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ABSTRACT

Cardiovascular diseases, including myocardial infarction (MI), persist as the leading cause of
mortality and morbidity worldwide. The limited regenerative capacity of the myocardium presents
significant challenges specifically for the treatment of MI and, subsequently, heart failure (HF).
Traditional therapeutic approaches mainly rely on limiting the induced damage or the stress of the
remaining viable myocardium through pharmacological regulation of remodeling mechanisms, rather
than replacement or regeneration of the injured tissue. The emerging alternative regenerative
medicine-based approaches have focused on restoring the damaged myocardial tissue with newly
engineered functional and bioinspired tissue units. Cardiac regenerative medicine approaches can be
broadly categorized into three groups: cell-based therapies, scaffold-based cardiac tissue engineering,
and scaffold-free cardiac tissue engineering. Despite significant advancements, however, the clinical
translation of these approaches has been critically hindered by two key obstacles for successful
structural and functional replacement of the damaged myocardium, namely: poor engraftment of
engineered tissue into the damaged cardiac muscle and weak electromechanical coupling of
transplanted cells with the native tissue. To that end, the integration of micro- and nanoscale
technologies along with recent advancements in stem cell technologies have opened new avenues for
engineering of structurally mature and highly functional scaffold-based (SB-CMTs) and scaffold-free
cardiac microtissues (SF-CMTs) with enhanced cellular organization and electromechanical coupling
for the treatment of MI and HF. In this review article, we will present the state-of-the-art approaches

and recent advancements in the engineering of SF-CMTs for myocardial repair.
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1. INTRODUCTION

Around 6.5 million persons in the United States presented heart failure (HF) on 2016, with
several thousand patients on a waiting list to receive a heart transplant!. It is estimated that by 2030
more than 8 million will present with this condition?. Cardiovascular diseases (CVD), including
myocardial infarction (MI), remain a leading cause of mortality and morbidity worldwide,
accounting for over 30% of all human deaths®. MI leads to loss of cardiomyocytes (CMs), which
have limited regenerative capacity, as well as decreased contractility, adverse remodeling of the
myocardium, and ultimately HF4. While age-adjusted CVD-related deaths have declined by about
two-thirds in industrialized nations’ and the rate of acute hospitalization for HF in the US has
declined from 2006 to 2014, the burden of HF remains considerable with 84,000 deaths primarily
due to HF and total estimated cost of $11 billion in 20149,

Cardiac damage can result from various insults such as ischemic (i.e., MI), infectious
(myocarditis), toxic (post-chemotherapy), infiltrative (amyloidosis), valvular (regurgitant or
stenotic lesions) or other causes”. Despite the variety of underlying causes, significant loss of
viable myocardium leads to shared pathogenetic mechanisms involving neurohormonal
dysregulation, hemodynamic overload, cardiac remodeling, abnormal calcium cycling, and
extracellular matrix (ECM) dysfunction® 0. The healthy myocardium presents aligned fibers (Fig.
1A(i), B(i)); however, after MI, the heart undergoes an inflammatory stage, characterized by the
presence of immune cell infiltration and the formation of granulation tissue (Fig. 1A(ii), B(ii)).
Later, the resolution of the inflammatory stage leads to collagen deposition by myofibroblasts,
resulting in thin hypocellular fibrotic tissue (Fig. 1A(iii), B(iii))!"-!>. The loss of viable CMs, in
addition to the subsequent formation of fibrotic/scar tissue, leads to critical complications after
MIB, such as loss of mechanical contraction, which is often measured through the left ventricle
(LV) EF (LVEF)!'“. Due to the extremely low renewal rate of CMs in the heart!5, CMs are not able
to repopulate the damaged tissue in a timely manner to restore the normal function, leading to
persistence and expansion of the non-compliant damaged tissue'®. A small population of
multipotent stem cells, referred to as cardiac progenitor cells (CPCs), has been recently discovered
to reside in the heart. However, the role of CPCs in the functional regeneration of the myocardium
is still not clear and remains a controversial subject. It is believed that the primary function of
CPCs lies in paracrine signaling rather than proliferation and repopulation of damaged cardiac

tissue!7-19.
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Current pharmacologic therapy approaches rely on relieving the hemodynamic burden
(afterload and preload reduction) to reduce stress on the remaining functional myocardium and
modulating neurohormonal pathways that are triggered to compensate for reduced myocardial
function?’. Three classes of drugs, including angiotensin-converting enzyme inhibitors/angiotensin
II receptor blockers, aldosterone antagonists, and B-adrenergic blockers, as well as the implantation
of internal cardioverter defibrillation and cardiac resynchronization therapy, have been shown to
improve survival in patients with HF with reduced ejection fraction'®. However, these approaches,
while improving the function of the remaining viable myocardium and slowing adverse myocardial
remodeling, do not replace the damaged myocardium. If pharmacologic therapy fails, heart
transplantation or implantation of mechanical left ventricular assist device (LVAD) are treatment
options of last resort. However, these approaches are still limited by an inadequate number of
organ donors and potential complications derived from surgical procedures?!. For instance, it has
been demonstrated that LVAD promotes pathophysiological changes in the ECM of the
myocardium by increasing collagen cross-linking and tissue stiffness (i.e., fibrosis), leading to
inadequate contractility??. Additionally, the introduction of allograft organs elicits an immunologic
response that can lead to acute rejection of the transplanted heart. To reduce this response, heart-
transplanted patients undergo immunosuppression therapies; however, these therapies often lead
to chronic side-effects?3.

The field of cardiac regenerative medicine has surged in the past decade as a potentially
powerful alternative approach, to the current pharmacological and surgical interventions, for
treatment of MI and HF. The focus of cardiac regenerative medicine, and the strategies derived
from it, is the repair and regeneration of the damaged myocardium upon MI to regain heart function
and avoid the side effects and complications of traditional therapies. Despite significant
advancements, there are still numerous challenges facing cardiac regenerative medicine such as
notable loss of implanted cell, poor cellular survival and coupling, and lack of
integration/engraftment of the engineered tissues with the host myocardium. To that end,
innovative regenerative medicine approaches are still emerging based on the advancements of stem
cell bioengineering, and micro- and nanoscale technologies, to address these critical shortcomings
(Fig. 2). In this review article, we broadly highlight different approaches in cardiac regenerative
medicine, discuss their advantages and shortcomings, and present how the challenges of traditional

and conventional therapies could be overcome. We will then specifically explore different methods
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and materials used for the development of scaffold-free cardiac microtissues (SF-CMTs) and discuss
their promising potential for myocardial repair and regeneration. We will further review the
integration of nanomaterials with SF-CMTs, present commonly used materials, and evaluate specific
study cases. Lastly, we will address the remaining challenges of SF-CMTs application and provide

our prospective for future advancements in this field.

2. CELL-BASED CARDIAC THERAPY

Recent therapeutic approaches for the treatment of MI and chronic HF are based on
recellularizing of the myocardium and eliciting the repairment and regeneration of the injured
tissue?*. The most straightforward techniques are based on bolus injection of either dissociated
stem/progenitor or terminally differentiated cells through various delivery routes such as
intracoronary and intramyocardial injections?’. Cell-based cardiac therapy aims to elicit the self-
regeneration of the heart by introducing paracrine signaling cues and repopulating the damaged
tissue with new healthy cells in order to improve the overall function and structural integrity of the
myocardium?®. The selection of target cells from different sources is based on two main
parameters: first, the potential for the cells to recellularize the damaged myocardium based on their
proliferative and differentiation capacity; and second, their availability and abundance for
harvesting and expansion in vitro*’. To date, stem and progenitor cells have been widely utilized
for cell-based cardiac therapies due to their self-renewal capabilities and their potential to
differentiate into cardiac lineages. Different sources have been used to obtain these cells with
varying degrees of success?®. Some of the most widely utilized cells for cardiac regeneration are
mesenchymal stem cells (MSCs), CPCs, embryonic stem cells (ESCs), and more recently, induced
pluripotent stem cells (iPSCs). A comprehensive review of stem cell-based cardiac therapy for the
treatment of MI and HF has been completed elsewhere?®. Herein, we briefly present representative
studies of relevance for the field.

Adipose tissue has been identified as a viable source of MSCs due to its accessibility and ease
of harvesting®*3!. Additionally, bone marrow (BM) has also been proposed as a suitable source of
autograft MSCs for cell-based cardiac therapy. For instance, the therapeutic effect of these cells
was evaluated in a study involving sixty-nine randomized patients with acute MI who received
autologous intracoronary transplantation of BM-MSCs or saline solution®?. The investigators

demonstrated that, three months after injection, the implanted BM-MSCs were viable and
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engrafted with the host myocardium. Cardiac function was improved in the group that received
the BM-MSCs, measured by increased ejection fraction (EF) and decreased perfusion defects.
However, the final differentiation stage and the detailed mechanism in the improvement of cardiac
function by the implanted BM-MSCs were not elucidated in this study. Therefore, more in-depth
mechanistic studies are necessary to understand better the role of these cells in improved clinical
outcomes.

Cardiac tissue has also been proposed as a source for resident cardiac stem cells. For instance,
CADUCEUS was a phase 1 clinical trial involving the delivery of autologous CPCs through
intracoronary infusion after MI33. CPCs were extracted from an endomyocardial biopsy and
injected into the myocardium 1.5-3 months after MI. The patients were observed for six months
post-procedure, and no functional improvements were noted upon treatment. However, a
significant reduction in scar mass, as well as a significant increase in viable heart tissue, were
observed in comparison to the control group. Despite the significance of these studies, sourcing of
stem cells from primary adult tissues presents technical challenges?4, such as the harvesting of the
sufficient cells and preparation of the cells prior to their implantation.

Pluripotent stem cells have also been proposed as an alternative and powerful source of cells
for cardiac therapy, with extensive studies demonstrating the great potential of these cells for organ
regeneration in clinical trials3>-*¢. Protocols for in vitro differentiation of ESCs towards CMs have
been developed?” and optimized?8, and have enabled the use of human ESCs-derived CMs (hESC-
CMs) for myocardial replacement therapy. For instance, in a recent work, the feasibility for using
hESC-CMs in cardiac therapy was tested in non-human primate models of MI*°. hRESC-CMs were
delivered intramyocardially in the infarct and border zones. The explanted hearts that received the
cell treatment showed extensive remuscularization, denoted by the presence of human cells in the
infarct zone. Moreover, there was evidence of the formation of nascent intercalated disks,
suggesting host-graft electromechanical coupling. However, the specimens that received cellular
transplantation showed arrhythmias, most likely due to the immature state of the hESC-CMs. A
similar study from a different group found that, due to the remuscularization of the myocardium
injected by hESC-CMs, the mechanical function of the heart was improved (increased LVEF)*,
Overall, hESC-CMs are a promising alternative for cardiac cell-based therapies; however, more
understanding of the mechanisms leading to arrhythmia is needed. In addition, ethical issues

associated with the use of hRESCs have limited the potential of these cells for cardiac therapy.

Page 6 of 45



Page 7 of 45

Journal of Materials Chemistry B

The successful reprogramming of human somatic cells into induced pluripotent stem cells
(hiPSCs) in 20074142 opened a unique window of opportunity for cell-based regenerative therapies.
The possibility of obtaining hiPSCs without the ethical and technical challenges of sourcing them
has led to extensive investigations of their potential, specifically for heart regeneration. There have
been several advancements in directed differentiation protocols of hiPSC-CMs in vitro since the
establishment of the first protocol in 20094, Since then, several methods have been tested and
optimized to increase the production yield of CMs and other cardiac-associated cells without the
technical and ethical issues as well as accessibility limitations associated with the use of primary
ESC-CMs. Differentiation of hiPSC toward cardiac lineage often requires a purification stage to
increase the yield of produced CMs. This purification step has been particularly critical, as it is
well accepted that differentiation protocols could also produce other cell types such as fibroblasts
or endothelial cells (ECs)*. The potential of hiPSC-CMs for cardiac repairment has started to be
explored in a recent reported clinical trial. This study involved direct injection of allogenic hiPSC-
CMs in the myocardium of patients with severe LV disfunction and MI history, at the same time
of a coronary artery bypass grafting surgery (ClinicalTrials.gov Identifier: NCT03763136:
Treating Heart Failure With hPSC-CMs (HEAL-CHF))*. Despite promising efforts, the study is
still ongoing, and no peer-reviewed results have been published to the date. To that end, more

studies are needed in order to evaluate the efficacy of hiPSC-CM in cardiac therapy.

2.1. Challenges of Cell-Based Cardiac Therapy

As discussed earlier, injection of dissociated cells in preclinical studies and clinical trials has
demonstrated modest improvement in overall cardiac function, attributed mainly to the paracrine
communication of the implanted cells with the native host tissue. For instance, the secretion of
angiogenic factors and extracellular vesicles within the native tissue have shown to induce
neovascularization within the implanted zones*®. To that end, despite significant advancements,
there are still several setbacks regarding cell-based cardiac therapy approaches. First, there is no
consensus over the optimal cell type or delivery method to be used since the outcome could be
widely influenced by the cell type, the stage of the MI, etc.’. Additionally, there is a lack of control
over the differentiation fate of the stem/progenitor cells upon implantation, as the harsh
microenvironment within the infarcted myocardium appears not to favor CM fate?’ (e.g.,

endothelial fate is favored in the native myocardium).
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Furthermore, engraftment in non-target organs has been reported by several authors®.
Therefore, more thorough screenings are necessary to discard teratogenic risks*. Additionally, one
of the main differences between clinical trials and preclinical studies is the time elapsed between
MI and cell injection. In general, for animal models, the extraction, purification, and expansion or
differentiation of stem cells are performed before induction of MI, where the cells are injected
within a timeframe of a few hours. However, in the case of human patients, it can take several
weeks from the extraction of the primary tissue to the final expansion of stem cells, where it has
been suggested that the time immediately after MI might be a critical window of opportunity to
obtain an efficient outcome3?°0. It is also well accepted that the recellularization of damaged tissue
is dependent on the extent of the scar or fibrotic area. Yet, there is no consensus on the number of
cells necessary for injection. In clinical settings, this proves to be more challenging to optimize
and standardize since each case presents different localization and extent of damage, contrary to
the preclinical models, where the extent and type of cardiac injury are precisely controlled
following well-defined protocols. Ultimately, the issue of controlling stem cell fate in vivo has led
researchers to differentiate stem cells into cardiac lineage in vitro, then evaluate the efficacy of
implanted stem cell-derived cells for their therapeutic potential. The use of autograft hiPSCs or
hiPSC-derived cells for regenerative cardiac therapy may potentially reduce the risk of
incompatibility and immune reaction upon cellular or tissue implantation as compared to other
cells’!. However, it is known that one of the main disadvantages of using either hiPSC- or hESC-
CMs for regenerative medicine is their relatively immature phenotype, resembling more a fetal
state than an adult phenotype®?, characterized by poor development of sarcomeric apparatus>,
smaller size than adult CMs, and inadequate electrophysiological activity (Ca?* handling and
action potential)’>. The immature profile of hiPSC- or hESC-CMs may also lead to several
complications after implantation due to the failure of engraftment and synchronization with the
native tissue. In addition, there have been some reports discussing the potential risk of tumor
formation upon injection of stem cell-derived cells’*. To address these limitations, tissue
engineering approaches have been widely investigated for the development of mature cellular
aggregates or tissue surrogates for repair and regeneration of damaged myocardium. In the next
section, we discuss tissue engineering technologies, highlighting the advantages and disadvantages

of each approach, with a particular focus on scaffold-free strategies.
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3. MICROSCALE TISSUE ENGINEERING FOR CARDIAC REGENERATION

Tissue engineering approaches have emerged in the past decades to develop functional cellular
structures in vitro that can be readily integrated into the host myocardium as a potentially powerful
alternatives strategy for the treatment of MI>°. While early attempts focused on engineering of
macroscale tissue constructs, the advancements in microscale technologies (i.e.,
microengineering) in the past few years have provided a unique ability to develop biomimetic
tissue models with native-like properties and cellular/ECM organization for regenerative medicine
and disease modeling applications (e.g. cancer) %92, The use of microengineering technologies for
cardiac disease modeling and drug screening, in recent years, has been demonstrated and discussed
extensively 3% 6366, The scope of the current manuscript is to provide a review on microscale
engineered cardiac tissues or, in other words, engineering “cardiac microtissues” (CMTs) for
myocardial replacement therapy. A microtissue can be broadly defined as an engineered 3D
biological structure within the micrometer range, which is formed by the functional aggregation
of one or more cell types. Assembly of microtissues may or may not be supported by natural or
synthetic biomaterials, such as ECM proteins and hydrogels®’. Engineered microtissues can be
generally categorized into two different groups: scaffold-based and scaffold-free microtissues. The
3D environment within the engineered microtissues provides a natural niche for cellular assembly
with enhanced cell-cell interactions, physiologically relevant autocrine and paracrine signaling, as
well as an improved function that mimic the in vivo conditions®®. A key advantage in utilizing
microscale technologies for engineering cardiac tissues is the induction of precise cellular
organization and architecture, often in conjunction with modulated electromechanical cues®.
Particularly, in the native heart, the structural anisotropy and architecture of the myocardium are
as critical as the cellular and ECM composition of the tissue, which modulate normal tissue-level
homeostasis and function. This 3D cellular organization is paramount to produce synchronized
and unidirectional contractions. Conversely, cell misalignment has been linked to disruption of
tissue homeostasis and emergence of several cardiovascular diseases’®’!. To that end, tissue
engineering and specifically microscale tissue engineering approaches provide more robust
methods to precisely modulate cellular and tissue-level structure and function to address

limitations of the cell-based cardiac therapies.
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3.1.0ptimized Cell Culture for Engineering of Cardiac Microtissues (CMTs)

Although numerous cell types have been used to engineer CMTs, not all cells are suitable
for the use in cardiac regeneration to achieve the desired function and structural outcomes. The
use of donor primary stem cells, such as those extracted from BM, adipose tissue, or cardiac
muscle, represents a significant challenge due to the need for extensive in vitro expansion
procedures. The use of ESCs also raises ethical concerns’. To that end, in recent years, there has
been significant attention toward the use of hiPSC in cardiovascular regeneration, similar to cell-
based cardiac therapy. Different strategies thus far have been proposed to improve the maturation
state of hiPSC-CMs for their use in engineering of functional CMTs. These approaches have aimed
to mimic the microenvironment of the heart by introducing specific cues to the cell culture, which
has been thoroughly reviewed by several authors’3-76, Evaluation of the maturation state of hiPSC-
CMs is not trivial, and different markers have been utilized to determine their maturity level.
Functional maturation has been traditionally defined by three principal factors: a) structural
features, as measured by increased cell size, elongated morphology’’, organization of sarcomeric
structures’®, and upregulation of cellular ultrastructure-related genes (MYH7, GJA1, TNNI3,
AKAP6, GJA5, JPH2)”; b) enhanced electrophysiological properties, such as increased action
potential amplitude, lower resting membrane potential, and increased conduction velocity’”? and
Ca?" handling (increased calcium release and reuptake rates)’’ along with upregulation of Ca?*
handling genes (CAV3, BIN1, ATP2A2, RYR2, ITPR3)”; and finally ¢) increased mechanical
function, measured through higher contraction force®® when compared to fetal-state CMs along
with regulation of contractile function-related genes, such as upregulation of the ones encoding for
c¢TnT, aMHC, CASQ2, SERCA2%!, ITPR3, KCNH2 and downregulation of HCN47. At the
molecular level, metabolic changes and regulation of genetic programs have also been among the
critical markers of hiPSC-CMs maturation. For example, a shift from glycolytic to oxidative
metabolism is a marker for metabolic maturation, which indicates an increase in the oxidative
capacity of the mitochondria®?#3. This better resembles the energy sourcing and utilization of CMs
in the native myocardium after birth. Other metabolic markers, including the enrichment of
phospholipid metabolism and pantothenate and Coenzyme A metabolism, have been also
identified as indicators of maturation®4.

It has been reported that the presence of a 3D microenvironment within engineered CMTs

can notably improve the structural and functional maturation of hiPSC-CMs. For example, in a

10
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recent study, Correia et al. characterized and compared the metabolic function of hiPSC-CMs
cultured in 3D cell aggregates compared to 2D cell culture®?. hiPSC-CMs cultured within the 3D
environment shifted towards an oxidative metabolism, whereas 2D cultured cells exhibited
glycolytic metabolism, which is less energy-efficient and is associated with a more immature
phenotype. Electrophysiological properties, as defined through extended action potential duration,
were also improved in the 3D cell aggregates. While the complete mechanism of metabolic
regulation has not been well understood yet, it was suggested that 3D cell culture favors the
paracrine, autocrine, and endocrine communication. Therefore, it was proposed that maturation of
hiPSC-CMs was driven by downregulation of the PI3K/AKT/insulin pathway and upregulation of
genes involved in fatty acid metabolism. A combination of maturation-inducing techniques has
been another viable strategy to enhance the maturation of hiPSC-CMs, similar to the native
myocardium. A prominent example is the Biowire platform created by Nunes et al., which
combined the use of two different scaffolds, namely a surgical suture and type I collagen matrix,
along with electrical stimulation to improve the functional maturation of hiPSC-CMs®’. Using this
platform, the electrophysiological features of the hiPSC-CMs improved, resembling more closely
the characteristics of the native adult CMs.

Overall, it is paramount to utilize strategies to induce a more mature phenotype in hiPSC-
CMs within engineered CMTs to enable safer and more efficient engraftment as well as

synchronization upon implantation or injection into the native myocardium.

3.2. Engineering Scaffold-Based Cardiac Microtissues (SB-CMTs)

Engineering of SB-CMTs requires at least two primary components: first, a biomaterial
matrix that serves as scaffolding support and offers a 3D ECM-like structure within the engineered
tissues, and second, cells of interest to populate within the 3D environment of the matrix. The use
of scaffolding biomaterials for the creation of engineered CMTs serves several purposes.
Primarily, the scaffold matrix could mimic the native tissue ECM, offering mechanical support for
the cells to undergo morphogenesis and assemble in a 3D architecture. Integrated architectural and
topographical cues can also be introduced within the engineered scaffolds®*-®8. For example,
anisotropy in engineered CMTs enables enhanced CMs alignment, contractile stress generation,
and improved electrophysiological functions®’. It has been also demonstrated that scaffold stiffness

plays a crucial role in the biological function and metabolism of encapsulated cells in general®®
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and particularly CMs. Independent studies have shown that, when encapsulating CMs or CPCs,
the amplitude of contraction and expression of specific genes (e.g., VWF and CNNI1 in case of
CPCs) can be modulated by changes in the stiffness of the scaffolding matrix®'-%4. Biochemical
signaling cues have also been introduced to SB-CMTs through modification of the chemical
moieties and composition of scaffolds® % or incorporation of growth factors®’. Recently, it was
demonstrated that cellular constructs fabricated with varying types of cells, for instance hESC-
derived CMs in coculture with hESC-derived epicardial cells, embedded in collagen matrices,
present a more mature state and improved capacity for remuscularization of infarcted
myocardium®®. Additional components, such as vascular-like structures®®!% can also be integrated
within the SB-CMTs through different fabrication strategies (e.g., bioprinting, micropatterning)*®.
The use of scaffolding biomaterials also enables precise manipulation of electrical or mechanical
cues within the 3D tissue environment through exogenous signals, such as conductive
nanomaterials or cyclic mechanical stretch, for improved cellular- and tissue-level functions 8> %
101-106.

To date, several natural and synthetic materials have been identified as biocompatible
candidates for cardiac tissue engineering®®. For example, fibrin'?’ and collagen'®® have been
among the natural-derived hydrogels used for the development of SB-CMTs construction. Some
of the frequently used synthetic polymers for cardiovascular tissue engineering poly(N-
isopropylacrylamide) (poly(NIPAAm)!%-112 are polylactic acid (PLA), polyglycolic acid (PGA),
poly(glycerol sebacate) (PGS), among others'!3. There has also been extensive work in the
development of composite!!'4, electrospun!!> 116, and nanoengineered'% 117 scaffolds with well-
tuned mechanical and electrical properties to engineer highly functional SB-CMTs. While there
have been numerous review articles providing excellent overviews on the types and characteristics
of scaffolding biomaterials for cardiac tissue engineering, the subject of SB-CMTs is out of the

scope of the present review article, and the readers are referred to earlier works!!8,

3.2.1. Challenges of Scaffold-Based Cardiac Tissue Engineering

The use of scaffolding biomaterials, in cardiac tissue engineering, offers a robust strategy for
cellular delivery and engraftment of the engineered tissue with the host myocardium. Moreover, it
has been observed in preclinical trials that the implantation of SB-CMTs (i.e., cardiac patches) can

have paracrine effects in the myocardium, that could lead to angiogenesis and reduced infarct

12
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size'!®. However, the delivery method of SB-CMTs to the target site within the host myocardium
is subjected to factors such as the size and geometry of the tissue. Generally, SB-CMTs are
constructed in the form of patches or sheets and are implanted in the heart via thoracotomy, which
is a highly invasive surgery. Moreover, there is no agreement on the optimal implantation location
of patches!?®, Furthermore, engineering of SB-CMTs that are compatible with the host
myocardium and its complex microenvironment is not a trivial task. It is well known that the
stiffness of the myocardium can change according to the developmental stage, age, and stage of
the cardiac disease of the patient. While immature hiPSC-CMs adapt better to scaffolds resembling
the neonatal stiffness of the heart, the performance of SB-CMTs may benefit from a well-tuned
stiffness similar to the one of the adult heart'?!. Cell behavior is also heavily influenced by the
mechanical properties (stiffness, swelling, cross-link density) of the scaffolding matrix, causing
the cells to behave differently as compared to the native tissues!??124, Degradation of scaffolding
biomaterials may also pose another challenge in the implantation of SB-CMTs. For instance, a
delicate balance between degradation rate and cellular interconnection and deposition of new ECM
needs to be achieved. If the scaffold degrades too quickly, the delivered cells will not have the
opportunity to form sufficient cell-to-cell and cell-to-ECM interactions to support their
engraftment. On the other hand, if the scaffold does not degrade fast enough, it can elicit a foreign
body reaction and fibrotic encapsulation'?. In either case, there is a need for better optimization
of a suitable degradation rate of the matrix. Also, it has been reported that ECM-derived scaffolds
may exhibit immunogenic activity'?6 and elicit immune response (chronic inflammation, implant
rejection) within the native tissue upon implantation. To that end, the clearance pathways and
potential toxicity of the degradation byproducts need to be well studied prior to proceeding clinical

trials.
4. SCAFFOLD-FREE CARDIAC TISSUE ENGINEERING

With the advancements in innovative tissue engineering strategies aided by micro- and
nanoscale technologies, engineering of scaffold-free cardiac microtissues (SF-CMTs) have been
proposed as a potentially attractive alternative to bridge the existing gap between cell-based
cardiac therapy and scaffold-based tissue engineering approaches. Engineering of SF-CMTs offers
the robustness and enhanced organization of SB-CMTs with the potential for less-invasive delivery

methods, similar to cell-based cardiac therapies!?’, without the introduction of exogenous

13



Journal of Materials Chemistry B

biomaterials. SF-CMTs can range from basic self-assembled spheroid cell aggregates, formed
exclusively from primary CMs or stem cell-derived cells!?® 12 to more complex organoid
structures composed of different cell types, such as CMs, cardiac fibroblasts (CFs), ECs, and even
CPCs'3%-132 Tn addition, through the incorporation of microengineering technologies, it has been
possible to precisely control the architecture, cellular organization, and size/geometry of SF-
CMTs. In the following sections, we discuss the relevant properties and features of SF-CMTs as
well as the main fabrication strategies and will highlight the key study cases in the engineering of

SF-CMTs for cardiac repair.

4.1. Size and geometry

It is well accepted that a gradient of oxygen and nutrients is formed within engineered
tissue constructs due to the lack of proper vascularization and packing cellular density!33. Induction
of hypoxic or necrotic cores is desirable for disease modeling (i.e., MI, ischemia, etc.) and drug
screening!34. However, in the case of regenerative medicine, microtissues, and specifically SF-
CMTs, must be engineered carefully to maintain cell viability to allow for engraftment and survival
after implantation within the host myocardium. Different mathematical models have been
developed in order to predict and optimize the best size-to-diffusion limit ratio of microtissues and
organoids'33-137, Still, that ratio might vary according to the metabolic demands of the various cell
types used for the fabrication of SF-CMTs. For instance, it has been reported that hiPSC-CMs
cultured in 3D microenvironments have a higher metabolic rate than in 2D cultures'®8. As a
consequence, higher concentrations of oxygen and nutrients, as well as a higher waste product
removal are required®!3°. In order to elucidate the optimal size for enhanced cell-to-cell
interactions and diffusion limitations, Tan et al. constructed hiPSC-CMs spheroids of varying sizes
and measured oxygen consumption rates, and their metabolic and electrophysiological activity!38.
It was demonstrated that spheroids with a radius of ~150um (about 3000 cells/spheroid) presented
the optimal metabolic activity while maximizing the benefits from the 3D microenvironment
created within the microtissue.

The introduction of ECs has been proposed as an alternative to overcome the diffusion
restriction in order to produce SF-CMTs with physiologically relevant sizes. The goal is to form
vasculature-like structures within the microtissues that can carry oxygen and nutrients to the inner-

most areas, allowing for the formation of larger, healthier scaffold-free tissues'4%-142, In a recent
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study, Pitaktong et al. fabricated spherical SF-CMTs with hiPSC-CMs, CFs, and hiPSC-derived
early vascular cells (EVCs) (which can differentiate into ECs or pericytes) in a ratio of 7:1.5:1.5
respectively!*3. Spheroids with diameters up to 500um were viable and exhibited organized
vasculature-like structures. In addition to enhanced cell organization and primitive
microvasculature, it was believed that the presence of ECs and CFs increased the resistance of the
CMs to hypoxic conditions via paracrine signaling. Similarly, Beauchamp et al. created scaffold-
free 3D cocultures of hiPSC-CMs and primary embryonic CFs'#* (Fig. 3A(i-ii)) to elucidate the
influence and role of CFs in the formation of SF-CMTs. It was found that the presence of CFs in
the 3D coculture influenced the morphology (elongated) and maturation stage (higher expression
of cTnl) of the hiPSC-CMs, making them more similar to adult CMs. Noguchi et al. also proposed
the use of ECs and fibroblasts to create vascularized scaffold-free cardiac patches!*?. For this
purpose, they used neonatal rat CMs, human ECs, and human fibroblasts to create spheroids (Fig.
3B(i)). Vasculature formation was observed within the spheroids, which were further assembled
to form cardiac patches of up to 10 mm of diameter (Fig. 3B(ii-vi)). It was reported that the ratio
of CMs:ECs:CFs affects the functionality of SF-CMTs, with an optimal cellular ratio of 7:1.5:1.5
(CMs:ECs:CFs). Fractional shortening (FS) was directly proportional to the percentage of CMs in
the spheroid, with a higher FS in pure CM-derived SF-CMTs when compared to multicellular SF-
CMTs. However, multicellular constructs displayed enhanced cell organization and functioning
microvascular structures. When implanted in mouse hearts, the optimized multicellular SF-CMTs
successfully adhered to the native LV with the presence of blood flow within the microtissues.
They concluded that the SF-CMTs displayed enhanced properties with potential for
recellularization and repairment of the heart. Similarly, Ong et al. created scaffold-free cardiac
patches using multicellular (hiPSC-CMS, CFs, and ECs) cardiac spheroids as building blocks
through 3D bioprinting technique'®. Primitive vessels (CD31* structures) were found, and
implantation onto rat hearts suggested engraftment and vascularization (erythrocytes found in the
explanted patch). Overall, these studies demonstrated that the introduction of ECs and CFs in SF-
CMTs favors the formation of vascular structures and facilitates the fabrication of cellular
constructs with increased sizes.

Other alternatives for enhanced size and tissue vascularization are based on the creation of
SF-CMTs with geometries that favor cellular distribution over two dimensions and limit it over

the third dimension, resulting in sheet-like constructs'#. Since the thickness of these constructs
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does not exceed the diffusion limits (~20um), the cells remain viable. For instance, Okano’s group
demonstrated that sheet-like SF-CMTs, formed with CMs and ECs (ratio 9:1), expressed
angiogenesis-related genes (vascular endothelial growth factor (VEGF), cyclooxygenase, tyrosine
kinase, angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2))!4’. Histological analysis further
revealed neovascular networks that were maintained and engrafted with the native myocardial
tissue upon implantation. The contribution of the cell sheets to neovascularization of the native
mouse heart was observed after implantation. Thus, the inclusion of non-CMs in the fabrication of
SF-CMTs has proven beneficial as they can help induce neovascularization, paracrine crosstalk

with CMs, as well as help to overcome size limitations and engraftment issues.

4.2. Cell composition and fabrication methods of SF-CMTs

There have been mainly two approaches to the fabrication of SF-CMTs. The first is based
on guided self-aggregation of terminally differentiated cells, and the second requires the formation
of stem cell aggregates and further differentiation into cardiac cells. In either case, the formation
of self-assembled cellular aggregates is believed to be driven by thermodynamic processes. In
particular, cell culture conditions for the production of SF-CMTs are required to achieve a balance
such that the interfacial tensions and adhesion forces between the cells are smaller than those of
the cells with the substrate; therefore, the cells are forced to attach between them and arrange in a
manner that minimizes the free energy of the system'¥%. The availability of adhesion proteins
(connexins and cadherins) on the cell surface also plays an important role in minimizing the free
energy of the system3* 4% In 1971, Halbert et al. reported for the first time that primary CMs have
the potential to form self-assembled cell aggregates when cultured on non-adhesive polystyrene
surfaces!*’. Since then, several methods have been proposed based on those principles.

One of the early methods utilized for scaffold-free cell culture was the hanging drop
technique. The basic principle behind this method consists of placing a cell suspension in a cover
glass and inverting it'*°. By doing so, the superficial tension allows for the liquid of the cell
suspension to hang from the cover glass. At the same time, gravity forces the cells to gather at the
bottom of the droplet, promoting cell-to-cell adhesions and deposition of ECM proteins. For the
specific case of cardiac tissue engineering, SF-CMTs can be formed using only CMs or cocultures
of CMs with other cell types!3!. To date, more sophisticated mechanisms have been developed to

allow high-throughput and prolonged culture periods!3?!53. Sectioning of these SF-CMTs and
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further staining enables for the identification of cell types and their distribution within the CMT.
Usually, a homogeneous cellular distribution can be found when using terminally differentiated
cells. In addition, the deposition of ECM proteins can be confirmed in these spheroids. Beauchamp
et al. created cardiac spheroids from hiPSC-CMs with varying sizes (2500, 5000, and 10000
cells/spheroid) using the hanging drop cell culture approach!>*. After three weeks in culture,
sectioning, and immunostaining for cardiac-relevant proteins (Cx43, myomesin), and a Ca?"
handling assay were performed to evaluate the viability and electrophysiological function of the
formed SF-CMTs. A homogeneous cell distribution with partially aligned myofibrils was
demonstrated, with the cells presenting rounded morphology, reminiscent of those found in the
fetal heart. Despite the rounded morphology, the developed SF-CMTs were responsive to
pharmacological and electrical stimulations, measured through Ca?* transients. Therefore, they
confirmed that it is possible to form cell aggregates from hiPSC-CMs, using the hanging drop
method, that respond to exogenous stimuli, rendering this technique a promising approach for the
fabrication of SF-CMTs. However, the use of this method presents some disadvantages, for
example, changing the culture media and collecting the SF-CMTs can be troublesome due to the
small volume of the samples'>, as well as the obstacle of enhancing CM maturation state.
Microengineered platforms have widely been utilized or designed as a more modern and
innovative approach for the development of SF-CMTs in order to overcome some of the challenges
of more traditional methods such as hanging drop technique!®. Microfabrication techniques would
specifically enable controlled cellular aggregation, uniform size, and geometry of SF-CMTs and
continuous media change. Such fabrication methods have permitted the creation of microscale
features, such as microwells, with high fidelity and reproducibility to generate SF-CMTs in a high
throughput manner!6. For example, Cha et al. utilized photolithography and soft lithography
methods to create cylindrical microwells with inverted-pyramidal openings!>’. They created a
silicon (Si) master mold through a series of etching steps. Then, polydimethylsiloxane (PDMS)
was used to create a negative replica of the Si master mold, which was in turn used as a stamp over
polyethylene glycol (PEG) hydrogel to cast the final microwell array. Human MSCs were seeded
at a density of 2x10° to 6x10° cells/array to test the feasibility of the platform. Uniform-sized
spheroids with diameters ranging from 100 to 180 um were created, depending on the cellular
seeding density. This platform offered a simple method for the creation of spheroids with highly

controlled cell number and size. Other similar approaches based on soft-lithography were also

17



Journal of Materials Chemistry B

implemented by casting agarose hydrogel using elastomeric stamps or molds'>®!%°. The low
cellular adhesion to the agarose surface enables self-cellular aggregation, inducing cell-to-cell
adhesions for the formation of cellular constructs. Additionally, the high fidelity of agarose casting
(down to micrometer scale) allows for the precise creation of microwells of varying shapes and
sizes.

Agarose and other hydrogels (i.e., methylcellulose hydrogel) have been alternatively used
for coating cell culture plates, producing ultra-low adhesion surfaces for inducing cell aggregation.
It is also feasible to induce self-aggregation and form SF-CMTs using polystyrene culture dishes.
For instance, Giacomelli et al. seeded hiPSC-CMs and hiPSC-derived ECs (CD34") on conical 96-
well plates in order to fabricate complex multicellular SF-CMTs!'®. They used different ratios of
hiPSC-CMs:ECs to evaluate the optimal composition. It was found that the composition that led
to the best organization and distribution of the CD34* was 85%:15% (of hiPSC-CMs:ECs,
respectively) (Fig. 4A(i-ii)). Further qRT-PCR analysis of hiPSC-CMs:ECs SF-CMTs showed
significant changes in expression of genes relevant for the cardiac function, specifically, the
upregulation of sarcomeric structural genes, ion-channel genes, and Ca?" handling genes, as
compared to the 2D culture of hiPSC-CMs. In a more recent study by the same group, isogenic
hiPSC-derived CMs, CFs and ECs were used to form tri-cellular SF-CMTs!!. It was demonstrated
that the inclusion of hiPSC-CFs improved the maturation of the hiPSC-CMs (enhanced cellular
structures, mitochondrial metabolism, and electrophysiological features), through the cellular
coupling mediated by gap junctions between the hiPSC-CMs and hiPSC-CFs and tri-cellular
crosstalk. These results confirmed that the coculture of cells can enhance features relevant for SF-
CMTs. In a similar fashion, Ravenscroft et al. formed spheroids composed of hiPSC-CMs and
non-myocyte cells (dermal ECs, coronary artery ECs, and CFs) using round bottom ultra-low
adhesion plates (Fig 4B(i-vi))!%2. They assessed the contribution of non-myocytes to the state of
maturation of both hESC-CMs and hiPSC-CMs cultured in SF-CMTs. Cardiac-marker
immunostaining of SF-CMTs revealed enhanced striations in the CMs cocultured with ECs and
CFs (Fig.4B(iv)). Significantly increased expression of SI00A1 and TCAP (markers for sarcomere
assembly), PDE3A and KCND3 (markers for cardiovascular function), and NOS3 (nitric oxide
production) were found in multicellular SF-CMTs, suggesting crosstalk between non-myocytes

and hiPSC-CMs. Also, higher amplitude Ca?" transients and improved caffeine response was
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found in multicellular SF-CMTs when compared to SF-CMTs composed of monoculture of CMs.
However, CMs in the multicellular SF-CMTs still lacked structural maturity.

A different approach for the fabrication of SF-CMTs involves the use of a temperature-
responsive polymer, namely poly(N-isopropyl acrylamide) (PIPAAmM)!. In a relevant work by
Okano’s group, PIPAAm was used for coating polystyrene culture dishes to create a surface that
was slightly hydrophobic and promoted cell adhesion at 37°C but reversed to hydrophilic and non-
adhesive at 20°C!%* (Fig. 5A(i)). When MSCs were seeded on these surfaces, they formed cell-to-
cell adhesions and coupling, resulting in the formation of scaffold-free microtissues. In a similar
work, Sakaguchi et a.'4! demonstrated that multicellular sheets could be stacked, up to 12-layers,
to form thicker microtissues. When layered, the cell sheets formed networks of vascular capillaries
interspersed between layers. In another study, Chang et al. created multilayered cell sheets formed
with MSCs and transplanted them on the surface of the LV of porcine models!®>. It was
demonstrated that the implanted cell sheets successfully adhered to the host cardiac tissue (Fig.
5(ii-v)). Furthermore, Masumoto et al. demonstrated the possibility to form cardiac cell sheets with
unpurified hiPSC-CMs!%, The engineered hiPSC-CM cell sheets were transplanted to a rat model
of sub-acute MI to test their regenerative capacity, leading to improved systolic function and LV
FS after transplantation. Notably, the implants were able to engraft with the host myocardium,
with an accumulation of vVWF" ECs around the graft, suggesting neovascularization mediated by
the transplanted cells (Fig. SB(i-ii)). These approaches confirmed the efficacy of cell sheets as an
efficient strategy for the fabrication of SF-CMTs with multicellular constructs and controlled size
for cardiac regeneration. However, no direct evidence of electrical coupling has been found
between the SF-CMTs and the host myocardium upon implantation.

SF-CMTs can also be derived from the directed differentiation of embryoid bodies (EBs).
EBs, usually in spherical geometry, are cellular aggregates formed from pluripotent/multipotent
stem cells. EBs were first created for the study of organogenesis and developmental biology, but
later their use was expanded for disease modeling, drug screening, and regenerative
medicine!¢7168, Conventionally, SF-CMTs derived from EBs are referred to as cardiac organoids
as they are composed of multiple types of self-organized cardiac cells that resemble the cell-to-
cell interactions of the native myocardium. Adaptations from 2D cardiac differentiation have been
implemented to form cardiac organoids from EBs. For example, Yan et al. optimized the traditional

GiWi protocol'® (modulation of Wnt/B-catenin canonical signaling pathway) for CM
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differentiation and applied it to EBs formed with hiPSCs in ultra-low adhesion plates'’?. The
spontaneous beating of the organoids was observed upon day ten after initial differentiation, with
enhanced expression of sarcomeric a-actinin (SAC) and mature sarcomeric structures when
compared with 2D hiPSC-CMs. Cells expressing endothelial markers (CD31 and VE-cadherin)
were also found within the organoids, demonstrating the co-differentiation of CMs and ECs in the
3D environment, showing their potential for regenerative medicine due to neovascularization.
Different sizes of EBs led to different cell compositions under the same culture and differentiation
conditions. This suggests that complex cell-to-cell interactions can influence the Wnt signaling
pathway and therefore affect the outcome of 3D differentiation.

The self-organization that occurs within the EBs-derived cardiac organoids has been
widely studied to gain a better understanding of how these SF-CMTs can be used for biomedical
applications. For instance, it was documented by Ma et al. that the introduction of biophysical
(substrate surface patterned and cell confinement) and biochemical (small molecules for directed
differentiation) cues in hiPSC-EBs led to spatial cardiac differentiation!’!. It was observed that the
cells in the center of the SF-CMTs expressed cardiac-specific markers (¢TnT, SAC, and myosin
heavy chain), and the cells in the perimeter expressed myofibroblast markers (SM22, calponin,
and smooth muscle actin) (Fig. 6A(i-ii)). The self-organization characteristics prove useful for the
development of pre-vascularized SF-CMTs, which in turn may enhance performance for MI
treatment!%®, In a different study, Oltolina et al. created EBs using human CPCs (hCPCs) obtained
from patient samples, using methylcellulose-coated culture wells to induce cell clustering and self-
aggregation'’?. Immunostaining of the cell aggregates showed the expression of CPC-related
proteins (F-actin, vimentin, CD44, C90, c-Kit, and Sca-1) and ECM proteins (collagen, laminin,
and fibronectin) (Fig. 6B(i)). Additionally, expression of cardiac proteins (Cx43, GATA-4 and
MEF2C) (Fig. 6B(ii)) and proteins involved in cardiomyogenic programs (YAP and HGF) were
found within the SF-CMTs. In vivo experiments showed that the SF-CMTs were engrafted after
implantation in mice models of MI, and that the hCPCs were able to migrate to the host
myocardium and were detectable 7 days after implantation (Fig 6B(iii)).

The use of dynamic cultures has also been applied for the formation of EBs and
differentiation towards cardiac-specific lineage!”> 74, For example, Niebruegge et al. created an
integrative bioprocess using soft-lithography stamping and a bioreactor system with controlled

oxygen concentration for promoting controlled cell expansion, and aggregation and differentiation
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of hESCs!7>. The differentiation was performed through suspending the cells in differentiation
medium within the bioreactor. Upregulation of cardiac-specific genes, specifically SAC, c¢TnT,
and MLC2v, was found in the microtissues formed 14 days after the start of differentiation. It was
suggested that this system could be translated for cardiac differentiation of hiPSCs as well. Hence,
the formation of EBs and further 3D cardiac differentiation proves to be another viable method in
the obtention of multicellular SF-CMTs with tissue-level relevant characteristics including

function and structure.

5. NANOENGINEERING APPROACHES IN CARDIAC TISSUE ENGINEERING

The unique characteristics of nano-scaled materials (i.e., nanomaterials) and their integration with
tissue engineering approaches have proven their potential to enhance the functionalities of
engineered CMT!7¢, Through improving the microenvironment of the SF-CMTs, in particular
using nanomaterials, it is possible to better mimic the characteristics of the native myocardium,
toward a more mature phenotype of in vitro and better functionalities in vivo. The addition of
nanomaterials to stem cell culture, specifically, can modulate their differentiation and fate!””.
Carbon-based and gold-based nanomaterials have been amongst the most popular nanomaterials
for cardiac tissue engineering due to their conductive electrical properties!02-104. 178-183 -~ Qther
nanomaterials have also been used for the construction of CMTs, for example, silica nanoparticles,
polymeric nanofibers, and iron-based magnetic nanoparticles'®*. Whereas a myriad of
nanomaterials exists, not all may be suitable for interactions with cardiac cells, as these
nanomaterials need to meet specific criteria such as biocompatibility, lack of immunogenicity and
cytotoxicity, etc. For example, it has been reported that carbon-based nanomaterials such as carbon
nanotubes (CNTs) are more prone to elicit immune reactions (inflammation and formation of
granulation tissue) and toxicity!”® as opposed to gold-based nanomaterials, which show better
biocompatibility!76 185-188 n addition, key advantages of gold nanomaterials include a diverse
nanoscale architecture, in the form of nanoparticles, nanorods, or nanowires, facile fabrication
processes, as well as excellent surface properties amenable for assembly of functional groups'®:
190, The extent of the immune reaction and cytotoxicity to some nanomaterials has also been linked
to their size, geometry, surface chemistry, concentration and the rate at which they are cleared by
the immune system'®!. The main cytotoxic mechanism is due to the cellular uptake of the

nanoparticles and their capacity to induce cellular oxidative stress, causing damage to the DNA
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and cytoplasmic components, and triggering apoptosis'®2. In order to increase the biocompatibility
of nanomaterials, several alterations have been proposed, such as surface modification and
functionalization with biocompatible polymers, since polymers play an important role in protein
adsorption'?3, cell membrane interactions, and cellular uptake. For example, PEG, poly(ethylene
glycol)-co-poly(d,l-lactide) (PELA)'%4, and poly(acrylic acid)!*> are among some of the polymers
used for surface functionalization of nanomaterials. In the following section, we discuss reports of

diverse approaches for the utilization of nanomaterials towards the engineering of SF-CMTs.

5.1. Integration of scaffold-free cardiac microtissues (SF-CMTs) with nanomaterials

To date, several approaches have proposed the use of nanomaterials in conjunction with
SF-CMTs to enhance their function and maturation. For instance, Tan et al. utilized agarose
microwells to create SF-CMTs composed of neonatal rat CMs or hiPSC-CMs and added
electrically conductive Si nanowires (SINWs) (diameter~100nm; length=10um) at a ratio of 1:1 to
the cells (CMs:SiNWs)!%¢ (Fig. 7A). TEM imaging revealed that the SINWs localized in the
intercellular space within SF-CMTs, which has been suggested to improve cell-to-cell coupling.
The influence of the synergistic effect of 3D culture and the addition of SINWs to CMs maturation
was then evaluated. It was found that the presence of SINWs promoted the expression of SAC,
cTnl, Cx43, and beta myosin heavy chain (3-MHC) (Fig. 7B), and the upregulation of Ca?* channel
coding genes (CACNA1C/CACNAI1G), which led to improved Ca?" handling. Additionally,
enhanced sarcomere ultrastructure (increased Z-line width and alignment and increased SAC
length) were observed in SF-CMTs fabricated with hiPSC-CMs. Furthermore, the authors
investigated the effect of electrical stimulation on the neonatal rat SF-CMTs, with a stimulation
regime of 15V at 1Hz, 2ms pulses to mimic electrical signals within the heart. SF-CMTs with
SiNWs were found to have significantly improved amplitude contraction and synchronization
(measured through fractional area change) upon exposure to electrical stimulation. Also, a
significantly higher expression of Cx43 was present in SF-CMTs incorporated with SINWs, which
potentially explained the improved electrical propagation within the cellular construct. It was
hypothesized that the SiNWs propitiated the formation of an anisotropic mechanical
microenvironment, thereby inducing an enhanced alignment of the intracellular contractile
apparatus, and therefore improved electrical features of the SF-CMTs. In another study by the
same group, they investigated the effect of electrical stimulation in SF-CMTs composed of hiPSC-
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CMs and SiNWs!®7 (Fig. 7C-E). An electrical stimulation regime (2.5 V/cm, 1Hz, 5ms pulses)
was used to mimic the electrical signals generated by the sinoatrial node in the heart. The hiPSC-
CMs that were incorporated with SiNWs and exposed to electrical stimulation displayed
significantly higher expression of Cx43 (Fig. 7F) and N-cadherin (N-cad) (Fig. 7G) when
compared to the control groups, suggesting the formation of functional cell-to-cell junctions that
allow for improved electrical signal propagation and mechanical coupling. Cardiac-specific
marker immunostaining further revealed that the addition of SINWs improved sarcomere quality
(denoted by SAC striation) and induced an increase in the ratio of B-MHC to alpha myosin heavy
chain (a-MHC), demonstrating a more mature phenotype. Significantly higher levels of ventricular
myosin light chain protein were observed in the electrically stimulated groups, suggesting that the
electrical stimulation induced a ventricular-like phenotype in hiPSC-CMs, as further corroborated
with an observed reduction in the spontaneous beating rate. In general, the authors demonstrated
that the effects of electrical stimulation on hiPSC-CMs can be enhanced by the presence of an
electrically conductive microenvironment induced by SiNWs, where the combination of
electrically conductive nanoparticles and electrical stimulation in SF-CMTs led to a more mature
ventricle-like phenotype in hiPSC-CMs.

In a study by Park et al., scaffold-free tissue spheroids were formed from MSCs using the
hanging drop technique, and further enriched with reduced graphene oxide flakes (RGO)'*? (Fig.
8B(i-ii)). The addition of RGO increased the expression of VEGF and Cx43 within the spheroids.
An enhanced vascularization of the infarcted myocardium was found after the implantation of the
hybrid MSC-RGO spheroids in mice MI model, presumably due to the secretion of growth factors
(i.e., vWF) (Fig. 8B(iii)). Additionally, LVEF was improved, and fibrosis was decreased in the
infarct zone (Fig. 8B(iv)). Increased expression of Cx43 was also found in the infarct border zone
(Fig. 8B(v)).

In a study by Ahadian et al., EBs were created from 129/SEV-derived mouse stem cells
using hanging drop technique, and the influence of the addition of graphene on directed cardiac
differentiation was investigated!®® (Fig. 8A). During cell seeding, the EBs were enriched with
graphene, at a concentration of either 0.1 mg/mL or 0.2 mg/mL. Phase-contrast imaging after three
days of culture showed the presence of fragments of graphene sheets distributed throughout the
EBs. Lower impedance was found in the EBs enriched with 0.2 mg/ml (298 KQ) or 0.1 mg/ml
(665 KQ) of graphene when compared to the control group (0 mg/ml of graphene) (928KQ).
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Stiffness of the EBs was further measured using atomic force microscopy (AFM), revealing that
the addition of graphene increased the Young’s modulus of the microtissues (31+1.7 KPa,
compared to control=26.8+4.4 KPa). Four days after seeding, the 0.2 mg/mL graphene-
incorporated EBs were subjected to an electrical stimulation regime (4V, 1Hz, 10ms). Significantly
higher expression of ¢cTnT was found in electrically stimulated EBs, while within this group, the
graphene-incorporated EBs exhibited significantly enhanced expression of ¢TnT as compared to
the control condition (EBs with no graphene) (Fig. 8C). Significant upregulation of cardiac-
specific genes (cCTC1, MYH6, MYH7, and TNNT2) and spontaneous beating was also found in
graphene-incorporated EBs. Additionally, more organized sarcomeric structures were observed in
the cells within the stimulated EBs incorporated with graphene as compared to pristine EBs. The
outcome of this study demonstrated that inducing an electromechanical microenvironment,
relevant to the myocardium, by the combination of graphene sheets and electrical stimulation can
lead to cardiac differentiation without the need of soluble factor or small molecule addition.
Overall, the integration of nanomaterials and SF-CMTs has shown enhanced cell-to-cell
interactions!?® 197 and cell-to-ECM interactions'®®. Specifically, the integration of electrical
stimulation to the SF-CMTs enriched with nanomaterials has proven beneficial to improve their
electrophysiological properties and increase the expression of cardiac-specific proteins. It has been
suggested that the introduction of physiologically relevant electrical cues in combination with
electrically conductive nanomaterials creates a microenvironment within the SF-CMTs that
facilitates electrical propagation and closely mimics the microenvironment of the heart!®.
Improving the different cellular interactions and the microenvironment within the SF-CMTs is
paramount to overcome the current challenges of cell-based therapies as well as engineering of
mature and functional SF-CMTs for cardiac therapy. Before these approaches proceed to clinical
trials, more fundamental investigations are needed to elucidate the action mechanism of specific
nanoparticles and the influence of other possible biochemical or biophysical signaling cues in a
more complex tissue environment (i.e., at an organ level). Moreover, it is necessary to reach a
consensus on the optimal concentration of nanoparticles to be added to SF-CMTs since it has been
demonstrated that the outcome is highly dose-dependent. So far, the concentrations used vary
widely from study to study, and while the main objective is to avoid cytotoxicity, there is still room
for optimization. In addition, the long-term effects towards the hosting myocardium need to be

investigated. So far, bioaccumulation of nanomaterials in the cardiac tissue and the possible side
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effects due to the implantation of SF-CMTs enriched with nanomaterials have not yet been
reported, since those studies were performed in vitro. Thus, a balance between having the maximal

beneficial effect and avoiding cytotoxic concentrations needs to be reached.
6. SUMMARY AND FUTURE DIRECTIONS

In this review article, we summarized different regenerative-medicine approaches developed
towards cardiac repair therapies. Traditional therapies based on drug treatment are focused mainly
on the protection of the remaining viable myocardium and deceleration of fibrotic remodeling.
Currently, when drug-based therapies fail, few alternatives remain?’. Inducing regeneration of the
damaged myocardium is not trivial and presents several challenges. Thus, emerging alternative
treatments have mainly focused on the recellularization of the damaged cardiac tissue and promote
endogenous repair mechanisms (Table 1). The more straightforward methods are based on the
delivery of dissociated cells in suspension to the myocardium. The findings of several cell-based
cardiac therapies have suggested that the main role of the implanted cells resides in paracrine
signaling and crosstalk with the native tissue. Therefore, it has been shown that independent of the
source, cell-based therapies moderately promote neovascularization and repress the formation of
fibrotic tissue, thus providing cardioprotective effects but not fully recellularization of the
myocardium. The main challenges of cell-based therapies are the stress induced on cells from
delivery to the myocardium that leads to low cellular survival and retention, poor engraftment, and

the risk of delivery to non-target sites/organs.

Tissue engineering approaches have mainly focused on integrating engineering and biology
for the development of robust cellular constructs and tissue surrogates in order to overcome the
critical challenges of cell-based therapeutic methods. The prominent recent cell types used in this
category are stem cell-derived cells (CMs, ECs, CFs), recently hiPSC-CMs due to the potential
use of allograft cells for regeneration. The optimized culture of hiPSC-derived cells has helped to
make advancements towards the formation of functional CMTs. At the same time, enhancing the
resemblance of the architecture of CMTs to the native myocardium has led to enhanced maturation
of hiPSC-derived cells and promoted cell-to-cell interactions within the tissue environment.
Biomaterials from diverse origins, natural or synthetic with precisely controlled stiffness, chemical

moieties, etc., have been used as scaffolding matrices in the formation of SB-CMTs. However,
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challenges for the use of SB-CMTs in clinical applications include the introduction of exogenous
biomaterials to the host tissue that can elicit immune responses or cytotoxicity, lack of engraftment
and cellular coupling, and often the requirement of surgically invasive interventions to implant the

engineered tissue constructs.

To address the current limitations of cell-based and scaffold-based tissue engineering
strategies, in the past few years, engineering of SF-CMTs has emerged as a potentially powerful
approach for the treatment of MI with minimally invasive implantation procedures. The use of co-
culture and fabrication of multicellular constructs/organoids has proven optimal, as such cellular
composition could better resemble the native myocardium. Also, paracrine and endocrine signaling
1s enhanced in SF-CMTs, which lead to a more maturation state of hiPSC-derived cells. Several
methods for the construction of SF-CMTs have been proposed, based on the promotion of cell
aggregation through inducing cell-to-cell adhesion and electromechanical coupling. These
methods can be divided into three broad categories, with the first group consisting of gravity-
assisted methods, either using conventional hanging drop technique or microengineered platforms,
that rely on gravity to form cellular aggregates out of cell suspensions!3% 152, Usually, these
methods offer great control on SF-CMTs size and cell number, allowing for homogeneous
formation of spheroids. The second group involves the use of ultra-low adherent surfaces, such as
PIPAAm-coated surfaces, to promote cell aggregation through the balance of electrostatic forces
and reduction of free-energy. The fabrication of SF-CMTs using low attachment substrates
requires minimal manipulation of the cell aggregates, which translates to lower stress induced by
handling. The last group is based on the obtention of SF-CMTs through the differentiation of EBs.
The main advantages of this method are the resultant physiologically-relevant cellular composition
and organization?*%!7! and to the ease of scaling to high-throughput output; however, controlling

the size can be problematic.
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microtissues microtissues
Size and - . . Patches or sheet-like tissues . Spheroids (up t_O SQOum
e Dissociated cells in suspension (up to 1-2 cm per side and up to = diameter) or sheet-like tissues (up
1-2 mm thickness) to 400pm thickness)
Mainly CMs (hiPSC- or hESC- ~ Mainly CMs (hiPSC- or hESC-
Cellular Single cell type administered at a d§rived), occasionally enriched derlved)', enriched Wl'th
composition fime with other types of cells such as endothelial cells, cardiac
endothelial cells, and cardiac fibroblasts and occasionally stem
fibroblasts cells.
Delivery Intracoronary or intramyocardial Thoracotomy surgery or Intramyocardial injection or
Method injection thoracoscopy. thoracotomy surgery
Scaffolds from diverse types of Occasional inclusion of
biomat§rials such as natural or electrically conductive
Exogelfous Not common synthetic polymers, hydrog§ls, nanomaterials, such as graphene
materials electrospun fibers, composite )
biomaterials often incorporated and graphene oxide flakes, and
with nanomaterials. conductive Si nanowires.
In vitro cellular expansion,
In vitro cellular expansion, differentiation, and purification
Preparation iz vt el s Hestiton sl dlfferentlatlpn, and purification (when applicable) followed by
a.nd . scymusion, folloyed by (when app‘hcable) fol.lowed by induced self-aggregation. Or
fabrication dissociation ’prior o encapsulation or seeding on the formation of EBs followed bv 3D
method ’ scaffold. Electrical stimulation in y
ST GRS differentiation. Electrical
stimulation in some cases.
Several preclinical studies have Several preclinical studies have Several preclinical studies have
Trial phase | been performed and some Phase I | been performed and few Phase I been performed
clinical trials. clinical trials. ’
Reported Paracrine signaling inducing Potent}al fgr rerpusgularizgtion, Car.dloprlotecjuon, p.a erne
effects neovascularization in the borders = Do oo e mgnalmg, 1nduct}on ot s1gnahng,' 1nc?uct10n of
in vivo of the infarcted zone. neovasculgrlzatlog, reduction of neovascularization, reduced
infarct size. fibrotic remodeling.
Poor cellular survival and Ipvasiye delivery, opFimal Immature state of hiPSC- and
retention after implantation. Non- =~ *"& o & of scaffold in terms hESC-derived cells. Need of
Main targeted delivery. Poor ,Of chemical comp051t10n, further optimization for size and
challenges | remuscularization potential. Lack stiffness, degradation rate and cellular composition. Need of

of control of cellular
differentiation after implantation.

immunogenic activity. Immature
state of hiPSC- and hESC-
derived cells.

further investigation regarding
the use of nanomaterials.

Table 1. Summary table of the main characteristics of alternative approaches for cardiac repair.

Despite significant promises, before the extended use of SF-CMTs in clinical trials, several

remaining challenges need to be addressed. First, the maturation state of the stem cell-derived CMs

needs to be improved. The advancement of in vitro maturation techniques may lead to more robust
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SF-CMTs that better resemble the adult myocardium, and consequently, may lead to better
engraftment and retention within the native tissue. In Addition, there is a need to elucidate the
mechanisms of the delivery of the SF-CMTs since it has been reported that it can have
consequences in the engraftment and electrical coupling of the implanted cells. According to some
studies, the intramyocardial delivery of spherical SF-CMTs may be the best option for enhanced
electrical coupling?®!- 202, Still, more studies are necessary in order to standardize the optimal size
and delivery method to the infarcted myocardium. Recent approaches have utilized exogenous
cues such as nanomaterials to enhance the structural maturity and functionalities of SF-CMTs.
However, detailed studies are required to unveil the nanomaterials’ specific mechanism of action
on cellular- and tissue-level function within the heart, since it has been reported that some
nanomaterials can elicit toxic reactions, such as foreign body reaction, inflammation, and apoptosis
among others, in different organs in preclinical studies?®. The cellular composition within the
engineered SF-CMTs needs to be determined in a manner that optimizes the electromechanical
properties as well as the paracrine signaling of the tissue. Additionally, non-targeted delivery and
teratogenic potential of the implanted cells need to be thoroughly studied and addressed, since it
has been reported that hiPSC-derived SF-CMTs can induce immune rejection in some cases and
can also lead to the formation of malignant teratocarcinomas in vivo 24, Overall, the development
of SF-CMTs holds great potential for myocardial replacement therapy and treatment of MI, due to
their enhanced structure, tissue organization, and cellular composition, and the lack of exogenous
bulk materials. Additionally, the effects of the introduction of nanomaterials to the fabrication of
SF-CMT are worthy of further investigation due to their proven potential for the enhancement of
their electrophysiological features. With this, we anticipate that the inclusion of nanomaterials and
nanoengineering methods will lead to the next generation of SF-CMT for cardiac regenerative

medicine.
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A) Control

Figure 1. Stages of remodeling of the heart post-MI (murine). A) Hematoxylin and eosin (H&E)
staining of 1) healthy myocardium, ii) 4-day infarcted heart showing necrosis encapsulation (arrow
head) and granulation tissue (*), and iii) 4-week infarcted heart showing thinning of the ventricular
wall. (Scale bar 0.5mm) B) Masson trichrome staining of i) healthy myocardium, ii) 4-day
infarcted heart (arrow head: necrosis), and iii) 4-week infarcted heart showing collagen deposition

(blue). (Scale bar: 100um). Modified with permission from Ref. 11. Copyright © 2003 American
Society for Investigative Pathology.
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The Paradigm for the Engineering of Scaffold-Free
Cardiac Microtissues
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Figure 2. The paradigm for engineering of scaffold-free cardiac microtissues. The development
and fabrication of SF-CMT based on a multidisciplinary approach, benefited from advancements
in differentiation and characterization of stem cells as well as technological advancement in tissue
engineering, microscale fabrication techniques, use of the nanomaterials, etc. The use of SF-CMT
have demonstrated to be a promising approach for treatment of MI by providing cardioprotective
effects, such as the induction of neovascularization and paracrine crosstalk. 1 indicates increase or
enhancement. Abbreviations: hESC: human embryonic stem cells, hiPSC: human induced
pluripotent stem cells, CM: cardiomyocytes, SC-CM: stem cell-derived cardiomyocytes, CF:
cardiac fibroblasts, EC: endothelial cells.
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Figure 3. 3D coculture enhances the features of SF-CMTs. A) Confocal imaging of multicellular
cardiac spheroid showing i) an optical section of the substrate level and ii) an optical section above
the substrate level. (Myosin heavy chain: red, vimentin: green, and nuclei: blue (scale bar=20um)).
Modified with permission from Ref. 144. Copyright © 2020 The Authors. B) Formation of a
vascularized cardiac patch, composed of multicellular cardiac spheroids, showing i) schematic for
the fabrication of cardiac spheroids, ii) contractile cardiac graft fabricated using the
prevascularized spheroids, rat neonatal CMs showed in green, iii) ECs within the cardiac graft
(red), iv) amplification of the rat neonatal CMs (green), v) phase contrast amplification and vi)
merged image. Modified with permission from Ref. 140. Copyright © 2016 The Authors.
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0% CD34"

Figure 4. Fabrication of SF-CMT using low-adhesion surfaces. A) SF-CMT formed using hiPSC-
CMs i) only (green) and ii) SF-CMT formed using a ratio of 85% of hiPSC-CMs and 15% of
CD34* (green and red respectively). (Scale bars: 100um). Modified with permission from Ref. 160.
Copyright © 2017 The Company Of Biologists Ltd. B) Multicellular SF-CMT fabricated using
low-adhesion surfaces i)DIC image of a multicellular SF-CMT formed with ii) ECs (CD31: green),
iii) fibroblasts (collagen I: red) and iv) CMs (ACTN2: white), v) the nuclei of the cells (blue), and

vi) merged image. (Scale bars: S0um). Modified with permission from Ref. 162. Copyright © 2016,
Oxford University Press
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Figure 5. Fabrication and implantation of SF-CMTs in the form of cell sheets. A) SF-CMT formed
layer by layer using the cell sheet technique i) Diagram for the formation of cardiac cell sheets
using temperature-responsive polymeric surfaces. Modified with permission from Ref. 164.
Copyright © 2015 Elsevier B.V. ii) H&E staining of a cross-section of a monolayer MSC cell
sheet and iii) three-layered MSC cell sheet. iv) H&E staining and v) Azan staining (collagen-rich
areas showed in blue) for three-layered MSC cell sheet 60 minutes after implantation on porcine
heart, showing adhesion to the epicardium. Modified with permission from Ref. 165. Copyright ©
2015 Chang et al. B) Engraftment of hiPSC-CM sheets in mouse MI model at i) 3 days, and ii) 28
days after implantation (green: vVWF, red: human cell nuclei (HNA), blue: all nuclei (DAPI)) (Scale
bars: 1) 200um, ii) 100um). Modified with permission from Ref. 166. Copyright © 2014, Springer
Nature
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Figure 6. Spatial cellular organization within EB-derived SF-CMTs. A) SF-CMT fabrication from
the differentiation of EBs, showing CMs in the center and myofibroblasts in the perimeter. i) SAC:
red, calponin: green and DAPI: blue. ii) Myosin heavy chain: red, smooth muscle actin: green,
DAPI: blue. (Scale bars: 100um). Modified with permission from Ref. 171. Copyright © 2015,
Springer Nature B) Immunostaining of hCPCs-derived SF-CMT, showing expression of i) ECM
proteins, and ii) Cardiac proteins (Scale bar: 50um). iii) Sections of injured mice myocardium
implanted with hCPCs-derived SF-CMT (showed in green) at 1 day (left panel) and 7 days (right
panel) after implantation. Circle showing engrafted spheroids and arrows showing dispersed
hCPCs. Modified with permission from Ref. 172. Copyright © 2015 Oltolina et al.
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Figure 7. Fabrication of rat and hiPSC-CM spheroids with SiNWs. A) Diagram for the fabrication
of the SF-CMTs with SiNWs. B) Immunostaining for SAC and ¢Tnl, Cx43 and B-MHC in hiPSC-
CM spheroids with and without SINWs (Scale bars: 20pum). Experimental groups: hiPSC-CMs
spheroids without SINWs and no stimulation (hiPSC-NC); hiPSC-CMs spheroids with SINWs and
no stimulation (hiPSC-WC). Modified with permission from Ref. 196. Copyright © 2015,
American Chemical Society. C) TEM image of the SINWs. D) hiPSC SF-CMT with SiINWs on
Day 0 after fabrication. E) TEM image of a spheroid section and SiNWs localization in the
extracellular space. Asterisk, nanowire location; triangle, cell membrane. F) Immunostaining for
Cx43 (red) expression (SiNWs shown in yellow). G) Immunostaining for N-cad (green)
expression. Experimental groups: Spheroids without SINWs and unstimulated at Day 19 (NC);
Spheroids with SiNWs and unstimulated at Day 19 (WC); Spheroids without SiNWs and
stimulated at Day 19 (NS); Spheroids with SINWs and stimulated at Day 19 (WS). Modified with
permission from Ref. 197. Copyright © 2016, American Chemical Society.
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Figure 8. Integration of graphene sheets and RGO flakes into EBs. A) Diagram of EB formation
through hanging-drop technique. Modified with permission from Ref. 199. Copyright © 2016 Royal
Society of Chemistry B) Formation and implantation of hybrid SF-CMTs with RGO flakes i)
Hematoxylin and Eosin stain of spheroids formed with different concentrations of RGO (shown in
black) (Scale bar: 100pum). ii)TEM images of spheroids formed with different concentrations of
RGO (arrows). (Scale bar: 2pum). iii) Assessment of capillary density by immunostaining of VWF
(Scale bars: 100um). iv) Masson's trichrome staining of explanted hearts indicating fibrotic areas
(blue). v) Expression of Cx43 in the infarct border zone (Scale bars: 100pum). Experimental groups:
injection of PBS (PBS), injection of RGO flakes (RGO), injection of MSC spheroids (Sph-0), and
injection of MSC—RGO hybrid spheroids (Sph-5). Modified with permission from Ref. 198.
Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. C) Expression of ¢cTnT
(green) in EB-derived SF-CMTs. (Scale bars: 100um). Experimental groups: EBs formed without
the addition of graphene without and with electrical stimulation respectively: EB (Non-Stimulated
and Stimulated). EBs formed adding graphene without and with electrical stimulation respectively:
EB-graphene (Non-stimulated and Stimulated). Modified with permission from Ref. 199.
Copyright © 2016 Royal Society of Chemistry.
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