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Abstract: Heart diseases such as myocardial infarction and myocardial ischemia are paroxysmal and
fatal in clinical practice. Cardiomyocytes (CMs) differentiated from human pluripotent stem cells
provide a promising approach to myocardium regeneration therapy. Identifying the maturity level of
human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) is currently the main challenge for
pathophysiology and therapeutics. In this review, we describe current maturity indicators for cardiac
microtissue and microdevice cultivation technologies that accelerate cardiac maturation. It may
provide insights into regenerative medicine, drug cardiotoxicity testing, and preclinical safety testing.
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1. Introduction

It is well-acknowledged that significant differences in hearts exist between human and model
organisms. These morphological and physiological differences can lead to complex problems, such as
low pathological reproducibility in clinical practice [1]. On the other hand, human pluripotent stem
cells (hPSCs), including human embryonic stem cells (hESCs) and human-induced pluripotent stem
cells (hiPSCs), benefitting from the property of indefinite proliferation in vitro and the capacity to
differentiate into different types of somatic cells, are a promising tool in biomedical applications.
Compared with the transdifferentiation of human somatic cells, the differentiation of hPSCs seems to
be more efficient in terms of productivity, safety, and cost. The rapid development of hPSC research
in the past few decades has made it possible to utilize hPSC-derived cardiomyocytes in large-scale
cardiac tissue engineering directly.

Several effective protocols have been successfully developed to induce hPSCs to become
cardiomyocytes. Embryoid body (EB) was first used in the differentiation of cardiomyocytes from
hESCs and hiPSCs; however, its effectiveness and reproducibility were found to be problematic because
of serum quality instabilities and heterogeneous EB sizes [2]. Differentiation protocols developed using
serum-free and compound-defined media were subsequently used and improved the efficiency and
reproducibility of cardiomyocytes generated from EBs. Engineering approaches to the production
of homogeneous EBs emerged several years ago [3,4]. This method produced more homogenously
sized EBs compared with conventional methods that used 96-well plates, and it was also appropriate
to scale-up. Because of the limitations of EB protocols, monolayer three-dimensional (3D) approaches
have drawn increasing attention over the past several years. Uniform hESC colonies were plated on
Matrigel via a microcontact approach and the size range was optimized for maximizing mesoderm
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formation and cardiac induction. The method of activation of canonical Wnt signaling by the glycogen
synthase kinase-3 (GSK-3) inhibitor (CHIR99021) followed by inhibition of Wnt signaling via Inhibitor
of Wnt Production 2 (IWP2) or Inhibitor of Wnt Production 4 (IWP4) were found to be sufficient to
produce numerous functional cardiomyocytes from multiple human pluripotent stem cell lines in two
weeks without exogenous growth factors or genetic manipulation in adherent culture or suspension
culture system [5–7]. Paul et al. designed a cardiomyocytes differentiation strategy by using a medium
including three components: RPMI-1640, L-ascorbic acid 2-phosphate, and rice-derived recombinant
human albumin [8]. It is essential for cardiac development in vitro through an appropriate addition of
different growth factors, including fibroblast growth factor-2 (FGF-2), transforming growth factor-β
(TGF-β), superfamily growth factors activin A, bone morphogenetic protein-4 (BMP-4), vascular
endothelial growth factor (VEGF), and dickkopf WNT signaling pathway inhibitor 1 (DKK-1). All of
these factors were found to assist human pluripotent stem cells generate myocardial precursor cells
and cardiomyocytes when added in order [9].

In clinical practice, patient-derived hiPSC-CMs are an optimal disease model for personalized
medicine involving inherited cardiac diseases and stem cell therapies to repair or replace injured
heart tissues. hiPSC-CMs can be used to model several heart diseases, including Duchenne
muscular dystrophy [10], Leopard syndrome [11], long QT syndrome [12], Timothy syndrome [13],
Fabry disease [14], Danon disease [15], and familial hypertrophic cardiomyopathy [16]. In addition,
hiPSC-CMs from mitochondrial cardiomyopathy of Barth syndrome (BTHS) have been used to
generate a platform for pathogenesis and medical therapeutics. This cardiomyopathy model shows
irregular sarcomeres, abnormal myocardial contraction, and defective heart function; more importantly,
it mimics mitochondrial functional impairment caused by a mature cardiolipin defect [17]. Masahide
et al. constructed a Torsade de Pointes (TdP) arrhythmias model from hiPSCs to mimic a patient’s
disease condition and provide a chance to study the mechanisms of TdP generation and develop an
anti-arrhythmias drug test [18]. Overexpression of CDK1, CDK4, cyclin B1, and cyclin D1 efficiently
induced cell cycle progress in at least 15% of post-mitotic murine and human cardiomyocytes [19].
Nutlin-3a can selectively activate the p53 signaling pathway and induce cell apoptosis of DNA-damaged
iPSCs except for DNA-damage-free cells. These iPSC-CMs were engrafted into an ischemic mouse
heart to enhance mouse cardiac beating [20]. This technology may bring about potential benefits for
patients with a cardiac disease in clinical medicine.

However, evidence indicates that cardiomyocytes differentiated by these approaches are not as
mature as an adult phenotype, thus they may not be able to reflect the physiological response of the
adult heart accurately. In addition, with respect to cardiac tissue engineering, cardiomyocytes that
more closely resemble those of the native myocardium would contribute more to myocardial repair.
For example, as cardiovascular diseases predominantly occur in elderly humans, immature hPSC-CMs
may cause modeling to be imprecise and futile [21]. In this review, we discuss the state of current
approaches to obtaining more mature cardiomyocytes.

2. Characteristics of Mature and Immature Cardiomyocytes

The maturation level of human cardiomyocytes is crucial to clinical therapy. Immature
cardiomyocytes fail to maintain full cardiac function and may lead to an aberrant remodeling of cardiac
wall and cardiomyocyte hypertrophy because of differences in cell size, myofibrillar switch, conduction
velocity, metabolism, and calcium handling between the two statuses. Table 1 briefly summarizes some
typical physiological and chemical differences between mature human cardiomyocytes and immature
hPSC-CMs and provides criteria for defining mature cardiomyocytes [22–25]. For a review of the
details, we refer the reader to the work of Xiulang Yang et al. [23].
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Table 1. Distinctions between mature human cardiomyocytes (CMs) and immature CMs.

Mature CMs Immature CMs

Structure

Structure Rod-shaped Round and irregular
Alignment Orderly Disorderly
Nucleation 20–30% binuclear or polynuclear Slightly binuclear

Beating Quiescent Spontaneous
Length–width ratio 5–10:1 1–3:1
Sarcomere banding Z discs, I band, H band, A band, M band Z discs, I band
Sarcomere length 2.2 µm 1.6 µm

Troponin
cTnT, high β-MHC/α-MHC, high

MLC2v/MLC2a, high cTnI/fetal ssTnI,
Titin isoform N2B, ADRA1A

cTnT, low β-MHC/α-MHC,
nondeterministic MLC2v/MLC2a,
low cTnI/fetal ssTnI, Titin isoform

N2BA

SRP High CSQ, PLN, RYR2, SERCA/ATP2A2 Low CSQ, PLN, RYR2,
SERCA/ATP2A2

T-tubules Present Not present

Mitochondria Regularly distributed; 20–40% of cell
volume Irregularly distributed; paucity

LGJ Intercalated discs Circumferential

Biochemistry Metabolism Fatty acid β-oxidative Glycolysis and lactate

Biophysical Force 40–80 mN/mm2 for muscle lines
µN range for a single cell

0.08-4 mN/mm2 for 3D cultivation
nN range for a single cell

Electrophysiology

Capacitance 150 pF 10–30 pF
RMP −80 to −90 mV −20 to −60 mV

Upstroke velocity 100–300 V/s 10–50 V/s
Conduction velocity 60 cm/s 10–20 cm/s

APA 100–110 mV 70–120 mV

cTnT, Cardiac troponin T2; β-MHC, Myosin heavy β chain; MLC2v, Myosin light chain 2 ventricular isoform;
MLC2a, Myosin light chain 2 atrial isoform; ADRA1A, Adrenoceptor α1A; cTnI, Cardiac troponin I3; CSQ,
Calsequestrin; PLN, Phospholamban; RYR2, Ryanodine receptor 2; SERCA/ATP2A2, Sarco/endoplasmic reticulum
calcium transport ATPases; SRP, Sarcoplasmic Reticulum Proteins; T-tubule, Transverse tubule; RMP, Resting
Membrane Potential; LGJ, Location of Gap Junctions; APA, Action Potential Amplitude.

3. Approaches to Obtaining Mature Cardiomyocytes

In order to obtain more mature and functional hPSC-CMs, the provision of a similar physiological
microenvironment in the process of cardiomyocyte development may be a feasible adult direction.
In recent years, academics have performed various experiments to stimulate cardiomyocyte maturity,
including biophysical, biochemical, electrophysiological, and mechanical experiments.

3.1. Biophysical and Biochemical Factors

Several practicable methods have been used to promote the maturation of cardiomyocytes,
including long-term cultivation, a specified material, a three-dimensional culture, a microfluidic
system, a co-culture with other cells following transplantation to model organisms, a dynamic
sustainability system, drugs, and metabolic regulation.

Long-term cultivation and stiff matrix have been shown to enhance human pluripotent
stem cell-derived cardiomyocyte sarcomere formation, calcium handling, and ion channel protein
expression [26,27]. Collagen-coated polyacrylamide gels with an elastic moduli of 10 kPa have been
shown to lead to aligned sarcomeres in comparison with a stiffer substrate [28]. Mihic et al. generated
human-engineered cardiac tissues from hESC-CMs in a large gelatin. Human-engineered cardiac
tissues were subjected to a cyclic stretch and their cell size increased, their Z discs were organized, and
the Connexin-43 expression increased significantly [29]. Biohybrids of collagen and pristine graphene
increased the metabolic activity of human pluripotent stem cell-derived cardiomyocytes and enhanced
sarcomere structures [30].

Three-dimensional (3D) culture systems can mimic the native cardiomyocyte microenvironment
in vivo to support the maturation of cardiomyocytes. Tulloch et al. generated 3D human-engineered
cardiac tissues from hPSC-CMs in collagen that was seeded into a channel with a silicon floor plus
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nylon mesh anchors. After seven days, myofibril and Z-disc alignment increased [31]. Lee et al. used
3D bio-print collagen to obtain a human heart tissue model that possessed synchronized contraction
and directional action potential propagation [32]. hESC-CMs in 3D patches exhibited more mature
characteristics, including significantly faster conduction velocities and longer sarcomeres as compared
with two-dimensional (2D) monolayers. The conduction velocities of these cardiac patches increased
significantly as the purity of the cardiomyocytes increased [33]. Human cardiac muscle patches
transplanted into swine were shown to prominently improve left ventricular function and myocardial
stress, promote myocardial hypertrophy, and reduce myocardial apoptosis [34]. It was shown that a
3D culture suppressed smooth muscle -actin content and increased the expression of several cardiac
markers [35].

Microfluidic systems can be used to study disease and organoid models. In recent years,
combinations of microfluidic systems and functional human myocardium have been developed for
drug cardiotoxicity testing [36]. Flow culture systems provide continuous gas and nutrient exchange
to induce cardiomyocyte maturation. Dynamic cultures result in an enhancement in sarcomeric
protein expression, an increase in size, augmentation of the contraction force, and a higher conduction
velocity [37].

In addition, mixtures of human primary or human-induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs), fibroblasts, and endothelial cells have been used to obtain vascularized
functional myocardium. This improvement has allowed us to introduce blood flow into cardiomyocyte
cultivation systems and paves the way to cardiomyocyte metabolism and maturation [38]. Human
cardiomyocyte patches, through several types of cells derived from hPSCs, were shown to enhance the
capacity for excitation contraction coupling, calcium handling, and force generation. Moreover,
Johannes and co-workers found that co-transplantation of hESC-derived epicardial cells and
cardiomyocytes could double the cardiomyocyte proliferation and augmented angiogenesis between
the graft and the host simultaneously [39]. Triiodothyronine is essential to myosin heavy chains (MHCs)
and Titin isoform switchover in normal cardiac development. Addition of triiodothyronine was shown
to compel immature cardiomyocytes to show several maturation characteristics [40]. The co-inhibition
of HIF1 (hypoxia-inducible factor 1) and lactate dehydrogenase A promoted the function maturation of
hPSC-CM as mitochondria prefer to conduct oxidative phosphorylation rather than aerobic glycolysis
and resulted in sarcomere length increase and contraction stress enhance [41].

These biophysical and biomedical approaches promote the growth and proliferation of immature
cardiomyocytes and the formation of adult-like cardiac tissue with an organized ultrastructure, longer
sarcomeres, more intensively developed mitochondria, more T-tubules, a more mature oxidative
metabolism, and more rapid calcium handling.

3.2. Electrophysiological Stimulation

The spontaneous beating of cardiomyocytes is directly regulated by the cells of atrio-ventricular
nodes in vivo. A combination of 3D cultivation with 6 Hz of electrophysiological stimulation
was shown to markedly increase myofibril ultrastructural organization and cardiomyocyte size,
elevate the conduction velocity, and improve both electrophysiological and calcium ion handling in
hPSC-CMs [42]. Electrophysiological stimulation of 2 Hz was used to culture hESC-CMs in a 3D
matrix, and significant improvements in contraction and calcium handling were obtained [43]. Chiu
et al. found that an electrical field with a symmetric biphasic square and strengths of 2–5 V/cm at
a frequency of 1 Hz could enhance the hallmarks of cardiomyocyte maturation in vitro [44]. Thus,
the maturation process of cardiomyocytes in vitro progresses more quickly when accompanied by
optimized electrophysiological stimulation.

More and more researchers are becoming aware of the fact that electrophysiological stimulation
can promote the maturation of hPSC-CMs. However, it remains hard to compare the results from
different assays as a universal and gold standard is currently lacking. Besides this, it is obvious
that diverse electric field intensities and stimulation frequencies, hPSC cell types, and cultivation
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conditions can lead to differences in the maturation of cardiomyocytes. Thus, there may be benefits to
establish a compatible platform to assess the maturation process, and make comparisons in different
stimulation models.

3.3. Mechanical Stress

Functional cardiomyocytes are linked to varieties of cells and structure in vivo. These structures
provide the cells with anchors to contract and contribute to physiological hypertrophy. Mechanical
loading may be the efficient factor with the most potential when considering the explosion of research
in this area in recent years. Mechanical stress increases cells’ size and improves the contraction
force that is associated with hypertrophic growth. Jianzhong et al. devised a system for assembling
muscle-powered microdevices based on precise manipulation of materials to monitor muscle tissue
function [45]. Furthermore, periodic stretching of hPSC-CMs in a 3D structure mixture was shown to
cause faster force production, higher calcium influxes, an increased expression of β-MHC and cTnT [35].
Schmelter et al. demonstrated that cyclic mechanical stretching activated the Reactive Oxygen Species
(ROS) signaling pathway and enhanced the differentiation of ESCs into cardiomyocytes [46]. Ronaldson
et al. formed cardiac grafts from early stage iPSC-derived cardiomyocytes and trained them via cyclic
mechanical stress for several weeks. After one month, the grafted cardiomyocytes showed adult-like
gene expression profiles, increased sarcomere length, enhanced density of mitochondria, the presence
of T-tubules, metabolism switch, and functional calcium handling [47]. Table 2 summarizes some
typical engineered approaches to the maturation of human and rodent cardiomyocytes.

Table 2. Different methods for maturing cardiomyocytes.

Stimuluses Cultured Cell Types Maturation Conditions Reference

Electric stimulation

Hes3 hESCs

After 4 days of culturing in the presence of
electric field stimulation (a 6.6 V/cm, 1 Hz, and

2 ms pulse), hESC-CM elongation and
troponin-T enhancement.

[48]

Hes2 and Hes3 hESCs
and CDI-MRB

HR-I-2Cr-2R hiPSCs

Biowires increased myofibril ultrastructural
organization, elevated conduction velocity,

improved Calcium handling properties, and
produced better electrophysiological

performance.

[42]

C25 hiPSCs 2 Hz in the first week and 1.5 Hz thereafter,
developed 1.5-fold contractile forces. [49]

hiPSC-CMs
(ReproCardio 2)

Efficient electrical stimulations were formed by
a hydrogel-based microchamber with organic
electrodes. The large interfacial capacitance of

the electrodes eliminated cytotoxic bubbles.

[50]

Electric stimulation and
mechanical strain

Neonatal Rat Heart Cells

Engineered heart muscle was subjected to
electric stimulation at 0, 2, 4, or 6 Hz for 5 days

and engineered flexible poles facilitated
auxotonic contractions by straining.

Force–frequency relationships of 2 and 4 Hz
stimulation were divergent.

[51]

C2A, WTC-11, IMR90,
and BS2 hiPSCs

After the first contraction was observed, tissue
was immediately subjected to 21 days of

increasingly intense electromechanical strain.
Cell properties were then evaluated by a

multiplex test.

[52]
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Table 2. Cont.

Stimuluses Cultured Cell Types Maturation Conditions Reference

Mechanical loading

HES2 hESCs
Cyclical stretching produced Cardiac troponin
T elevation, cell elongation, and an increase in

gap junction.
[29]

IMR90 ESCs and IBJ
hiPSCs

Compared to a 2D culture, a 3D environment
increased the number of cardiomyocytes and

decreased the number of smooth muscles. With
cyclic stress, expression of several cardiac

markers increased, including β-myosin heavy
chains and cardiac troponin T.

[35]

Mechanical loading and
vascular co-culture H7 hESCs

Cyclic stress enhanced cardiomyocyte
hypertrophy and proliferation rates

significantly and endothelial cells showed the
formation of vessel-like structures.

[31]

Textile based-culturing UTA.04602 hiPSC

Gelatin-coated polyethylene
terephthalate-based textiles were used as the

culturing surface. hiPSC-CMs showed
improved structural properties.

[53]

Substrate stiffness Neonatal Rat Ventricular
Myocytes

Substrates of varying elastic moduli were
fabricated. Cardiomyocytes matured on 10 kPa
gels were similar to the native myocardium and
generated a greater mechanical force and the

largest calcium transients.

[28]

Mechanical loading can improve the rate of maturation of hPSC-CMs and contractile properties.
All these characteristics reflect the state of maturity of these cells. However, there is little published
data about the real-time monitoring of cardiomyocyte development; to date, the shortage of clinical
feedback has slowed its application.

4. Conclusions

In this review, we summarized the approaches that have been adopted to improve the maturity
of hPSC-CMs under different conditions. Human embryonic cardiac development and postnatal
physiological hypertrophy processes are difficult to study because of species specificity and the lack of
availability of human heart tissues. Mature hPSC-CMs may reflect the pathological state in adults
more accurately and serve as preferential disease models for clinical use.

With the rapid development in this multidisciplinary field, our understanding of the maturation
of human cardiomyocytes has been growing in recent years. Many studies on the maturation of
cardiomyocytes have been published in multiple journals in the last decade. Some methods have been
applied to successfully produce adult-like cardiomyocytes with respect to the biochemical indicators;
however, the remaining methods still need improvement. Current hurdles include achieving adult-like
cardiomyocytes with angiogenesis and organized, mixed assemblies of multi-layer 3D heart tissues.
A real-time assessment system is required to compare different approaches and obtain an optimized
maturation status in hPSC-CMs. Besides this, in order to monitor feedback from cell and tissue signals,
we may need an electrophysiological surveillance system that can regulate the differentiation and
maturation of cardiomyocytes in real time in clinical practices. A mature and functional human
cardiac model in vitro could play a role in myocardial tissue development research, cardiotoxicity
drug screening, and clinical therapies.

Author Contributions: F.G. wrote original draft. F.G., Z.W. and J.J.X. reviewed and edited manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Special thanks are given to Smina Mukhtar and Martyn Rittman for excellent scientific
secretary assistance and English editing service.



Cells 2020, 9, 9 7 of 9

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Milani-Nejad, N.; Janssen, P.M. Small and large animal models in cardiac contraction research: Advantages
and disadvantages. Pharmacol. Ther. 2014, 141, 235–249. [CrossRef] [PubMed]

2. Boheler, K.R.; Czyz, J.; Tweedie, D.; Yang, H.T.; Anisimov, S.V.; Wobus, A.M. Differentiation of pluripotent
embryonic stem cells into cardiomyocytes. Circ. Res. 2002, 91, 189–201. [CrossRef]

3. Bauwens, C.L.; Peerani, R.; Niebruegge, S.; Woodhouse, K.A.; Kumacheva, E.; Husain, M.; Zandstra, P.W.
Control of human embryonic stem cell colony and aggregate size heterogeneity influences differentiation
trajectories. Stem Cells 2008, 26, 2300–2310. [CrossRef] [PubMed]

4. Peerani, R.; Rao, B.M.; Bauwens, C.; Yin, T.; Wood, G.A.; Nagy, A.; Kumacheva, E.; Zandstra, P.W.
Niche-mediated control of human embryonic stem cell self-renewal and differentiation. EMBO J. 2007, 26,
4744–4755. [CrossRef] [PubMed]

5. Lian, X.; Zhang, J.; Azarin, S.M.; Zhu, K.; Hazeltine, L.B.; Bao, X.; Hsiao, C.; Kamp, T.J.; Palecek, S.P. Directed
cardiomyocyte differentiation from human pluripotent stem cells by modulating Wnt/β-catenin signaling
under fully defined conditions. Nat. Protoc. 2012, 8, 162–175. [CrossRef] [PubMed]

6. Lian, X.; Hsiao, C.; Wilson, G.; Zhu, K.; Hazeltine, L.B.; Azarin, S.M.; Raval, K.K.; Zhang, J.; Kamp, T.J.;
Palecek, S.P. Robust cardiomyocyte differentiation from human pluripotent stem cells via temporal modulation
of canonical Wnt signaling. Proc. Natl. Acad. Sci. USA 2012, 109, E1848–E1857. [CrossRef]

7. Halloin, C.; Schwanke, K.; Lobel, W.; Franke, A.; Szepes, M.; Biswanath, S.; Wunderlich, S.; Merkert, S.;
Weber, N.; Osten, F.; et al. Continuous WNT Control Enables Advanced hPSC Cardiac Processing and
Prognostic Surface Marker Identification in Chemically Defined Suspension Culture. Stem Cell Rep. 2019, 13,
366–379. [CrossRef]

8. Burridge, P.W.; Matsa, E.; Shukla, P.; Lin, Z.C.; Churko, J.M.; Ebert, A.D.; Lan, F.; Diecke, S.; Huber, B.;
Mordwinkin, N.M.; et al. Chemically defined generation of human cardiomyocytes. Nat. Methods 2014, 11,
855–860. [CrossRef]

9. Yang, L.; Soonpaa, M.H.; Adler, E.D.; Roepke, T.K.; Kattman, S.J.; Kennedy, M.; Henckaerts, E.; Bonham, K.;
Abbott, G.W.; Linden, R.M.; et al. Human cardiovascular progenitor cells develop from a KDR+ embryonic-
stem-cell-derived population. Nature 2008, 453, 524–528. [CrossRef]

10. Macadangdang, J.; Guan, X.; Smith, A.S.; Lucero, R.; Czerniecki, S.; Childers, M.K.; Mack, D.L.; Kim, D.H.
Nanopatterned Human iPSC-based Model of a Dystrophin-Null Cardiomyopathic Phenotype. Cell. Mol.
Bioeng. 2015, 8, 320–332. [CrossRef]

11. Carvajal-Vergara, X.; Sevilla, A.; D’Souza, S.L.; Ang, Y.S.; Schaniel, C.; Lee, D.F.; Yang, L.; Kaplan, A.D.;
Adler, E.D.; Rozov, R.; et al. Patient-specific induced pluripotent stem-cell-derived models of LEOPARD
syndrome. Nature 2010, 465, 808–812. [CrossRef] [PubMed]

12. Moretti, A.; Bellin, M.; Welling, A.; Jung, C.B.; Lam, J.T.; Bott-Flugel, L.; Dorn, T.; Goedel, A.; Hohnke, C.;
Hofmann, F.; et al. Patient-specific induced pluripotent stem-cell models for long-QT syndrome. N. Engl. J.
Med. 2010, 363, 1397–1409. [CrossRef] [PubMed]

13. Yazawa, M.; Hsueh, B.; Jia, X.; Pasca, A.M.; Bernstein, J.A.; Hallmayer, J.; Dolmetsch, R.E. Using induced
pluripotent stem cells to investigate cardiac phenotypes in Timothy syndrome. Nature 2011, 471, 230–234.
[CrossRef] [PubMed]

14. Itier, J.M.; Ret, G.; Viale, S.; Sweet, L.; Bangari, D.; Caron, A.; Le-Gall, F.; Benichou, B.; Leonard, J.; Deleuze, J.F.;
et al. Effective clearance of GL-3 in a human iPSC-derived cardiomyocyte model of Fabry disease. J. Inherit.
Metab. Dis. 2014, 37, 1013–1022. [CrossRef]

15. Nishino, I.; Fu, J.; Tanji, K.; Yamada, T.; Shimojo, S.; Koori, T.; Mora, M.; Riggs, J.E.; Oh, S.J.; Koga, Y.; et al.
Primary LAMP-2 deficiency causes X-linked vacuolar cardiomyopathy and myopathy (Danon disease).
Nature 2000, 406, 906–910. [CrossRef]

16. Giacomelli, E.; Mummery, C.L.; Bellin, M. Human heart disease: Lessons from human pluripotent stem
cell-derived cardiomyocytes. Cell. Mol. Life Sci. 2017, 74, 3711–3739. [CrossRef]

17. Wang, G.; McCain, M.L.; Yang, L.; He, A.; Pasqualini, F.S.; Agarwal, A.; Yuan, H.; Jiang, D.; Zhang, D.;
Zangi, L.; et al. Modeling the mitochondrial cardiomyopathy of Barth syndrome with induced pluripotent
stem cell and heart-on-chip technologies. Nat. Med. 2014, 20, 616–623. [CrossRef]

http://dx.doi.org/10.1016/j.pharmthera.2013.10.007
http://www.ncbi.nlm.nih.gov/pubmed/24140081
http://dx.doi.org/10.1161/01.RES.0000027865.61704.32
http://dx.doi.org/10.1634/stemcells.2008-0183
http://www.ncbi.nlm.nih.gov/pubmed/18583540
http://dx.doi.org/10.1038/sj.emboj.7601896
http://www.ncbi.nlm.nih.gov/pubmed/17948051
http://dx.doi.org/10.1038/nprot.2012.150
http://www.ncbi.nlm.nih.gov/pubmed/23257984
http://dx.doi.org/10.1073/pnas.1200250109
http://dx.doi.org/10.1016/j.stemcr.2019.06.004
http://dx.doi.org/10.1038/nmeth.2999
http://dx.doi.org/10.1038/nature06894
http://dx.doi.org/10.1007/s12195-015-0413-8
http://dx.doi.org/10.1038/nature09005
http://www.ncbi.nlm.nih.gov/pubmed/20535210
http://dx.doi.org/10.1056/NEJMoa0908679
http://www.ncbi.nlm.nih.gov/pubmed/20660394
http://dx.doi.org/10.1038/nature09855
http://www.ncbi.nlm.nih.gov/pubmed/21307850
http://dx.doi.org/10.1007/s10545-014-9724-5
http://dx.doi.org/10.1038/35022604
http://dx.doi.org/10.1007/s00018-017-2546-5
http://dx.doi.org/10.1038/nm.3545


Cells 2020, 9, 9 8 of 9

18. Kawatou, M.; Masumoto, H.; Fukushima, H.; Morinaga, G.; Sakata, R.; Ashihara, T.; Yamashita, J.K. Modelling
Torsade de Pointes arrhythmias in vitro in 3D human iPS cell-engineered heart tissue. Nat. Commun. 2017, 8,
1078. [CrossRef]

19. Mohamed, T.M.A.; Ang, Y.S.; Radzinsky, E.; Zhou, P.; Huang, Y.; Elfenbein, A.; Foley, A.; Magnitsky, S.;
Srivastava, D. Regulation of Cell Cycle to Stimulate Adult Cardiomyocyte Proliferation and Cardiac
Regeneration. Cell 2018, 173, 104–116.e112. [CrossRef]

20. Kannappan, R.; Turner, J.F.; Miller, J.M.; Fan, C.; Rushdi, A.G.; Rajasekaran, N.S.; Zhang, J. Functionally
Competent DNA Damage-Free Induced Pluripotent Stem Cell-Derived Cardiomyocytes for Myocardial
Repair. Circulation 2019, 140, 520–522. [CrossRef]

21. Feric, N.T.; Radisic, M. Maturing human pluripotent stem cell-derived cardiomyocytes in human engineered
cardiac tissues. Adv. Drug Deliv. Rev. 2016, 96, 110–134. [CrossRef] [PubMed]

22. Denning, C.; Borgdorff, V.; Crutchley, J.; Firth, K.S.; George, V.; Kalra, S.; Kondrashov, A.; Hoang, M.D.;
Mosqueira, D.; Patel, A.; et al. Cardiomyocytes from human pluripotent stem cells: From laboratory curiosity
to industrial biomedical platform. Biochim. Biophys. Acta 2016, 1863, 1728–1748. [CrossRef] [PubMed]

23. Yang, X.; Pabon, L.; Murry, C.E. Engineering adolescence: Maturation of human pluripotent stem cell-derived
cardiomyocytes. Circ. Res. 2014, 114, 511–523. [CrossRef] [PubMed]

24. Veerman, C.C.; Kosmidis, G.; Mummery, C.L.; Casini, S.; Verkerk, A.O.; Bellin, M. Immaturity of human
stem-cell-derived cardiomyocytes in culture: Fatal flaw or soluble problem? Stem Cells Dev. 2015, 24,
1035–1052. [CrossRef] [PubMed]

25. Jonsson, M.K.; Vos, M.A.; Mirams, G.R.; Duker, G.; Sartipy, P.; de Boer, T.P.; van Veen, T.A. Application of
human stem cell-derived cardiomyocytes in safety pharmacology requires caution beyond hERG. J. Mol.
Cell. Cardiol. 2012, 52, 998–1008. [CrossRef] [PubMed]

26. Rajamohan, D.; Matsa, E.; Kalra, S.; Crutchley, J.; Patel, A.; George, V.; Denning, C. Current status of drug screening
and disease modelling in human pluripotent stem cells. BioEssays 2013, 35, 281–298. [CrossRef] [PubMed]

27. Weber, N.; Schwanke, K.; Greten, S.; Wendland, M.; Iorga, B.; Fischer, M.; Geers-Knorr, C.; Hegermann, J.;
Wrede, C.; Fiedler, J.; et al. Stiff matrix induces switch to pure beta-cardiac myosin heavy chain expression in
human ESC-derived cardiomyocytes. Basic Res. Cardiol. 2016, 111, 68. [CrossRef]

28. Jacot, J.G.; McCulloch, A.D.; Omens, J.H. Substrate stiffness affects the functional maturation of neonatal rat
ventricular myocytes. Biophys. J. 2008, 95, 3479–3487. [CrossRef] [PubMed]

29. Mihic, A.; Li, J.; Miyagi, Y.; Gagliardi, M.; Li, S.H.; Zu, J.; Weisel, R.D.; Keller, G.; Li, R.K. The effect of
cyclic stretch on maturation and 3D tissue formation of human embryonic stem cell-derived cardiomyocytes.
Biomaterials 2014, 35, 2798–2808. [CrossRef]

30. Ryan, A.J.; Kearney, C.J.; Shen, N.; Khan, U.; Kelly, A.G.; Probst, C.; Brauchle, E.; Biccai, S.; Garciarena, C.D.;
Vega-Mayoral, V.; et al. Electroconductive Biohybrid Collagen/Pristine Graphene Composite Biomaterials
with Enhanced Biological Activity. Adv. Mater. 2018, 30. [CrossRef]

31. Tulloch, N.L.; Muskheli, V.; Razumova, M.V.; Korte, F.S.; Regnier, M.; Hauch, K.D.; Pabon, L.; Reinecke, H.;
Murry, C.E. Growth of engineered human myocardium with mechanical loading and vascular coculture.
Circ. Res. 2011, 109, 47–59. [CrossRef] [PubMed]

32. Lee, A.; Hudson, A.R.; Shiwarski, D.J.; Tashman, J.W.; Hinton, T.J.; Yerneni, S.; Bliley, J.M.; Campbell, P.G.;
Feinberg, A.W. 3D bioprinting of collagen to rebuild components of the human heart. Science 2019, 365,
482–487. [CrossRef] [PubMed]

33. Zhang, D.; Shadrin, I.Y.; Lam, J.; Xian, H.Q.; Snodgrass, H.R.; Bursac, N. Tissue-engineered cardiac patch for
advanced functional maturation of human ESC-derived cardiomyocytes. Biomaterials 2013, 34, 5813–5820.
[CrossRef] [PubMed]

34. Gao, L.; Gregorich, Z.R.; Zhu, W.; Mattapally, S.; Oduk, Y.; Lou, X.; Kannappan, R.; Borovjagin, A.V.;
Walcott, G.P.; Pollard, A.E.; et al. Large Cardiac Muscle Patches Engineered From Human Induced-Pluripotent
Stem Cell-Derived Cardiac Cells Improve Recovery From Myocardial Infarction in Swine. Circulation 2018,
137, 1712–1730. [CrossRef] [PubMed]

35. Ruan, J.L.; Tulloch, N.L.; Saiget, M.; Paige, S.L.; Razumova, M.V.; Regnier, M.; Tung, K.C.; Keller, G.; Pabon, L.;
Reinecke, H.; et al. Mechanical Stress Promotes Maturation of Human Myocardium From Pluripotent Stem
Cell-Derived Progenitors. Stem Cells 2015, 33, 2148–2157. [CrossRef]

36. Mathur, A.; Ma, Z.; Loskill, P.; Jeeawoody, S.; Healy, K.E. In vitro cardiac tissue models: Current status and
future prospects. Adv. Drug Deliv. Rev. 2016, 96, 203–213. [CrossRef]

http://dx.doi.org/10.1038/s41467-017-01125-y
http://dx.doi.org/10.1016/j.cell.2018.02.014
http://dx.doi.org/10.1161/CIRCULATIONAHA.119.040881
http://dx.doi.org/10.1016/j.addr.2015.04.019
http://www.ncbi.nlm.nih.gov/pubmed/25956564
http://dx.doi.org/10.1016/j.bbamcr.2015.10.014
http://www.ncbi.nlm.nih.gov/pubmed/26524115
http://dx.doi.org/10.1161/CIRCRESAHA.114.300558
http://www.ncbi.nlm.nih.gov/pubmed/24481842
http://dx.doi.org/10.1089/scd.2014.0533
http://www.ncbi.nlm.nih.gov/pubmed/25583389
http://dx.doi.org/10.1016/j.yjmcc.2012.02.002
http://www.ncbi.nlm.nih.gov/pubmed/22353256
http://dx.doi.org/10.1002/bies.201200053
http://www.ncbi.nlm.nih.gov/pubmed/22886688
http://dx.doi.org/10.1007/s00395-016-0587-9
http://dx.doi.org/10.1529/biophysj.107.124545
http://www.ncbi.nlm.nih.gov/pubmed/18586852
http://dx.doi.org/10.1016/j.biomaterials.2013.12.052
http://dx.doi.org/10.1002/adma.201706442
http://dx.doi.org/10.1161/CIRCRESAHA.110.237206
http://www.ncbi.nlm.nih.gov/pubmed/21597009
http://dx.doi.org/10.1126/science.aav9051
http://www.ncbi.nlm.nih.gov/pubmed/31371612
http://dx.doi.org/10.1016/j.biomaterials.2013.04.026
http://www.ncbi.nlm.nih.gov/pubmed/23642535
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.030785
http://www.ncbi.nlm.nih.gov/pubmed/29233823
http://dx.doi.org/10.1002/stem.2036
http://dx.doi.org/10.1016/j.addr.2015.09.011


Cells 2020, 9, 9 9 of 9

37. Jackman, C.P.; Carlson, A.L.; Bursac, N. Dynamic culture yields engineered myocardium with near-adult
functional output. Biomaterials 2016, 111, 66–79. [CrossRef]

38. Richards, D.J.; Coyle, R.C.; Tan, Y.; Jia, J.; Wong, K.; Toomer, K.; Menick, D.R.; Mei, Y. Inspiration from
heart development: Biomimetic development of functional human cardiac organoids. Biomaterials 2017, 142,
112–123. [CrossRef]

39. Bargehr, J.; Ong, L.P.; Colzani, M.; Davaapil, H.; Hofsteen, P.; Bhandari, S.; Gambardella, L.; Le Novere, N.;
Iyer, D.; Sampaziotis, F.; et al. Epicardial cells derived from human embryonic stem cells augment
cardiomyocyte-driven heart regeneration. Nat. Biotechnol. 2019, 37, 895–906. [CrossRef]

40. Yang, X.; Rodriguez, M.; Pabon, L.; Fischer, K.A.; Reinecke, H.; Regnier, M.; Sniadecki, N.J.; Ruohola-Baker, H.;
Murry, C.E. Tri-iodo-l-thyronine promotes the maturation of human cardiomyocytes-derived from induced
pluripotent stem cells. J. Mol. Cell. Cardiol. 2014, 72, 296–304. [CrossRef]

41. Hu, D.; Linders, A.; Yamak, A.; Correia, C.; Kijlstra, J.D.; Garakani, A.; Xiao, L.; Milan, D.J.; van der Meer, P.;
Serra, M.; et al. Metabolic Maturation of Human Pluripotent Stem Cell-Derived Cardiomyocytes by Inhibition
of HIF1alpha and LDHA. Circ. Res. 2018, 123, 1066–1079. [CrossRef] [PubMed]

42. Nunes, S.S.; Miklas, J.W.; Liu, J.; Aschar-Sobbi, R.; Xiao, Y.; Zhang, B.; Jiang, J.; Masse, S.; Gagliardi, M.;
Hsieh, A.; et al. Biowire: A platform for maturation of human pluripotent stem cell-derived cardiomyocytes.
Nat. Methods 2013, 10, 781–787. [CrossRef] [PubMed]

43. Ruan, J.L.; Tulloch, N.L.; Razumova, M.V.; Saiget, M.; Muskheli, V.; Pabon, L.; Reinecke, H.; Regnier, M.;
Murry, C.E. Mechanical Stress Conditioning and Electrical Stimulation Promote Contractility and Force
Maturation of Induced Pluripotent Stem Cell-Derived Human Cardiac Tissue. Circulation 2016, 134, 1557–1567.
[CrossRef] [PubMed]

44. Chiu, L.L.; Iyer, R.K.; King, J.P.; Radisic, M. Biphasic electrical field stimulation aids in tissue engineering of
multicell-type cardiac organoids. Tissue Eng. Part A 2011, 17, 1465–1477. [CrossRef] [PubMed]

45. Xi, J.; Schmidt, J.J.; Montemagno, C.D. Self-assembled microdevices driven by muscle. Nat. Mater 2005, 4,
180–184. [CrossRef]

46. Schmelter, M.; Ateghang, B.; Helmig, S.; Wartenberg, M.; Sauer, H. Embryonic stem cells utilize reactive
oxygen species as transducers of mechanical strain-induced cardiovascular differentiation. FASEB J. 2006, 20,
1182–1184. [CrossRef]

47. Ronaldson-Bouchard, K.; Ma, S.P.; Yeager, K.; Chen, T.; Song, L.; Sirabella, D.; Morikawa, K.; Teles, D.;
Yazawa, M.; Vunjak-Novakovic, G. Advanced maturation of human cardiac tissue grown from pluripotent
stem cells. Nature 2018, 556, 239–243. [CrossRef]

48. Chan, Y.C.; Ting, S.; Lee, Y.K.; Ng, K.M.; Zhang, J.; Chen, Z.; Siu, C.W.; Oh, S.K.; Tse, H.F. Electrical stimulation
promotes maturation of cardiomyocytes derived from human embryonic stem cells. J. Cardiovasc. Transl. Res.
2013, 6, 989–999. [CrossRef]

49. Hirt, M.N.; Boeddinghaus, J.; Mitchell, A.; Schaaf, S.; Bornchen, C.; Muller, C.; Schulz, H.; Hubner, N.;
Stenzig, J.; Stoehr, A.; et al. Functional improvement and maturation of rat and human engineered heart
tissue by chronic electrical stimulation. J. Mol. Cell. Cardiol. 2014, 74, 151–161. [CrossRef]

50. Yoshida, S.; Sumomozawa, K.; Nagamine, K.; Nishizawa, M. Hydrogel Microchambers Integrated with
Organic Electrodes for Efficient Electrical Stimulation of Human iPSC-Derived Cardiomyocytes. Macromol.
Biosci. 2019, 19. [CrossRef]

51. Godier-Furnemont, A.F.; Tiburcy, M.; Wagner, E.; Dewenter, M.; Lammle, S.; El-Armouche, A.; Lehnart, S.E.;
Vunjak-Novakovic, G.; Zimmermann, W.H. Physiologic force-frequency response in engineered heart muscle
by electromechanical stimulation. Biomaterials 2015, 60, 82–91. [CrossRef] [PubMed]

52. Ronaldson-Bouchard, K.; Yeager, K.; Teles, D.; Chen, T.; Ma, S.; Song, L.; Morikawa, K.; Wobma, H.M.;
Vasciaveo, A.; Ruiz, E.C.; et al. Engineering of human cardiac muscle electromechanically matured to an
adult-like phenotype. Nat. Protoc. 2019, 14, 2781–2817. [CrossRef] [PubMed]

53. Pekkanen-Mattila, M.; Hakli, M.; Polonen, R.P.; Mansikkala, T.; Junnila, A.; Talvitie, E.; Koivisto, J.T.; Kellomaki, M.;
Aalto-Setala, K. Polyethylene Terephthalate Textiles Enhance the Structural Maturation of Human Induced
Pluripotent Stem Cell-Derived Cardiomyocytes. Materials 2019, 12, 1805. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.biomaterials.2016.09.024
http://dx.doi.org/10.1016/j.biomaterials.2017.07.021
http://dx.doi.org/10.1038/s41587-019-0197-9
http://dx.doi.org/10.1016/j.yjmcc.2014.04.005
http://dx.doi.org/10.1161/CIRCRESAHA.118.313249
http://www.ncbi.nlm.nih.gov/pubmed/30355156
http://dx.doi.org/10.1038/nmeth.2524
http://www.ncbi.nlm.nih.gov/pubmed/23793239
http://dx.doi.org/10.1161/CIRCULATIONAHA.114.014998
http://www.ncbi.nlm.nih.gov/pubmed/27737958
http://dx.doi.org/10.1089/ten.tea.2007.0244
http://www.ncbi.nlm.nih.gov/pubmed/18783322
http://dx.doi.org/10.1038/nmat1308
http://dx.doi.org/10.1096/fj.05-4723fje
http://dx.doi.org/10.1038/s41586-018-0016-3
http://dx.doi.org/10.1007/s12265-013-9510-z
http://dx.doi.org/10.1016/j.yjmcc.2014.05.009
http://dx.doi.org/10.1002/mabi.201900060
http://dx.doi.org/10.1016/j.biomaterials.2015.03.055
http://www.ncbi.nlm.nih.gov/pubmed/25985155
http://dx.doi.org/10.1038/s41596-019-0189-8
http://www.ncbi.nlm.nih.gov/pubmed/31492957
http://dx.doi.org/10.3390/ma12111805
http://www.ncbi.nlm.nih.gov/pubmed/31163704
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Characteristics of Mature and Immature Cardiomyocytes 
	Approaches to Obtaining Mature Cardiomyocytes 
	Biophysical and Biochemical Factors 
	Electrophysiological Stimulation 
	Mechanical Stress 

	Conclusions 
	References

