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The capacity of differentiation of human pluripotent stem 

cells (hPSCs), which include both embryonic stem cells and 

induced pluripotent stem cells, into cardiomyocytes (CMs) in 
vitro provides an unlimited resource for human CMs for a 

wide range of applications such as cell based cardiac repair, 

cardiac drug toxicology screening, and human cardiac disease 

modeling. However, their applicability is significantly limited 

by immature phenotypes. It has been well known that cur-

rently available CMs derived from hPSCs (hPSC-CMs) repre-

sent immature embryonic or fetal stage CMs and are func-

tionally and structurally different from mature human CMs. To 

overcome this critical issue, several new approaches aiming to 

generate more mature hPSC-CMs have been developed. This 

review describes recent approaches to generate more mature 

hPSC-CMs including their scientific principles, advantages, 

and limitations. 
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INTRODUCTION 
 

Ischemic heart disease (IHD), characterized by a reduced 

blood supply to the heart, remains one of the leading causes  

of death worldwide (Mozaffarian et al., 2016). Particularly, 

myocardial infarction (MI), a major form of IHD, damages a 

majority of the myocardium leading to a condition in which 

almost half of affected patients die within a short time after 

the onset of symptoms mostly due to a reduction of cardiac 

contractile function below a critical threshold (Laflamme and 

Murry, 2011). Since the human heart has a limited regenera-

tive capacity, cardiomyocytes (CMs) lost during MI is re-

placed by non-contractile scar tissue leading to the devel-

opment of a thin ventricular wall that no longer contracts 

properly. Subsequently, it initiates a series of events that lead 

to remodeling, hypertrophy, and eventually heart failure 

(Pasumarthi and Field, 2002). 

Since current options for treating damaged hearts such as 

heart transplantation and artificial heart devices have noted 

limitations, in recent decades, CMs derived from pluripotent 

stem cells (hPSC) including embryonic stem cells (ESCs) and 

human induced pluripotent stem cells (hiPSCs) have received 

enormous attention as a promising source for cell based 

cardiac regeneration therapy (Shiba et al., 2012; Shigeru et 

al., 2016). CMs differentiated from hPSCs (hPSC-CMs) have 

many similarities with human primary CMs in terms of ion 

channels expression, sarcomere structure, calcium handling 

protein expression, contractile function, calcium transient, 

and excitation-contraction coupling (ECC) mechanism  
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(Laflamme et al., 2007). However, their applicability is sty-

mied by their resemblance to immature human CMs at em-

bryonic or fetal stages and are functionally and structurally 

different from mature human CMs (Robertson et al., 2013). 

The hPSC-CMs lack organized myofibrils and have poor sar-

comeric organization (Snir et al., 2003). Indeed, fetal-CMs 

are typically 30-fold smaller than adult-CMs, generate much 

weaker contractile force, and have different electrical prop-

erties (Davis et al., 2012). Hence, immaturity of hPSC-CMs 

significantly limits the potential for clinical applications. In 

response, many promising approaches aiming to generate 

mature hPSC-CMs have been sought and developed, which 

include long-term culture ( >100 days) (Lundy et al., 2013), 

and biomechanical stimulation (Tulloch et al., 2011). To 

mimic in vivo microenvironments, scientists also developed a 

more advanced 3 dimensional (3D) culture system, which 

co-culture non-CMs and extracellular matrix (ECM) compo-

nents with an increase in substrate stiffness (Nunes et al., 

2013). 

In this review article, we will review previously reported 

strategies for inducing hPSC-CMs maturation. Strengths and 

limitations of individual approaches will be thoroughly dis-

cussed. 

DISTINGUISHING PROPERTIES OF IMMATURE 
HPSC-CMS 
 

Differential characteristics between immature-CM and ma-

ture-CM are summarized in Table 1. 
 

Morphology 
CMs possess distinct morphological characteristics at differ-

ent developmental stages. While fetal-CMs are mostly 

round-shaped, adult-CMs are more elongated and rod-

shaped (Veerman et al., 2015). Also, adult-CMs are larger 

and longer than fetal-CMs. During the developmental period, 

fetal-CMs undergo a complex series of structural changes to 

obtain adult-like CM phenotypes. Indeed, hPSC-CMs are 

compared to fetal-CMs due to their similar morphological 

characteristics. Early hPSC-CMs (10-15 days after differentia-

tion induction) are mostly round and small, analogous to 

fetal-CMs. After 50 days of culture, hPSC-CMs begin to illus-

trate structural changes and increase in size ang length, al-

beit still smaller than adult-CMs (Snir et al., 2003). While 

mature-CMs are aligned longitudinally to promote electrical 

conduction and synchronous contraction, hPSC-CMs are 

reported to be randomly distributed (Peters et al., 1993). In 

 

 

 

Table 1. Different properties between immature and mature cardiomyocytes 

 Parameters Fetal CM hPSC–CM Adult CM 

Morphology Cell shape Circular Circular Rod-shaped 

Nucleation Mononucleated Mononucleated 25-30% Binucleated
 

Mitochondria Structure Small and round Slender and long, 

smaller than adult 

Ovular shape, 

35% total volume 

Distribution Close to nucleus and 

at periphery 

Close to nucleus and 

at periphery 

In the direction of the 

sarcomere 

Metabolic substrate  Glucose Glucose Fatty acid 

Sarcomere Length ≈1.6 μm ? ≈2.2 μm 

Myofibrillar isoform switch Titin N2BA N2BA N2B 

MYH β > α β ≈ α β » α 

T- tubules Presence No No Yes 

Gap junction Distribution Circumferential ? Intercalated disc 

Conduction velocity Velocity ? 10-20 cm/s 60cm/s 

Electrophysiology properties Upstroke velocity ≈50 V/s ≈50 V/s ≈250 V/s 

Synchronous contraction No No Yes 

RMP ≈-60 mv ≈-60 mv ≈-90 mv 

Upregulated proteins in 

adult CM 

Ion transporters and their regulatory genes at sarcolemma: 

KCNA4, KCNA5,KCNAB1, KCNAB2, KCND2, KCND3, KCNE4,KCNG1, KCNH2, KCNH7, KCNIP2,

KCNJ2, KCNJ3, KCNJ5, KCNJ8,KCNK1, KCNQ1, KCNV1, SCN1A,SCN1B, SCN2B, SCN3A,

SCN4B,SCN5A, HCN1, HCN4, CACNA1C,CACNA1D, CACNA1H, CACNA1G,CACNA2D1, CACNB2, 

SLC8A1,TRPC3, TRPC4, TRPC6, CFTR 

 

Ion transporters at sarcoplasmic reticulum: ATP2A2, PLN, CASQ2, RYR2, RYR3, TRDN, ITPR1, ITPR3, 

ASPH, S100A1, HRC 

Sarcomere: MYL2, TNNI3, ACTN2, MYH7, MYL3, TNNC1, TNNT2, MYH11, SORBS1 

Calcium handling proteins: CASQ2, RyR, SERCA and L-type calcium channels 

Down-regulated proteins 

in adult CM 

αMHC, T-type calcium channels, Titin, N2BA 
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terms of nucleation, 25-30% of adult-CMs are binucleated 

regardless of age, whereas, fetal-CMs are single nucleated 

almost exclusively (Kim et al., 1992; Mollova et al., 2013). 

 

MITOCHONDRIA AND METABOLISM  
 

The morphology and function of mitochondria is also known 

as a critical marker for CM maturation (Feric and Radisic, 

2016). Mature adult mitochondria are the power house of 

the cell facilitating efficient cellular respiration with extensive 

surface area provided by densely packed cristae (Feric and 

Radisic, 2016). However, cristae is absent in both fetal and 

hPSC-CMs (Scuderi and Butcher, 2017). Mitochondria of 

hPSC and fetal-CMs are also structurally different from those 

of adult-CMs. The size and shape of mitochondria in both 

fetal and hPSC-CMs are smaller and more round compared 

to mitochondria in adult-CMs. Mitochondria in hPSC-CM are 

slender and longer compared to the ovular-shaped adult-

CM mitochondria which occupy over 35% of total cellular 

volume (Scuderi and Butcher, 2017). The alignment of mito-

chondria is essential for CM contraction due to the amount 

of energy required in a short period of time (Scuderi and 

Butcher, 2017). Mitochondria from adult-CMs are, therefore, 

well aligned in the direction of sarcomeres, and clustered 

close to the nucleus. However, mitochondria from fetal and 

hPSC-CMs are clustered to the periphery (Gherghiceanu et 

al., 2011). The major energy source of immature-CMs is also 

different from adult stage CMs. Immature-CMs rely on gly-

colysis, whereas, mature-CMs use fatty-acid oxidation due to 

the corresponding increase in oxidative capacity (Yang et al., 

2014a). 

 

TRANSVERSE TUBULES AND CALCIUM HANDLING 
 

Transverse tubules are highly-specialized structures that ena-

ble electrical impulses to enter the cell and initiate excitation-

contraction coupling (ECC). Therefore, the formation of T-

tubules is the hallmark of CM maturation (Ziman et al., 

2010). However, hPSC-CMs lack T-tubules when cultured in 

2D cultures (Lieu et al., 2009). Lack of transverse tubule (T-

tubules) in hPSC-CMs result in unsynchronized calcium tran-

sients, as demonstrated by uniform calcium dynamics with 

greater amplitudes at the edge than center of the cell (Lieu 

et al., 2009). 

 

CONDUCTION VELOCITY 
 

hPSC-CMs are shown to have slow electrical propagation 

due to a lack of sodium channels, with a velocity of 10-20 

cm/s compared with 60cm/s in human left ventricles (Lee et 

al., 2012). There are several factors that contribute to the 

conduction velocity, such as gap junction composition and 

distribution. For instance, the distribution of connexin 43 

(Cx43), a protein involved in forming gap junctions in hu-

man ventricles, differs between hPSC-CMs and adult-CMs. 

While Cx43 disperse at the intercalated disc, located near 

the periphery of adult-CMs, they are span circumferentially 

in hPSC-CMs which is not optimal for longitudinal electrical 

signal transduction (Vreeker et al., 2014). 

ELECTROPHYSIOLOGY 
 

Cardiac action potential is orchestrated by an amalgam of 

channels acting together in four distinct phases (Yang et al., 

2014a). At phase 0, the rapid sodium influx (INa) depolarizes 

the cell. The following potassium transient outward current 

(Ito1) slightly repolarizes the cell at phase 1. Phase 2 is a plat-

eau phase, maintained by L-type calcium channels (ICaL). 

During phase 3, the rapid and slow delayed rectifier K
+
 

channels (IKr, IKe) open, and rapidly repolarize the cell. Rest-

ing membrane potential (RMP) -85mv is reached and main-

tained by rectifying K
+
 current (KCNJ2) during phase 4 (Amin 

et al., 2010). hPSC-CMs express minimal levels of KCNJ2 

channels, resulting a less negative RMP -50mv ~ -60 mv, 

compared to the normal -85mv in adult-CM (Zhang et al., 

2009). Fetal-CMs have a RMP around -40mv at day 21 and 

around -65 mv at days 28~49 as they mature respectively 

(Liu et al., 2016). hPSC-CMs and fetal-CMs have a pace-

maker current, which is nearly undetectable in adult-CMs 

(Sartiani et al., 2007). The asynchronous and spontaneous 

contractions of hPSC-CMs are thought to be caused by the 

combined pacemaker currents and unstable RMPs (Veerman 

et al., 2015). The more depolarized RMP might also be a 

contributor of slow upstroke of action potential at phase 0, 

and reduced availability of sodium ion influx (Ma et al., 

2011). The slow upstroke is thought to result from the lower 

level of sodium channels (Sartiani et al., 2007). Another sign 

of maturation indicated by previous studies is the increasing 

expression of Ito1 potassium channels, which coordinates the 

repolarization in phase 1 (Wang et al., 2003). Immature-

CMs also have less lCaL that might account for the shorter 

plateau phase (Sartiani et al., 2007). 

 

STRATEGIES TO INDUCE CARDIOMYOCYTE 
MATURATION 
 

Long-term culture in vitro 
Maturation is a gradual process which normally requires 6 to 

10 years for human neonatal CMs to reach their adult phe-

notype in vivo (Peters et al., 1994). However, functional 

hPSC-CMs can be generated within 15 days of differentia-

tion (Laflamme and Murry, 2011). To nurture more mature-

CMs, researchers initially increased the culturing time of 

hPSC-CM in vitro. Among the first, Lundy et al., cultured 

hPSC-CMs up to 100 days and found some key morphologi-

cal changes such as multinucleation, increase in sarcomere 

length, cell size, and elongated shape (Fig. 1) (Lundy et al., 

2013). In addition, Kamarura et al. (2013) observed gradual 

changes of sarcomere organization of hPSC-CM during one 

year in culture. They overserved Z and I bands appearing 

after 30 days of culture. The A-bands also developed during 

the 30-90 days period of cultures and the M-bands were 

finally induced at longer culturing times of up to 360 days. 

As a critical parameter of CM maturation, electrophysiologi-

cal properties were shown to be enhanced through pro-

longed culture. Sartiani et al., cultured hPSC-CMs for three 

months and demonstrated increased densities of the inward 

rectifier current (Ik1) and Ito1, although the densities for IKr and 

ICaL remained unchanged (Sartiani et al., 2007). While long-
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term culture is relatively easy and does not require expensive 

experimental equipment, it is labor intensive and inefficient. 

Furthermore, previous studies have not reached consensus 

on the duration required to culture mature-CM phenotypes. 

The inherent possibility of batch-to-batch variations of long 

term culture also confines this methodology to small scale 

experiments precluding large scale clinical applications. Most 

importantly, there has been no study demonstrating adult 

phenotype of hPSC-CMs following prolonged culture even 

after 200 days (Veerman et al., 2015). 

 

THREE-DIMENSIONAL CARDIAC TISSUE 
ENGINEERING 
 
The myocardium is a 3D structure composed of CMs, extra 

cellular matrix (ECM), and endothelial cells in the blood ves-

sels that constantly interact with each other (Yang et al., 

2014a). By using this concept, 3D culture has been shown to 

have many benefits on CM maturation (Fig. 1). Indeed, 3D 

cultures are often combined with other strategies to en-

hance the viability and functional maturation of CMs by 

means of mechanical or electrical stimulation (Mihic et al., 

2014). 

 

Basic approach: hydrogels 
The hydrogel technique has been the most extensively used 

method in cardiac tissue engineering due to its capability to 

promote cell adhesion and growth (Pedron et al., 2011). 

Studies have suggested that certain properties in the hydro-

gel highly mimic the microenvironment of cardiac tissues to 

provide mechanical support for CM maturation (DeForest 

and Anseth, 2012). There are three essential elements for 

hydrogel-based approaches: natural gelling products, cast-

ing molds, and anchoring constructs. Primarily, the most 

common gelling products is either a mixture or independent 

compositions of collagen, matrigel, fibrin, alginate. The gel-

ling process encapsulate cells into the 3D space, while molds 

and anchors help CMs develop a 3D structure with stable 

support (Hirt et al., 2014). Hydrogels can be physically and 

chemically modified to enhance CM properties with ease, 

therefore, many next generation hydrogels with oxygen-

releasing, elastomeric and conductive features have been 

developed (Camci-Unal et al., 2014). 
 

Modify extracellular substrates: ECM, substrate stiffness 
Many 2 dimensional (2D) cultures failed to produce mature-

CM phenotypes due to a lack of extracellular substrates. The 

ECM in the heart is a complex, dynamic structure, and en-

tirely different from static tissue culture on the plastic well. 

There are two approaches of CM maturation through differ-

ential ECMs including i) the addition of matrix proteins in 

scaffolds and ii) the modulation of substrate stiffness (Veer-

man et al., 2015). For example, VanWinkle developed a 

cardiogel containing cardiac fibroblasts, laminin, fibronectin, 

types I and III collagen, and proteoglycans and seeded imma-

ture-CMs on the cardiogel (Vanwinkle et al., 1996). Subse-

quently, authors observed that those immature-CMs cul-

tured on the cardiogel displayed mature phenotypes includ-

ing spontaneous contractility, hypertrophy and myofibrillar 

and cytoskeleton differentiation earlier than 2D culture cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Currently available strategies for maturing cardiomyocytes derived from human pluripotent stem cells. 
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Authors concluded that these changes resulted from the 

synergistic actions of various components in the ECM. In 

addition, although still far from adult phenotypes, Zhang et 

al. (2012), also cultured immature hPSC-CMs on a matrix 

sandwich that overlaid matrigel composed of laminin, colla-

gen IV, and proteoglycan and detected more robust differ-

entiation and enhanced electrophysiological properties. The-

se results suggest the importance of selection of optimal 

substrates to promote the maturation of CMs. 

Decellularized cardiac ECMs (dcECMs) from all animal 

sources has also been proposed to promote maturity of im-

mature hPSC-CMs since dcECMs contain complete cardiac 

ECM structures and vasculature systems essential for cardiac 

development. However, this technique is not fully developed 

and has many drawbacks, especially in the decellularization 

process, during which some ECM components are disrupted 

(Scuderi and Butcher, 2017). While the balance between the 

strength and limitation is still debated and require future 

research, the benefits of ECM to CM maturation are indis-

putable. ECMs provide hPSC-CM with essential develop-

mental cues that influence proliferation, differentiation and 

maturation. 

Myocardium stiffening processes including collagen accu-

mulation occurs during the developmental process, begin-

ning from the embryonic stage to the adult stage. The 3-fold 

increase of elastic modulus of stiffness in mice strongly af-

fects the heart’s ability to pump blood and increases blood 

pressure (Prakash et al., 1999; Yang et al., 2014a). Based on 

these observations, several previous studies have provided 

evidences on the effect of substrate stiffness on cardiac 

maturation. Jacot et al., seeded rat neonatal CMs on colla-

gen with various degrees of elastic moduli (1-50 kPa) for 7 

days and found that the optimal extracellular stiffness that 

induces morphological and functional maturation was at 10 

kPa, which closely resembles native myocardium rigidity 

(Jacot et al., 2008). They showed that 10 kPa induced max-

imal force generation, largest calcium transient, substantial 

sarcoplasmic calcium stores and the highest SERCA2a ex-

pression. Hazeltine et al., also tested polyacrylamide hydro-

gels with varying degrees of stiffness from 4.4 kPa to 99.7 

kPa and observed that higher stiffness ( > 10 kPa) induces a 

stronger contraction force in both rat neonatal and hPSC-

CMs (Hazeltine et al., 2012). 

 

Co-culture with non-CMs 
CMs only occupy 30% of the entire heart and are constantly 

in close contact with other cells such as fibroblasts, endothe-

lial cells and smooth muscle cells in vivo. Thus it is plausible 

that these non-CMs such as cardiac fibroblasts and vascular 

endothelial cells can exert an impact on CM maturation 

through direct physical contact or paracrine effects (Fig. 1) 

(Yang et al., 2014a). A cardiac microenvironment mimicking 

physiological conditions in vivo is crucial for inducing CM 

differentiation as well as maturation. The report from Kim et 

al., was among the first study to demonstrate that non-CMs 

enhance the electrophysiological maturation for hESC-CMs 

(Kim et al., 2010). Authors found faster upstroke velocity, 

more hyperpolarized maximum diastolic potential and high-

er action potential amplitude when immature-CMs were co-

cultured with non-CMs. 

Co-cultures with non-CMs are de novo methods in the 

field mimicking in vivo conditions in the heart to accommo-

date cell-cell interactions. Co-culture of immature-CMs with 

fibroblasts and/or endothelial cells show significant benefits 

in maturation. Recent studies combining non-CMs with 

highly enriched ECMs in a cardiac patch platform seems 

promising for CM maturation in vitro and in vivo post en-

graftment. Shadrin et al. (2017) combined the hydrogel-

molding method with a dynamic culture system consisting of 

hPSC-CMs, smooth muscle cells and endothelial cells to 

generate cardiac patches of clinically relevant size. While 

transplanted CMs failed to couple with recipient hearts, in 
vivo engraftment of dynamic cultured mature hPSC-CMs via 

cardiac patches showed successful perfusion, structural and 

electrophysiological preservation without increasing the 

incidence of arrhythmias (Shadrin et al., 2017). Similarly, 

human cardiac muscle patches (hCMPs) composed of dy-

namic culture of CMs, smooth muscle cells and endothelial 

cells differentiated from hiPSCs on fibrin scaffolds were 

transplanted on to porcine MI models. The in vitro results 

demonstrated improvements in electronic mechanical cou-

pling, calcium
 
handling, force generation, and presence of 

intercalated disk-like structures as maturation indicators. In 
vivo transplantation of hCMP also significantly improved left 

ventricular function, decreased infarct size, reduced myocar-

dial hypertrophy, and decreased apoptosis of heart cells ad-

jacent to the scar zone (Gao et al., 2018). 

In summary, 3D tissue engineering can mimic the native 

environment in the heart providing hPSC-CMs with essential 

biochemical cues. However, it is not scalable due to the limi-

tation for producing 3D engineered heart tissues. Further-

more, 3D tissue engineering causes significant cell loss dur-

ing the production of 3D engineered heart tissues (EHTs) 

and is limited by many obstacles. 

 

ELECTRICAL STIMULATION 
 

CMs in vivo are constantly exposed to electrical impulses 

which invoke morphological and functional changes (Fig. 1) 

resulting in changes in CM gene expression during the de-

velopmental process (Martherus et al., 2010). As evidence, 

Martherus et al. (2010) performed a genome-wide assess-

ment of rat CMs following electrical stimulation and found 

that cardiac-specific genes such as Myosin Heavy Chain 6 

(MYH6), Gap junction alpha-1 protein (GJA1, also known as 
Cx43), and CACNA1C (L-type calcium channel) were upreg-

ulated suggesting electrical signals have major impacts on 

gene expression and perhaps also on CM differentiation 

independently from contraction. In regard to hPSC-CMs, 

Nunes et al. (2013) developed a biowire system which con-

tains EHTs made by a mixture of embryiod bodies (EB) dif-

ferentiated from hPSCs and collagen in a poly-

dimethylsiloxane (PDMS) template. After applying electrical 

stimulation, authors found increased surface area and orga-

nized sarcomere structure with H zones, I bands, and Z-discs 

in hPSC-CMs (Nunes et al., 2013). Electrophysiological prop-

erties including conduction velocity, KCNJ2 expression and 

synchronous beating were also improved. However, electri-
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cal stimulation is not as intensively studied as other strategies 

and is usually combined with other methods (Nunes et al., 

2013). Therefore, several confounding factors such as ECM 

interaction, different scaffold composition (different conduc-

tivity) may result in the heterogeneity in the impact of elec-

trical stimulation (You et al., 2011). The thickness, geometry 

of micro-environment, and composition of biomaterials also 

play a role in the heterogeneity (Sankova et al., 2012). Elec-

trical stimulation is not suitable for large scale studies, and 

excessive electrical impulse can cause cell death. 

 

MECHANICAL STRAIN 
 

The heart is essentially a mechanical pump that continuously 

responds to mechanical stimuli at all developmental stages. 

Therefore, mechanical stress can be a critical factor in shap-

ing CM maturation (Fig. 1) (Takahashi et al., 2013). There 

are three major types of mechanical stimuli during heart 

development: i) strain due to heart filling, ii) hemodynamic 

loads from blood flow and iii) force generated during con-

traction (Taber, 2001). These native mechanical stimuli gave 

insights to design programs which mimic physiological pro-

cesses to induce CM maturation in vitro, including cyclic 

stretch, pulsatile flow, and 3D tissue engineering or electrical 

stimulation combined with mechanical stimulation. Cyclic 

stretch has been the most common approach in many stud-

ies, and they demonstrate increased rate of maturation in 

hPSC-CMs (Mihic et al., 2014; Shimko and Claycomb, 2008). 

Cyclic stretch at rates of 1-2 Hz was shown to promote mat-

uration both morphologically and functionally in hPSC-CMs. 

Mechano-electric feedback (MEF), the interplay between 

mechanical stimuli and electrical conduction, determines the 

macroscopic events throughout the heart (Kohl and Ravens, 

2003). The mechanisms of MEF involve several pivotal 

mechanosensitive ion channels which influence CM electro-

physiology and maturation (Scuderi and Butcher, 2017; 

Takahashi et al., 2013). As an example, Mihic et al. (2014) 

applied cyclic stretch to hPSC-CMs and showed an increase 

in ion channel genes such as KCNJ2. Cyclic stretch also in-

creased the expression of IK1 and negative RMPs. Subse-

quently, several recent studies incorporate mechanical 

stretch with tissue engineering, a combination which leads 

to greater maturation success. For instance, mechanical 

stretch applied to hPSC-CMs on a 3D matrix (hydrogels of 

collagen 1 and basement membrane proteins) enhanced 

CM maturation at a faster rate (Zimmermann et al., 2002). It 

is worth mentioning that they even exhibited proper T-

tubules connected to the sarcoplasmic reticulum. They also 

displayed more negative RMP, faster upstroke velocity and 

marked plateau phases during calcium influx. In addition, 

cyclic stretch applied to hESC-CMs on gelatin-based scaf-

folds resulted in enhanced connexin expressions, higher 

spontaneous beating frequencies, and faster calcium cycling. 

Mechanical stimulation mimics natural cues for heart cells 

and can achieve CM maturation in a relatively shorter period 

compared to prolonged culture. The combination of 3D 

tissue engineering with cyclic stretch is superior to other 2D 

mechanical stimulations due to the enhanced nutrient ex-

change and cytoskeleton interactions. However, it is not 

scalable and inappropriate mechanical strain can cause ex-

tensive cell death. 

 

BIOCHEMICAL CUES 
 

Postnatal hormones are considered one of the most promis-

ing source for inducing CM maturation (Fig. 1) (Scuderi et al., 

2017). Specifically, thyroid hormones were shown to be 

effective for regulating several proteins such as myosin heavy 

chain and Titin, which are essential to cardiac development 

(Krüger et al., 2008). A study demonstrated triiodothyronine 

(T3) helps with morphological maturation in sheep fetus 

(Chattergoon et al., 2012). After fusion with T3, CMs had 

increased cell size, cell width and higher binucleation per-

centages. Furthermore,T3 increased expression of SERCA2a 

but reduced the expression of certain proteins involved in 

cell proliferation (Chattergoon et al., 2012). T3 also induced 

similar beneficial effects on hPSC-CMs in another study done 

by Yang et al. (2014b). They demonstrated that a one–week 

treatment of T3 significantly improved anisotropy, cell size, 

sarcomere length and contractile force. The improvement on 

force generation is associated with rapid calcium cycling and 

elevated expression of SERCA2a. They even showed a signif-

icant increase in the maximal mitochondria respiratory ca-

pacity and respiratory reserve capacity (Yang et al., 2014b). 

Glucocorticoids are also considered important hormones 

that exert impact on heart function via the glucocorticoid 

receptors (GR) (Oakley and Cidlowski, 2015). A study from 

Rog-Zielinska et al. (2015) suggests that corticosterone criti-

cally promotes Z-disc assembly, mitochondria activity and 

myofibrillar organization. A recent study done by Parikh et al. 

(2017), also suggests that addition of both T3 and dexame-

thasone (Dex), a glucocorticoid analog, to hPSC-CMs signifi-

cantly enhance ECC by promoting spatial and temporally 

uniform calcium release and RYR2 structural organization. 

Notably, treatment with both T3 and Dex promote T-tubule 

formation. Although T-tubule density didn’t have a signifi-

cant difference, the T3 + Dex treated hPSC-CMs contained 

more longitudinal elements that resemble transversely ori-

ented T-tubules in human ventricular CMs (Parikh et al., 

2017). In addition, T-tubules formed in the T3 + Dex treated 

group were electrically connected to the sarcolemma on 

hPSC-CMs. 

 

CONCLUSION 
 

hPSC-CMs have shown great promises in many potential 

applications such as cell based cardiac regeneration therapy, 

cardiac drug toxicity testing, cardiac disease modeling. How-

ever, despite many advantages, the potential use of hPSC-

CMs have been significantly hampered by the multi-faceted 

nature of immature hPSC-CMs. Therefore, concerted efforts 

have been made in recent years to develop more sophisti-

cated and efficient strategies to induce the maturation of 

hPSC-CMs. Current approaches to induce mature pheno-

types of hPSC-CMs include both mechanical and electrical 

stimulation, 3D cardiac tissue remodeling, modification of 

substrate stiffness, combinatorial co-culture to promote 

paracrine effects, and biochemical cues using several postna-



Maturation of hMSC-CMs 
Yanqing Jiang et al. 

 
 

Mol. Cells 2018; 41(7): 613-621  619 

 
 

tal hormones as well as miRNAs. Recent trends that combine 

several existing strategies have achieved incremental im-

provements for generating more matured hPSC-CMs. For 

instance, the combination of mechanical and electrical stim-

ulation shows a collective effect of a 2-fold increase in con-

tractile function (Ruan et al., 2016). Furthermore, 3D engi-

neering of heart tissues with non-CMs and ECM greatly en-

hance morphological and functional maturation. Recent 

studies exploring 3D cardiac patches by modifying matrix 

substrates, and co-culture with other cell types, not only 

have functional and morphological improvements of hPSC-

CMs in vitro, but also achieve clinical relevance when en-

grafted to animal MI models in vivo (Gao et al., 2017; Sha-

drin et al., 2017). Thus, it is noteworthy to mention that 3D 

tissue engineering, and a combinational approach exploring 

multiple maturation strategies seems to be promising to 

generate more mature hPSC-CMs. Addition of “hormones 

cocktail” and “miRNA cocktail” into 3D culturing system 

seems to be the next logical approach to induce hPSC-CMs 

maturation. 

In summary, technological advances in the maturation of 

hPSC-CMs have opened a new chapter for realistic applica-

tion of hPSC-CMs. Although initial success was achieved for 

maturation of CMs from differentiating hPSC cultures, sev-

eral limitations such as scalability, clinical compatibility, and 

cellular damage remain to be answered. Extensive future 

studies will be required to develop optimal methods to effi-

ciently generate large-scale mature hPSC-CMs. 
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