spontaneously self-organize into a spheroid. This technique has been utilized
for generation of cardiac spheroids with physiologically relevant characteris-
tics, including spontaneous beating, production of cardio-specific ECM, and
expression of specific proteins such as CX 43 and F-actin, from CMs derived
from different species, such as human, rat, and mouse [72, 73]. In addition, the
hanging drop plate can be further integrated with other microdevices to realize
more sophisticated functions. Yazdi et al. developed a microfluidic hanging drop
network integrated with a micropump for precise flow control. The micropump
relies on surface tension at the air-liquid interface to drive the culture medium
flow through hanging drop networks [74]. In addition, Schmid et al. integrated
microelectrodes in tissue culture chambers for situ monitoring of the beating rate
of cardiac microtissues [75]. The hanging drop technique enables precise control
over the size of formed microtissues. However, the geometry of microtissues is
limited to the simple spherical shape.
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Micromolding Assembly

In a micromolding process, microtissue templates are first fabricated using a variety
of cell nonadhesive and biocompatible materials, such as poly(ethylene glycol) (PEG)
[76-78], polydimethylsiloxane (PDMS) [79], and agarose [80]. The templates contain
an assembly chamber with predefined geometries. After being added to the template,
suspended cells settle down to the bottom of the assembly chamber by gravity and
generate microtissues with defined structures and sizes [76, 80-84]. Huebsch et al.
generated 3D microheart muscle arrays using a micromolding process [79]. In this
study, a PDMS template was fabricated by soft lithography and replica molding and
was bonded to a polystyrene (PS) substrate. iPSC-CMs and fibroblasts were seeded
in the assembly chambers, where they formed dog-bone-shaped cardiac microtissues.
The 3D cardiac microtissues exhibited physiologically relevant cardiac functions,
including a reproducible inotropic response when stimulated with a f-adrenergic
agonist, spontaneous beating, and expression of specific proteins such as a-actinin,
F-actin, and phospho-connexin 43. The micromolding assembly technique meets the
requirement for bioengineering complex cellular structures in native cardiac tissues.
However, the fabrication of the templates increases the cost of the experiment.

Molecular Recognition-Assisted Self-Assembly

Molecular recognition-assisted self-assembly explores bio-orthogonal functional
groups for generating predefined intercellular linkages between heterogeneous cells.
The cell membrane is specifically modified with biorthogonal functional groups to
selectively link cells. Dutta et al. successfully employed this technique to generate
millimeter-scale, closely packed multilayered architecture with a predefined het-
erogeneous arrangement [85]. Following this work, Rogozhnikov et al. used the
same technique for the assembly of functional cardiac microtissues from primary
rat CMs, human umbilical vein endothelial cells (HUVECS) and fibroblasts [86].
All three cell types were treated with liposomes, which contained ketone or oxy-
amine groups. Chemical groups could be installed rapidly onto the cell surface by
liposome delivery and fusion. Then, surface-engineered cells would be aggregated
via oxime ligation. The bonding between ketone and oxyamine groups is a bio-
orthogonal reaction that does not interfere with native biological processes. After
24 hours of culturing, 3D cardiac microtissues formed. CMs constituting cardiac
microtissues could express cardio-specific ECM, and native propagation of Na*,
K+, and Ca®* ions across the cardiac microtissues was detected. Moreover, the car-
diac microtissues expressed specific proteins such as CX43 and cardiac troponin T
(cTnT). Notably, the molecular recognition-assisted self-assembly technique offers
a noninvasive way for the bioassembly of 3D microtissues from most mammalian
cell types. However, this approach cannot be used to fabricate cardiac microtissues
with complex shapes and structures (e.g., tubes and rings) [40].
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Maturation and Characterization of 3D Cardiac Microtissues

Maturation is an essential procedure for the formation of functional 3D cardiac
microtissues. Generally, bioassembly techniques can form only a predefined hetero-
geneous cell arrangement or cytoarchitecture, and no intercellular connections are
created between the CMs immediately after bioassembly. The formed cytoarchitec-
ture is immobilized and transferred to a cell incubator for tissue maturation. During
this process, intercellular connections (such as CX 43 and CX45) are established
between the CMs. Simultaneously, CMs modify their local microenvironment by
secreting their own ECM. Furthermore, biochemical factors [87] and biophysical
stimulation [88] are usually required to treat cardiac microtissues for enhancing
cellular maturation.

Immunohistochemical analysis is commonly used to evaluate the function of
3D cardiac microtissues. Various tissues are immunostained for the detection of
cardio-specific marker expression. For example, CX 43 is a gap junction protein
localized in cardiomyocyte mitochondria and is essential for intercellular connec-
tion and cardiac function [89]. The a-actinin plays an important role in the forma-
tion and maintenance of Z-lines [90], and its expression indicates the maturation
of cardiac microtissues. Cardiac troponin T is a specific marker of CMs that pres-
ents in healthy cardiac tissues and is essential in cardiac muscle contraction and
sarcomere assembly [91]. In addition to using immunofluorescence staining, Lu
et al. studied gene expression in 3D cardiac microtissues such as myosin light chain
2 V (MLC2V), myosin heavy chain 6 (MYHG6), myosin heavy chain 7 (MYH?7),
and the homeobox protein NKX2.5 to demonstrate the development of the tissues
[92]. Further, cardiac contractility can reflect the function of cardiac microtissues
[93]. For a healthy adult, the heart rate is 60—100 bpm and the contractile stress is
between 6000 and 8000 Pa. In general, the contractile function of cardiac microtis-
sues can be improved by increasing the purity of CMs and inducing CM alignment.
Moreover, indicators such as contractile force [94—96] and action potential conduc-
tion [97, 98] can be used to demonstrate physiologically relevant characteristics of
cardiac microtissues [99].

Applications of 3D Cardiac Microtissues
Cardiac Regenerative Therapy

After heart injury, human’s heart is hardly to recover as the limitation of cardiomyo-
cytes’ proliferation block. At the same time, no clinical therapy is able to satisfacto-
rily treat acute or chronic heart injury, including acute myocardial infarction, viral
myocarditis, and heart failure. Cardiac regenerative therapy represents an emerging
approach that holds great promise for restoring cardiac functions by transplanting
bioengineered cardiac tissues to the injured site.

Vascularization has always been the most important consideration for all kinds
of transplanted tissues. Using bioassembly, Sharon Fleischer et al. fabricated a
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vascularized cardiac patch composed of different modular layers, including an endo-
thelial cell layer, a cardiac layer, and a dexamethasone (DEX) layer [83]. The DEX
layers were responsible for attenuating the activation of macrophages. A series of
critical cardiac functions, such as electrical coupling in the z-direction between car-
diac layers and expression of CX43 and a-sarcomeric actinin, were demonstrated
on the generated cardiac patch in vitro. After orthotropic transplantation to a rat,
vascular endothelial growth factor (VEGF) particles in the endothelial cell layers
promoted the vascularization of the cardiac patch. In addition, the cardiac patch
could be cultured in vivo for at least 2 weeks. 3D cardiac microtissues fabricated by
bioassembly provide a promising in vitro approach for cardiac regenerative therapy.

Cardiac Physiological Study

The heart is one of the most vital organs to human body. Therefore, it is neces-
sary to understand the biological functions and control mechanisms of the heart.
Specifically, elongated tissue morphology, fast conduction velocity, and efficient
contractility are the three most critical parameters that need to be evaluated in arti-
ficial cardiac tissue. 3D cardiac microtissue with a high cell-packing density and
predefined pattern is more similar to native cardiac tissue than 2D cardiac model in
terms of geometry and function. Therefore, 3D cardiac microtissues fabricated by
bioassembly are regarded as a promising in vitro model to study cardiac physiologi-
cal characteristics.

Huebsch et al. fabricated dogbone-shaped cardiac microtissues composed of
iPSC-CMs and fibroblasts on a PDMS template by using a micromolding assem-
bly [79]. The physiological function of the cardiac microtissues was analyzed in
situ within the template. Neighboring cardiac microtissues could beat spontane-
ously without disturbing each other. In contrast, when a syncytium formed between
two adjacent microtissues, a correlation in contractile motion was demonstrated.
To determine the contractile force of the CMs directly, the two sides of the cardiac
microtissue were connected to a force transducer and a moveable arm, respectively.
In addition, the cardiac microtissues were cultured in a bath filled with Tyrode’s
solution. In this test, cardiac microtissues showed a typical Frank-Starling response,
which represents the correlation between contractile force and cardiac microtissue
length as determined by external stretching. In addition, contractile force increased
when the extracellular calcium concentration was higher. Moreover, cardiac micro-
tissues treated with a P-adrenergic agonist showed a dose-dependent inotropic
response. In summary, the cardiac microtissues used in this work present a potential
application for studying cardiac physiology in vitro.

Drug Screening

Cardiotoxicity presents a major cause for the failure of drug candidates, which not
only limited to cardiac disease related drugs but also the other medicine which have
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the possibility to lead to cardiotoxicity. However, 2D cardiac cell monolayers can-
not faithfully recapitulate the complicated environment of the native cardiac tissue.
Therefore, a realistic preclinical model is needed in order to improve the prediction
accuracy of preclinical drug screening. Compared with a 2D monolayer culture, 3D
cardiac microtissues cultured in vitro can better mimic native cardiac physiology
and have been widely used in preclinical drug screening.

Rogozhnikov et al. utilized 3D cardiac microtissues, which were fabricated by
molecular recognition-assisted self-assembly, as testing models to evaluate the
effects of two drugs on beating rate [86]. In this study, 2D cardiac monolayers
were used as the control group. One of these drugs, isoprenaline, is a nonselective
B-adrenoreceptor agonist and is used to treat bradycardia. The other drug, doxoru-
bicin, a chemotherapy medication used for cancer treatment, can cause severe side
effects such as cardiotoxicity and lead to congestive heart failure. Cardiac microtis-
sues that were exposed to isoprenaline (5 nM and 10 nM) or doxorubicin (100 pM
and 200 pM) for 25 min showed an increase or decrease in beating rate, respec-
tively. Moreover, with the increase in drug concentration, the effect was more sig-
nificant. Compared with 2D cardiac models, 3D cardiac microtissues treated with
isoprenaline were less sensitive to changes in pulse because drug transport to cells
in a monolayer is greater than that in a 3D tissue. This result indicated that 2D
monolayers cannot mimic organ function as completely as 3D cardiac microtissues.
3D cardiac microtissue has become a preferred physiologically relevant model for
in vitro cardiotoxicity assessment.

Challenges and Future Perspectives

Although great advances have been made in inventing bioassembly techniques for
generating physiologically relevant human cardiac microtissues, several challenges
still need to be addressed. One of the challenges is to generate a functional vascular
network in cardiac microtissues. The maturation and long-term survival of cardiac
microtissues are dependent on the ability of the vascular system to provide efficient
oxygen and nutrient exchange inside the tissues [100, 101]. Despite great progress,
the challenges of vascularization and neoangiogenesis in assembled cardiac micro-
tissues remain unmet [43, 86].

Additionally, none of the current bioassembly approaches can form arbitrary
complex cytoarchitectures to faithfully recapitulate native multiscale heterogeneous
cytoarchitectures. Most of the generated cardiac microtissues can recapitulate only
some of the morphological features or functions native to cardiac tissue. None of
the assembled cardiac tissues have been fully validated at the genetic, transcrip-
tional, and metabolic levels. The formation of high-fidelity cardiac tissues requires
improvement in current bioassembly techniques and a combination of multiple
bioassembly approaches that can engineer complex multiscale cardiac architec-
tures from native physiologically relevant cardiac cell populations. Melde et al.
constructed arbitrary patterns of silicone particles by using an acoustic assembly
technique and specific algorithms [102]. This method has great potential for the
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generation of 3D cardiac microtissues with spatially defined geometry. In addition,
DNA-programmed assembly may be an alternative method for fabricating cardiac
microtissues with programmed shapes [103].

In summary, bioassembly approaches represent an emerging technical route in
the field of biofabrication and are effective tools for generating cardiac microtissues.
Cardiac microtissues have been proven useful in many research fields. We believe
that with the rapid development in cell biology and bioengineering technology, car-
diac microtissues that closely mimic the native heart tissue structure and function
will be generated in vitro using bioassembly methods. Meanwhile, this technical
route will vigorously promote the development of basic biomedical research and
clinical therapies.
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of Cardiovascular Tissue Engineering
Products to Clinical Applications

Amanda N. Steele and Y. Joseph Woo

Introduction

Cardiovascular disease is a major global health crisis and continues to be the lead-
ing cause of mortality, accounting for 31.5% of deaths worldwide [1]. An estimated
23 million Americans suffer from ischemic heart disease, a number that is expected
to rise up to 46% by 2030 [2]. Annual healthcare expenditures due to ischemic heart
disease are staggering, amounting to over a quarter of a trillion dollars, and are pro-
jected to double in the next 10 years [1, 2]. The mortality rate of coronary heart dis-
ease (CHD) has fallen substantially over the last several decades, which can largely
be attributed to improvements in primary prevention strategies and secondary inter-
ventions [3, 4]. However, despite improved survival, many patients will succumb
to heart failure due to the inability to reverse or prevent the progressive functional
deterioration following ischemic cardiomyopathy. Revascularization techniques
such as percutaneous coronary intervention (PCI) and coronary artery bypass graft-
ing (CABG) are only possible in 60—80% of patients, and even then, treatments are
often initiated late into disease progression [5]. Furthermore, interventions such
as PCI and CABG focus on macrovascular reperfusion and neglect the presence
of significant microvascular malperfusion. While large vessels are reperfused, this
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microvascular perfusion deficit can lead to endothelial cell (EC) dysfunction, car-
diomyocyte death, and adverse ventricular remodeling, ultimately leading to heart
failure [6-8]. Thus, there is an extraordinary clinical need to investigate adjunct
therapies to regenerate, repair, and reverse the maladaptive responses secondary to
ischemic cardiomyopathy.

Over the past two decades, cardiovascular tissue engineering technology has
demonstrated exciting progress and is now widely used in preclinical research.
Advances in stem cell biology, angiogenesis, and regenerative signaling, as well as
biomaterials science, have enabled translation from preclinical validation studies to
clinical application. As such, there has been tremendous interest in applying diverse
tissue engineering products to the ischemic heart. This chapter will focus on the
various tissue engineering strategies that address the limitations of current therapies
to regenerate functional myocardial tissue.

Cytokine and Growth Factor Therapy

Due to our improved understanding of the mechanisms and signaling pathways
that underlie blood vessel formation and tissue regeneration, protein therapy
has emerged as a promising strategy to repair the ischemic myocardium [9].
Administering therapeutic cytokines and growth factors (GFs) can modulate inflam-
matory responses and biological processes and, therefore, can alter disease progres-
sion [10-12]. Specifically, angiogenic cytokines and GFs stimulate the formation or
remodeling of blood vessels either through angiogenesis (creation of blood vessels
from existing vessel), vasculogenesis (de novo formation of new blood vessels),
or arteriogenesis (arterioles remodeling into larger collateral arteries). These pro-
cesses encourage therapeutic micro-revascularization of the ischemic heart thereby
enhancing tissue oxygenation and reducing cardiomyocyte death [13]. Thus far,
many angiogenic cytokines have been discovered and evaluated including vascular
endothelial growth factor (VEGF), fibroblast growth factor (FGF), placental growth
factor (PGF), hepatocyte growth factor (HGF), and stromal cell-derived factor-1a
(SDF-1) [13, 14]. Of these, VEGF is one of the most widely studied angiogenic
cytokines and functions via its receptor on endothelial cells (EC) to produce nitric
oxide, enhance EC survival, mobilize endothelial progenitor cells (EPC), induce
EPC mitosis, and enhance vascular permeability and vasodilation [14]. A number
of positive functional results in preclinical animal studies of myocardial infarction
initiated a multitude of human trials involving VEGF treatment. While several stud-
ies demonstrated that VEGF was safe and promoted symptomatic relief via reduced
ischemia, many of these effects were transient as determined in more rigorous phase
1I clinical trials [15-18].

HGF has also been evaluated in the treatment of heart diseases due to its pro-
nounced anti-apoptotic, chemotactic, and proliferative effects on cardiac-relevant
cell types, in addition to its ability to promote angiogenesis [19-21]. The beneficial
pleiotropic effects of HGF have led to its translation to phase I clinical trials in
which HGF therapy using adenovirus vector (Ad-HGF) was delivered as an adjunct
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therapy to CABG [22, 23]. Preliminary safety and efficacy results confirmed the
long-term safety of intracoronary delivery of Ad-HGF for treating severe coronary
disease in addition to an improvement in ejection fraction [23].

Finally, SDF-1 has unique pro-angiogenic behavior due to its capacity to
potently stimulate migration of EPCs and other hematopoietic cells to participate in
angio- and vasculogenesis, ultimately resulting in reduced ventricular remodeling
and fibrosis [24-26]. Notably, SDF-1 binding and stimulation of EPCs require the
expression of its receptor, CCR4, which is upregulated on EPCs during hypoxia.
Thus, SDF-1 appears to be a key candidate for therapeutic targeting in ischemic
heart disease [27]. Clinical studies of SDF-1 therapy have been actively conducted
using non-viral gene transfer and plasmid expressing SDF-1. Phase I trials have
found SDF-1 delivery to be safe with improvements in symptoms [28]. These
encouraging results promoted a phase II study of SDF-1 in patients with ischemic
cardiomyopathy, in which a small improvement in ejection fraction was observed
at 12 months [29].

Additionally, proliferative, or cell-cycle inducing GFs have also demonstrated
therapeutic benefit in preclinical and clinical studies of ischemic heart disease.
The four extracellular factors known to induce proliferation of differentiated car-
diomyocytes include insulin-like growth factor-1 (IGF-1), FGF-1, periostin, and
neuregulin-1 (NRG-1). Interestingly, all of these ligands require signal mediation
via PI3-kinase [30-32]. The most widely studied cell-cycle inducing GF in human
clinical trials is NRG-1, an agonist for receptor tyrosine kinases of the epidermal
growth factor receptor family. The importance of NRG-1 signaling in the adult heart
first became apparent when women with cancer receiving NRG-1 receptor blocking
antibody, Herceptin, developed cardiomyopathy [30, 33]. A number of promising
preclinical studies spurred a cascade of human clinical trials to test the safety and
efficacy of NRG-1 in patients with cardiomyopathy [34-37]. A phase II, random-
ized, double-blinded, placebo-controlled study in patients with chronic heart failure
demonstrated that delivery of recombinant human NRG-1 enhanced left ventricular
function and limited negative remodeling [36]. Phase III trials studying efficacy of
patients with chronic heart failure are ongoing and an interim analysis showed a
statistically significant decrease in mortality [37, 38].

Stem Cell Therapy

Over the past few decades, there has been a surge in the development of stem cell
therapies to treat cardiovascular disease, many of which have quickly progressed to
clinical trials. The initial goal of cellular therapy was to deliver cells to repopulate
and regenerate the damaged and diseased area; however, due to poor retention rates,
beneficial effects observed from cell therapy are likely due to paracrine factors
which mobilize endogenous repair mechanisms [39—41]. A number of different cell
lineages have been evaluated in clinical studies thus far, including mesenchymal
stem cells (MSCs), bone marrow-derived stem cells (BMSCs), skeletal myoblasts,
adipose-derived stem cells (ASCs), and cardiac stem cells (CSCs) [41, 42]. Of these,
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the most widely studied are MSCs and BMSCs, which in large, have demonstrated
feasibility and safety [43, 44]. MSCs are especially advantageous because they can
differentiate into all cells of the mesodermal lineage and release a broad range of
growth factors and cytokines that modulate cardiomyocyte apoptosis, inflamma-
tion, and angiogenesis [42, 43]. Furthermore, MSCs lack major histocompatibility
complex class II antigens and therefore do not require immunosuppression if har-
vested from an allogenic source, thereby enabling potential off-the-shelf products
[45]. In 2014, 30 patients with end-stage heart failure were randomized to receive
an intramyocardial injection of 25 million MSCs or cell medium concurrent with
left ventricular device (LVAD) implantation. This was an early-phase, multicenter,
double-blinded study aimed to explore safety and efficacy and the first trial to evalu-
ate allogenic MSCs in patients undergoing LVAD with advanced heart failure [43].
Based on the greater number of MSC patients experiencing successful temporary
LVAD weans at 90 days, the study concluded that administration of MSCs was
feasible and safe with a trend toward functional efficacy [43]. Interestingly, a recent
randomized phase II blinded study highlighted the crucial role of MSC dose and
concentration in the functional response to cell therapy. This trial demonstrated that
in patients with ischemic cardiomyopathy, a dose of 100 million MSCs resulted in
enhanced ejection fraction compared to those who received the 20 million doses
[46]. Optimizing cell dose is critical to advance in the field of cell therapy and opens
the field for further phase III investigation.

Compared to MSCs, BMSCs are more difficult to isolate and clinical trials
involving BMSCs have led to more inconsistent results in terms of functional ben-
efit [47]. BMSCs contain a number of different stem and progenitor populations,
and preclinical studies indicate that the therapeutic benefit likely derives from
angiogenic paracrine signaling [48]. A phase I and phase II randomized trial aimed
to compare MSCs with BMSCs by evaluating patients receiving MSC injection
to a placebo group versus patients receiving BMSCs to placebo. At the 12-month
follow-up, viable tissue mass, walk distance, and regional myocardial function sig-
nificantly improved only in the MSC group, not in the BMSC group [49]. These
results support the importance of a specific cell source for the treatment of ischemic
cardiomyopathy.

A few trials investigated the regenerative potential of skeletal myoblasts in hopes
that they would repopulate post-infarction scar tissue with functional contractile
cells. However, further evaluation of this stem cell population was discontinued due
to the high number of adverse cardiac events (i.e., arrhythmias) secondary to myo-
blast transplantation and the emergence of other stem cell sources (e.g., MSC) that
are easier to obtain [50]. One such lineage is adipose-derived stem cells (ASCs),
which can be harvested from adipose tissue of patients with minimal invasiveness
[45]. ASCs are also capable of differentiating into mesodermal lineages, and have
demonstrated superiority to BMSCs in preclinical studies [51]. The first prospective,
randomized, placebo-controlled, double-blind study evaluating the safety and fea-
sibility of ASC in patients with advanced ischemic cardiomyopathy was completed
in 2014 [52]. ASCs were isolated via patient liposuction aspirates and prepared for
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immediate administration. A total of 27 patients were enrolled in the study, and at
a 6-month follow-up, patients who received ASC injections (n = 21) had modest
improvements in myocardial perfusion, scar size, and left ventricular contractil-
ity [52]. This study confirmed the safety and feasibility of ASC treatment, and has
encouraged follow-up studies involving larger patient sample sizes and ASCs from
allogenic sources [53].

The adult heart was generally considered a terminally differentiated organ,
incapable of self-renewal until the discovery and delineation of CSCs [54, 55].
Anversa et al. were the first to describe the CSC population, defined as Lin™ESc-
kit?oS cells, which were self-renewing and multipotent with the ability to give rise
to myocytes, smooth muscle cells, and endothelial cells [55]. Results from initial
preclinical studies were promising, demonstrating that delivery of CSCs to the
infarcted myocardium could regenerate tissue, reduce infarct size, and enhance left
ventricular function [55-57]. The first in-human, phase I randomized, open-label
trial of autologous c-kit* cells in patients with heart failure was initiated in 2009 in
patients undergoing CABG [58]. A total of 33 patients were enrolled in the SCIPIO
study, and cardiac magnetic resonance revealed that patients who received autolo-
gous CSC infusion had a striking improvement in both global and regional left ven-
tricular function [58, 59]. Furthermore, CSC infusion also resulted in an increase in
viable tissue that persisted for at least 12 months [58]. Encouraging phase I clinical
results from CSCs have warranted further, larger studies [60, 61]. However, due to
a recently reported concern with the reproducibility of some of the CSC studies, a
moratorium has been issued from the National Institutes of Health (NIH) on the use
of CSC in cell therapy trials.

Despite the number of clinical studies which have evaluated stem cell therapy,
initial enthusiasm has declined due to disappointing and conflicting clinical results
[41]. This is likely due to a number of factors, but a major challenge is cell retention.
Cell retention is influenced by the mode of administration which has been distrib-
uted among intracoronary, intramyocardial, transendocardial, and transepicardial
injection techniques in clinical studies [42, 62]. Intracoronary delivery has severe
limitations because it relies on successful homing of the cells to the damaged tis-
sue and subsequent extravasation. If the cells successfully navigate these obstacles,
they are then subjected to a hostile microenvironment, further reducing their chance
of survival and eliminating a therapeutic effect. Direct injection into cardiac tissue
may be a preferred method of delivery due to the cells being deposited directly to
the intended site. However, injecting cells through a needle subjects them to signifi-
cant shear forces that can fatally disrupt the cellular membrane, resulting in post-
transplantation viability as low as 1-32% [63—65]. Therefore, to fully harness the
therapeutic potential of stem cell delivery, we must first determine an optimal trans-
plantation technique that protects cells during delivery and supports engraftment
into the myocardium thereafter. Finally, because studies have pointed to a differ-
ence in efficacy among stem cell types, clinical studies would further benefit from
determination of the optimal cell type for cardiac-specific indications [41, 45, 60].
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Hydrogels

A major limitation of both direct protein therapy and stem cell therapy is the thera-
peutic effect and is transient, which may explain why clinical trials with both types
of therapies have resulted in modest clinical improvements [13, 16, 17, 66]. In the
case of protein therapy, delivered cytokines and GFs are subject to diffusion away
from the intended site, rapid in vivo degradation and reduced in vivo stability [67].
Similarly, stem cells injected into the ischemic myocardium are subjected to a harsh
microenvironment with damaged extracellular matrix (ECM), thereby resulting in
poor retention rates and rapid cell death [65, 66]. An extremely promising strategy
to overcome the limitations of both protein and stem cell therapy is to encapsulate
these treatments within hydrogels.

Hydrogels are water-swollen, insoluble networks of cross-linked polymers used
for a variety of biomedical applications [68]. Due to their tissue-like elasticity, bio-
compatibility and biomimetic permeability, hydrogels are ideal delivery vehicles
for cells, cytokines, and other biomolecules for regenerative medicine. Hydrogels
can be derived from natural and/or synthetic polymers and are largely classified
based on chemical or physical cross-linking mechanisms [69]. While biologically
derived hydrogels are advantageous due to their bioactivity and the ability to com-
municate with surrounding cells via cell surface receptors, natural hydrogels suffer
from limited mechanical tunability and batch-to-batch variation [68—71]. Synthetic
hydrogels are advantageous due to their easily tunable mechanics, degradation, and
immobilization of cargo, which optimizes controlled delivery [68, 69]. Yet, com-
pared to natural hydrogels, synthetic hydrogels may have reduced biocompatibility
[70, 71]. As aresult of these challenges, significant research has gone into develop-
ing hybrid hydrogels, which incorporate both natural and synthetic polymer compo-
nents, thereby harnessing the advantages of each. Thus, hybrid hydrogels can mimic
tissues in both mechanical and biological properties [71].

To date, there have only been a few clinical trials evaluating the safety and effi-
cacy of hydrogels for the treatment of cardiomyopathy, though there has been an
abundance of small animal studies [68, 69, 72-74]. In 2015, an alginate-based
hydrogel delivered via direct intramyocardial injection was evaluated in patients
with advanced heart failure. The purpose of the hydrogel was to serve as a prosthetic
scaffold to prevent further left ventricular dilation. Patients receiving the hydrogel
treatment demonstrated improved exercise capacity and symptoms at a 6-month
follow-up, though further clinical studies are needed to validate these results [75].
More recently, a phase I trial was initiated evaluating the safety and feasibility of a
cardiac extracellular matrix hydrogel to treat patients who have experienced a large
ST elevation myocardial infarction. The hydrogel was delivered trans-endocardially
and secondary endpoints will look at efficacy variables of end systolic volume, end
diastolic volume, ejection fraction, and scar mass. The estimated completion date
of this study is October 2018, and the reporting of results should follow within the
following year [76].

One explanation as to why hydrogels have not yet been applied widely to clinical
cardiomyopathy research is due to suboptimal mechanical properties. In addition to
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biocompatibility, perhaps the most important characteristic of hydrogels for cardiac
tissue engineering is the ability to be delivered in a minimally invasive manner,
which may explain why so few have made it to clinical trials. Injectability sig-
nificantly facilitates their translation into clinical practice because it eliminates the
need for an open-chest surgery. This requirement has been uniquely addressed by
a novel class of hydrogels which undergo shear-thinning and self-healing behavior.
Shear-thinning, self-healing hydrogels have reversible cross-links which indicate
that the cross-links can break and re-form depending on the applied shear stress
[68, 77]. For example, when the formed hydrogel is placed under a shear stress, as
in the case of injection, the cross-links break apart, and the hydrogel undergoes a
phase change to a liquid state, enabling easy injection. As soon as the hydrogel exits
the syringe, the cross-links immediately re-form, and the hydrogel is once again in
a solid gel state.

Our group recently reported on a novel shear-thinning hydrogel, termed SHIELD
(shear-thinning hydrogel for injectable encapsulation and long-term delivery), to
deliver an engineered HGF fragment to the ischemic myocardium (Fig. 7.1) [67].
We demonstrated that SHIELD could prolong the release of the HGF fragment
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Fig. 7.1 (a) Shear-thinning hydrogel for injectable encapsulation and long-term delivery
(SHIELD) is composed of an engineered protein and peptide-conjugated polymer. (b—d) Shear-
thinning and self-healing behavior of SHIELD during injection. (Adapted from Steele et al. [67])
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for over 2 weeks, and minimally invasive delivery of this treatment resulted in
enhanced angiogenesis, reduced infarct size, and improved left ventricular func-
tion [67]. Burdick et al. published on the design of a shear-thinning hydrogel which
underwent a guest-host assembly mechanism to facilitate ex vivo injection and rapid
in vivo material retention [78]. In a large animal sheep model, the hydrogel was
delivered percutaneously via an Agilis™ NxXT steerable inducer and BRK™ trans-
septal needle. In a porcine model, it was shown that hydrogel injections helped to
reduced negative left ventricular remodeling following myocardial infarction (MI)
[79]. While a hydrogel with the ideal mechanical and biological properties is still
under development, the advent of new shear-thinning hydrogel technologies enables
the opportunity for translation to clinical trials. Bioengineered shear-thinning, self-
healing hydrogels have the potential to deliver therapeutic peptides and cells in a
minimally invasive, percutaneous approach, thereby providing an effective clinical
option for patients suffering from cardiomyopathy.

Cell Sheets

Another strategy to enhance cellular retention following transplantation is to uti-
lize cell sheet technology, which avoids the loss of cell-cell communication and
extracellular matrix and evades shear forces during injection, thereby extend-
ing the therapeutic window. Furthermore, cell sheets have also demonstrated the
ability to eliminate arrhythmogenicity of some injection-based methods [80].
Cell sheets are constructed using a temperature-responsive, polymer-coated cell
culture dish which interacts with cells differentially based on the culture tem-
perature. To create the sheets, cells are plated on special culture dishes coated
with poly-N-isopropylacrylamide. At 37 °C, the surface of the polymer is hydro-
phobic, allowing the cells to adhere. Once the cells reach confluency, the cells are
spontaneously detached by placing the culture dishes at 20 °C, which changes
the conformation of the thermoresponsive polymer, creating a hydrophilic sur-
face. As aresult, a free monolayer sheet lifts off the culture plate and floats freely
into the aqueous media, preserving cell-cell junctions and extracellular matrix
[81-83].

Thus far, a variety of cells have been used to create cell sheets, including myo-
blasts, cardiomyocytes, ASCs, chondrocytes, smooth muscle cells (SMCs), EPCs,
and MSCs [82, 84-89]. Furthermore, multi-layer, multi-lineage cell sheets can be
created to optimize the spatial arrangement of delivered cells and to induce the
development of structurally mature tissue [84]. Our group recently published a
study involving layered SMC-EPC sheets, hypothesizing that joint delivery of these
cells would mimic the native architecture of mature blood vessels, thereby acting as
a potent angiogenic construct (Fig. 7.2) [86]. We tested this bone marrow-derived,
bi-level cell sheet in a small animal model of myocardial infarction and observed
significant attenuation of cardiac fibrosis, enhanced left ventricular function, and
preservation of left ventricular dimensions [86]. This study demonstrated the ability
to obtain a novel, multi-lineage cell therapy derived from a translationally practical
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Fig.7.2 (a) Cell sheet a b
implantation technique. (b)
Cell sheet covering left
ventricular (LV) wall. (¢)
Visibility of cell sheet 1-week
post-implantation. (Adapted
from Kawamura et al. [85])

Left thoracotomy

c DM induction

e

source and its ability to limit adverse remodeling and improve function after a myo-
cardial infarction.

Based on the number of encouraging results from preclinical studies, the first
in-man study of cell sheets for cardiomyopathy was completed in 2012 [90]. In
this case report, a 56-year-old male suffering from idiopathic dilated cardiomyopa-
thy, with LVAD support, underwent autologous myoblast cell sheet implantation
delivered via a left lateral thoracotomy. Three months after LVAD support plus cell
sheet transplantation, his ejection fraction improved from 20 to 46%, resulting in
the explantation of his LVAD [90]. This case study revealed the safety and potential
efficacy of an autologous cell sheet to be created from a patient’s own skeletal myo-
blasts, delivered to the myocardium [90].

To further study autologous myoblast cell sheet transplantation for treating car-
diomyopathy, a phase I clinical study was initiated by Sawa et al. [91]. In this study,
27 patients with ischemic (n = 15) and nonischemic (n = 12) cardiomyopathy etiolo-
gies were enrolled. None of the patients experienced procedure-related complica-
tions nor arrhythmic events up to 1-month post-procedure. One year after treatment,
the ischemic cardiomyopathy patients demonstrated significant improvements in
left ventricular dimensions and increases in global ejection fraction compared to
baseline parameters. However, in the nonischemic group, patients did not demon-
strate improvements in geometry nor function. Nonetheless, the safety and feasibil-
ity results within this study motivate future clinical studies to assess larger patient
cohorts. Notably, this study encourages initiation of future trials to evaluate the
potential of other cell lineages, or combinations of lineages, for cell sheet transplan-
tation to treat cardiomyopathy.

3D Scaffolds/Cardiac Patches

In efforts to reconstruct the native architecture of the myocardium and enhance the
survival of cells during transplantation, biomaterial 3D scaffolds have been employed
for cardiac tissue engineering. Scaffold-based cardiac therapies generally involve
suspending cells within a matrix consisting of naturally occurring biomaterials or
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synthetic polymers [92, 93]. The goal of these scaffolds, or patches, is to maintain the
cellular microenvironment to support differentiation, orientation, and proliferation,
and to prevent anoikis [93]. However, major limitations of cardiac patches include
size restrictions due to adequate nutrient diffusion and interference with electrical
signal transduction [94, 95]. Nonetheless, efforts to overcome these drawbacks,
including vascularized patches and electrical field stimulation, are being utilized to
promote nutrient delivery and synchronize electrical activity, respectively [94, 96].

The most common scaffold used for the fabrication of cardiac patches is colla-
gen, which comprises a majority of the myocardial extracellular matrix [97]. Murry
and colleagues demonstrated the ability to seed embryonic stem cell-derived and
human-induced pluripotent stem cell-derived cardiomyocytes in a three-dimensional
collagen matrix and, via uniaxial tension and cyclic stretching, showed enhanced car-
diomyocyte alignment. Following delivery to the rat myocardium, this cardiac patch
was perfused by the host circulation 1-week posttransplantation, indicating engraft-
ment into the host tissue [98]. The first clinical study involving a tissue-engineered
cardiac patch was published in 2008. The Myocardial Assistance by Grafting a New
Bioartificial Upgraded Myocardium (MAGNUM) trial was a phase 1, non-random-
ized study evaluating the safety and efficacy of a BMSC-seeded collagen matrix con-
current with CABG. Ten patients with post-ischemic myocardial scars received the
tissue-engineered implant and ten patients received a cell-alone injection. Patients
who received the cell-seeded matrix exhibited an increase in ventricular wall thick-
ness and improvement in left ventricular end-diastolic volume compared to the cell-
only group. This initial study demonstrated that implantation of a cardiac patch was
safe and appeared to improve the efficacy of cellular cardiomyoplasty [99].

A second common scaffold for cardiac patches is fibrin, which is created by
polymerizing individual fibrinogen monomers in the presence of thrombin. As
fibrinogen converts to fibrin, the fibrin molecules chemically cross-link to form a
solid mesh which can be used to support cell survival or deliver therapeutic growth
factors in vivo [92, 100]. Recently, Zhang et al. generated a cardiac muscle patch of
clinically relevant dimensions by culturing cardiomyocytes, smooth muscle cells,
and endothelial cells in a fibrin matrix. In vitro, the patch demonstrated the ability
to generate action potentials and beat synchronously and developed intercalated
disk-like structures. The researchers then tested this patch in a large animal porcine
model of myocardial infarction. Animals that received the engineered patch had
significant improvements in left ventricular function, infarct size, myocardial wall
stress, and myocardial hypertrophy. Furthermore, the treatment was not associated
with significant changes in arrhythmogenicity [101].

In January 2018, Larghero et al. published results from a clinical study eval-
uating the safety of human embryonic stem cell-derived cardiac progenitor cells
embedded in a fibrin patch in patients with severe ischemic left ventricular dysfunc-
tion. Six patients received the fibrin patch which was epicardially delivered during
CABG. After a median 18-month follow-up, the investigators concluded that the
patches exhibit both short- and medium-term safety and therefore warrant future
efficacy studies that are adequately powered.
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Acellular bioactive scaffolds have also demonstrated an efficacy in preclinical
models of myocardial infarction [74, 102]. Rather than harnessing the paracrine
signaling mechanisms of cell therapy, acellular scaffolds utilize ECM as the basis
of cellular cues to support endogenous repair processes [103]. Acellular bioactive
scaffolds are normally created by decellularizing biological tissue, which maintains
the complex structure and composition of ECM [104]. Furthermore, tissue charac-
terization studies have demonstrated that decellularization processes do not disrupt
native bioactive constituents contained within ECM, such has VEGF and FGF-2
[102, 105]. Using a bioinductive ECM patch in a preclinical porcine model of isch-
emia reperfusion, Mewhort et al. showed that the acellular patch could promote
vasculogenesis and myocardial recovery [106]. These findings encouraged the initi-
ation of the first-in-man pilot clinical feasibility trial, currently ongoing, where this
acellular bioactive ECM scaffold is implanted concurrent with CABG. Primary and
secondary outcome measurements from this study include feasibility of applica-
tion of the ECM scaffold, infarct area, regional myocardial function, and treatment-
related adverse events [107].

Conclusion

In summary, the current gold standard treatments for ischemic heart disease fail to
adequately restore functional heart tissue, leaving patients at risk for developing
end-stage heart failure. Tissue engineering strategies are continuing to evolve for
the benefit of the field of cardiovascular medicine and surgery and may very well
become permanent adjunct therapies. Protein and stem cell therapy can mobilize
endogenous repair mechanisms to enhance recovery following ischemia. Hydrogels,
cell sheets, and scaffolds can be harnessed to enhance retention and delivery of
proteins and stem cells, thereby prolonging and maximizing the therapeutic effect.
Continued development and optimization of these tissue engineering techniques
will yield promising clinical outcomes.
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Cardiac Patch-Based Therapies 8
of Ischemic Heart Injuries

Wugiang Zhu, Danielle Pretorius, and Jianyi Zhang

Ischemic Heart Diseases

The mammalian hearts extract about 60-80% of the oxygen delivered by arterial
blood, which is relatively high comparing to other organs such as skeletal mus-
cle (2-5% at rest), kidney (2-3%), intestine (4—6%), and skin (1-2%). The ability
to increase oxygen extraction as a means to increase oxygen delivery is limited.
Therefore, mammalian hearts are sensitive to ischemic injuries. Diseases that affect
coronary blood flow cause immediate loss of myocytes, which results in serious
manifestations such as angina, palpitation, shortness of breath, or sudden death. As
little as 20 minutes of hypoxia may induce irreversible injury of myocytes.
Although myocytes in the neonatal mammalian hearts are able to regenerate after
ischemic myocardial injury, they withdraw from cell cycle during adolescence and
adulthood. Therefore, cardiomyocyte (CM) loss due to ischemic injury is typically
replaced by fibrotic scar tissue. The loss of contractile myocytes leads to impaired
left ventricular (LV) systolic function. The decrease in cardiac function, in turn,
activates a series of compensatory responses, e.g., the activation of sympathetic ner-
vous system and renin-angiotensin system (RAS) to stimulate contractility, periph-
eral arterial vasoconstriction, and retention of salt and water. These subsequently
increase energy requirements. Besides, the increased workload, neurohormonal
stimulation, and inflammation lead to overproduction of reactive oxygen species
(ROS) and reduced antioxidant capacity. ROS may stimulate CM hypertrophy,
fibroblast proliferation, and collagen synthesis, and reduces bioavailability of nitric
oxide (NO), an important substrate for vasodilation. Together, these changes lead
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to LV remodeling which renders significant impact on myocyte biology as well
as geometry and architecture of LV chamber. LV remodeling may be reversed by
medicine, LV assist devices, and more recently, via cell-based therapy.

Engineered Heart Tissue
Overview

Tissue engineering is an interdisciplinary field that mainly focuses on developing
new and improving upon current designs for living tissue mimics. Most of these
models are designed with specific purposes in mind, including but not limited to
drug testing, tissue/organ repair, or even replacement. With such a mammoth goal in
mind, it comes as no surprise that specialists across many fields, like stem cell biol-
ogy, engineering, biomaterials, as well as clinicians, have been working endlessly to
achieve this task. The past 20 years have witnessed great advances in the field of tis-
sue engineering. Thus far, almost all tissues in the human body can be engineered.

The main function of the heart is to pump the blood to the coronary and periph-
eral circuits, thus generating the arterial pressure to maintain the perfusion of organs
including the heart itself. The pumping function of the heart depends on oxygen
supply from coronary arteries. Despite the major advances in cardiovascular medi-
cine and interventional cardiology techniques, ischemic heart diseases, due to the
insufficient perfusion within the myocardium, are one of the leading causes of death
worldwide. While heart transplantation has been demonstrated to be an effective
therapeutic approach for patients with terminal heart failure, the clinical applica-
tion of this method is limited by the shortage of organ donors compared to the
high demands. Data from preclinical studies and some clinical trials show that cell-
based therapy is promising for treating terminal heart diseases where loss of CMs
is prominent. However, low rate of cell engraftment is one of the major concerns of
this approach.

With cardiac tissue engineering, the focus lies with designing and producing
functional human heart tissue — functional in a physical, structural, and physi-
ological sense. The early studies of engineered heart tissues (EHTs) utilized CMs
derived from embryonic chick hearts [1] or neonatal rat hearts [2]. These stud-
ies proved the concept of generating a 3-dimensional (3D) cardiac tissue in the
laboratory using cells, extracellular matrix (ECM), and bioreactors. The idea of a
CM populated matrix (CMPM) was introduced in the late 1990s by Eschenhagen
and colleagues [1]. For these designs, they used embryonic chick CMs and a col-
lagen hydrogel. The EHT term was introduced by Zimmermann et al. [2] in 2000
to describe their 3D system of coherently and spontaneously beating neonatal rat
myocytes — a system more relevant for mammalian heart repair. In this work, a
collagen-Matrigel matrix was used to culture the rat myocytes. A key finding in
the study was the positive force-length relationship and negative force-frequency
relationship generally observed in EHTSs, which is also used as a guiding principle
for EHT fabrication.
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Over the years, both the techniques and technology used to fabricate cardiac tis-
sue improved and the field advanced past proof-of-concept studies, allowing to pro-
duce patches that more closely resembled native human myocardial tissue. The new
generation of EHTs utilized human cells, such as mesenchymal stem cells (MSCs),
embryonic stem cells, and human-induced pluripotent stem cells (hiPSCs), which
made them more clinically attractive. In the recently completed ESCORT trial,
Menasche et al. tested hESC-derived cardiac progenitor cells (CD15+/Isl-1+) in a
fibrin patch implanted epicardially in six patients with end-stage heart failure [3]. A
modest functional recovery was observed which was postulated to be mediated by
paracrine mechanisms. Compared to human ESCs, the hiPSCs are more attractive
as they can be derived from patients themselves for autologous transplantation. The
density and spatial distribution of the cells in tissue constructs were increased by
cultivation in bioreactors with perfusion (interstitial flow) of culture medium and by
co-culture with endothelial cells (ECs) to promote vascularization. The differentia-
tion and maturation of the cardiac patches were further improved by mechanical
and electrical stimulation. The advances made over the last few years have enabled
the generation of tissues with sophisticated architecture and functional properties
approaching those of native hearts.

Cell Sources

Skeletal myoblasts and primary cardiac cells enjoyed much of the limelight in the
early 1990s, with skeletal myoblasts being the first cell type to be tested as a poten-
tial treatment against heart diseases. Initial studies examined skeletal myoblasts,
grafted to the host after injection, either into a normal or injured myocardium [4-6].
Several clinical studies demonstrated the functional benefits of skeletal myoblasts
in treating ischemic heart diseases. For example, Menasche et al. reported that intra-
myocardial injection of autologous skeletal myoblasts enhances cardiac contractile
function in a patient with myocardial infarction (MI) [7]. Recently published data
from clinical trials in Japan confirmed the beneficial effects of transplanting autolo-
gous skeletal myoblasts into patients with ischemic heart diseases [8—10]. However,
these promising results should be taken with a grain of salt, as increased risk of
ventricular arrhythmia has also been observed in preclinical and clinical studies of
myoblast transplantation [11-13]. Due to their lack in connexin 43 (Cx43), skeletal
myoblasts cannot form gap junctions with host myocardium, leading to these cells
rarely being used in clinical trials.

The feasibility of using primary CMs for myocardial repair was established by
Soonpaa et al. [14]. In their study, grafted fetal mouse CMs survived and formed
intercalated discs with host mouse myocardium. EHTs have been made with neona-
tal rat CMs, using a floating collagen matrix. These structures displayed rhythmic
contractions and electrocardiogram-like potentials in vitro [15, 16]. EHTs laden
with fetal CMs have been shown to attenuate LV remodeling in infarcted rat hearts
[17, 18]. Despite all these merits, clinical application of primary cardiac cell-based
ETHs is limited due to the insufficient availability of human primary cardiac cells.
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MSCs are the most commonly used cells in cell-based clinical trials for myo-
cardial repair [19, 20]. These stem cells are defined by their multipotency, capacity
for self-renewal, and low immunogenicity. Due to the fact that they do not persist
long in target tissues, MSCs limit the risk of any long-term complications after
administration [21, 22]. MSCs can be obtained from various organs with bone mar-
row aspirates. Adipose tissue is the most common source [23, 24]. Bone marrow
also contains numerous of other cell types (e.g., bone marrow stromal cells [25,
26], hematopoietic stem cells [27], and endothelial progenitor cells [28]) that have
been investigated in preclinical and/or clinical studies of cardiac disease but these
are generally not used for myocardial tissue engineering. Intramyocardial injections
of autologous bone marrow-derived MSCs (BM-MSCs), done by Tomita et al.,
showed improved cardiac function in a rat cryoinjury model [29]. Clinical studies
by Hare et al. demonstrated that both allogeneic and autologous BM-MSCs enhance
cardiac function and attenuate LV remodeling in ischemic cardiomyopathy patients
[30], where paracrine effects have been thought to contribute to the cardiac protec-
tive nature of the MSCs. Overexpression of the Akt gene in transplanted MSCs has
also been shown to enhance their pro-angiogenic effects in M1 rats [31].

In 2004, Liu et al. fabricated and evaluated the potential of an EHT made out
of autologous BM-MSCs seeded in a fibrin matrix [20]. These fibrin patches were
applied to the injury sites in a swine model of MI. The EHTs were associated with
improvements in contractile function and with a robust increase in neovascular-
ization. Autologous MSCs have been shown to differentiate into ECs and smooth
muscle cells (SMCs) when administered as fragmented sheets to MI swine hearts
and preserved cardiac function by attenuating LV remodeling [32]. The first gen-
eration of EHTs containing human MSCs were generated in 2011, when Godier-
Furnémont et al. [33] applied a mixture of human MSCs, fibrinogen, and thrombin
to a 300-pum-thick section of decellularized human heart tissue. Delivery of this EHT
construct to nude rats with acute and chronic MI was associated with cardiac func-
tional improvement 4 weeks after transplantation. Additionally, this study showed
that treating the MSCs with transforming growth factor f (TGF-f) promoted the
release of pro-angiogenic factors, yet no evidence of MSC-CMs were found. From
this study, it was concluded that a native tissue matrix can be used as a cell delivery
vehicle and thusly promote both the local and long-ranging cell function, a phenom-
enon that has been extended to other therapeutic cells and formulations of the native
tissue matrix. In addition to bone marrow, MSCs derived from other tissues such
as umbilical cord matrix [34] or lining [35, 36], adipose [37], placenta [38], and
amnion [39, 40] have been shown to attenuate LV remodeling and improve cardiac
function after transplantation into MI animals.

Human pluripotent stem cells, including embryonic stem cells (ESCs) and
iPSCs, can be used to generate potentially unlimited numbers and types of cells
for regenerative medicine purposes. ESCs are collected from the inner cell mass
of embryo and can differentiate into all cell types of human body aside from extra-
embryonic tissues [41]. A pilot study in 1996 reported that intramyocardial injec-
tion of purified ESC-CMs formed stable intracardiac grafts in mice, thus outlining
the value of ESCs in cardiovascular regenerative medicine [42]. The field advanced
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in the past 23 years, with numerous preclinical studies showing hESC-CMs not
only engrafted in MI rats [43, 44], guinea pigs [45], and monkeys [46], but also
attenuated LV remodeling. However, large engraftment of hESC-CMs was associ-
ated with increased frequency of arrhythmia [46]. The first EHTs containing mouse
ESC-CMs were generated in 2006 [47], and the first EHTs with human ESC-CMs
were generated 1 year later [48]. After mechanical stimulation, these engineered
tissues functionally and structurally resembled immature native cardiac tissue.
Transplantation of EHTs with hESC-CMs has been shown to enhance engraftment
rate, leading to long-term survival and progressive maturation of CMs [49]. ESCs
can also be obtained via parthenogenesis-asexual, uniparental reproduction from an
unfertilized oocyte, a process that occurs naturally in some lower organisms [50,
51], but can be chemically stimulated in mice and nonhuman primates [52-55] and
may alleviate ethical issues regarding the destruction of fertilized human embryos.
CMs derived from parthenogenetic stem cells have been used to generate force-
generating myocardium that improved cardiac function after transplantation into
infarcted mouse hearts [56]. These data demonstrate this unique cell type as an
attractive resource for tissue engineering-based myocardial repair.

iPSCs can be generated from the patient’s own somatic cells (dermal or car-
diac fibroblasts, blood cells, etc.) via the overexpression of four transcriptional
regulators, Oct4, Sox2, KIf4, and Myc [57]. The efficiency of differentiation and
subsequent function of iPSC-derived cells may be influenced by epigenetic fac-
tors that the iPSCs retain from their tissues of origin [58—60]. Overall, the ease
of iPSC derivation and the ethical (no destruction of viable embryos) as well as
immunological (can be derived from patients themselves) advantages have made
iPSCs a popular cell type utilized for heart muscle repair. In 2011, the first EHTs
containing hiPSC-derived cells were generated by combining CMs (hiPSC-CMs),
human umbilical vein ECs (HUVECs), and MSCs or murine embryonic fibroblasts
(MEFs) in a type I collagen scaffold [61]. One week after transplantation onto the
hearts of athymic rats, these EHTs formed grafts containing human microves-
sels perfused by rat blood. In another long-term, large animal study, sheets of
hiPSC-CMs were transplanted into infarcted swine hearts [62]. Grafted cells were
detectable 8 weeks after transplantation. This treatment significantly improved
LV remodeling, neovascularization, and contractile function. Transplantation of
hiPSC-derived vascular cells (ECs and SMCs) has also been proven to enhance
cardiac function and promote angiogenesis in MI swine models [63]. For this
reason, vascular cells are typically added into hiPSC-CMs containing EHTs to
aid in vascularization of scaffolds in vivo and hence, also enhance the survival of
the transplanted cells [64, 65]. However, in a recent report, the addition of ECs
did not increase the survival of hiPSC-based EHTs transplanted onto guinea pig
hearts [65]. The first clinical trial is also underway and Menasche et al. reported
on patients treated with a human ESC-CM graft, which suggested safety and effi-
cacy of using hiPSC products [66, 67].

In 2006, Zimmermann and colleagues reported, for the first time, on how cell
composition affected the physiology of EHTs [68]. CMs constitute ~30-40% of the
total number of cells and ~80% of the total volume of the adult mammalian heart
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[69]. The remaining non-myocyte population is composed primarily of ECs and
fibroblasts [70]. It is generally agreed that non-myocytes are important for EHTs
both in vitro and in vivo [48, 71-76]. To date, most studies demonstrated that a
mixed cell population representing the diversity of the native myocardium (CMs,
fibroblasts, and ECs) rather than the CMs alone enhances the outcomes of the tissue
engineering process and the survival of cells upon transplantation [71, 72, 76-78].
MSCs have also been used as supporting cells in EHTs [61]. In the context of engi-
neering cardiac tissues based on hESC-derived CMs, enhanced matrix remodeling
and functional properties were demonstrated in cultures with 75% CMs and 25%
hESC-derived CD90+ mesodermal cells [72]. Table 8.1 summarizes the representa-
tive preclinical and clinical studies utilizing cell-based therapies.

Scaffolds

Cardiac tissues can be constructed (i) from one or more sheets of cells that are grown
in monolayers and released from the culture surface [79], (ii) by seeding the cells
into the ECM of decellularized myocardial tissue [80, 81] or, most commonly, (iii)
by suspending cells in a scaffold. The importance of material selection is quite often
underestimated. A 3D matrix provides an environment for cells to live and function.
Therefore, the quality and physiology of matrix is important for full function of cells
in EHTs. The material chosen for fabrication forms a vital part of the foundation
of the entire study and often, can be a determining factor in its success. Materials,
whether biologically or synthetically derived, have chemical and physical traits that
impart to the rest of the system as a whole, i.e., interaction between the ECM and
the cells [82, 83]. Material interactions occur on multiple levels — the nano-, micro-,
and macroscale. All these forces contribute to properties like elasticity, porosity, and
degradability. By combining material selection with proper fabrication methods, the
system properties can be tailored to match those of native tissues. Materials such as
collagen [84], fibrin [20], and polyglycolic acid [85] have been widely investigated.
Some novel compositions (e.g., silk fibroin and hyaluronic acid [86], and alginate/
chitosan polyelectrolyte complexes [87]) have recently been introduced. For nano-
fibrous scaffolds, fiber diameter can be controlled via electrospinning [88, 89], a
technique that enables manufacturing of scaffolds with mechanical properties that
closely mimic the native ECM [90]. Electrospun scaffolds have porous architectures
with a high surface area to volume ratio to promote cell adhesion and migration.
Material functionalization, especially with regard to physical properties like
elasticity, plays a key role in the cell viability of EHTs [91, 92]. Elasticity in the case
of the heart can be an indicator of both age and disease, where an increase in the
elastic modulus, also known as the Young’s modulus, could be indicative of fibrosis
or a decrease in the elastic function of the tissue [92]. Matrix stiffness also plays
a major role in determining the fate of stem cell lineages. Engler et al. [93] found
that naive MSCs specify lineage and commit to phenotypes with extreme sensitiv-
ity to tissue-level elasticity. From their research it was shown that soft matrices that
mimic the brain are neurogenic, stiffer matrices that mimic muscle are myogenic,
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and, comparatively, rigid matrices that mimic collagenous bone were osteogenic.
Incorporation or fabrication of elastic fibers is vital to the success of cardiac-based
tissues. Long and Tranquillo [94] reported that the production of elastic fibers and
their crosslinking was highly influenced by the matrix used during cell culture,
and by the addition of growth factors like TGF-fB1 and insulin. Biodegradability is
another important property that needs to be considered in material selection. The
degree of degradation and the time over which it occurs may also be important fac-
tors to consider.

Potential Mechanisms

Although current pharmacological heart failure treatment regimens may delay dis-
ease progression, they do not generate new myocytes, nor do they allow for the
maintenance of a sustained recovery of cardiac function. The capability of trans-
planted ESC- and iPSC-based tissues to remuscularize injured hearts, to some
extent, has been proven by many preclinical studies performed on different species
such as mice, rats, guinea pigs [45, 65], swine [64, 77, 95], and nonhuman primates
[46, 96, 97]. On the other hand, transplantation of nonviable (irradiated) EHTs [49]
and EHTs containing hiPSC-ECs and -SMCs without CMs [63] improved cardiac
function in infarcted animals, suggesting that implanted stem cells were largely
beneficial via their secretome. It is well-known that transplanted MSCs promote
vasculogenesis by differentiating into ECs and SMCs in recipient hearts [98, 99].
Several studies have indicated that the paracrine activity of transplanted cells is
mediated, at least in part, by exosomes. Exosomes are nano-sized (<100-150 nm
diameter) regulatory vesicles that are secreted by most types of cells [77, 100].
These vesicles contain many different materials, including a variety of proteins and
RNAs [101]. Recent research efforts have focused on leveraging exosomes as a
powerful therapeutic tool for cardiac diseases. The results from pilot studies con-
ducted by Sahoo et al. indicated that exosomes secreted by human CD34+ bone-
marrow cells promote angiogenesis in ischemic hearts by increasing the viability,
proliferation, and angiogenic activity of ECs [102]. This pro-angiogenesis was
mediated by selectively enriched angiomiRs such as miR-126-3p in CD34+ cells
[103]. Exosomes from CD34+ were most effectively internalized by ECs in the
ischemic tissue to induce their proliferation. Similarly, Khan et al. have shown that
murine ESC exosomes increase angiogenesis and CM survival and improve cardiac
function in infarcted mice [104]. Beneficial effects of exosomes have been demon-
strated in both small and large animal models with myocardial injuries [77, 104,
105]. For example, exosomes from human cardiospheres attenuated LV remodeling
and improved cardiac function in swine models with acute and chronic MI [105]. It
was recently reported that engrafted hiPSC-derived cardiac cell lineages (i) activate
the cell cycle of endogenous CMs in the recipient host [106], (ii) enhance angio-
genesis, (iii) reduce scar bulging and wall stress of infarct boarder zone and CM
overstretch, and (iv) reduce CM apoptosis. All of these contribute to the significant
reduction of infarct size, increased cardiac function, and improved myocardial ATP
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turnover [63]. Collectively, these data suggest that mechanisms of the beneficial
effects of cell- and tissue-therapy may vary depending on cell types. The strate-
gies of delivering mixed cells may optimize the positive effects via providing both
remuscularization and paracrine effects [107, 108]. More extensive investigations
are needed to determine the optimal cellular sources for cardiovascular therapy.
Furthermore, exosome-based therapies of the heart may be improved by using bio-
material systems to provide sustained delivery of exosomes and extend retention
times to several weeks.

Human Cardiac Tissue Patch

Human cardiac tissue patch is a type of engineered myocardium containing
human CMs and stroma cells at certain ratio. Most engineered myocardium can
be classified into one of the two categories, cell sheets or cell-containing scaf-
folds. In a broad sense, sheet-based patches are thin structures that are made
with the purpose of stacking or sandwiching multiple layers on top of each
other to increase the overall thickness of the structure. An early demonstra-
tion of this was the study done by Okano et al. [109] in the early 1990s, where
temperature-sensitive poly(N-isopropyl acrylamide) (PIPAAm) was used to coat
culture dishes prior to culturing various cells on them, followed by reducing the
temperature from 37 °C to 32 °C. PIPAAm has a lower critical solution tem-
perature at 32 °C. At temperatures below 32 °C, PIPAAm effectively becomes
miscible and hydrated, a property making it an extremely attractive option as
a biomaterial, were it not for its cytotoxic nature [110]. Stacking cardiac cell
sheets have proven successful in producing pulsatile, electrically coupled 3D
vascular graft structures, allowing for synchronous beating throughout the
structure [111, 112]. As is tradition, nothing can come without paying a price,
and the price of increased structural thickness comes in the form of reduced vas-
cularization and perfusion, which itself, can also be hindered by the epicardium
after applying the graft to the heart surface. To increase vascularization of these
grafted tissues, various cell types like ECs have been added to the designs [71,
113]. These additions not only help with recruitment of vasculature, but also
deposit their own ECM components like collagen, fibrin, and laminin while in
culture, contributing to the structural integrity of the grafted structure. It should
be noted that the matrix stiffness, although necessary for structural integrity,
can be detrimental if not measured or regulated properly, as it influences the
cell’s and finally the graft’s fate [114]. Compared to cell sheets, cell-containing
3D patches tend to be thicker, as they are fabricated by suspending cells in a
biomaterial matrix, or by using decellularized tissues. In the case of biomate-
rial matrix patches, materials like fibrin or mixtures of fibrin and collagen are
becoming increasingly popular in cardiac applications [77, 115-118]. Synthetic
polymers like polyglycolic acid (PGA) and polyurethane (PU) are also viable
options, especially with relative ease with which many of these materials can be
functionalized [85, 119].
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Manufacturing

Ideally, scaffold architectures should be tailored to effectively guide the orienta-
tion of CMs. Toward this goal, many methods have been developed to generate
anisotropic tissue structures similar to the native myocardium, even in the absence
of specific physical cues such as electrical or mechanical stimulation. Engelmayr
et al. pioneered the use of microfabrication in 2008 with the creation of 3D cardiac
tissue engineered scaffolds [120]. The scaffolds were pre-treated with cardiac fibro-
blasts followed by seeding with enriched neonatal rat CMs. This method yielded
contractile cardiac grafts with mechanical properties closely resembling those of
the native rat right ventricle. Additionally, cell alignment could also be manipulated.
Badie et al. developed a method to replicate the microstructure of heart tissue in
vitro [121, 122]. By adjusting the width and spacing of fibronectin lines in a spe-
cific 2D plane, cell elongation, distribution of gap junctions, and cell distribution
could be altered without affecting cell direction. This approach enabled systematic
study of the structure-function relationship in healthy and structurally remodeled
hearts. High degrees of anisotropy have been found to correlate with high longi-
tudinal conduction velocities (~35 cm/s) in neonatal rat CMs cultured on micro-
molded poly(ethylene glycol) (PEG) hydrogels [123]. Here, submicron corrugated
structures, measuring 800 nm by 800 nm, forced the cells to align and form focal
adhesions along the groove/ridge direction, with the cytoskeletal alignment follow-
ing [123]. Recently, Montgomery et al. developed a new shape-memory scaffold
that allows for the injection of fully functional tissues [124]. Cardiac patches made
using these shape-memory scaffolds (1 cm x 1 cm) have been delivered through
orifices as small as 1 mm. The hydrogels were then able to recover their initial
shape following injection without affecting CM viability or function. Later altera-
tions were made to the material to further increase the polymer elasticity, making it
an even more attractive option for scaffold fabrication [125].

Recently, Gao et al. developed a novel multiphoton-excited, 3D printing tech-
nique to generate a native-like, ECM scaffold with submicron resolution [78]. A
human cardiac muscle patch (h\CMP) was then fabricated by seeding the scaffold
with hiPSC-derived CMs, SMCs, and ECs. hCMPs fabricated with these scaffolds
yielded significant recovery from ischemic myocardial injury in a murine model
of M.

Patch Size

Patches can be trained to mature to morphologically and functionally resemble
native myocardium. Both preclinical and clinical studies have demonstrated that
transplanted patches attenuate LV remodeling and improve cardiac function in ani-
mal models and human patients. Preclinical studies indicate that the engraftment
rate can be substantially higher when the cells are administered as an EHT com-
pared to the cell injection or infusion [77, 99, 126]. A simple and scalable technol-
ogy is needed to rapidly engineer highly functional human heart tissues suitable for
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large animal preclinical studies and future clinical applications. Gao et al. generated
an hCMP of clinically relevant dimensions (4 cm x 2 cm x 1.25 mm) [77]. In these
hCMPs, mixed CMs, SMCs, and ECs derived from hiPSCs were encapsulated in a
fibrin scaffold. They cultured the constructs on a dynamic (rocking) platform. The
hCMPs began to beat synchronously within 1 day of fabrication. After 7 days of
culture, in vitro assessments indicated the mechanisms related to the improvements
in electromechanical coupling, calcium-handling, and force generation (1.18 nN/
input myocyte) suggesting a maturation during the culture. Epicardial implanta-
tion of hCMPs in a porcine model of MI was associated with significant improve-
ments in LV function, infarct size, myocardial wall stress, myocardial hypertrophy,
and reduced apoptosis in the peri-scar boarder zone myocardium. Shadrin et al.
produced a 7 x 7 mm cardiopatch (1 x 10° cells per patch including hiPSC-CMs,
SMCs, and fibroblasts) [115]. At 3 weeks after epicardial implantation, cardio-
patches exhibited robust survival and vascularization. Since large patch typically
requires high number of CMs, it is necessary to establish a protocol for large-scale
production of CMs from hiPSCs. A bioreactor-based culture and differentiation of
hiPSCs maybe a feasible strategy.

Vascularization

Ensuring that EHTs, either in vitro or in vivo, are supplied with enough oxygen
and nutrients remains a major challenge, even though the heart has a robust neovas-
cularization capacity. If the transplanted EHTs survive the first few days, vascular
density due to neovascularization in the graft tends to be similar to that of naive car-
diac tissue [77, 127, 128]. With scaffold-based tissues, vascularity and cell survival
tend to be greater in constructs that contain both CMs and non-myocytes (e.g., ECs,
SMCs, pericytes, and fibroblasts) than in constructs composed of CMs alone [61,
127, 129-131]. This enhanced in vascularization with the addition of non-myocytes
might, in part, be linked to the fact that ECs and SMCs release cytokines that stimu-
late neovascularization and recruit endogenous cardiac progenitor cells [132]. Other
non-myocytes like pericytes and fibroblasts produce vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF), angiopoietin 1 (Ang-1), and
perhaps other mitogenic factors that stimulate the proliferation of ECs while inhibit-
ing apoptosis [48, 133].

As with everything, there is a balance, and these cells, both myocytes and non-
myocytes, affect each other. Myocytes appear to contribute to the vessel growth,
as angiogenesis significantly increased in infarcted rat hearts after treatment with
sheets of murine ESC-CMs and ECs mural cells, but not when CMs were omitted
[134]. The work done by Iseoka et al. showed that the cellular makeup of the EHT's
directly influences engraftment as well as functionality when transplanted into the
rat MI model [135]. This group showed that tissue consisting of 50-70% hiPSC-
CMs and 30-50% non-myocytes tends to engraft more stably, while also leading to
functional improvements as opposed by tissue with either more than 90% or less
than 25% myocytes.
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Vascularized cardiac tissues have also been created by combining neonatal rat
cardiac cells with a mixture of Matrigel, insulin-like growth factor-1 (IGF-1), stro-
mal cell-derived factor 1 (SDF-1), and VEGEF, followed by implantation into the rat
omentum for 7 days to induce the ingrowth of native blood vessels [136]. Testing
of prevascularized tissue in this rat model showed that the tissues were structurally
and electrically integrated into the host myocardium 4 weeks after transplantation,
and that they improved cardiac function and remodeling. Overall, vascularization
during in vitro culture or following implantation remains a critical requirement for
the survival and function of cardiac tissue grafts.

Functional Assessment

The main application of EHTs is to provide a functional human cardiac muscle for
myocardial repair, drug testing, and physiological studies. For therapeutic purpose,
EHTSs must be large enough for covering the injured area in human hearts and capa-
ble of generating a contraction force (>2-4 mN/mm?) and propagating electrical
signals (at conduction velocities of >25 cm/s) [137]. Recently, Gao et al. reported
a protocol for comprehensive assessment of patch function. In their study, trans-
membrane action potential, conduction velocity, and duration of action potential
were assessed by optical mapping. Intercellular coupling was determined by a linear
array system of electric sensors. Functional maturation was evaluated via measure-
ments of force generation. Other assessments of maturation status of hiPSC-CMs
include morphological (cell morphology, size, sarcomere length, expression of mat-
uration markers) and functional assays (action potential, calcium handling, and con-
tractility) as reported elsewhere [138, 139]. It is generally accepted that electrical
and/or mechanical stimulations induce CM maturation in engineered heart tissues
[77, 140-142]. Recent reports indicate that hormonal [143] or electromechanical
conditioning [144] of hiPSC-CMs promotes advanced maturation (i.e., formation of
T-tubule network), but the effect of these treatments on patch survival and function
in vivo is unknown.

Patch Implantation

In preclinical studies, engineered heart tissues including tissue patches, cell sheets,
and decellularized matrices were typically sutured to the epicardium to cover the
injured area [145]. In a recent clinical trial, Menasche et al. reported the procedure
of delivering hESC-CMs in a fibrin patch to ischemic patient hearts [3]. After open-
ing the chest, they first identified a piece of pericardium in the patient matching
the size of the fibrin patch. Then, they sutured the pericardium around one-half the
circumference of the infarct area to create a “pocket.” The fibrin patch was slid into
the pocket and the pericardial flap was then folded over and finally stitched to the
remaining one-half of the infarct circumference. Thus far, cell-based therapy has
been safe and effective in clinical trials and significant complications have been
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reported. However, the requirement of open-heart surgery may significantly limit
their clinical application to patients who had contraindications to surgery or in an
area without appropriate surgical equipment. Another important issue is the ideal
timing for cell therapy. Several clinical trials were designed to study the impact of
cell delivery time on therapeutic effects [146, 147]. It is likely that the ideal timing
varies case by case depending on disease type and stage.

A valid animal model is important for studying the engraftment and function of
transplanted human cells and cardiac tissues in injured hearts. Immunocompromised
rodents including nonobese diabetic (NOD)/severe combined immunodeficiency
(SCID) or NOD/SCID gamma mice and athymic nude rats are commonly used. To
test the immunogenicity of transplanted human cells, human immune systems are
established in immunodeficient mice via transplantation of human hematolymphoid
cells, which is called humanized mice [148]. Although rodents are the most practi-
cal animal model for studies of efficacy and mechanisms of cardiac repair, they are
not representative of human physiology. The fact that rodent hearts are anatomically
and physiologically different from human raised the concerns. Large animals such
as porcine or nonhuman primates are probably more relevant models for preclini-
cal studies [46, 62, 77, 149, 150]. The relatively fast short cycle, and the similarity
of human and porcine coronary anatomy and electrophysiology renders them the
popular and suitable models for examining the efficacy and mechanisms of cardiac
cell therapy.

Engraftment Rate

The field of cardiac tissue engineering really came to light in the early 1990s with
issues like myocardial regeneration, or rather the lack thereof, becoming a key ques-
tion that needed answering [4, 5]. Today, even after much time has passed and many
advances have been made in the field, we are still faced with the question: “can a
few good cells mend a broken heart?” [151]. At present, the most popular preclini-
cal delivery methods include direct intramyocardial injection as well as intravas-
cular infusion. However, cell engraftment in these cases is low and may be the
most probable cause of treatment failure [126]. Some of the major contributors to
transplanted cell death include inadequate cell attachment to the host tissue, severe
ischemia, and excessive inflammation. If the interaction between the transplanted
cells and the host ECM is weak, a form of programmed cell death called anoikis
can be triggered [152]. Damaged tissue does not generally allow for the cells to
adhere as strongly to it as is the case with normal, healthy tissue [153]. Another
potential risk factor is the blood supply to the newly transplanted cells, i.e., whether
the area becomes ischemic or not. Transport, to and from damaged sites, is usually
severely hampered, and even though hypoxia is considered necessary to preserve
the stem cell characteristics, harsh ischemic environments activate cell death path-
ways, leading to reduced cell engraftment [154, 155]. Additionally, injuries like
MI are followed by acute inflammatory responses where cells like neutrophils and
monocytes are recruited to the damaged area. This is followed by the production
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of various inflammatory cytokines and chemokines to recruit more inflammatory
cells, the secretion of several proteolytic enzymes, ROSs, as well as the activation
of phagocytosis to remove dead cells and tissue debris [156, 157].

In the past two decades, much effort has been investigated to enhance engraft-
ment rates. Engraftment can be improved by increasing cell survival and retention,
multiplication of the doses of cell administration, and stimulating the proliferation
of grafted cells. Preconditioning of hiPSC-CMs with a rho-kinase inhibitor called
Y-27632 enhanced their survival and retention in MI murine hearts [158]. Y-27632
treatment inhibits apoptosis and enhances expression of cell adhesion molecules.
Co-administration of cells with anti-apoptotic cocktail has also been demonstrated
to enhance the survival of grafted cells [44]. Retention can also be improved by
using some form of a carrier or vehicle to transport, protect and potentially provide
nutrients to the cells until they can settle down in their new environment. These
carriers can come in multiple forms, including, but not limited to polymer-based
particles and a variety of hydrogel-based matrices [77, 115, 159, 160]. The bioma-
terials can also be modified and functionalized according to the desired properties
of the system, allowing the designer to tailor properties like elasticity, porosity,
hydrophobicity/hydrophilicity, biodegradability, and surface charge, for example,
making these systems extremely diverse and dynamic [161, 162].

Microenvironment and cell-cell interactions are important for tissue differentiation
and maturation during embryonic development. A way to mimic these conditions is to
culture the CMs in 3D clusters (i.e., spheroids) rather than in monolayers or as indi-
vidual cells. The idea of generating cell spheroids in vitro was first introduced in 1959
[163]. Early studies with enzymatically dissociated rat ventricular CMs relied on the
cells’ own capacity to reassemble into small tissue-like aggregates without scaffolds
[164]. Recently, it was reported that cultivating the hiPSC-derived cardiac cells in the
form of spheroids promoted CM differentiation and maturation [165]. Furthermore,
comparing to isolated cells, CM spheroids formed larger graft after being injected to
injured animal hearts, especially when the spheroids were encapsulated in an algi-
nate-chitosan micromatrix prior to transplantation [166—-169]. Recently, Mattapally
et al. reported that fibrin patches containing hiPSC-CM spheroids displayed better
survival comparing to the direct intramyocardial injection of hiPSC-CMs in a murine
MI model, thus established the feasibility of using hiPSC-CM spheroids and spheroid
fusions for cardiac tissue engineering [170]. Spheroids are also compatible with bio-
printing technology [170]. hCMPs can be generated by a 3D bioprinter, using spher-
oids of hiPSC-CMs, HUVECs, and human adult ventricular fibroblasts [169]. These
patches displayed spontaneous beating, and ventricular-like action potentials, and
remained stably engrafted with evidence of vascularization 1 week after transplanta-
tion onto rat hearts. Recently, preclinical studies from the Bolli laboratory showed
that repeated intraventricular cell injections guided by echocardiography resulted in a
greater cumulative effect on LV function and remodeling than a single cell injection
[171-173]. Several clinical trials were initiated to evaluate the efficacy and safety
of a single dose versus repeated dose regimen of cell delivery in patients with acute
MI (RELIEF/NCT01652209), heart failure (REPEAT/NCT01693042, REMEDIUM/
NCT02248532), and dilated cardiomyopathy (REMEDIUM/NCT02248532).
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One of the major goals of cell- or tissue-based therapy is to replace fibrotic scar
tissue with electromechanically functional and vascularized cardiac muscle and,
thus, provide a long-term benefit. However, the lack of long-term, stable, and large
grafts, consisting of transplanted cells and tissues, makes it difficult to study the
contribution of remuscularization toward functional improvement in the recipi-
ent hearts. To address this question, Zhu et al. reported that inducing proliferation
of hiPSC-CMs via targeted expression of a cell cycle gene, CCND2, significantly
enhanced their potency for myocardial repair as evidenced by remuscularization of
injured myocardium in mice [174]. Recently, hESC-CMs have also been shown to
form large grafts 3 months after intramyocardial injection into infarcted macaque
heart. Together, these data suggest that pluripotent stem cell-derived CMs hold
great potential to regenerate loss of myocardium. It is possible that large grafts
may induce cardiac arrhythmia. If that is the case, more thorough investigations
are needed to optimize the size and location of grafts which provide best treatment
without inducing arrhythmias.

Summary

The convergence of science and engineering shaped the field of tissue engineering.
The advance in biomaterial and molecular biology will accelerate the development
of tissue engineering. Preclinical studies demonstrate that EHTs, including cardiac
cell patches, form stable long-term CM grafts in the injured hearts of rodents and
large mammals and improve cardiac function. Established protocols to generate
hiPSCs and their cardiac derivatives pave the way for autologous transplantation
in patients with cardiac diseases. More clinical trials are needed in order to answer
the following critical questions: (1) the appropriate cell types and scaffolds, (2) the
ideal timing for tissue transplantation, (3) the location for tissue transplantation, and
(4) the safety and efficacy of engineered cardiac tissues.
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Introduction

Cardiovascular disease is one of the leading causes of death in the world. According
to the report published by the American Heart Association, out of an estimated 54
million deaths throughout the world in 2013, cardiovascular diseases contributed to
17.3 million (31.5%) deaths, with ischemic heart disease being the most common
cause [1]. As such, there is an urgent need to address this problem.

The left ventricle of an adult human heart contains around two to four billions
cardiomyocytes (heart muscle cells). When a person suffers from cardiovascular
diseases such as myocardial infarction (MI), as much as one billion of his/her car-
diomyocytes die within a few hours [2]. Adult cardiomyocytes are known to have
poor proliferation capability, meaning that they possess poor ability to generate new
cells to replace the lost cardiomyocytes. Hence, subsequent healing of the heart
post-MI mainly takes place through scar formation rather than muscle regeneration.
This eventually results in the loss of heart muscle strength and over time, when
more and more cardiomyocytes are lost without new ones being regenerated, the
patient will eventually develop heart failure.

In some cases, cardiac transplantation is performed as a last resort; however
patients who are in need of transplantation far outnumber the available donors.
Furthermore, there is always a risk of organ rejection posttransplantation by the
recipient’s immune system. With this in mind, researchers around the world have
focused on alternative therapeutic methods that are capable of preventing the pro-
gression of cardiovascular diseases. This can be achieved either by preventing the
death of cardiomyocytes or by regenerating the lost cells. This chapter focuses on
the latter, specifically on myocardial regeneration by means of differentiation of
stem cells and other modified cell types as shown in Fig. 9.1.
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Fig. 9.1 General overview of the cell sources used for cell-based regenerative therapy reviewed
in this chapter: (1) pluripotent stem cell-derived cardiomyocytes, (2) cardiac progenitor cells, (3)
adult stem cells, (4) proliferative immature cardiomyocytes, and (5) cardiac fibroblast-derived
cardiomyocytes

Pluripotent Stem Cells
Pluripotent Stem Cells for Cardiomyocyte Regeneration

Stem cells are defined by their capacity to maintain their undifferentiated state while
proliferating, but are also capable of differentiating into various cell types when
necessary. Pluripotent stem cells (PSCs) are able to differentiate into different cell
lineages, including cardiac cell lineage, and are one of the most promising candi-
dates among various stem cell sources for cardiac regeneration [3]. Embryonic stem
cells (ESCs) and induced pluripotent stem cells (iPSCs) are two main PSCs that
have been extensively investigated for cardiac regeneration.

ESCs are derived from the inner cell mass of a blastocyst. These pluripotent
cells can be directly differentiated into the desired cell types from any lineages.
Following the isolation of the inner cell mass, a blastocyst is destroyed and is there-
fore not able to develop into an embryo (human or murine). This has led to contro-
versies concerning the ethical issues of using human embryo for stem cell research.

Unlike ESCs, iPSCs are derived from somatic cells, such as fibroblasts or
peripheral blood. These terminally differentiated cells can regain their pluripo-
tency by undergoing a reprogramming process, through the introduction of several
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transcription factors that are important for pluripotency [4—6]. In their seminal work
published in 2006, Yamanaka and associates successfully reprogrammed mouse
fibroblast to iPSCs by using a cocktail of four transcription factors, Oct3/4, Sox2,
c-Myec, and Klf4 [5]. In the years that followed, many other groups also reported
successful reprogramming of human somatic cells such as dermal fibroblasts [6-8],
peripheral blood cells [9-12], and keratinocytes [13, 14] to iPSCs by using various
combinations of transcription factor cocktails. The resulting reprogrammed pluripo-
tent cells are highly similar to ESCs [15] and can subsequently be differentiated into
the desired cell types from any lineages. One obvious advantage of iPSCs compared
to ESCs is that they do not involve isolation of cells from an embryo and therefore
circumvent the aforementioned ethical issues.

Aside from circumventing the ethical issue posed by using ESCs, another advan-
tage of using iPSCs as an alternative is the clinical advantage. It is well known that
patients who undergo organ transplantation are at risk of rejection from their own
immune system. Similarly, there is a high risk that the transplanted ESC-derived
cells are rejected by the patient’s immune system [16]. Since iPSCs can be derived
from patient’s own somatic cells, patient-specific iPSCs can be generated. Together
with the aid of immunosuppressant drugs, the risk of rejection by the patient’s
immune system should be reduced when transplanting autologous iPSC-derived
cells [16, 17].

PSCs are able to differentiate into many types of cells including cardiomyo-
cytes. However, poor differentiation and purification of desired cells in culture may
result in PSCs differentiating into unintended cell types. If undifferentiated PSCs
are transplanted along with differentiated cells, then they may lead to teratoma for-
mation. Efficient differentiation and purification of target cells from unwanted ones
are crucial in avoiding the potential formation of teratomas or other types of cancer.

Differentiation of PSCs to Cardiomyocytes and Their Maturation

Both ESCs and iPSCs are capable of differentiation into many types of cells from
various lineages, including cardiac lineage. In order to achieve this, there are sev-
eral important stages that PSCs have to undergo and several important growth fac-
tors that have to be administered during the differentiation. There are two most
commonly utilized methods for differentiating cardiomyocytes from human PSCs
(hPSCs), namely, embryonic body (EB) formation and monolayer culture during
the initial stages of PSC differentiation. Either of these strategies lead to the induc-
tion of mesoderm which can then be stimulated to cardiac specification and cardiac
maturation.

In order for the cells to achieve each of these stages, specific conditions and
growth factors are needed, and these have been reported by various groups [18-24].
EB can be formed by culturing hPSCs in StemPro34 culture medium [19-21]. On
the other hand, monolayer culture is achieved by culturing them in mTeSR1 or
MEF-conditioned (mouse embryonic fibroblast conditioned medium, CM) cul-
ture medium which is then replaced with Roswell Park Memorial Institute (RPMI)
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medium containing B27 supplement [22, 23]. Either EB or monolayer PSC cul-
ture then undergoes mesoderm induction through treatment with WNT activator/
GSK3-beta inhibitor such as CHIR99021 or by combination Activin A/BMP4 [19,
20, 22, 23]. The culture media is largely not changed to allow for the accumula-
tion of secreted growth factors. After mesodermal differentiation has been induced,
inhibitors of WNT signaling such as IWR-1 or IWP-4 are then added to direct speci-
fication toward cardiac differentiation [21, 23]. Finally, factors that promote cardiac
differentiation such as VEGF, FGF2, or small molecule triiodothyronine [19-21,
24] are added to enhance the yield of cardiomyocytes.

One of the limitations in using PSC-derived cardiomyocytes (PSC-CMs) for car-
diac repair is their immaturity. These cells tend to exhibit the phenotype of fetal cells
rather than adult cells. This is to be expected, as adult cardiomyocytes in the human
body have undergone years of maturation. In contrast, newly differentiated PSC-
CMs have only undergone a few weeks of maturation [25]. Some of the character-
istics, among others, that can be used to differentiate immature and mature cells are
size, shape, alignment, resting membrane potential, and metabolic substrate [25, 26].

Immature PSC-CMs are small and round-shaped, have disorganized sarco-
meres, and possess a resting membrane potential of about —60 mV [25]. They
rely on glucose and glycolysis as their main metabolic substrate and metabolism
pathway, respectively [26]. When cardiomyocytes mature, they become larger and
rod-shaped, with highly organized sarcomeres and a resting membrane potential of
about —80 to —90 mV [25]. Their oxidative ability increases as they mature, and
therefore, mature cardiomyocytes tend to use fatty acid as their main metabolic
substrate and hence the pf-oxidation as their metabolism pathway [26].

Transplantation of immature PSC-CMs may result in arrhythmia (irregular
heartbeat) and less efficient contraction [24], and therefore, maturation should be
achieved either prior or shortly after transplantation to ensure patient’s safety. There
are several ways to promote the maturation of PSC-CMs, such as treating with small
molecules (triiodothyronine) [24], co-culturing cardiomyocytes along with non-
cardiomyocytes such as endothelial cells, or electrical and mechanical stimulation
[25, 27, 28]. These methods work synergistically to enhance the electrophysiologi-
cal and mechanical maturation of cardiomyocytes [24, 28].

Alignment of cardiomyocytes is also an important issue, as immature PSC-CMs
tend to be disorganized. One study proved the importance of alignment by culturing
cardiomyocytes and endothelial cells aligned and nonaligned nanofibrous electro-
spun patches [29]. The resulting aligned and nonaligned patches were transplanted
on rats with MI hearts. It was found that the cardiac function of the hearts treated
with aligned patches was improved. On the contrary, hearts treated with nonaligned
patches deteriorated after the implantation [29].

PSC-CMs in Regenerative Cardiac Therapy

One of the most common methods to deliver PSC-CMs to the heart is through direct
intramyocardial injection. This is usually performed using cells enclosed within a
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biomaterial scaffold, such as Matrigel® or collagen, to help retaining the cells in the
heart. Over time, the cells secrete extracellular matrices, promoting the formation of
cell-cell connection, while the biomaterial scaffold slowly degrades. In the end, bio-
material-free cells are engrafted and transplanted to the heart. Although the scaffold
helps in ensuring the retention, it does not provide the support for the cells to form con-
nections with the host cardiomyocytes. Therefore, this may result in poor engraftment
as the individual cells will have to form the connections with host cardiomyocytes.

In order to optimize the engraftment of stem cells onto the heart, investigators
have embedded cells onto a sheet of polymer scaffold, and the resulting construct is
then transplanted [3, 30]. This transplantable scaffold technology enables the reten-
tion of cells without relying on enzymatic digestion [30] and ensures long-term
engraftment of cells on the heart. Studies have been performed whereby murine
ESC cardiomyocyte (mESC-CM) cell sheets were transplanted in rats with MI
[30] and human iPSC cardiomyocyte (hiPSC-CM) cell sheets were transplanted
in pigs with ischemic cardiomyopathy [31, 32]. In all cases, the utilization of cell
sheets improved the engraftment of the cells in the heart while at the same time also
improves the heart function [3, 30-32]. A clinical study has been performed using
human ESC (hESC) cardiac progenitors embedded on a fibrin patch [33]. The result
of this study showed that there was no arrhythmia or tumor formation, given that no
cells were found surviving after patch engraftment. However, the issue of long-term
efficacy and safety will need to be addressed [33].

Despite all the issues, in vivo transplantation of PSC-CMs has been studied using
small and large animal models [17, 22, 34—41]. Human ESC-derived cardiomyo-
cytes (hESC-CMs) have been transplanted on the infarct heart of rodents such as
mice [34], rats [22, 35], and guinea pigs [36]. Mouse iPSC-derived cardiomyocytes
have also been transplanted in MI mice which resulted in improved left ventricular
function [37]. These studies have shown that in all cases, PSC-CMs improved heart
function postinfarction in small animals [22, 34-37].

In large animals, sheep were used in the study that exploited cardiac-committed
murine ESCs (mESCs). In addition pigs were used in studies using human iPSC
(hiPSC)-derived cells. Furthermore, nonhuman primates were used in the trans-
plantation study using hESC-CMs and monkey iPSC-derived cardiomyocytes
(monkey iPSC-CMs) [17, 38—41]. In sheep with MI, transplantation of mESCs
successfully improved the function of the left ventricle [39]. Improvement of the
heart function was also observed in pigs with acute MI transplanted with hiPSC-
CMs, hiPSC-derived endothelial cells, and hiPSC-derived smooth muscle cells
[38]. For the study using nonhuman primates, macaque monkeys (pigtail macaque
Macaca nemestrina [40, 41] and cynomolgus monkey Macaca fascicularis [17])
were selected. Transplantation of hESC-CMs in pigtail macaque monkeys with MI
resulted in successful short-term (<90 days) engraftment of cardiomyocytes [40,
41], while monkey iPSC-CMs transplanted in cynomolgus monkeys improved the
cardiac contractile function [17]. It should be noted, however, that transplantation
of PSC-CMs in large animals may give different result from that in small animals.
Transplantation of PSC-CMs in macaque monkeys resulted in arrhythmia that had
not previously been observed in rodents [17, 40, 41].



178 R.P. Prajnamitra et al.

Adult Stem Cells

Bone Marrow-Derived Adult Stem Cells for Angiogenesis
and Cardiac Regeneration

Aside from pluripotent stem cells, adult stem cells show relatively limited but use-
ful potential for heart regeneration. The well-established isolation protocol and
autologous transplantation have led adult stem cell-based therapy to undergo pre-
clinical or clinical trials to test the therapeutic efficiency for heart disease in a
clinical setting [42].

Bone marrow (BM)-derived mesenchymal and adult stem cells including
unselected or selected mononuclear cells were reported to support angiogenesis and
secrete a number of paracrine factors to protect cardiomyocytes from death [43].
They do this by inducing several cytokines and chemokines such as platelet-derived
growth vector (PDGF), vascular endothelial growth factor (VEGF), and insulin-like
growth factor (IGF-1) for angiogenesis and arteriogenesis, resulting in improved
heart function after injury [44, 45]. After transplantation, these BM-derived adult
stem cells seldomly differentiate into cardiomyocytes or endothelial cells in the
damaged region of the heart, therefore, aiding heart regeneration [46, 47]. Other
BM-derived adult stem cells, such as CD34-positive hematopoietic stem cell, would
migrate and infiltrate into the infarct area, increasing microvascularity and decreas-
ing fibrosis, ultimately resulting in improved heart function after MI [48].

Cardiac Stem Cells for Heart Regeneration

Endogenous cardiac stem cells (CSCs) were found to express embryonic cardiac
progenitor markers and show great efficiency to differentiate into cardiac lineage
cells. CSCs, initially reported as c-Kit positive cells, reside in the atrium and ven-
tricular apex of adult hearts [49, 50]. Over time, several other markers were gradu-
ally discovered to define CSCs such as Sca-1 or MDR-1 [51], indicating potential
ability for multipotency, self-renewal, and limited differentiation into cardiac cells
including cardiomyocytes, endothelial cells, and smooth muscle cells [52]. Cardiac
stem cells were reported to participate in cardiomyocyte and vasculature formation,
and to protect existing cardiomyocytes from death [53]. Nevertheless, using genetic
fate-mapping, recent studies suggested that the cardiogenic capability of c-Kit or
Sca-1 cells might be quite low [54, 55].

Cardiosphere-Derived Cells for Heart Regeneration

Cardiosphere-derived cells have been isolated and cultured from heart biopsy to
form a 3D sphere with 20-150 pm in diameter [56, 57]. The cardiosphere was
packed with CSCs inside and coated with cardiac-differentiated cells outside. The
outer layer protected the internal CSCs, maintaining their activity and function.
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CSCs would proliferate and improve heart function after the cardiosphere had been
attached to the fibronectin on the infarct site after injury [58, 59]. The cardiosphere-
derived cell therapy is currently undergoing clinical trial and the preliminary results
of the trial so far have been encouraging, where significant decrease in scar forma-
tion in the infarct area of the heart after injury was observed [59].

Proliferative Cardiomyocytes

Gene Modification for Cardiomyocyte Proliferation and Heart
Regeneration

The loss of proliferative ability of adult cardiomyocytes is one of the reasons why
heart disease remains a leading cause of death. Although delivery of mature cardio-
myocytes may decrease potential problem with synchronization between host and
transplanted cells, their limited proliferative ability is still a concern for therapy.
Several cell cycle inducers such as cyclin D1 or cyclin A2 or repressor Rb1 were
manipulated in cardiomyocytes to regain their proliferative ability; however, the
efficacy of the proliferative ability was still low [60-63]. Therefore, upstream cell
cycle regulators were taken into consideration to obtain more powerful cardiomyo-
cyte proliferation advancement. Transcription factor E2F4 was found to co-local-
ize with kinetochore in cardiomyocytes, and together, they support mitosis [64].
Knockdown of E2F4 by siRNA significantly affected cardiomyocyte proliferation
due to reduction in mitosis. RE1 silencing transcription factor (REST) supports
cardiomyocyte proliferation through inhibition of the cell cycle inhibitor p21 [65].
Under REST deletion, p21 knockout rescued cell cycle arrest in cardiomyocytes,
indicating the importance of REST-p21 signaling in the proliferative ability of car-
diomyocytes. Transcription factor with opposite function reported as Meisl was
found to be capable of inhibiting cyclin-dependent kinase inhibitor and therefore
increasing cardiomyocyte proliferation ability [66]. Through careful examination of
cardiomyocyte reprogramming process, combined gene modification (FoxM1, 1d1,
Jnk3 inhibitor) was determined to efficiently increase cardiomyocyte proliferation
by inducing each step of cell cycle for heart regeneration after injury [4].

Small RNAs and Signalings Induce Cardiomyocyte Proliferation
for Heart Regeneration

Small RNAs also play a role in producing cardiomyocyte progenitors for heart
regeneration. Through high throughput screening, several microRNAs such as miR-
590 and miR-199a have been shown as candidates that could increase neonatal car-
diomyocyte proliferation [67].

Some signaling pathways were reported to be essential for cardiomyocyte pro-
liferation. Hippo signaling induces Yap phosphorylation, which was reported to be
present in low level in neonatal mice with high proliferative ability but present in
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high level in adult mice [68, 69]. Furthermore, Yap activation stimulates cardio-
myocyte proliferation after heart injury, and Hippo/Yap pathway has been shown to
possess excellent potential for heart regeneration without causing cardiac hypertro-
phy [70]. Neuregulin (Nrg1)-ErbB2 signaling is another regulator of cardiomyocyte
cell cycle. Nrgl induction led to increased proliferative ability of cardiomyocytes
through its receptor ErbB2 signaling [71, 72]. Induction of ErbB2 led to enlarged
size and enhanced proliferation in cardiomyocytes, showing therapeutic potential
for improving heart function after MI [73].

Transdifferentiation from Cardiac Fibroblasts
to Cardiomyocytes

Aside from manipulating cardiomyocytes in order to regain their proliferative abil-
ity as abundant cell source for heart therapy, cardiac fibroblasts have also been taken
into consideration for their potential cardiomyocyte transformation. Cardiac fibro-
blasts and cardiomyocytes are both differentiated from cardiac-committed meso-
derm, and the cardiomyocyte progenitor markers (Gata4, Mef2C, and Tbx5, GMT)
have been reported as the main factors for cardiomyocyte differentiation. With this
in mind, a new technique capable of performing GMT expression in cardiac fibro-
blasts or dermal fibroblasts was developed. This technique is called transdifferentia-
tion, and it has been used for producing induced cardiomyocyte-like cells (iCMs)
with excellent contractility [74]. This technique has been tested successfully in vitro
and in vivo [75]; however, the efficacy of the transdifferentiation should still be
improved for better practical clinical application [76].

A different strategy has also been reported where fibroblasts were reprogrammed
directly to cardiac progenitor cells using a combination of five genes, Mesp1, Gata4,
Tbx5, Nkx2-5, and Baf60c [77]. Transplantation of the resulting cells into mice
hearts post-MI showed improved survival. This strategy bypassed the pluripotent
stage and therefore could potentially reduce the risk of teratoma formation [77].

Conclusion

Heart disease remains a leading cause of death worldwide and the main reason is
the inability of the heart itself to regenerate the lost cardiomyocytes. Cell-based
therapy has shown great potential in replacing or complementing the lost cells, and
overall in improving heart function after injury. In this chapter, we integrate various
cell types including stem cells and modified cell types to demonstrate their potential
as cell sources for heart disease. Even though large-scale production of candidate
cells is no longer a problem for cell-based therapy, safety, cell retention, survival,
engraftment, and maturation after transplantation are the main issues that should
be addressed for better and more efficient therapeutic and clinical applications.
Although at this point the prospect for iPS cell-based therapy to reach clinical use
remains uncertain, ongoing efforts by numerous groups around the world should
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ensure improvement in efficacy and safety of this therapeutic approach. We believe
that all of the studies so far have set the stage for cardiac cell-based regenerative
therapy to succeed and that in the near future, we will be able to demonstrate the
ability for cell transplantation to save the lives of people suffering from heart failure.
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Injectable Hydrogels to Treat Myocardial 1 0
Infarction

Miranda D. Diaz and Karen L. Christman

Introduction

Each year, over 700,000 Americans experience myocardial infarction (MI), which
remains the leading cause for heart failure worldwide [1]. MI, commonly known as
heart attack, is defined by an ischemic event that results in the sudden death of myo-
cardial tissue due to partial or full occlusion of the coronary arteries [2]. As the tis-
sue experiences a sudden reduction of oxygen and nutrient supply, massive death of
cardiomyocytes occurs. Within minutes of the onset of ischemic injury, inflamma-
tory cells, such as neutrophils and then macrophages, infiltrate into the infarct.
These cells degrade the surrounding extracellular matrix (ECM) as well as trigger
the upregulation of apoptotic signals, proteases, and matrix metalloproteinases
(MMPs) [2-5]. The infarct consists of a core of necrotic myocardial tissue sur-
rounded by a border zone that contains the tissue at risk. For days to months after
MI, further cardiomyocyte death and ECM degradation in the border zone can
expand the necrotic core, a process referred to as infarct expansion [5].

Due to the extremely limited capability of adult myocardial tissue to regenerate,
fibroblasts will infiltrate the infarct to deposit a stiff fibrous scar, composed primarily
of collagen, in the left ventricle (LV) wall. This scar is a dynamic environment that
changes for years post-MI with continued collagen turnover and active myofibroblasts
[6]. Mostly acellular scar tissue increases the collagen content of the ECM up to
20-fold higher than that in the healthy myocardial ECM, and its tensile strength serves
to balance the distending forces of the heart wall as it beats [4, 7]. However, because
the fibrotic scar lacks cardiac muscle, the LV begins to dilate in order to maintain
stroke volume via the Frank-Starling law [4]. Simultaneously, the LV wall will become
thinner as the chamber expands and the remaining bundles of muscle fibers around the
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infarct slide past each other, otherwise known as myocyte slippage [5]. This dilation
further increases the LV wall stresses. Myocyte hypertrophy is initiated in an ulti-
mately insufficient attempt to offset these additional wall stresses, which only triggers
a cycle of additional dilation. While dilation initially serves as a compensatory method
to maintain cardiac function, continued dilation and thinning leads to heart failure as
these effects become deleterious [5]. Ejection fraction (EF), a common functional
measurement of the percentage of blood that is pumped from the LV, greatly reduces
after M1 as the patient progresses toward heart failure as a direct result of LV remodel-
ing. Fibrosis, LV dilation, wall thinning, increased wall stresses, and reduced func-
tional output are all major consequences of negative LV remodeling. This is a
therapeutic opportunity for injectable hydrogels. To prevent or reverse negative LV
remodeling, injectable hydrogels often target the border zone of the infarct where cell
death can still be prevented, and infarct expansion may be reduced. If bioactive, these
hydrogels may also serve as scaffolds to positively remodel the infarct.

To investigate the efficacy of these injectable hydrogel therapeutics to treat MI,
small animal models using murine species are powerful tools for a primary investi-
gation to show proof of concept. More extensive reviews on these small animal
models can be found in the literature [8—10]. However, large animals such as por-
cine or ovine models are required for preclinical studies of MI treatment, before
moving into human patients, since the cardiovascular system of these animals is
more mimetic of human systems. In both porcine and ovine models, predictable
coronary anatomy and the lack of many pre-existing collateral vessels allow for the
generation of infarcts that are easily reproducible in size and location [11]. This can
occur through either total occlusion of a coronary artery, typically via surgery, or
ischemia-reperfusion, typically achieved with a balloon catheter. Generally, pigs
have similar cardiac to body mass ratios, hemodynamics, and development of car-
diac injury post-MI to those in humans (both spatially and temporally) [12].
Therefore, to emphasize clinical relevance, this chapter presents a concise review of
large animal studies (summarized in Table 10.1) and any subsequent clinical trials
(summarized in Table 10.2) involving injectable hydrogel therapeutics for treating
MI, with a focus on how design principles may impact efficacy of the material.

Properties of an Injectable Hydrogel

A hydrogel is defined as a hydrophilic polymeric network capable of absorbing
water, resulting in a swollen, flexible, and porous material that can closely resemble
the physical properties of many soft tissues [13]. A physical hydrogel is one in
which the cross-links between polymers are due to ionic interactions, hydrogen
bonding, and other non-covalent bonding. These hydrogels are easily influenced by
their environment, and their degree of cross-linking may be reversed depending on
pH, temperature, or ionic strength. Conversely, chemically cross-linked hydrogels
rely on covalent bonding, and gelation is often permanent. However, both physical
and chemical hydrogels may be degraded by enzymatic or hydrolytic reactions,
depending on the chemical structure of the polymeric backbone.
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Fig. 10.1 Injectable hydrogel therapeutics can be delivered alone or may be loaded with a bio-
logic payload or stem cells to improve localized retention, as well as prolong the therapeutic deliv-
ery. Injectable hydrogels may be delivered minimally invasively through catheter approaches of
intracoronary infusion (A) or transendocardial delivery (B). However, the more invasive approach
of surgical-based injection is required for some materials (C)

It is critical to keep in mind the changes occurring in the myocardial tissue after
MI when designing a biomaterial therapeutic. Injectable hydrogels provide a unique
opportunity to recapitulate soft tissue through the tunability of their mechanical
properties, porosity, ability to absorb water, and ability to be created by many dif-
ferent polymers, both natural and synthetic [10]. While biomaterial design plays a
key role in therapeutic efficacy, it also plays a role in delivery. Catheter delivery of
a hydrogel therapeutic is a favorable method versus those that require direct surgical
access to the heart. To accomplish this, though, the hydrogel must be injectable not
only through a syringe and needle, but also a long narrow catheter. Therefore, the
materials would need to have the appropriate viscosity, often accomplished by using
shear thinning materials. Further, after injection into the heart wall, the material
should gel in situ at physiological temperature (37 °C), pH (7.4), and salt conditions
[14]. This gelation time must also be relatively short (less than ~30 s) to minimize
loss of material to the surrounding vasculature due to the beating of the heart [14].
These injectable hydrogels can be delivered alone or loaded with a drug, biological
reagent, or therapeutic cells (Fig. 10.1) that are continuously released to the infarct
region over time as the hydrogel is degraded.

Biomaterials Alone

Natural or synthetic biomaterials can be used to provide biochemical cues or alter
the local tissue environment to prevent negative LV remodeling and attenuate car-
diomyocyte death. Initially, the hypothesis for the mechanism of action of these
materials hinged on the mechanical support they could provide to the LV wall.
However, later studies suggested bioactivity and cellular interaction play a more
dominant role in affecting cardiac function [15, 16], although changes in polymer
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mechanical properties are also likely to influence the local cell and tissue response.
Natural biomaterials include those derived from polymers found in nature such as
alginate, fibrin, and collagen or from decellularization of ECMs. Because these
materials are naturally derived, they are also most easily degraded by the body with
no toxic byproducts. Protein-based materials contain native peptide sequences that
facilitate cell adhesion and infiltration. Synthetic biomaterials are made from poly-
mers not found in nature, such as polyethylene glycol (PEG), or naturally derived
polymers that are modified using synthetic compounds to improve their degradation
rate or physical strength, such as hyaluronic acid (HA). Hydrogels from these mate-
rials can often have much stronger mechanical properties due to the ease of tunabil-
ity during polymerization and processing [17]. However, they have limited
bioactivity. Commonly, synthetic polymers are used to enhance mechanical proper-
ties of naturally derived materials or to deliver biologics or cells, as will be dis-
cussed in the following sections.

Alginate

Alginate is a polysaccharide that is naturally produced by brown algae and can eas-
ily be turned into a hydrogel by using calcium as an ionic cross-linking agent [18].
Although alginate is not naturally produced in humans, it still contains biocompat-
ible structures which can be easily modified with other functional molecules such as
RGD peptides to promote cell adhesion. Humans, however, do not have the native
enzymes capable of breaking down alginate, and instead, their degradation must be
regulated by the design of the cross-linking conditions. Properties such as cross-
linking may be altered depending on how long the specific clinical application
requires the therapeutic to remain at the site of injury [18].

In an early investigation into the therapeutic potential of alginate, done by
Mukherjee et al., alginate was combined with fibrin to form an injectable hydrogel
composite material (Fib-Alg) [19]. Fibrin is the body’s native wound healing scaf-
fold formed by thrombin cleaving fibrinogen to form a clot. It is commercially used
as a sealant and surgical adhesive and often experimentally used as a tissue engi-
neering scaffold. For this study, an invasive delivery option was chosen by reopen-
ing the initial thoracotomy site 7 days post-MI, likely because of the quick gelling
and dual component nature of the Fib-Alg material, which would make catheter
delivery more difficult. Using an injection grid, the composite material was injected
using a double barrel syringe, resulting in rapid gelation upon mixing of the fibrin
and alginate solutions [19]. The Fib-Alg group showed similar capillary density to
the control healthy animals 28 days after MI, while the saline control was signifi-
cantly reduced compared to the Fib-Alg and healthy controls. This study only pro-
vided proof of concept and no statistical significance was achieved on functional
echocardiographic measurements.

In a study done by Leor et al., a calcium cross-linked alginate solution was deliv-
ered at day 4 post-MI via intracoronary infusion instead of using needle-based
injection like most hydrogels (Fig. 10.2) [20]. After MI, inflammatory cytokines
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Fig.10.2 (a) and (b):
calcium cross-linked alginate
hydrogel. Intracoronary
infusion of alginate solution
is visible in the porcine heart
2 hours after injection.
(Reprinted with permission
from Ref. [20])

-
QQinate biomaterial

(wm;e) in infarct (2h

increase the permeability of the microvasculature of the heart resulting in an
increased ability for larger molecules to extravasate through the endothelial cell
layer in blood vessels to reach surrounding tissue. This is commonly referred to as
“leaky vasculature” [21]. As the alginate solution was infused through a balloon
catheter, the material that entered the infarct region gelled because of the high con-
centration of calcium in the infarct, while the material remaining in the blood stream
was likely excreted by the kidneys [20]. This study showed that the calcium cross-
linked alginate solution is capable of reversing enlargement of LV end-diastolic and
end-systolic area, as measured by echocardiography, and increasing scar thickness
up to 2 months after MI in a porcine model. The initial hypothesis of the mechanism
of action for the material was that it would act as an LV mechanical wall support.
However, staining with a-smooth muscle actin (aSMA) showed increased presence
of myofibroblasts in the infarct compared to the control group, which could have
accounted for its observed efficacy.
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A Phase I/II study using the alginate material (Identifier: NCT00557531), called
BL-1040 or IK-5001, showed proof of concept for safe and feasible delivery at least
2 days after successful percutaneous coronary intervention (PCI) and up to 1 week
after MI. This study was not a randomized controlled trial, but echocardiographic
measurements showed preservation of LV volumes up to 6 months postdelivery
[22]. A 303-patient, multicenter, randomized, double-blind, placebo-controlled
clinical trial, PRESERVATION-I, was subsequently completed in 2015 (Identifier:
NCT01226563). PRESERVATION-I delivered the IK-5001 2-5 days after success-
ful PCI in patients that previously experienced large ST-elevation myocardial infarc-
tion (STEMI), as defined by their inclusion criteria. LV dimensions were measured
using 3D echocardiography by an independent, blinded echocardiographic core
laboratory. The results yielded no significant differences in LV end-diastolic volume
index (LVEDVI) changes over 6 months between the saline control and IK-5001-
treated groups, indicating the material may not have the ability to prevent negative
LV remodeling [23]. The trial publication suggests that the patient cohort chosen for
this study may have had infarcts too large for the volume of material they were
delivering to have any therapeutic effect. Additionally, the authors recognized that
faster delivery of the material, for instance, in the initial PCI during MI, might be
more effective since microvascular obstruction several days post-MI may prevent
material delivery. In terms of safety, the assessment of IK-5001 concluded that there
were increased events of stent thrombosis in IK-5001 treated patients compare to
saline treated. Failed primary endpoints halted further evaluation of this material.

An initial investigation into another formulation of alginate, Algisyl-LVR, was
done in a canine model of chronic heart failure (CHF) with delivery of material via
open-chest direct injection. This study, done by Sabbah et al., showed trends for
decreasing LV end-systolic volume (ESV) and end-diastolic volume (EDV), as
well as significantly increased LV wall thickness in the alginate-treated groups
compared to the saline controls up to 17 weeks postinjection [24]. A subsequent
study done by Choy et al. demonstrated efficacy of Algisyl-LVR to act as a perma-
nent scaffold to increase EF in a porcine model of CHF (Fig. 10.3) [25]. In this
CHF model, Algisyl-LVR or saline control was delivered via sternotomy 8 weeks
after MI. Injections were performed at the mid-ventricular level, with a total of
10-19 intramyocardial injections equally spaced circumferentially around the
beating heart (Fig. 10.3a). Because the scaffold is permanent, the inflammatory
response for this type of biomaterial resolves with the body forming a fibrous cap-
sule around the material to essentially wall it off from surrounding tissue
(Fig. 10.3b). Echocardiographic (2D and 3D) measurements yielded no statistical
differences in LV EDV/ESV between treatment groups, while a significant increase
in EF was shown in the Algisyl-LVR group compared to the saline control group.
The Algisyl-LVR treated animals also exhibited increased LV wall thickness and
reduced myofiber stress, indicating some recovery or rescue of function due to
treatment [25]. Additionally, 8 weeks after therapeutic delivery, animals that
received Algisyl-LVR showed reduced expression of miRNA-195, 21, and 210,
which are commonly associated with cardiac stress.
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Fig. 10.3 (a) Algisyl-LVR implantation, demonstrating equally spaced injections at mid-
ventricular level. (b) H&E stained histological section of treated group myocardium, showing
implanted Algisyl-LVR polymer at 100x. (Reprinted with permission from Refs. [25, 26])

A first-in-man trial looked into the safety and feasibility of delivering Algisyl-LVR
in 11 patients who developed HF from ischemic and non-ischemic dilated cardiomy-
opathy (DCM) in combination with coronary artery bypass grafting (CABG) via ster-
notomy (Identifier: NCT00847964). While HF from DCM has some differences in
progression from MI, negative LV remodeling still remains a therapeutic target.
Publication of the trial results by Lee et al. has shown safety of the material. However,
only 3 out of the 11 patients could safely undergo MRI, and consequently, the sample
size of functional data is small (n = 3) [27]. Although there were no statistically sig-
nificant differences, the LV wall thickness, EDV, ESV, and myofiber stress showed
decreasing trends for up to 6 months postinjection. Due to the success in showing
safety and feasibility, Algisyl-LVR has also completed a multicenter, randomized, and
controlled Phase II/III clinical trial (AUGMENT-HF), investigating the safety and
efficacy of Algisyl-LVR alone to treat advanced heart failure (Identifier: NCT01311791)
[26]. Since this material requires thoracotomy to perform direct injection delivery of
the material, it was considered unethical to have a control group with saline injection,
and instead, the control group consisted of patients who received standard medical
care only. The experimental group received standard medical care as well as Algisyl-
LVR injections. The primary efficacy endpoint of AUGMENT-HF was changed in
peak VO, from baseline to 6 months after material injection. Peak VO, is a measure-
ment of volume of oxygen delivered to the body during exercise. Increased peak VO,
has been previously shown to be closely related to a better prognosis for chronic heart
failure patients [28]. AUGMENT-HF yielded significant increases in patients treated
with Algisyl-LVR compared to saline controls, as well as increased quality of life
based on patient surveys standardized by the New York Heart Association (NYHA).
However, similar to the preclinical trial of this material, no statistical differences were
seen in any echocardiographic measurements of LV dimensions at 3 and 6 months
postdelivery. Although not statistically significant, some adverse events were seen in
the Algisyl-LVR group with a 30-day absolute mortality rate of 8.75% and surgical
complication rate of 25%, compared to no mortality in the control group.
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Comparing clinical trials PRESERVATION-I and AUGMENT-HEF, it is worth
noting some differences and similarities in material design and therapeutic targets.
Algisyl-LVR does not degrade and is intended for permanent implantation via sur-
gical-based injection into the heart wall. IK-5001, however, is delivered by intra-
coronary infusion, which heavily depends on the presence of leaky vasculature
immediately following MI. IK-5001 material will eventually degrade over
3—6 months. For this reason, Algisyl-LVR is better suited to treat chronic heart fail-
ure patients, while IK-5001 would only be suitable for acute Mls. Both trials indi-
cated increased exercise capacity of patients treated with Algisyl-LVR and IK-5001
compared to the saline controls using a 6-minute walk test. Since PRESERVATION-I
failed to produce significant data for the defined primary outcome, a study redesign
is required to continue clinical trials for the treatment of MI using the IK-5001
material. It is also important to point out that both trials failed to produce significant
improvements in LV volumes or dimensions when compared to their respective
control groups, which is a critical determinant of efficacy in treating MI and pre-
venting the development of heart failure. Both materials were hypothesized to act as
mechanical supports to prevent negative LV remodeling, but the results of these
studies may point to the requirement of additional biochemical activity for effective
treatment.

Tissue-Derived ECM

Decellularized ECM hydrogels can be derived from various tissue types, such as
heart, pancreas, skeletal muscle, and brain. Since each tissue type has a specific bio-
chemical composition, some studies have shown improved efficacy using a tissue-
specific source, possibly related to which germ layer the tissue arose from [29-31]. To
create an injectable hydrogel, the tissue undergoes decellularization and enzymatic
digestion, which changes the microstructure of the ECM. However, the hydrogel
maintains the biochemical complexity of the tissue from which it was derived, and for
the most part, the nanostructure of the ECM. This can provide a therapeutic that is
highly mimetic of native myocardial ECM. A preclinical porcine study investigated
the efficacy of a porcine-derived, decellularized, LV myocardial ECM hydrogel,
termed myocardial matrix, to prevent negative LV remodeling and improve cardiac
function. The study showed that delivery of the myocardial matrix 2 weeks after MI
increased EF and reduced LV volumes 3 months after treatment compared to untreated
and saline control groups [32]. Additionally, analysis with Masson’s trichrome stain-
ing showed a thicker muscle layer in the endocardium of the matrix injected heart
(Fig. 10.4) as well as reduced infarct fibrosis. The myocardial matrix hydrogel fully
degraded in vivo in approximately 3 weeks. However, the effects of repair were longer
lasting [32]. To investigate the mechanism of action, a gene expression study was
performed in rat model and showed that the material can adjust the inflammatory
response toward pro-remodeling. It can also reduce fibrosis, promote cardiomyocyte
survival in the infarct, and modulate cardiomyocyte metabolism [33].
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Fig. 10.4 Myocardial matrix hydrogel derived from decellularized porcine myocardial ECM.
Myocardial matrix hydrogel mitigated negative LV remodeling in the infarct. H&E (a) and diami-
nobenzene (b) staining of biotin labeled hydrogel showed the presence of myocardial matrix in the
infarct 24 hours after injection. Masson’s trichrome staining images of infarcted pig heart with
myocardial matrix hydrogel-treated (¢) and saline-injected groups (d) showed distinct and thicker
muscle layer in matrix-treated hearts. (Reprinted with permission from Refs. [32, 34])

There is a recently completed, Phase I, open-label clinical trial determining
the safety and feasibility of the myocardial matrix hydrogel, commercially pro-
duced as VentriGel, to treat MI up to 3 years after the initial PCI (Identifier:
NCTO02305602). VentriGel is delivered minimally invasively via transendocar-
dial injections using the Myostar catheter after 3D NOGA™ mapping to deter-
mine injection points based on electrical activity. Results are not yet published,
but secondary endpoints will be used as a first investigation into the efficacy of
the material from magnetic resonance imaging (MRI) data such as ESV, EDV,
and EF. Compared to the alginate products examined in AUGMENT-HF and
PRESERVATION-I, VentriGel is being regulated as a biologic in the United
States as opposed to a device. This is due to the presence of biochemically active
compounds and other proteins found in native ECM. Although this makes the
FDA approval process for VentriGel more rigorous, it may provide an advantage
in efficacy for preventing negative LV remodeling compared to biomaterials that
lack biochemically active compounds.
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Hyaluronic Acid

Hyaluronic acid (HA) is a highly abundant, anionic, non-sulfated glycosaminogly-
can (GAG) natively found in the ECM of many connective and soft tissues. HA
serves as an important signaling molecule for cell migration and proliferation. In
order to induce gelation, HA macromers can be chemically modified by attaching
groups capable of covalent or non-covalent cross-linking. A common substitution is
the introduction of methacrylate. Methacrylate substitution can be controlled with a
high degree of accuracy, allowing for increased tunability of the material’s physical
properties. This allows the gel to better mimic the mechanical properties of the tis-
sue that is targeted for therapy.

Ifkovits et al. designed a study using an left anterior decsending (LAD) coro-
nary artery ligation ovine model of acute MI to investigate the efficacies of
hydrogels with compressive moduli comparable to that of the cardiac tissue
(MeHA low) and approximately 10 times greater than that of healthy myocar-
dium (MeHA high) [35]. Both high and low MeHA had a similar degradation
profile that spanned over 8 weeks in vivo, allowing for prolonged presence of the
material. The key differences between the two materials were their mechanical
properties. MeHA high and low, as well as saline control microinjections directly
into the infarct region, were performed 30 minutes following MI through the
thoracotomy opening. This study showed that 8 weeks after delivery, the high
and low MeHA significantly reduced wall thinning compared to the saline con-
trol group. Further, MeHA high significantly reduced infarct length compared to
MeHA low and saline control groups. Echocardiographic 3D functional mea-
surements of normalized EF, EDV, and ESV were however not statistically sig-
nificant. While mechanical properties play a role in repair, the lack of difference
between the low and high MeHA groups may suggest that additional biochemical
cues can provide a synergistic effect.

In a study done by Dorsey et al., hydroxyethyl methacrylate HA (HeMA HA)
was investigated in an acute porcine model with delivery of the biomaterial only
30 minutes after MI, while the thoracotomy site was still open. Infarct was induced
via ligation of the LCX coronary artery [36]. This quick delivery time was chosen
to minimize the number of procedures the animal had to undergo. However, this
limits the clinical relevance of the study, as the average time for cardiac balloon-
angioplasty intervention in human patients experiencing MI is more than an hour,
and injectable materials via needle-based injection are unlikely to be administered
until several days to weeks after MI. The HeMA HA material degraded well before
12 weeks in vivo. However, positive effects of the material were still observed up to
12 weeks after MI, implying lasting effects of the material after degradation. Cine
MRI and spatial modulation of magnetization (SPAMM) were used to analyze car-
diac dimensions and finite element (FE) measurements of wall stresses. Significant
increases in EF for HeMA HA-treated animals were seen starting at 8 weeks, and
LV EDV was maintained up to 12 weeks, while in the saline control group, EDV
became significantly larger than baseline at 1 week post-MI. Significantly increased



198 M. D. Diaz and K. L. Christman

a SALINE HYDROGEL b W

Pre-Mi

SALINE

Strain (emay)

me n
00 0.10 0.20

HYDROGEL

Fig. 10.5 (a) Representative magnetic resonance images showing increased wall thickness and
smaller infarct size in hydrogel-treated animals. (b) Finite element simulation of diastolic principle
strain maps of baseline and post hydrogel or saline injections, showing increased stiffness in the
hydrogel-treated group compared to saline. (Reprinted with permission from Ref. [36])

wall thickness became evident at 12 weeks (Fig. 10.5a). Additionally, some trends
indicated increased infarct thickness and stiffness in the direction of the cardiac
muscle fibers, but the small sample size yielded no statistical significance
(Fig. 10.5b).

Biologics Delivered

While biomaterials alone have the ability to promote repair and prevent negative LV
remodeling, therapeutic efficacy may be potentially enhanced by introducing bio-
logics into the material. Biomaterials have been used to deliver plasmids, RNA, or
proteins that may act as growth factors, cytokines, or other regulators of cellular
activity. Systemic delivery of the therapeutic often results in rapid dilution and deg-
radation in the bloodstream and/or filtration out of the body. Consequently, a high
dose is required to obtain the optimal concentration for treatment at the site of dis-
ease or injury with possible off target effects depending on localization efficiency.
The benefit of delivering a biologic within a hydrogel is that the encapsulation may
protect the biologic from degradation or excretion while also allowing a prolonged
and localized delivery of the therapeutic [37, 38]. For MI treatment specifically,
biomaterials provide an exciting opportunity to prevent the development of heart
failure through the prolonged delivery of a therapeutic that targets the negative
remodeling of the LV based on specific changes occurring in the infarcted
environment.

Self-assembling peptide nanofibers (NFs) of a specific sequence can undergo
gelation upon injection and have been investigated as a therapeutic delivery system
for recombinant human vascular endothelial growth factor (VEGF) in a study by
Lin et al. [39]. The NFs were designed to remain in the infarct for an extended
period, with 70% of the material still at the injection site for up to 1 month. In this
porcine model, MI was induced via permanent occlusion of the LAD coronary
artery with immediate subsequent injection of PBS, NFs alone, VEGF alone, or the
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combinatorial NF-VEGF therapy. LV volumes from 2D echocardiographic mea-
surements showed that the EDV and ESV from both the VEGF alone and NF-VEGF
groups were significantly lower compared to the saline control group. Additional
cardiac functional data showed significant improvement at 28 days post-MI in the
NF-VEGF group through improved LV fractional shortening (FS) compared to the
other groups. VEGF alone and NF-VEGF injections both significantly improved
angiogenesis in the border zone of the infarct, but only the combinatorial therapeu-
tic of NF-VEGF significantly increased arteriogenesis at 28 days post-MI. While
this study may not confidently show the efficacy of the combinatorial treatment
compared to VEGF alone, it still points to the importance of biochemical cues to
promote repair in the infarct.

As previously mentioned, MMPs play a role in LV remodeling after MI due to
their ability to degrade ECM components, specifically collagen. Because of this,
MMP inhibition may be of interest to prevent negative LV remodeling and pro-
mote infarct repair. One study by Eckhouse et al. in a porcine model investigated
the immediate injection of recombinant tissue inhibitor of MMP-3 (rTIMP-3),
encapsulated in HA hydroxyethyl methacrylate (HEMA) gels by binding
rTIMP-3 to the HA backbone via ester-mediated hydrolysis [40]. The injections
were administered through the thoracotomy site used for MI. Functional mea-
surements showed reduced wall stresses and reduced LV volumes with echocar-
diographic and MR imaging. Immunoblotting analysis also showed reduced
MMP levels, increased TIMP levels, and reduced macrophage presence in groups
treated with the rTIMP-3 gel (Fig. 10.6). Although this implies the rTIMP-3 gel
can modulate the inflammatory response, some macrophages have a pro-regener-
ative capability, so this effect is not clear as positive or negative. However, levels
of fibrillar collagen mRNA were reduced in the rTIMP-3 gel without reduced
collagen content, showing that this group had less collagen turnover with
increased ECM stability.

b rTIMP-3 )
Positive control @ LV myocardium ———»

= =

Control Ml/saline Mi/gel MI/gel/rTIMP-3
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Fig. 10.6 Encapsulated recombinant tissue inhibitor of matrix metalloproteinase-3 (rTIMP-3) in
hydroxyethyl methacrylate (HEMA) hydrogel. Immunoblotting of MI and remote regions of injec-
tion grid show presence of rTIMP-3 and native TIMP-3 in the infarcted pig hearts. Schematic of
injection grid used for HEMA Gel/rTIMP-3 (a) and subsequent immunoblotting for His-tagged
rTIMP-3 (b), as well as immunoblotting for rTIMP-3 and native TIMP-3 (c). (Reprinted with
permission from Ref. [40])
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A similar porcine study from the same research group has also shown the deliv-
ery of rTIMP-3 to the infarct via a more specialized hydrogel that is designed
to degrade and release rTIMP-3 only in the presence of MMPs, in an attempt to
reduce off target effects [41]. The hydrogel was composed of an HA backbone
modified with aldehyde (ALD) and hydrazide (HYD) functional groups, as well
as dextran sulfate (DS) backbones modified with ALD. MMP sensitivity was
induced by the incorporation of an MMP cleavable cross-linking peptide sequence:
GGRMSMPV. Direct injection of the material through thoracotomy access requires
a double barrel syringe to ensure equal mixing of ALD and HYD groups and gela-
tion in vivo. When the hydrogel was injected into non-infarcted hearts, the gel
degraded very little, in comparison to injection into infarcted hearts, where there
was minimal material left 14 days after MI. Echocardiography was used to assess
functional benefits of the hydrogel and rTIMP-3 system. Significant increases in
LV EF, attenuated LVEDV dilation, increased wall thickness, and improved pulmo-
nary capillary wedge pressure (PCWP) compared to the saline and hydrogel alone
controls all signify the ability of the hydrogel and rTIMP-3 system to mitigate
negative LV remodeling up to 28 days post-MI. Normal levels of MMPs were also
observed in the hydrogel and rTIMP-3 group compared to the saline and hydrogel
alone controls without evidence of any increased levels of rTIMP-3 in the systemic
circulation. Looking at gene expression, the hydrogel and rTIMP-3 group showed
significant upregulation of myosin heavy chain isoform (MYH14) compared to the
control groups, suggesting a more mature and contractile phenotype of myofibro-
blasts in this treatment group.

Bastings et al. investigated the therapeutic carrying ability of a modified PEG
hydrogel that undergoes reversible gelation at physiological pH of 7.4 via cross-
linking of ureido-pyrimidinone (UPy) units (Fig. 10.7a) [42]. This UPy hydrogel
was loaded with human growth factor (HGF) and insulin-like growth factor-1 (IGF-
1) and delivered via transendocardial injections with NOGA™-guided Myostar
catheterization 4 weeks after MI in a porcine model. Comparing the GF-loaded
UPy-gels with GFs in saline or saline alone controls, favorable remodeling was seen
in the loaded UPy-gel group through reduced collagen content and increased myo-
cardial viability, measured via Picrosirius red staining for collagen content
(Fig. 10.7f). However, this study had minimal cardiac functional data, which would
be critical in determining therapeutic efficacy for moving toward clinical trials.

A permanent occlusion porcine model examined the HA-based commercially
available Extracel-HP gel as a delivery vehicle for a cocktail of ascorbic acid, ibu-
profen, and allopurinol with platelet rich plasma (PRP) [43]. The ascorbic acid acts
as a free radical scavenger to minimize reactive oxidant species (ROS) in the infarct,
while the ibuprofen and allopurinol act as anti-inflammatory agents. The PRP con-
tains natural stores of growth factors (GFs) and cytokines responsible for wound
healing and angiogenesis. To attempt to control for all various components the treat-
ment groups were as follows: HA hydrogel, PRP alone, cocktail group (ibuprofen,
allopurinol, and ascorbic acid), full compound (HA hydrogel with cocktail and
PRP), and saline. All injections were delivered through thoracotomy immediately
following MI. This study showed the ability of the PRP control and full compound
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Fig. 10.7 Polyethylene glycol (PEG)-based hydrogel with ureido-pyrimidinone (UPy) cross-
linking units to induce reversible gelation at physiological pH. (a) Chemical structure of UPy
hydrogel polymer. (b—e) Schematic of hydrogel fibers with UPy-stacks in red, surrounded by
hydrophilic PEG, which can then interact with neighboring fibers and ultimately form a hydrogel
network. (f) Picrosirius red staining of cryosections of infarcted heart treated with UPy-gel + HGF/
IGF shows surviving cardiomyocyte islands denoted by the dashed lines. (Reprinted with permis-
sion from Ref. [42])

to promote increased neovascularization in the infarct and border zone. Additionally,
assessment of fibrosis with Masson’s Trichrome staining showed significantly
decreased collagen content in the PRP-only, cocktail, and full compound groups.
However, all treatment groups showed significant decreases in LV volumes and
increases in EF, compared to the saline control. This could indicate a need for more
control groups to properly isolate the component of the full compound that is
responsible for functional improvement. The efficacy of the PRP alone control
group was associated with the bioactivity of compounds found in PRP that promote
neovascularization, as well as the activation of platelets that may result in a fibrin
network similar to a hydrogel itself.

Cells Delivered

Stem cell research has proven to be a promising subset of tissue engineering and
regenerative medicine. Many preclinical studies have shown that stem or progenitor
cells can have reparative properties in cardiac tissue via paracrine effects. However,
there are still many problems associated with their implementation, such as identi-
fying a good cell source and scaling up proliferation conditions for widespread
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clinical application. Additionally, similar to delivering the biologics described ear-
lier, cells are rapidly cleared from the region of delivery with very poor retention
and survival and limited differentiation. Recent studies have shown improvement in
cell retention, differentiation, and proliferation by delivering cells within an inject-
able hydrogel material that is able to serve as a localized scaffold for these cells
upon injection [44]. Considering the extremely limited regenerative capacity of the
native adult cardiac cells, stem cell delivery could promote MI repair via paracrine
effects or, debatably, through direct differentiation.

A study by Chen et al. investigated the open-chest injection of autologous Dil-
labeled bone marrow mononuclear cells (MNCs) in a HA hydrogel in a preclinical
porcine model of MI [45]. Autologous cells minimize any immune response from
the patient. However, isolating and expanding these cells require additional proce-
dures and time for proliferation. With delivery in the hydrogel, the MNCs had a
statistically significant, twofold higher retention in the infarct as opposed to MNCs
delivered in PBS. Interestingly, the HA+MNC treatment group also showed
improved neovascularization. However, these vessels contained mainly unlabeled
cells suggesting that the material had an ability to preserve endogenous vasculature,
as opposed to direct differentiation into vessel formation. The HA + MNC groups
also had improved EF and decreased LV EDV as measured with echocardiography,
as well as reduced fibrosis and increased cardiomyocyte diameter. These may sug-
gest a combinatorial effect between the HA and MNCs.

Another study by Panda et al. investigated the conductivity of tissue in the
infarct region of a porcine MI model after open-chest injection into the infarct of
mesenchymal stem cells (MSCs) in an RGD-modified alginate hydrogel [46].
This material was delivered 4 weeks after MI. This may explain the absence of
differences seen in fibrosis between treatment groups, as there is inability to res-
cue many cardiomyocytes in the border zone at this time point. Echocardiography
was performed, but data on LV dimensions or volumes were not reported in the
study as a functional assessment. However, there was a high correlation between
regions of improved conduction in the border zone and area of MSCs (Fig. 10.8).
This suggested the MSCs were possibly able to bridge electrical signaling in
cardiac tissues without directly differentiating into impulse generating cardio-
myocytes [46].

In another study involving the previously discussed self-assembling peptide NFs,
Lin et al. evaluated the efficacy of these fibers to encapsulate autologous MNCs to
promote long-term pro-remodeling up to 3 months after MI [47]. In this porcine
model, saline control, NFs alone, MNCs alone, or the combined therapeutic (MNCs
and NFs) were injected into the infarct region immediately following MI while the
chest was still open. The combined therapeutic showed that the NFs increased MNC
retention in the infarct approximately 11.3-fold higher than injection of MNCs
alone. They also significantly improved LV EF, EDV, and ESV, as measured by
echocardiographic analysis at 3 months after MI. The MNC alone treatment, how-
ever, only provided functional benefits in the short term. About 30% of the NFs
remained at the site of injection 3 months after MI, compared to the more rapidly
degraded HA, which may be attributed to the differences in cell retention.
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Fig. 10.8 Alginate-based Local CV and Dil
hydrogel modified with cell
adhesion peptide, RGD, to
encapsulate mesenchymal
stem cells (MSCs).
Schematic of threshold of Dil
fluorescently labeled cells
overlaid with map of local
conduction velocity vectors
shows increased local
conduction velocity in areas
containing MSCs compared
to areas lacking MSCs.
(Reprinted with permission
from Ref. [46])
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The NF alone group still proved to be beneficial for function in the long term via
pressure catheterization measurements. Additionally, both NF alone and the com-
bined therapeutic significantly increased wall thickness and reduced collagen depo-
sition compared to the saline and MNC alone controls. The combined therapeutic
group, however, promoted neovascularization the most, with the highest capillary,
artery, and arteriole density in the peri-infarct region among all groups. Positive
staining for aSMA myofibroblasts also suggested the ability of the combined thera-
peutic to recruit these cells to the infarct. While the combined therapeutic showed
the most beneficial long-term effects, evaluating the NF alone group suggested that
the material not only provides a scaffold for cell retention but may play a role in
preventing negative LV remodeling itself.

Conclusion and Future Outlook

Injectable hydrogels provide an exciting opportunity to treat MI, an ischemic injury
that currently afflicts many patients, for which there is no existing therapeutic that can
reverse or prevent further progression to HE. These minimally invasive therapeutics
can be comprised of natural or synthetic polymers and may contain stem cells or bio-
logics for combinatorial effects. While previous literature suggests that mechanical
support to the infarct could prevent negative LV remodeling and promote regenera-
tion, current opinions highlight that biochemical cues are the real key that promote
repair through activating pro-regenerative pathways [48]. Encapsulating cells and bio-
logic molecules within hydrogels has the potential to achieve these goals. However,
cost remains a large factor with additive biologics in developing a therapeutic that is
sustainable for clinical use. Therefore, the therapeutic efficacy of including additional
factors must outweigh these costs when compared to delivering a hydrogel alone.
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Translation of currently investigated injectable hydrogels also depends largely
on their method of delivery. Algisyl-LVR is delivered via invasive surgical-based
injection. However, minimally invasive catheter approaches, such as transendocar-
dial delivery or intracoronary balloon infusion (used for the delivery of VentriGel
and BL-1040/IK-5001, respectively), are favorable. Such methods reduce the risk
for the patient when compared to delivery via injection during a surgery. However,
some of these minimally invasive procedures, such as NOGA™ mapping, require a
highly specialized cardiologist, which still may limit the translational feasibility.
The future outlook for the field of injectable hydrogels to treat MI depends largely
on the design of biomaterials to balance cost and translational feasibility, as well as
minimize the invasiveness of delivery.
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Introduction

Congenital heart diseases (CHDs) originate from abnormal development of the
cardiac structure and are present at birth. They are the most common birth defect
affecting about 1% of all live births, and the leading cause of newborn death [1]. The
spectrum of cardiac defects is ranging from simple CHDs, like atrial septal defect,
to very complex malformations, like the tetralogy of Fallot or hypoplastic left
heart syndrome. Hence, the spectrum of treatment options varies to a great degree:
from medication to catheter procedures up to the often needed surgical repair. On
February 25, 1939, Gross RE published the groundbreaking case report of the first
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successful surgical treatment of a CHD, the ligation of a patent ductus arteriosus
[2], paving the way forward to the future of congenital cardiac surgeries. Since
then, the progress made in the treatment of CHDs, especially with regard to surgical
approaches, has been tremendous. A nationwide cohort study in Norway showed
that the 1-year mortality in children with CHDs undergoing heart surgery declined
from 16.3% in 1994 to 3.7% in 2009 [3]. This progress also leads to an increased
number of adults with CHD (ACHD) requiring specialized medical care [4].

However, deficiencies in the management of patients with CHD and ACHD
remain. In contrast to adults with cardiac surgery, children undergoing cardiac
repair often outgrow the implanted devices or grafts, because of lack of growth
capacity of these devices. These children need repeated surgeries, thereby increas-
ing morbidity and mortality. Van Dorn et al. were able to show that following the
Fontan procedure, a complex surgical intervention for patients with single-ventri-
cle physiology, 66% of patients required additional median sternotomies and 67%
required further percutaneous cardiac interventions [5]. In addition, the resulting
physiological and neurological effects on these young patients and their families
are sometimes very difficult to assess. Furthermore, in spite of successful surgery
to repair the congenital defect, patients with repaired complex CHDs often develop
future complications such as heart failure, leaving heart transplantation as the only
remaining option [6, 7]. In time of organ donor decline this last resort therapy has
become less available. Therefore, new strategies to optimize the treatment of CHD
patients are necessary.

For treating CHD beyond current surgical and percutaneous interventions, two
main strategies within the field of regenerative medicine are considered promising:
stem cell therapy and tissue engineering. Since Takahashi et al. published their pio-
neering protocol on the induction of human pluripotent stem cells (iPSCs) in 2007
the field of regenerative medicine prospered greatly [8]. This scientific milestone
not only overcame the ethical problems of human embryonic stem cells (hESCs),
but also offers the possibility to produce patient-specific cells. While autologous
adult stem cell therapy so far has only shown modest improvements of cardiac
function [9], stem cell therapy in neonates may offer potential for more success-
ful treatment outcome due to the residual intrinsic regenerative ability of neona-
tal cardiomyocytes [10]. Besides, tissue engineering might be the key to the main
shortcoming of implanted grafts used for the surgical treatment of CHD: the lack of
growth capacity. Robert M. Nerem defined tissue engineering as “the application of
the principles and methods of engineering and the life sciences towards the devel-
opment of biological substitutes to restore, maintain or improve functions” [11].
The use of bioengineered tissue allows the conduit to react to biological stimuli,
such as growth impulses [12].

In this chapter we focus on the achievements, limitations, and future prospects of
regenerative medicine in the treatment of CHD. The chapter is divided into the three
main categories according to the diseased tissue types: (1) blood vessel, (2) heart
valve, and (3) heart muscle wall (Fig. 11.1).
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Fig. 11.1 Requirements of regenerative medicine in congenital heart disease

Tissue-Engineered Blood Vessels

As described above congenital heart disease arises from structural abnormalities
of the normal cardiac tissue often leading to the necessity of surgical repair. The
complexity of some of these cardiac malformations requires additional tissue to
perform the reconstruction, for example, vascular grafts. Jean Kunlin opened the
door to a new era of vascular surgery in 1948 after using a saphenous vein as graft
for a femoropopliteal bypass surgery [13]. Since then the landscape of blood vessel
repair and replacement has changed tremendously, including the use of artificial
vascular grafts [14] and cryopreserved homografts [15]. In CHD currently used
synthetic vascular grafts are made out of nondegradable materials, such as expanded
polytetrafluoroethylene (Gore-Tex®) and polyethylene terephthalate (Dacron®).
Unfortunately, these materials are associated with an increased risk of thrombo-
sis, stenosis, infection, and calcification [16, 17]. In particular, the surgical treat-
ment of CHD involving small-diameter vessels (<6 mm) is prone to poor rate of
patency [18]. As mentioned above, in pediatric cardiac surgery, the most significant
shortcoming is probably the lack of growth capacity of the grafted vessel conduit,
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potentially resulting in multiple reoperations and thereby increasing morbidity and
mortality. Some of these graft limitations were addressed via several modifications.
Herring et al. harvested autologous endothelial cells out of subcutaneous veins and
seeded them into the lumen of Dacron® prostheses in order to reduce thrombus for-
mation [19]. Although this approach improved the patency of the grafts, it was not
able to reach the standard of native tissue or avoid somatic overgrowth.

The criteria for the ideal vascular graft include the ability to withstand the
mechanical strength of the blood pressure and to be non-thrombogenic, non-
immunogenic, nontoxic, and resistant to infection. They need to be available in vari-
ous sizes, and offer certain stability in order to endure the surgical handling. Most
importantly, the grafts should be able to respond to intrinsic stimuli, and thereby
be able to remodel, self-repair, and even grow [20]. Tissue-engineered vascular
grafts (TEVGs) represent a promising tool to fulfill these criteria and to eliminate
the abovementioned shortcomings of synthetic grafts. Tissue engineering can be
subdivided into three components: (1) a scaffold, which provides a structure onto
which neotissue can grow, (2) cells, and (3) biomatrices with or without signaling
molecules that allow the cells to be seeded and the scaffold to be degraded over time
[21]. The attempt to create TEVGs goes back to the 1980s, when Howard Greisler
implanted woven absorbable polyglycolic acid (PGA) prostheses into adult rabbit
aortas. After 7 months he was able to show that the grafts were remodeled con-
taining smooth muscle-like myofibroblasts and dense fibroplasia [22]. Since then,
multiple approaches to create TEVGs with various different types of scaffolds and
cells have been demonstrated.

With regard to the use of TEVGs in CHD, Shinoka et al. were the first group to
implement TEVGs in CHD cardiac surgery [23]. These investigators seeded ovine
artery or vein cells onto a synthetic biodegradable tubular scaffold out of polygla-
ctin and PGA. The construct was cultured for 1 week and then transplanted into
lambs, replacing a segment of the pulmonary artery. The material was harvested
after 6 months showing no residual scaffold material, no aneurysm formation, or
signs of calcification. The grafts were lined with endothelial cells and resembled the
morphology of native pulmonary arteries. In 1999 the group was able to perform
the first clinical application of a TEVG in the surgical treatment of CHD [24]. A
tubular scaffold made out of a 50:50 copolymer of e-polycaprolactone—polylactic
acid reinforced with woven PGA fibers was seeded with autologous cells obtained
from an explanted vein. After 10 days the graft was implanted into a 4-year-old girl
replacing a thrombosed segment of the pulmonary artery. After 7 months the graft
was patent showing no signs of reocclusion or aneurysm. While this first clinical use
of a TEVG was a success, the process to generate the graft is not feasible for routine
application. This led the researches to further investigate different cell and scaf-
fold types in order to improve the feasibility of clinical TEVG transplantation. In
2001 they launched a clinical trial using poly-L-lactic acid/poly(e-caprolactone/L-
lactide) or polyglycolic acid/poly(e-caprolactone/L-lactide) scaffolds seeded with
autologous bone marrow cells enriched for the mononuclear fraction (BM-MNCs)
[25]. BM-MNCs are able to differentiate into various cell types, including vascular
endothelial cells, smooth muscle cells, and fibroblasts. After seeding the BM-MNCs
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onto the scaffolds, the grafts were cultured for 2—4 h and then implanted into a
total of 25 patients with single ventricle as conduits for an extracardiac total cavo-
pulmonary connection. The long-term results with a mean follow-up of 11.1 years
showed no graft-related mortality, but up to 28% of the patients had a graft stenosis
that often was treated with balloon angioplasty or stent placement [26, 27]. Yet, in
a further study, they showed that by modifying the process of generating TEVGs,
the rate of stenosis could be reduced: Increasing the BM-MNC dose and reducing
incubation time decreased stenosis and thereby increased the patency of the grafts.
Interestingly, the researchers were also able to show that the seeded BM-MNCs
disappeared completely, and the recellularization was carried out by smooth muscle
cells and endothelial cells from the neighboring blood vessel wall [28, 29]. These
results are very promising, but have yet to be translated into small-diameter con-
duits, because the abovementioned trials used TEVGs with internal diameters
between 12 and 24 mm [30].

A different approach to create a TEVG is by using decellularized native vascu-
lar tissue. Decellularization removes the cellular components of a certain tissue,
just leaving the extracellular matrix (ECM) as scaffold. So far this technique has
not been used to treat CHD, neither in a preclinical nor clinical setting. However,
Olausson et al. published an important case report of the transplantation of a decel-
lularized deceased donor iliac vein that was recellularized with autologous stem
cell-derived endothelial and smooth muscle cells into a 10-year-old girl with extra-
hepatic portal vein obstruction [31]. Initially, the graft showed good patency, but
after 1 year the conduit was obstructed by surrounding tissue in the mesocolon,
leading to reoperation to remove the obstruction and optimize the graft length by
adding a second vein graft. This work shows that decellularized tissue is a poten-
tial option to create TEVGs. Unfortunately, further follow-up of the patient is not
reported so far, leaving some questions open regarding the success rate of engrafting
decellularized vascular tissue. One big concern with decellularized tissue is loss of
ECM integrity due to the decellularization process, leading to potential graft failure
[32]. Furthermore, the contribution of remaining donor cells triggering an immune
response to the implanted graft remains [33].

Both the above described approaches so far, either with synthetic biodegradable
or decellularized scaffolds, incorporate autologous cells. Syedain et al. proposed a
new acellular technology to create TEVGs avoiding cell harvesting [34]. Tissue-
engineered tubes were formed by injecting a suspension of fibrinogen, thrombin,
and ovine dermal fibroblasts into tubular glass molds, which were cultured in a bio-
reactor over 2 weeks. Afterward, the grafts were transformed in a pulsed flow-stretch
bioreactor for further 5 weeks using cyclic stretching. After decellularization the
grafts were transplanted as pulmonary artery replacement into lambs. Ten months
later, the grafts were harvested and further investigated. The researchers were able
to show full recellularization of the grafts with smooth muscle and endothelial cells
and increase in graft diameter and length. Also, there were no signs of calcification,
aneurysm formation, or pathological immune response. This study suggests the real
possibility of “off-the-shelf” TEVGs for the surgical treatment of CHD, but leaves
the question open whether small-diameter grafts display the same patency rates,
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because the used grafts had an inner diameter of 16 mm. However, the same study
group conducted an investigation with 4 mm inner diameter grafts implanted into
a sheep femoral artery [35]. The grafts were explanted after 24 weeks and showed
full recellularization with no signs of dilatation or calcification. Recently, Bockeria
et al. conducted a clinical trial using acellular grafts as conduits for total cavopul-
monary connection [36]. They used grafts composed of bioresorbable supramolecu-
lar polyester that were implanted in five patients between the ages of 4 and 12 years
with an inner diameter of 18-20 mm. Patients were followed up to 12 months and
showed no signs of graft-related adverse events. The grafts showed good patency
in echocardiography and MRI. The biomatrix on this graft is made out of poly-
caprolactone that is chain-extended with 2-ureido-4[ 1 H]-pyrimidinone. In previous
studies on sheep, the research group was able to show that the polymer is slowly
degraded over time and fully replaced with neotissue, thereby eliminating all exter-
nal material and avoiding adverse effects.

Instead of focusing on the scaffold, Itoh et al. made a scaffold-free graft utilizing
multicellular spheroids (MCS) and a Bio-3D printer [37, 38]. MCS are spheroidal
structure consisting of different cell types. They were composed of human umbili-
cal vein endothelial cells (40%), human aortic smooth muscle cells (10%), and nor-
mal human dermal fibroblasts (50%). After printing the small-diameter grafts (inner
diameter of 1.5 mm) and culturing them, they were implanted into the infrarenal
abdominal aorta of rats. Five days after transplantation the conduits were harvested
and showed already a layer of endothelial cells. Although these results are very
promising in regard to engineering small-caliber vessels, the very short follow-up
in this study precludes obtaining long-term outcome.

Another method to create TEVGs is to use ECM components like collagen or
fibrin in order to create a biological scaffold. Using natural polymers has the advan-
tage of already existing binding sites for cell adhesion, thereby enabling easier colo-
nization and proliferation of the seeded or recruited cells. Collagen-based scaffolds
were shown to lack sufficient biomechanical properties [39], so the focus shifted to
fibrin-based conduits. Koch et al. reported the design of a fibrin scaffold supported
by a poly(L/D)lactide 96/4 (P(L/D)LA 96/4) mesh and seeded with autologous
arterial-derived cells [39]. After graft conditioning in a bioreactor over 28 days, the
small-diameter grafts (5 mm) were implanted in the carotid artery position of sheep
and harvested after 6 months. The grafts showed a good rate of patency with no
aneurysm formation, no calcification, and no thrombus formation. The inner surface
of the conduits was fully covered with endothelial cells. Unfortunately, one of the 6
examined grafts showed a significant stenosis after only 6 months.

As mentioned above researchers were able to show that the seeded cells in vas-
cular conduits degrade over time [29]. The recellularization seems to be accom-
plished by the surrounding vasculature, potentially triggered by paracrine effects
of the seeded cells [28]. This leads to the still unanswered question what cell type
is optimal for TEVGs, and whether acellular concepts are to be favored or maybe
just the cell-secreted bioactive products. There does not seem to be one right way
to approach generating TEVGs, but rather finding a good combination of different
methods in order to adopt a widespread clinical use.
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Tissue-Engineered Heart Valves

Congenital heart diseases are often associated with functional and structural
abnormalities of the valves requiring treatment like repair or replacement to pre-
vent further cardiac damage due to volume and pressure overload. The mech-
anisms of valvular disease underlying different pathologies vary and therefore
require different surgical approaches. Most commonly in CHD, the aortic and
pulmonary valve are affected. In case of surgery the repair of the diseased heart
valve is preferred instead of replacement. On the one hand because native tis-
sue is more resistant to infection and calcification, on the other hand because
implanted valves lack growth capacity. In some cases replacement is the only
option left to treat the valvular disease, but it may not be possible due to a small
annulus. Unfortunately, commercially available heart valves have limited sizes
only starting from 15 mm [40]. Infants with CHD tend to need smaller conduits,
leading to inoperability and potential death of these patients, if replacement is the
only option left. One method to circumvent this problem is by using homografts.
Homografts are processed cadaveric valves and were first implanted by Gordon
Murray in 1956 [41]. Although, several publications have shown good long-
term results using homografts [42-44], broad application could not be achieved
because of limited availability.

Tissue-engineered heart valves (TEHVs) could solve major shortcomings of the
present grafts in use. The ideal prosthesis for congenital valvular disease would be
able to grow with the patient and be available in various sizes. The grafts need to
be non-thrombogenic, non-immunogenic, nontoxic, and resistant to infection and
calcification. Nowadays, utilizing computational modeling of the bioengineering
approaches can help improve the design of the developed constructs [45]. In general
two different approaches in creating a TEHV's can be distinguished: (1) generating a
conduit that is already seeded with cells before implantation and (2) creating a scaf-
fold that is populated with cells in vivo, meaning after implantation.

The first attempts to create TEHVs focused on selectively generating valve
leaflets. In 1995, Shinoka et al. created valve leaflets by seeding fibroblasts and
endothelial cells onto a synthetic biodegradable scaffold constructed from polygla-
ctin and polyglycolic acid fibers [46]. The grafts were transplanted as right poste-
rior leaflet of the pulmonary valve in lambs. After these first experiments research
moved further to create fully TEHVs.

One of the first studies to create an entirely TEHV used decellularized pulmonary
sheep valves, and seeded the conduits with autologous myofibroblasts and endothe-
lial cells came from studies of carotid artery tissue [47]. The grafts were trans-
planted as pulmonary valve replacement into sheep. After a follow-up of 3 months
histological examination revealed an intact endothelial cell surface with full repopu-
lation of myofibroblasts. In 2002, Dohmen et al. went a step further and implanted
a decellularized pulmonary allograft reseeded with autologous endothelial cells as
pulmonary valve replacement into a 43-year old man suffering from aortic valve
stenosis undergoing Ross procedure [48]. At the 1 year follow-up the TEHV
showed no signs of calcification or thrombogenesis, and echocardiography revealed
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regular valve function. In a different study, decellularized pulmonary allografts were
reseeded with autologous endothelial progenitor cells and implanted into two pedi-
atric patients with congenital PV failure. After 3.5 years of follow-up the implanted
valves showed increase in size and no signs of valve degeneration [49]. Simon et al.
took another approach and implanted commercially decellularized porcine heart
valves (Synergraft™) without prior cell seeding into four children as pulmonary
valve replacement [50]. Three patients died due to graft failure attributable to severe
valve degeneration. The fourth valve was prophylactically explanted as a result of
the observed fatal complications. All four valves showed severe inflammation, dif-
ferent degrees of calcification, and no cell repopulation. Also, examination of pre-
implanted valves showed incomplete decellularization, potentially being the cause
of the strong inflammatory reaction. This caused new decellularization protocols to
be developed in order to avoid residual cell remnants [32, 51, 52]. In contrast to the
case report from Dohmen et al., the Synergraft™ valves were not preseeded prior
to implantation. The idea behind waiving the preseeding process is that the ECM is
believed to function as a trigger for host cells to repopulate the scaffold. However,
previous studies of decellularized heart valves have showed a lack of repopulation
by the host [53, 54].

A very different approach to treat tricuspid valve disease was employed using
small intestinal submucosa-derived extracellular matrix (SIS-ECM). The decellu-
larized flat material is shaped into a tubular structure by suturing its edges and
implanted as tricuspid valve replacement. Different animal models showed prom-
ising consistent results [55-57]. The TEHVs were competent, showed growth
potential, and resembled native tissue structure after explantation without signs of
inflammation or calcification. SIS-ECM, commercially available as CorMatrix™,
was already used in the pediatric setting to treat atrioventricular valve disease. In one
case report the tubular valve was implanted into an infant at the age of 128 days with
a functionally univentricular heart undergoing atrioventricular valve replacement
[58]. After 3 months the new valve was competent but showed a mild stenosis due
to infection. Unfortunately, the patient developed sepsis unresponsive to antibiotics
and died at the age 156 days. Another case report used the same conduit to replace
the mitral valve of a 4-month-old infant with severe tricuspid and mitral valve dis-
ease. Unfortunately, the child died 8.5 months later due to pulmonary complications
[59]. Both case reports represent examples where CorMatrix™ was used as last
resort therapy, because no other strategy was possible for treatment. In contrast to
infants and children, atrioventricular disease in adults has well-established devices
for surgical treatment. These devices cannot be translated into pediatric patients due
to their lack of growth capacity. Recently, Feins et al. developed prosthetic rings
with the ability to grow [60]. They covered a degrading, biocompatible polymer
poly(glycerol sebacate) (PGS) core with a braided, tubular sleeve that has the ability
to elongate in response to native tissue growth. This new device was tested in female
piglets for tricuspid valve annuloplasty. Echocardiography after 20 weeks showed a
competent valve without any sign of tricuspid valve stenosis indicating the elonga-
tion of the device along with native tissue growth.
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The rapid progress made in recent years in the field of heart valve tissue-
engineered is highly promising, raising the hope that the existing deficiencies of
conduits for pediatric patients can be remedied in the future.

Stem Cell Therapy and Cardiac Patches

Complex congenital heart diseases, like hypoplastic left heart syndrome (HLHS) or
tetralogy of Fallot, often result in cardiac dysfunction. Especially with the improv-
ing treatment of CHDs the mortality is decreasing, thereby increasing the number of
patients requiring treatment for heart failure. Current therapies are not sufficient to
treat the long-term complications leading to an increased number of patients need-
ing heart transplantation. Due to the existing lack of organ donors, new treatment
for heart failure, especially in CHDs, needs to be developed. For decades researches
and physicians believed that the heart is a postmitotic organ. Recent studies, how-
ever, show that cardiomyocytes have regenerative potential that is at greatest during
the neonatal phase and declines during adulthood [10, 61]. With this mind, new
strategies to treat heart failure in CHDs are being developed. A lot of the current
research in this area has been adapted from studies conducted in adult patients after
myocardial infarction. Stem cell therapy using bone marrow mononuclear cells [62,
63], mesenchymal stem cells [64, 65], or cardiosphere-derived cells (CDCs) [66, 67]
was already tested in clinical trials in adult patients showing disappointing results.

However, Liu et al. were able to show a positive outcome using human embry-
onic stem cell-derived cardiomyocytes (hESC-CMs) [68]. The group treated
macaque monkeys with reduced left ventricular ejection fraction (LVEF) due to
large transmural myocardial infarctions with ~750 million hESC-CMs via intra-
muscular injection into the infarct region or the border zone. The cells were admin-
istered 14 days after infarction, and the heart function was assessed 1 day before
and 27 days after cell injection by MRI. The cell-treated group showed a significant
increase in LVEF (~10%). Tracking of the injected cells revealed homing and elec-
trical coupling with the host myocardium, leading the appearance of remuscular-
ization of the infarcted areas. Unfortunately, the study raised concerns about the
potential risk of arrhythmias after CM injection, which does not yet allow clini-
cal trials with this approach. Another downside using hESC-CMs is the necessity
of using immunosuppressive agents to avoid cell rejection. This obstacle has been
overcome with the development of patient-specific induced pluripotent stem cells.
However, creating personalized stem cells is very time- and cost-intensive, avoid-
ing implementation as clinical routine. One way to allow widespread clinical use is
by establishing HLA-haplotype banks of pluripotent stem cells [69, 70]. Nakatsuji
et al. estimated that only 50 generated iPSC lines would provide a match for 90% of
the entire Japanese population [70].

Stem cell therapy has already found its way into the clinical treatment of CHD
patients. So far several case reports and small-case series utilizing stem cells in
order to treat critically ill pediatric patients with heart failure have been published
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[71-78]. Lacis et al. treated a 4-month-old infant with severe dilated cardiomy-
opathy by intramyocardial administration of autologous bone marrow mononu-
clear cells. The left ventricular ejection fraction increased from 20% to 40% after
4 months [71]. Another group treated nine children with terminal heart failure with
an intracoronary infusion of autologous bone marrow-derived mononuclear cells
as last resort therapy [73]. One patient died of hemorrhage unrelated to the pro-
cedure. Three patients got heart transplantations and the five remaining patients
showed an increase in ejection fraction and an improvement of the New York Heart
Association classification (greater than or equal to 1). Overall no adverse effects of
the stem cell infusion were observed.

The first clinical trial using autologous cardiosphere-derived cells for cardiac
regeneration in children with CHDs was conducted in 2015 [79]. CDCs were
obtained from seven infants with HLHS undergoing cardiac surgery. They were
cultured, expanded, and administered through intracoronary infusion in a dose of
3.0 x 10° cells/kg of body weight after 1 month. The patients showed no adverse
effects afterward. After 18 months the infants with CDC injection had an increase
in right ventricular ejection fraction from 46.9% + 4.6% to 54.0% =+ 2.8%. Infants
without CDC injection did not show an improvement in ejection fraction. Results
from the 3-year follow-up show consistent heart function without complications or
tumor formation [80]. This clinical trial shows that the intracoronary delivery of
CDCs is safe and efficient. CDC delivery for the treatment of heart dysfunction in
pediatric patients is further tested in clinical trials like PERSEUS [81], APOLLON,
or HOPE [82, 83] with pending results.

One major shortcoming of stem cell injection is the low rate of cell homing and
engraftment in the host myocardium due to washout and cell death [84]. As a result
several groups designed cardiac patches in order to improve cell retention at the
damaged area of the heart [84, 85]. Whether this approach is favorable is still unan-
swered. Levit et al. were able to show that human mesenchymal stem cells encapsu-
lated in alginate and delivered by hydrogel patch increased cell retention, decreased
scar formation, and improved cardiac function [86]. On the other hand, the compari-
son between injection of hESC-derived cardiomyocytes and epicardial delivery via
tissue patch revealed an enhanced electrical integration of the cardiomyocytes into
the host myocardium via injection [87]. The concept of cardiac patches improving
heart function has been evaluated in multiple small animal [88-93] and large animal
[94-96] models and is showing very promising results so far.

The first case report published to use cardiac patches in order to enhance heart
function was performed by Sawa et al. [97] in 2012. A 56-year old man with severe
heart failure (ejection fraction 11%) due to idiopathic dilated cardiomyopathy
received a left ventricular assist device (LVAD) for treatment. Under LVAD therapy
the heart function improved and the ejection fraction increased to 20%. In order to
further improve heart function and to allow LVAD explantation, he received autolo-
gous myoblast cell sheet transplantation to the anterior to lateral surface of the dilated
heart. After 3 months the heart function further improved, showing ejection fraction
of 46% and thereby allowing the successful explantation of the LVAD. The patient
did not experience any adverse effects after the transplantation. This case report led
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to phase II clinical trial evaluating the safety and efficacy of autologous skeletal myo-
blast sheets in seven patients with severe chronic heart failure [98]. Five patients were
classified as responders to therapy, which was defined as unchanged or increased
LVEEF. Two patients experienced further decline of the LVEF. No patient experienced
any adverse effects. Another method to utilize cardiac patches in order to treat heart
failure was introduced by Menasché et al. [99]. They performed the first clinical trans-
plantation of human embryonic stem cell-derived cardiac progenitor cells embedded
into a fibrin scaffold. The SSEA-1-positive cardiac progenitor cells strongly express
the early transcription factor Isletl and should be able to develop in different car-
diac lineages like cardiomyocytes, endothelial cells, and smooth muscle cells. The
investigators implanted the tissue-engineered construct into a patient with heart fail-
ure undergoing coronary bypass surgery. They created a pocket between the pericar-
dial flap and the epicardium across the infarction area for the cell-loaded patch. After
6 months they found no tumor growth and no occurrence of arrhythmia. The patient’s
LVEF improved substantially, but this effect is maybe due mostly, if not entirely, to the
beneficial effect of the bypass surgery. This approach has already been evaluated in
terms of safety and feasibility showing promising results. While these trials are major
landmark studies toward implementing regenerative medicine into clinical practice,
unfortunately, none of the trials have enrolled patients with CHD so far.

Conclusion

Conventional surgical treatment options for CHD patients have significantly
improved over the last decades leading to improved survival of these patients.
However, this leads to new treatment challenges, like lifelong anticoagulation,
multiple reoperations, or severe heart failure. Therefore, there is an urgent need to
develop new therapies where regenerative medicine comes into play. The progress
made in stem cell therapy and tissue engineering within the last years is immense;
first clinical trials with TEVGs and TEHVs already show promising results.
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Sean M. Wu and Vahid Serpooshan

Cardiovascular regenerative medicine is an interdisciplinary field that utilizes the
principles of engineering and life sciences to restore the structure and/or function
of damaged or diseased heart. While current cardiovascular tissue and organ trans-
plantation therapies suffer from scarce donor supply and various immune system
complications [1], regenerative medicine approaches have enabled bypassing some
of these obstacles and heal or replace tissues damaged by acquired or congenital
disease [2, 3]. A broad range of regenerative strategies are currently being investi-
gated in preclinical and clinical stages [3]. These methods can be classified to (a)
the use of exogenous materials (e.g., scaffolds or cardiac patch systems [4]) and/
or cells [5] to replace or salvage the damaged tissue structure and function and (b)
leveraging the body’s endogenous regenerative mechanisms [6, 7], although adult
human heart possesses markedly restricted regenerative capacity. In many cases, a
combination of these mechanisms is involved in healing the damaged tissue (e.g.,
paracrine effects or inducing innate therapeutic responses by implanted patch or
cells) [8].
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A variety of conventional and advanced tissue engineering methods are used to
create cardiac patch systems including cell sheets [9], decellularized tissues [10],
self- or wave-assembly techniques [11], and 3D bioprinting [12]. Although benefi-
cial effects of engineered cardiac patch devices in a variety of in vitro and in vivo
animal studies have been demonstrated, there still remain a number of challenges in
their clinical applications. These challenges include (1) lack of sufficient vascula-
ture in the patch, (2) precise control on the 3D scaffold structure, and (3) inadequate
maturity/functionality of human cardiac muscle cells within engineered constructs
[13, 14]. Additive manufacturing (i.e., 3D (bio)printing) technologies have emerged
as powerful, versatile tools to manufacture 3D cardiac tissue constructs at remark-
ably greater precision, consistency, and reproducibility [14-16]. To date, a variety
of bioprinted cardiovascular tissues/organs have been investigated including vascu-
lature [17], cardiac patches [18, 19], coronary artery stents [20], and cardiac valves
[21]. Despite the significant advances in cardiac tissue bioprinting, significant chal-
lenges remain, including but not limited to the need for large quantity of functional
cardiac muscle cells and the necessity of incorporating functional vasculature in
printed constructs [14]. Further work will be necessary to develop specialized bio-
ink materials with biological and physiochemical properties that are optimized for
cardiac tissue bioprinting [16].

While still in its infancy, the cardiovascular regenerative medicine field has
made notable advances in recent years to enhance future applications to mean-
ingfully regenerate damaged/diseased adult human heart [22, 23]. Efforts to
understand the complexity of adult heart regeneration through basic sciences
and translational studies in fields such as genetics, biomaterials and tissue engi-
neering, nanotechnology, imaging, and cardiac cellular and molecular biology
will pay dividends in the long run [23]. While the potential therapeutic benefits
of many approaches to cardiac regenerative therapies have been examined thus
far, their precise mechanisms of action are often unknown. For instance, while
application of an epicardial patch, laden with the cardiogenic follistatin-like 1
protein, was recently shown to stimulate cardiomyocyte cell cycle re-entry and
division, little is known about the cellular and molecular mechanisms underlying
this regenerative effect [24, 25].

Looking ahead, the role for tissue engineering and regenerative therapy to treat
patients with heart disease must contend and synergize with the large variety of
device therapies that are currently being implemented in patients with cardiovascu-
lar diseases. For instance, while patients with sick sinus syndrome may benefit from
implantation of biological pacemakers that are made from tissue engineered cells
[26], the reliability and efficiency of these cells to maintain pacemaker function
must be greater than that of an electronic pacemaker, which is the current standard
of care [22]. It is expected that the future of regenerative therapies will focus on
a selective number of cardiovascular diseases that are not served well by the cur-
rent devices and treatments (e.g., genetic cardiomyopathies or acute myocardial
infarction) [22]. Thus, economic, practical, and translational considerations must be
more carefully taken into account in the future studies aiming at developing next-
generation cardiovascular regenerative therapies.
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