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A B S T R A C T   

Cardiomyocytes differentiated from human induced pluripotent stem cells (iPSCs) are valuable for the under-
standing/treatment of the deadly heart diseases and their drug screening. However, the very much needed 
homogeneous 3D cardiac differentiation of human iPSCs is still challenging. Here, it is discovered surprisingly 
that Rock inhibitor (RI), used ubiquitously to improve the survival/yield of human iPSCs, induces early 
gastrulation-like change to human iPSCs in 3D culture and may cause their heterogeneous differentiation into all 
the three germ layers (i.e., ectoderm, mesoderm, and endoderm) at the commonly used concentration (10 μM). 
This greatly compromises the capacity of human iPSCs for homogeneous 3D cardiac differentiation. By reducing 
the RI to 1 μM for 3D culture, the human iPSCs retain high pluripotency/quality in inner cell mass-like solid 3D 
spheroids. Consequently, the beating efficiency of 3D cardiac differentiation can be improved to more than 95 % 
in ~7 days (compared to less than ~50 % in 14 days for the 10 μM RI condition). Furthermore, the outset beating 
time (OBT) of all resultant cardiac spheroids (CSs) is synchronized within only 1 day and they form a syn-
chronously beating 3D construct after 5-day culture in gelatin methacrylol (GelMA) hydrogel, showing high 
homogeneity (in terms of the OBT) in functional maturity of the CSs. Moreover, the resultant cardiomyocytes are 
of high quality with key functional ultrastructures and highly responsive to cardiac drugs. These discoveries may 
greatly facilitate the utilization of human iPSCs for understanding and treating heart diseases.   

1. Introduction 

Heart diseases are the leading cause of death in the United States [1, 
2]. A major reason for this is that the human heart has very limited 
capacity to regenerate cardiomyocytes (CMs) once they are damaged by 
some malfunction (e.g., ischemia), leading to myocardial infarction [3, 
4]. Stem cell therapy has been considered as a promising strategy for 
treating heart diseases [5–8]. It is well accepted now that functio-
nal/beating human CMs can be differentiated only from human 
pluripotent stem cells (PSCs) including human embryonic stem cells 
(ESCs) and induced pluripotent stem cells (iPSCs), although mesen-
chymal stem cells (including “cardiac stem cells”) may be used for car-
diac regeneration via their cytokine effect and differentiation into some 
cardiac stromal cells [3,4]. However, the human ESCs isolated from the 
inner cell mass of human embryos are associated with significant ethical 

concerns [9]. In contrast, human iPSCs reprogrammed from somatic 
cells (e.g., fibroblasts in the skin) are capable of differentiating into CMs 
with no ethical concerns [10,11]. Moreover, human iPSC-derived CMs 
can be used as not only a therapeutic agent for treating heart diseases, 
but also a valuable tool for elucidating the etiology and pathogenesis of 
heart diseases and developing engineered heart tissues to test the car-
diotoxicity of pharmaceutical drugs [12–15]. 

To derive human CMs from iPSCs, contemporary efforts have been 
focused on using the cells attached on a 2D culture surface [16–18]. This 
procedure may be greatly limited by the area of culture surface for 
large-scale cell production. Besides, the 2D approach requires detaching 
or dissociating CMs from the surface/substrate, which may cause cell 
death and loss [19,20]. Notably, therapeutic applications typically 
require up to 108 -109 CMs per case, which can be practically achieved 
only by 3D culture with a scaled-up cell production [21,22]. Moreover, 
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3D culture better recapitulates the “niche” in vivo and may support the 
growth of PSCs with increased proliferation and pluripotency [23–25]. 

There are also a few studies reported on the differentiation of cardiac 
spheroids (CSs) containing CMs from human and non-human PSC 
(mostly ESCs) spheroids in 3D [24,26,27]. These 3D PSC-derived CSs 
can be used directly for tissue engineering and regenerative medicine 
without the need for dissociating/detaching them from a culture sub-
strate. However, these protocols are lengthy (typically requiring at least 
14 days) and generate CSs with high heterogeneity [28–30]. The latter is 
evidently reflected by the large variation of the outset beating time 
(OBT) of the CSs, which is typically over ~7 or more days for all 
contemporary 3D cardiac differentiation approaches [21,31]. The OBT 
is a direct indicator of the maturity of the PSC-derived CSs because their 
beating is a result of the maturation of the intra- and inter-cellular 
protein system that drives the motion. Hence, there is an urgent need 
to address the aforementioned concerns (i.e., heterogeneity and 
lengthiness) on current 3D cardiac differentiation protocols, by identi-
fying the pivotal factor that leads to the high heterogeneity for opti-
mizing the differentiation protocol to produce a sufficiently high 
number of quality iPSC-derived CMs in 3D for basic research, tissue 
engineering, and therapeutic applications in the clinic [14,15,32,33]. 

In this study, we discovered that Rock inhibitor (RI) that has been 
ubiquitously used as a medium supplement to prevent apoptosis during 
handling and culture of human PSCs including both human ESCs and 
iPSCs [21,23,34–37], compromises the capacity of cardiac differentia-
tion of human iPSCs in 3D. Hence, we hypothesize that the RI concen-
tration may be adjusted to achieve homogeneous cardiac differentiation 
of human iPSC in 3D. Indeed, by reducing the RI concentration for 
handling/culturing human iPSCs to derive CMs in 3D, we can improve 
cardiac differentiation with an OBT synchronized within 24 h (versus 7 
or more days for all contemporary protocols) and shorten the time 
required for cardiac differentiation by at least 7 days. Furthermore, the 
resultant CSs from our protocol have up-regulated cardiac genes and 
proteins for maturation. In addition, iPSCs induced with episomal 
plasmids (eiPSCs) used in this study are virus-free, which minimizes the 
concern on their safety for clinical translation [38]. Eventually, this 
optimized protocol for cardiac differentiation of eiPSCs in 3D may be 
valuable for large-scale production of high-quality human CSs/CMs, to 
accelerate not only drug screening but also the understanding and 
treatment of the deadly heart diseases. 

2. Results 

2.1. Unprecedented capacity of 3D cardiac differentiation of human 
eiPSCs cultured in 3D with low RI 

The timeline for the 4-day (from day − 4 to 0) 3D culture and the 
subsequent 3D cardiac differentiation of iPSCs in this study is illustrated 
in Fig. 1a. First, 3D eiPSC spheroids are obtained for 3D cardiac differ-
entiation, for which the eiPSC colonies from 2D culture are detached and 
mechanically cut with a cell strainer (100 μm mesh size) into small iPSC 
clumps for suspension culture in the mTeSR medium for 4 days. Meth-
ylcellulose is added into the medium to enhance the medium viscosity 
and reduce fusion of the eiPSC clumps/spheroids during the suspension 
culture [26]. During the first two days of 3D culture, the medium was 
supplemented with 1 μM RI (low RI), 5 μM RI, or 10 μM RI (high RI that 
has been commonly used for improving the survival/yield of human 
PSCs including iPSCs during culture) [23,34], and no RI is used during 
the last two days of culture. Typical images showing the morphology of 
the iPSC spheroids under suspension culture on days − 3 and 0 from both 
the 1 and 10 μM RI groups are given in Figs. S1a–b. The size (in diam-
eter) distributions of the eiPSC spheroids on day 0 for both groups are 
given in Fig. S1c: The spheroids are 245.3 ± 42.0 μm and 227.9 ± 38.5 
μm and there are 3172 ± 272 and 2662 ± 207 cells per spheroid, for the 
1 and 10 μM RI groups, respectively. The pluripotent nature of the eiPSC 
spheroids from both groups are confirmed by their capability of forming 

teratomas consisting of tissues from all the three germ layers (i.e., neural 
epithelium, cartilage, and gut epithelium for ectoderm, mesoderm, and 
endoderm, respectively, Fig. S2). 

Cardiac differentiation of the 3D eiPSC spheroids is conducted by 
modulating the canonical Wnt signaling pathway with agonists and 
antagonists sequentially, which has also been used for differentiation of 
human PSCs into CMs under 2D culture [16,18]. Two Wnt agonists, 
CHIR99021 (8 μM) and 6-bromoindirubin-3′-oxime (BIO, 2 μM), are 
supplemented into the culture medium on day 0, to up-regulate the Wnt 
signaling and induce iPSC differentiation into mesoderm for 1 day. On 
day 1, two Wnt antagonists, XAV939 (10 μM) and KY02111 (10 μM), are 
used to suppress the Wnt signaling for inducing cardiac commitment of 
the mesoderm cells in the following 6 days to obtain beating CSs. Af-
terward, the CSs are cultured in pure cardiac maintenance medium for 
maturation till day 13.5. Spontaneous beating can be observed for ~48 
% of the CSs in the 1 μM RI group on as early as day 6.5, and the per-
centage of beating CSs is peaked at ~97 % at ~24 h later on day 7.5 
(Fig. 1b and Movie 1). In other words, the outset beating time (OBT) of 
the CSs is synchronized to be within ~24 h for the 1 μM RI group. No 
significant change in the beating percentage from day 7.5 to day 13.5. In 
contrast, in the 10 μM RI group, only ~8 % and ~44 % of CSs beat on 
days 6.5 and 13.5, respectively (Fig. 1b and Movie 2, on day 13.5). 
Moreover, the 5 μM RI group shows a shortened OBT of 3 days (from day 
6.5 to day 9.5) and ~61 % beating CSs on days 9.5 (Fig. 1b). Therefore, 
the OBT ranges over at least a week, indicating high heterogeneity of the 
CSs in the 10 μM RI group as the beating is a direct and visible indicator 
of functional maturity of the CSs. In other words, the 3D cardiac dif-
ferentiation of eiPSCs in the 5 and 10 μM group is not only significantly 
less efficient (and lengthier) but also less homogeneous than that in the 
1 μM RI group. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.07.013. 

To further investigate the difference of cells in CSs between the 1 and 
10 μM RI groups, the CSs on day 13.5 from both groups are re-plated in 
regular cell culture petri dish. After 3 days, ~61 % of the CSs in the 10 
μM RI group attach to the 2D surface, and some of the cells migrated out 
of the spheroids appear to be neuron-like with neurite-like processes 
(Fig. 1c–d and Movie 3). In contrast, less than 5 % of the CSs in the 1 μM 
RI group become attached after the re-plating and migration of cells out 
of the CSs is negligible, while the 5 μM RI group shows ~41 % attached 
CSs (Fig. 1c–d and Movie 4). Moreover, both the percentage of cTnT- 
positive cells in the CSs and the mean intensity of cTnT fluorescence 
staining (representing the cTnT protein expression in the CSs) decreases 
with the increase of the RI concentration from 1 to 10 μM RI (Fig. S3), 
showing high concentration of RI compromises the cardiac differentia-
tion of the human eiPSCs. To confirm the aforementioned observation of 
neuron-like cells in the 10 μM RI group, immunofluorescence staining of 
cryosectioned CSs on day 12.5 in the 1 and 10 μM RI groups is con-
ducted. Indeed, cells that are positive for neural lineage markers TUJ-1 
and MUSASHI can be observed in the CSs from the 10 μM RI group 
(Fig. 1e). In stark contrast, no evident staining of MUSASHI and TUJ-1 is 
observable in the CSs from the 1 μM RI group. Furthermore, the cardiac 
sarcomere-specific protein cTnT and gap junction (for conduction of 
cardiac potential) protein CONNEXIN-43 (CX-43) are highly expressed 
in the CSs of the 1 μM RI group (Fig. 1f), while their expression is either 
weak (for cTnT) or barely visible (for CX-43) in the CSs of the 10 μM RI 
group. Taken together, these data show that the 10 μM RI compromises 
cardiac differentiation of eiPSCs in 3D with a noticeable existence of 
neuron-like cells, and by reducing the RI to 1 μM, a protocol is developed 
to achieve highly efficient and synchronized cardiac differentiation of 
the eiPSCs in 3D. Therefore, studies are performed to further understand 
the mechanisms of the improved cardiac differentiation with the 
reduced RI. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.07.013. 
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Fig. 1. Characterization of cardiac spheroids differentiated from eiPSCs made with 1, 5, and 10 μM RI in the medium before cardiac differentiation. (a) A schematic 
illustration of the timing for making the 3D eiPSC spheroids in 4 days and subsequently differentiating the eiPSCs into 3D cardiac spheroids (CSs). Either 1, 5, or 10 
μM Rock inhibitor (RI) is supplemented into the eiPSC medium for culturing the 2D eiPSCs into eiPSC spheroids under 3D suspension culture. The eiPSC spheroids on 
day 0 are cultured with CHIR99021 and BIO in a mesoderm induction medium for 1 day to induce mesoderm differentiation. Afterward, KY02111 and XAV939 are 
supplemented in the cardiac maintenance medium to culture the spheroids for 6 days for cardiac commitment to obtain the CSs. Lastly, cardiac maintenance medium 
without KY02111 and XAV939 is used to culture the CSs for cardiac maturation. The CSs are observed to start to beat on days 6–6.5. (b) Quantitative data showing 
the percentage of beating CSs over time during a period of 13.5 days post the initiation of cardiac differentiation on day 0. Approximately 97 % of the CSs in the 1 μM 
RI group start to beat within 24 h, while 44.3 % of CSs are observed to beat over more than 7 days (from day 6–6.5 to day 13.5) for the 10 μM RI group, and 61 % of 
CSs are observed to beat over more than 3 days (from day 6–6.5 to day 9.5) for the 5 μM RI group. (c) The morphology of CSs (obtained on day 13.5 of cardiac 
differentiation) was transferred into a regular cell culture petri dish and cultured for 3 days. The CSs in the 1 μM RI group maintain the spheroidal shape with few 
cells attached to the surface. Many cells in the CSs in the 10 μM RI group migrate out and attach to the petri dish with fibroblast-like and neuronal-like morphology. 
(d) Quantitative data showing few CSs in the 1 μM RI group attach on the surface while >60 % CSs in the 10 μM RI group and 41 % CSs in the 5 μM RI group attach on 
the surface. (e) Immunostaining data showing there are cells positive for the neural-specific markers (TUJ-1 and MUSASHI) in the CSs of the 10 μM RI group, while it 
is not observable for the CSs of the 1 μM RI group. (f) Immunostaining data showing much higher expression of the cardiac-specific protein markers (cTnT and CX-43) 
in the CSs (collected on day 12.5) of the 1 μM RI group than the 10 μM RI group. Scale bars: 100 μm **, p < 0.01. 
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2.2. High RI-induced heterogeneous gene expression of eiPSCs under 3D 
culture to compromise their 3D cardiac differentiation 

To investigate the mechanisms for the different outcomes when using 
different RI concentrations for culturing the eiPSC spheroids in 3D for 
cardiac differentiation, samples at various stages of the 3D culture and 
differentiation shown in Fig. 1a are collected and analyzed by RNA- 
sequencing (RNA-seq). The sample groups are summarized in Table 1 
including undifferentiated eiPSCs on day − 2.5 (U), cardiac commitment 
on day 2.5 (C), cardiac maturation on day 13.5 (M), together with 2D 
monolayer colonies on day − 4 (2D) as a common 2D undifferentiated 
control for both the 1 (one: O) and 10 (ten: T) μM RI 3D culture. The raw 
data of RAN-seq are of high quality with an error rate of no more than 
0.03 % (Table S1). The raw data passed quality control are then aligned 
for mapping to the reference (human genome) [39] with a total mapping 
rate of 95.8 ± 0.5%. Afterward, the gene expression level is calculated 
by the number of mapped reads, also known as fragments per kilobase of 
transcript per million mapped reads (FPKM) [40]. Moreover, the global 
transcriptome of different samples with cluster analysis and hierarchical 
clustering analysis is carried out with log10(FPKM+1) on differentially 
expressed genes within all comparison groups and plotted as a heat-map 
(Fig. S4), showing the global gene expression pattern of samples 
together with the samples’ hierarchies that match with the different 
stages of the different samples given in Fig. 1a. 

To understand the number of genes that are uniquely expressed in 
each group (i.e., 1 μM RI, 10 μM RI, or 2D) and co-expressed in two or all 
of the three groups at different stages of 3D culture and cardiac differ-
entiation as compared to the 2D control, the Venn diagrams are gener-
ated and shown in Fig. S5. The total number of co-expressed genes are 
similar in three groups at all three stages (UO/UT/2D: 12450, CO/CT/ 
2D: 12505, and MO/MT/2D: 11848), but the differentially expressed 
unique genes increased from undifferentiated stage to cardiac commit-
ment and then cardiac maturation (UO/UT/2D: 123/173/451, CO/CT/ 
2D: 359/103/464, and MO/MT/2D: 549/521/907). This is further 
shown in the Volcano plots of the overall distribution of differentially 
expressed genes with a threshold being less than 0.05 for the adjusted p 
value (padj) [41] (Fig. S6). This trend of increased significantly differ-
entially expressed genes with the advance of the stage of differentiation 
is due to the increased expression of somatic genes from the early to late 
stages of cardiac differentiation. 

The differentially expressed genes are further examined through an 
enrichment analysis with the Gene Ontology (GO) database as reference 
[42], to determine the biological functions or pathways significantly 
enriched with the genes. Notably, the top 18 significantly upregulated 
differentially expressed gene groups of MO with regard to MT (MO vs. 
MT) are enriched to heart development, muscle system process, and the 
development of Z-disc and I band (Fig. 2a), suggesting that the CMs in 
the MO group have improved development/maturation in sarcomere 
organization compared to the CMs in the MT group. The top 2 signifi-
cantly down-regulated differentially expressed gene groups of MO vs. 
MT are enriched to the forebrain and axon development of the 
ectoderm-derived lineages (Fig. 2b). As expected, the CMs in both MO 
and MT groups show a prominent upregulation of differentially 
expressed gene groups enriched to heart development compared to the 
control 2D group (MT vs. 2D: top 2 in Fig. 2c and MO vs. 2D: top 1 in 
Fig. 2d). Notably, MT has many differentially expressed genes enriched 
to heterogeneous endoderm (e.g., embryonic development of organs like 
lung and gut) and non-cardiac mesoderm (e.g., cartilage and urogenital) 

tissue development, in addition to the ectoderm tissue (e.g., eye) 
development (Fig. 2c,e), which is not observed for MO (Fig. 2d). The 
enriched functional clusters with detailed genes are plotted in a 
heat-map in addition to the expression of pluripotent genes (e.g., 
POU5F1, SOX2, NANOG, and DNMT3B) that are all decreased in MO and 
MT (Fig. 2e and Fig. S7). Importantly, SOX2 which is important for 
neural stem cell development has higher expression in MT than MO, 
which indicates an increased shift toward the neural lineage of cells in 
the MT group compared to the MO group. Interestingly, the early 
cardiac-associated genes (e.g., SALL4, NTN1, and GLI1) are expressed as 
early as the undifferentiated stage (U) when the pluripotency genes are 
dominant in the transcriptome (Fig. 2f and Fig. S7, S8a-b). There are 
upregulated genes enriched to heart development in UO compared to UT 
(Fig. S8c). Furthermore, genes (e.g., FGF8, ID1, NODAL, SKOR2, and 
LEFTY2) enriched to the BMP signal pathway involving in cardiogenesis 
[43], are upregulated in UO compared to UT (Fig. 2f and Fig. S8c). In 
addition, upregulated genes enriched to cell adhesion are also present in 
UO compared to UT (Fig. S8c). However, the genes enriched to RNA 
transcription and metabolism are down-regulated in UO but 
up-regulated in UT compared to 2D (Fig. 2f and Fig. S8d). Moreover, 
there are neural tube closure associated genes (e.g., COBL, ST14, 
SEMA4C, and SETD2) [44,45] upregulated in UO compared to UT, while 
pro-neural development genes (e.g., DACT1, SFRP2, FOXB1, and HES3) 
[46,47] are upregulated in UT compared to UO (Fig. 2f). At the inter-
mediate CO/CT stage, it shows significantly upregulated expression of 
genes (e.g., LGR4, LRP2, GATA3, BMP5, HAND1, MSX2, and PDGFRA) 
enriched to heart development in the CO group compared to the CT 
group (Fig. 2f and Fig. S9). 

2.3. High RI-induced heterogeneous protein expression of eiPSCs under 
3D culture to compromise their 3D cardiac differentiation 

The heterogeneous protein expression induced by high RI is first 
indicated by the morphology of the eiPSC spheroids (Figs. S1a–b): nearly 
all the eiPSC spheroids after one-day culture on day − 3 in the 10 μM RI 
group have an archenteron-like cavity (although it becomes less evident 
on day 0, probably due to the inward growth of the cells into the cavity). 
This is not observable for the iPSC spheroids that remain solid-like in the 
1 μM RI group, similar to the solid-like inner cell mass that contains 
pluripotent (i.e., embryonic) stem cells in the early stage of blastula 
(Fig. S10a). This structure of cell aggregates with an archenteron-like 
cavity (Figs. S1a–b) for the 10 μM RI group resembles that of the 
epiblast and hypoblast-like cells (differentiated from the solid inner cell 
mass after invagination during early gastrulation, Fig. S10b) [48,49]. 
The aforementioned morphological difference of the eiPSC spheroids 
treated with 1 μM RI and 10 μM RI on day − 3 is further confirmed with 
SEM imaging (Fig. S1b). Hence, we examined the expression of plurip-
otency and ectoderm differentiation protein markers within the eiPSC 
spheroids after four-day culture from the 1 and 10 μM RI groups using 
flow cytometry. As shown in Fig. 3a-b, the expression of three pluripo-
tency markers including OCT-4, NANOG, and SSEA-4 is significantly 
higher in the 1 μM RI group, judged by the median fluorescence intensity 
and percentage of positive cells for the pluripotency markers. Further-
more, the expression of the ectoderm maker NESTIN is high (73.1 %) in 
the 10 μM RI group. In stark contrast, the expression of NESTIN is 
negligible in the 1 μM RI group. This is further confirmed by immuno-
staining of cryo-sectioned slices of the eiPSC spheroids with the various 
pluripotency and ectoderm markers (Fig. 3c-d). This unexpected 

Table 1 
Sample groups and their abbreviations for RNA-sequencing studies.  

RI dosage Undifferentiated (U) Cardiac commitment (C) Cardiac maturation (M) 2D control (2D) 

1 μM (One, O) UO CO MO 2D 
10 μM (Ten, T) UT CT MT  

B. Jiang et al.                                                                                                                                                                                                                                    
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Fig. 2. Transcriptomic analysis of cardiac differentiation of eiPSCs cultured with 1 vs. 10 μM RI in the medium before cardiac differentiation. The 3D undiffer-
entiated (U), cardiac commitment (C), and cardiac maturation (M) stages for both the 1 (one, O) and 10 (ten, T) μM RI groups together with the 2D cultured eiPSCs 
are analyzed. (a) Gene Ontology (GO) enrichment histogram displaying the top 18 significantly upregulated differentially expressed gene groups for MO with respect 
to MT (MO vs. MT). The red square boxes indicate the top 2 groups of upregulated genes are enriched to heart development and muscle system process. (b) GO 
enrichment histogram displaying the top 18 significantly downregulated differentially expressed gene groups for MO vs. MT. The blue square boxes indicate the top 2 
groups of downregulated genes are enriched to forebrain development and axon development. (c) GO enrichment histogram displaying the top 18 significantly 
upregulated differentially expressed gene groups for MT vs. 2D. The red square boxes indicate the top 2 groups of upregulated genes are enriched to skeletal system 
development and heart development. Others are enriched to heterogeneous tissue development including the urogenital/renal system development, eye, cartilage, 
and angiogenesis, as indicated by asterisks. (d) GO enrichment histogram displaying the top 18 significantly upregulated differentially expressed gene groups for MO 
vs. 2D. The red box indicates the top upregulated gene group is enriched to heart development. (e) Heat-map displaying the transcriptional differences between the 
MT, MO, and 2D groups. The pluripotency genes are downregulated in both MT and MO; and heart development genes associated with sarcomere maturation and ion 
channels are upregulated in MO compared to MT, while more genes associated with heterogeneous tissue development including forebrain, axon, lung, ear, gut, 
kidney are upregulated in MT. (f) Heat-map displaying the transcriptional differences among the UO, 2D, UT, CO, CT, MO, and MT groups. The genes associated with 
the BMP signaling pathway are upregulated in UO compared to UT, while the RNA transcription and metabolism genes are downregulated in UO and upregulated in 
UT (indicated in the dashed yellow box). Subsequently, genes enriched to heart development of cardiac commitment show more early up-regulation in CO than CT 
(indicted in the dashed green box), which carries further into the cardiac maturation stage (MO vs. MT, in the dashed black box). The adjusted p value (padj) is less 
than 0.05 for all the genes given in a-d where the count indicates the number of enriched genes. log2FC: log2 (fold difference). The positive and negative numbers in 
e-f represent up- and downregulation, respectively. 
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ectoderm induction of human iPSCs by the 10 μM RI under 3D culture 
may compromise their capability of differentiating into cells of 
non-ectoderm origin including CMs. 

To further confirm the aforementioned difference in morphology and 
protein expression between the 1 and 10 μM RI groups, the 3D iPSC 
spheroids obtained with 0, 1, and 10 μM RI concentrations collected on 
day 0 (i.e., after 4-day culture in 3D) are plated on the 2D surface coated 
with Matrigel in Petri dish (i.e., under conventional 2D culture) and 
cultured for 2 days to observe the cell morphology. Although eiPSC 
colonies are observable for all the three groups, the ones in the 0 and 1 
μM RI groups are typical with tightly packed cells consisting mainly of 
nuclei inside them and a largely smooth outer boundary (Fig. S11a). In 
contrast, the cells in the eiPSC colonies of the 10 μM RI group are more 
loosely packed with a reduced ratio (in volume) of nuclei to the cyto-
plasm and the colonies have a largely spiky outer boundary with 
sprawled-out differentiated cells (Fig. S11a), suggesting spontaneous 
differentiation of the eiPSCs in the 10 μM RI group during culture. This is 
confirmed by the immunostaining data of the iPSCs spheroids shown in 
Figs. S11b–c: positive staining of neural markers (NESTIN and TUJ-1) 
and weakened/no staining of pluripotency markers (OCT-4 and 
NANOG) are observable in the colonies of the 10 μM RI group; in 
contrast, the colonies of the 0 and 1 μM RI groups show positive 
expression of OCT-4 and NANOG and are negative for NESTIN and TUJ- 
1. 

Lastly and importantly, protein markers for urogenital system 
development (WNT4) [50,51] and cartilage development (CD44) [52, 
53] are also observable in the eiPSC-derived CSs of the MT group but not 
the MO group (Fig. 3e), confirming at the protein expression level, the 
heterogeneous non-cardiac mesoderm tissue development in the MT 
(but not MO) group identified earlier by the RNA-seq gene analysis 
(Fig. 2c). Collectively, the commonly used high concentration (10 μM) 
RI causes heterogeneous differentiation of eiPSCs under 3D culture and 
adversely compromises their cardiac differentiation in 3D, which may 
be overcome by reducing the RI concentration to 1 μM. Therefore, the 
quality of cardiac differentiation of the eiPSC spheroids from the low (1 
μM) RI group is further studied. 

2.4. Characterization of high-quality cardiac differentiation of iPSCs in 
3D with low RI 

Probably due to the high and homogeneous pluripotency of the eiPSC 
spheroids in the low RI group according to the aforementioned tran-
scriptomic and protein analyses, the cardiac differentiation procedure 
results in high purity of cells at each of the three stages of modulating the 
Wnt signal pathway (Fig. 4a-d). After incubation with agonists of Wnt 
signaling (CHIR99021 and BIO) for 1 day, the eiPSCs are successfully 
induced into the mesoderm lineage. This is confirmed by the highly and 
homogeneously positive staining for the mesoderm protein marker 
BRACHYURY in the spheroids (Fig. 4a) and the ~100 % BRACHYURY- 
positive cells in the spheroids according to flow cytometry analysis 
(Fig. 4d). Afterward, the mesoderm cells are induced with antagonists of 
Wnt signaling (XAV-939 and KY02111) for 1.5 days to commit to the 
cardiac lineage on day 2.5, which is confirmed with the homogeneous 
(Fig. 4b) and high (~100 %, Fig. 4d) expression of the cardiac progenitor 

cell protein marker NKX2.5. After further cardiac commitments to day 6 
and cardiac maturation to day 12.5, the CSs have abundant sarcomeres 
with a homogeneous expression of myofibril-associated protein α-ACTI-
NIN and intermediate filament protein DESMIN, showing advanced 
development of sarcomere organization (Fig. 4c). This is further 
confirmed by quantitative analyses of the sarcomere-related proteins 
including α-ACTININ and cTnI, which shows more than 90 % of the cells 
in the CSs on day 12.5 are positive for the two protein markers (Fig. 4d). In 
contrast, cells positive for the neural lineage cell makers MUSASHI and 
TUJ-1 are negligible (Fig. 4d and Fig. S12), indicating a high-quality 
cardiac differentiation via the reduction of RI concentration for 
culturing the eiPSCs in 3D before initiating cardiac differentiation to 
minimize their heterogeneous differentiation. 

The quality of the CSs in the low RI group on day 12.5 is further 
analyzed with transmission electron microscopy (TEM) to identify the 
key CM functional ultrastructures [14]. As shown in Fig. 5a, the CMs in 
the CSs developed plenty of myofibrils (MF, up to 18 μm) and sarco-
plasmic reticula (SR), which are typical functional components of car-
diac muscle [54]. Importantly, there are matured sarcomeres (Sm) 
between two Z lines (ZL, or Z discs) with an average length of 1.7 ± 0.1 
μm and width of 0.6 ± 0.1 μm (Fig. 5b) inside the myofibril. The 
abundant mitochondria (Mt) and SR support the contractile function of 
the sarcomeres (Fig. 5a–c) by providing energy and calcium, respec-
tively [55]. There are also plenty of gap junctions (GJ) [56] and inter-
calated discs (iCD) located between the cell-cell membranes, which 
suggests a matured state of these ultrafine structures for signal trans-
duction between CMs in the CSs (Fig. 5c). Moreover, there are CMs with 
multiple nuclei (Nu) per cell, which indicates the maturation of CMs 
(Fig. 5d). Collectively, the TEM data indicate critical ultrastructural 
evidence for the successful differentiation and maturation of CMs as 
early as day 12.5 post-cardiac differentiation. 

We also conduct the calcium spike assay with the CSs on day 12.5 
from the low RI group to examine their beating function, for which the 
fluo-4 staining is used to visualize the calcium transient in the CSs as 
shown in Movies 5-6. Furthermore, cardiac drugs isoproterenol (ISO) 
that speeds up beating and propranolol (PRO) that slows down beating 
are used to test the drug response of the CSs (Fig. 5e-f and Movies 7-8). 
Before the drug treatments, the CSs maintained a beating rate of 65 ± 13 
beats per minute, similar to that of a healthy adult human heart. When 
treated with ISO, the beating rate is significantly increased to 93 ± 15 
beats per minute. The beating rate is subsequently decreased to 26 ± 12 
beats per minute after treating the CSs with PRO. Overall, this data 
shows that the CSs derived from eiPSCs with reduced RI concentration 
develop normal beating activities and may serve as an in vitro model for 
cardiac research and drug screening. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.07.013. 

It is worth noting that the human eiPSC-derived homogeneous CSs 
are compatible with GelMA that has been widely used for 3D bio-
printing. As shown in Fig. 5g and Movies 9-11, the CSs collected on day 5 
post-cardiac differentiation (before the initiation of spontaneous 
beating) and homogeneously suspended/cultured in 7 % GelMA, fuse 
together within 2 days of culture in the GelMA. The fused cardiac 
spheroids start to beat together synchronously on day 7 post-cardiac 

Fig. 3. Characterization of the eiPSCs under 3D suspension culture with 1 vs. 10 μM RI. (a) Representative peaks from flow cytometry analyses showing higher 
expression of the pluripotency protein markers OCT-4, NANOG, and SSEA-4 and lower expression of the ectoderm protein marker NESTIN in the eiPSCs (collected on 
day 0) from the 1 μM RI group than 10 μM RI group. (b) Quantitative data from the flow cytometry analyses showing cells in the 1 μM RI group have a significantly 
higher expression (represented by the mean fluorescence intensity) of all the three pluripotency markers and lower expression of the ectoderm maker than cells in the 
10 μM RI group. Furthermore, significantly more cells are positive for two of the three pluripotency markers (OCT-4 and NANOG) and significantly fewer cells are 
positive for the ectoderm marker in the 1 μM RI group than the 10 μM RI group. (c) Immunostaining data showing high expression of all the three pluripotency 
markers (OCT-4, NANOG, and SSEA-4) and no evident expression of the ectoderm marker NESTIN in eiPSCs (collected on day 0) of the 1 μM RI group. (d) Im-
munostaining data showing evident expression of not only the three pluripotency markers but also the ectoderm marker in the eiPSCs (collected on day 0) of the 10 
μM RI group. (e) Immunostaining data showing cells positive for the WNT4 and CD44 (which are markers for urogenital system and cartilage development, 
respectively) in the CSs of the 10 μM RI group, but not the 1 μM RI group. All the CSs are collected on Day 12.5 post-cardiac differentiation. Scale bars: 100 μm *, p <
0.05, and **, p < 0.01. 
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Fig. 4. Characterization of the stage-specific protein markers for cardiac differentiation of eiPSC spheroids from the 1 μM RI culture. (a) Immunostaining data 
showing the cells in the spheroids on day 1.5 are positive for the mesoderm specific gene marker BRACHYURY, indicating successful mesoderm induction. Scale bar: 
100 μm. (b) Immunostaining data showing the cells in the spheroids on day 2.5 are positive for the early cardiac commitment specific protein marker NKX2.5, 
indicating successful induction of cardiac commitment to turn the eiPSC spheroids into CSs. Scale bar: 100 μm. (c) Immunostaining data showing cells in the 
spheroids on day 12.5 are positive for the cardiac-specific protein markers α-ACTININ for sarcomeres and DESMIN for intermediate filaments that integrate 
sarcolemma and Z disks. The CSs are filled with sarcomeres and intermediate filaments indicating high development of myofibrils, as shown in the zoom-in view of 
the merged image. Scale bars: 50 μm. (d) Flow cytometry analyses showing highly positive expression for the stage-specific protein markers including BRACHYURY 
(~100 %) on day 1.5; NKX2.5 (~100 %) on day 2.5; and cTnI (93.9 %), α-ACTININ (95 %) on day 12.5; while the expression of neural-specific protein markers 
MUSASHI and TUJ-1 on day 12.5 is negative. 
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differentiation, and they further merge into each other and beat syn-
chronously and strongly as a whole with further culture in the GelMA to 
day 10. These data indicate the great potential of the CSs differentiated 
from the eiPSCs 3D-cultured with low RI for functional 3D cardiac tissue 
engineering and regenerative medicine applications. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.07.013. 

2.5. High-quality 3D cardiac differentiation of IMR90-1 iPSCs cultured in 
3D with low RI 

Last but not the least, to confirm the much improved cardiac dif-
ferentiation of iPSCs with low RI for their 3D culture before differenti-
ation is not because of the human eiPSCs used, it is further tested with 
another commonly utilized human iPSC line (IMR90-1) [57]. As shown 
in Fig. 6a, the beating of the resultant IMR90-1 CSs is peaked at ~98% 
on day 7.5 with the OBT being synchronized within ~1 day for the 1 μM 
RI group. In contrast, only 11.5% of the IMR90-1 CSs beat on day 7.5 and 
the beating percentage increases to 34.1 % in a week, although it does 
not seem to change significantly after approximately day 10 for the 10 

μM RI group. This is consistent with the flow cytometry data of the cells 
in the CSs collected on day 12.5, showing that 91 % and 32 % of the cells 
are positive for the cardiac-specific protein cTnT (that are crucial for 
beating) in the 1 and 10 μM RI groups, respectively (Fig. 6b–c). 
Furthermore, cells in the CSs that are positive for neural-specific maker 
MUSASHI are negligible in the 1 μM RI group, while ~20 % cells in the 
CSs from the 10 μM RI group are MUSASHI positive (Fig. 6b–c). The 
undesired neural differentiation in the 10 μM RI group is further 
confirmed by immunostaining data showing the existence of MUSASHI 
and TUJ-1-positive cells in the CSs collected on day 12.5, while the 
expression of both neural markers is negligible in the CSs from the 1 μM 
RI group (Fig. 6d). Moreover, the expression of the cardiac-specific 
protein cTnT is high with an evident expression of the gap junction 
protein CX-43 in the CSs of the 1 μM RI group, while the expression of 
cTnT and CX-43 is low and negligible, respectively, in the CSs of the 10 
μM RI group (Fig. 6e). Again, these data from the IMR90-1 iPSCs confirm 
the observation that using a high RI in 3D culture to obtain iPSC 
spheroids causes heterogeneous lineage-commitment, which compro-
mises the efficiency and quality of their subsequent cardiac 
differentiation. 

Fig. 5. Ultrastructural and functional analysis of the cardiac spheroids differentiated from eiPSC spheroids from the 1 μM RI culture. All CSs are collected on day 
12.5. (a) A transmission electron microscopy (TEM) image showing a well-extended myofibril (MF) with a sarcoplasmic reticulum (SR), and multiple mitochondria 
(Mt) [55] located nearby in the CSs. Scale bar: 2 μm. (b) A zoom-in view of the dashed red box area in (a) showing well-organized sarcomere (Sm) with aligned Z 
lines (ZL) in the myofibril. Scale bar: 500 nm. (c) A TEM image showing abundant Mt, SR, intercalated disc (iCD), and gap junctions (GJ) [56] in the CSs. Scale bar: 
250 nm. (d) A TEM image showing abundant Mt, SR, and two nuclei (Nu) in a CM in the CSs, indicating the formation of multinucleated CMs. Scale bar: 500 nm. (e) 
Representative calcium transients of CSs on day 12.5 before (control) and after treated with cardiac drugs isoproterenol (ISO, 1 μM) that increase the rate of heartbeat 
and propranolol (PRO, 1 μM) that decreases the rate of heartbeat, showing the responsiveness of the CSs to the cardiac drugs. F is the fluorescence intensity of calcium 
stain, F0 is the fluorescence intensity of calcium stain at the resting state of the CSs, and ΔF = (F–F0) is the change of the fluorescence intensity of calcium stain from 
the resting state. (f) Quantitative data on the beating frequency of CSs collected on day 12.5 before (control) and after treated the cardiac drugs ISO and PRO, 
showing ISO and PRO increase and decrease the beating frequency of the CSs, respectively. *, p < 0.05, and **, p < 0.01. (g) Morphology of the construct of the 7 % 
GelMA hydrogel suspended with cardiac spheroids (collected on day 5 post-initiation of cardiac differentiation) from the 1 μM RI group without culture and after 
cultured for 2 (on day 7) and 5 days (on day 10). The cardiac spheroids fuse together to beat synchronously after the 2–5 days of culture in the GelMA hydrogel (see 
Movies 9, 10, and 11 for days 5, 7, and 10, respectively). Scale bar: 200 μm. 
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Fig. 6. Validation of the optimized protocol for cardiac differentiation using the IMR90-1 human iPSCs. (a) Quantitative data showing the percentage of beating 
IMR90-1 CSs over time during a period of 13.5 days post initiation of cardiac differentiation. Approximately 98 % of the IMR90-1 CSs in the 1 μM RI groups start to 
beat within 24 h, while only 34.1 % of the IMR90-1 CSs are observed to beat over 7 days (from day 6–6.5 to day 13.5) for the 10 μM RI group. (b) Quantitative data 
from flow cytometry analyses showing a significantly higher percentage of cTnT (cardiac-specific marker) positive cells and a significantly lower percentage of 
MUSASHI (neural-specific marker) cells in the CSs (collected on day 12.5) from the 1 μM RI group than the 10 μM RI group. Moreover, the expression of MUSASHI in 
the CSs of the 1 μM RI group is negligible while it is evident in the CSs of the 10 μM RI group. (c) Representative peaks of flow cytometry analyses showing a 
comparison of the expression of cTnT and MUSASHI in the CSs (collected on day 12.5) from the 1 and the 10 μM RI groups. (d) Immunostaining data showing cells 
positive for the neural gene markers (TUJ-1 and MUSASHI) are evident in the IMR90-1 CSs (collected on day 12.5) from the 10 μM RI group, while it is not observable 
for the 1 μM RI group. (e) Immunostaining data showing reduced expression of cTnT and CX-43 in the IMR90-1 CSs (collected on day 12.5) from the 10 μM RI group, 
while their expression is higher in the IMR90-1 CSs (collected on day 12.5) from the 1 μM RI group. Scale bars: 100 μm **, p < 0.01. 
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3. Discussion 

Compared to human ESCs, human iPSCs have no ethical concerns 
and are more easily accepted by society because they are not from 
human embryos. Of note, human iPSC banks may be established for 
generating human leukocyte antigen (HLA)-matched cell trans-
plantation for known HLA types of donors and recipients, and the human 
iPSCs have great potential for allogeneic cell therapy besides autologous 
cell therapy [58]. Furthermore, the human eiPSCs used in this study are 
virus-free [38], which further enhances the translational value of this 
work. 

The iPSCs may not be the same as the ESCs in terms of both plurip-
otency and differentiation potential due to the iPSCs’ epigenetic 
“memory” of their somatic tissues of origin [59,60]. This means the 
human iPSC may still possess some of the phenotypic properties of the 
more differentiated cells from which they are reprogrammed, leading to 
less potent potential of differentiation of human iPSCs than human ESCs 
[59,61]. Therefore, protocols of cardiac differentiation for human ESCs 
may not work well for human iPSCs and usually have an OBT ranging 
over ~7 days [31,62,63]. This is consistent with our observation that 
cardiac differentiation of the human eiPSCs and IMR90-1 iPSCs cultured 
in 3D with the commonly used RI concentration (10 μM) results in 
significantly heterogeneous cell populations and compromises the effi-
ciency of cardiac differentiation, although the high concentration of RI 
has been used to culture human ESCs for cardiac differentiation (mostly 
under 2D) with high efficiency (the cTnT-positive cells may be up to 90 
%) [26,35,36]. Moreover, the 3D culture has superiorities over the 2D 
culture for large-scale cell production and quality control [21]. There-
fore, there is an urgent need to develop a stable system to upscale the 
generation of human iPSC-derived CMs for both basic and translational 
applications. However, the contemporary protocols for the derivation of 
human CSs in 3D are mainly human ESC-based, which have limitations 
regarding concerns of heterogeneous differentiation when applied on 
human iPSCs as aforementioned [60,64,65]. 

RI has been ubiquitously used to improve the survival/yield of 
human iPSCs and ESCs at a concentration of 10 μM, which is the optimal 
concentration for preventing apoptosis of the human PSCs under both 
2D and 3D cultures [37,66,67]. Indeed, our data show that, with all 
other conditions being kept consistent, using 10 μM RI in the medium for 
culturing the eiPSCs in 3D significantly improves the cell yield (i.e., 
number of viable cells) by ~3 and 2 times, compared to 0 or 1 μM RI, 
respectively (Fig. S13). The use of 1 μM RI significantly increases the cell 
survival/yield compared to the 0 μM RI control (Fig. S13). Unfortu-
nately, our extensive data of gene and protein expression show the RI at 
10 μM induces uncontrolled spontaneous differentiation of the human 
eiPSCs into heterogeneous lineages including the ectoderm (e.g., neural 
and eye development), endoderm (e.g., lung and gut development), and 
non-cardiac mesoderm (e.g., urogenital and cartilage development) 
both before (i.e., on days − 4 to 0, Fig. 1a) and after (i.e., after day 0, 
Fig. 1a) cardiac differentiation (Fig. 1c–f, 2, 3, S7-S12). The heteroge-
neous differentiation of human eiPSCs cultured with 10 μM RI before 
cardiac differentiation is also evidenced by the archenteron-like cavity 
of the eiPSC spheroid, similar to the epiblast and hypoblast cells in the 
early gastrula (Figs. S1a-b and S10b). Such heterogeneous differentia-
tion into the ectoderm is further confirmed with the IMR90-1 iPSCs 
(Fig. 6d). Although RI promotes ectoderm differentiation from PSCs has 
been reported before [68,69], no prior work has reported not only its 
promotion of endoderm and non-cardiac mesoderm differentiation but 
also its adverse impact on cardiac differentiation. This uncontrolled 
spontaneous differentiation into heterogeneous lineages is shown to 
greatly compromise the efficiency and functional homogeneity (in terms 
of OBT) of guided cardiac differentiation of both the eiPSCs and 
IMR90-1 iPSCs cultured with the 10 μM RI in 3D (Figs. 1b and 6a). In 
stark contrast, the use of 1 μM RI results in more than 95 % beating CSs 
for cardiac differentiation of both the human eiPSCs and IMR90-1 iPSCs 
with the OBT being synchronized within 24 h (compared to >7 days for 

the 10 μM RI group), indicating a highly efficient and homogeneous (in 
terms of CM functional maturity judged by the much-shortened range of 
OBT) cardiac differentiation. This is attributed to the high pluri-
potency/quality of the human iPSCs cultured with 1 μM RI in the solid 
inner cell mass-like spheroids (Figs. 2f, 3, S1a-b, S7, S8, S10a, S11). It is 
worth noting that the size distribution (mostly 210–310 μm on day 0, 
Fig. S1c) of the eiPSC spheroids used in this study is similar to that of 
hPSC spheroids used for cardiac differentiation in the literature [70,71]. 
The size distribution should not have any significant impact on the cell 
response to RI concentration in this study. This is because the size dis-
tribution of the eiPSC spheroids is not significantly different between the 
1 and 10 μM RI groups (Fig. S1c), and the radii of all the eiPSC spheroids 
are smaller than the diffusion limit (~200 μm) of nutrients/wastes (that 
are similar to or bigger than the RI in terms of molecular weight) in 
highly cellularized tissue or cell aggregates [72,73]. 

Lastly, the data shown in Fig. 5g and Movies 9-11 demonstrate the 
great potential of the CSs differentiated from the eiPSCs cultured with 
low RI in 3D for functional 3D cardiac tissue engineering, regenerative 
medicine, and personalized drug screening of cardiotoxicity. However, 
further specification of the CMs into ventricular and atrial ones is crucial 
for bioprinting a human heart in vitro. In addition, the xenogeneic 
Knockout serum replacement (KOSR) and fetal bovine serum (FBS) used 
in the media for cardiac differentiation and maintenance, respectively, 
may be replaced with materials of human origin to further improve the 
translational value of the human iPSC-derived CMs for treating cardiac 
diseases in the clinic. 

In summary, culturing human eiPSCs with high RI (10 μM) improves 
the survival/yield of the iPSCs under 3D culture, but greatly compro-
mises their capacity of cardiac differentiation. By reducing the RI to 1 
μM for 3D culture of eiPSCs, the cell survival/yield is significantly 
improved compared no RI, and the heterogeneous gene and protein 
expression (i.e., neural, lung, urogenital, and ear-like cell types) is 
effectively suppressed compared to 10 μM RI. This enables highly effi-
cient and homogeneous/synchronized cardiac differentiation of the 
human eiPSCs to obtain high-quality CMs with well-developed func-
tional ultrastructures, which is further confirmed with the IMR90-1 
human iPSCs. This highly efficient and homogeneous/synchronized 
3D cardiac differentiation is particularly advantageous for large-scale 
production of human CMs with similar maturity, which may be used 
either directly or to engineer functional 3D cardiac constructs for both 
understanding and treating the deadly heart diseases. 

4. Materials and methods 

4.1. Cell culture 

The human eiPSCs (DF19-9-11T.H, WiCell, Madison, WI, USA) and 
IMR90-1 human iPSCs (WiCell) were cultured in Matrigel (Corning, 
Corning, NY, USA)-coated 6-well plate in an iPSC maintenance medium 
made of DMEM/F12 (Gibco) supplemented with bFGF (120 ng/ml, R&D 
Systems), TGF-β (1 ng/ml, R&D Systems), γ-aminobutyric acid (100 μg/ 
ml, Sigma-Aldrich), LiCl 30 (μg/ml, Sigma-Aldrich), L-glutamine (100 
μg/ml, Gibco), MEM non-essential amino acid (NEAA) solution (0.5 %, 
Gibco), NaHCO3 (500 μg/ml, Sigma-Aldrich), chemically defined lipid 
concentrate (1 %, Invitrogen), sodium selenite (50 ng/ml, Sigma- 
Aldrich), bovine serum albumin (20 mg/ml, Sigma-Aldrich), β-mer-
captoethanol (4 μl per 500 ml medium, Sigma-Aldrich). The cells were 
passaged twice a week at a ratio between 1:4 and 1:5 with Versene 
(ThermoFisher) consisting of 0.48 nM ethylenediamineetraacetic acid 
(EDTA) in 1x (by default) phosphate buffered saline (PBS). 

To obtain 3D iPSC spheroids, the iPSC colonies under 2D culture at 
~80 % confluence were treated with Versene for 2 min, rinsed with PBS, 
and further detached from the substrate by gentle pipetting. The de-
tached iPSCs were re-suspended in mTeSR1 with RI (Selleck Chemicals, 
Houston, TX, USA) at 0, 1, 5, or 10 μM. Afterward, the medium was 
supplemented with 0.35 % (v/v) methylcellulose (R&D Systems, 
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Minneapolis, MN, USA). The cell suspension (12 ml) containing ~4 ×
106 cells was pushed through a cell strainer (R&D Systems) with 100 μm 
mesh size as previously reported [23,26]. Later, the suspension of iPSC 
clumps was transferred into a 10-cm petri dish (ThermoFisher) for cul-
ture in a humidified incubator at 37 ◦C and 5 % CO2 for 2 days, during 
which the 2D iPSC clumps grew into 3D iPSC spheroids. Then, the me-
dium was changed to mTeSR1 (supplemented with 0.35 % methylcel-
lulose) with no RI, to further culture for 2 days before cardiac 
differentiation. To determine the number of cells per eiPSC spheroid, 
roughly equal numbers of the spheroids from either the 1 or 10 μM RI 
group were pooled together and trypsinized to dissociate the cells. The 
dissociated cells were then resuspended in 1.4 ml of the aforementioned 
iPSC maintenance medium and the cell number was counted using a 
hemacytometer. Three independent runs with 282, 260, and 256 
spheroids for the 1 μM RI group and 273, 298, and 286 spheroids for the 
10 μM RI group were conducted. 

4.2. Teratoma assay 

To test the pluripotency of the cells in the 3D iPSC spheroids in vivo 
with the teratoma assay, the eiPSC spheroids were directly injected 
subcutaneously (s.c.) into the dorsal rear flank of severe combined 
immunodeficient mice (NOD.CB17-scid, Charles River, Wilmington, 
MA, USA). A total of 2 × 106 cells in 300 μL of PBS was injected into each 
mouse (age: 5 weeks, and 5 mice per group). After 5 weeks, the mice 
were sacrificed, and the resulting teratoma were collected and fixed in 4 
% paraformaldehyde (PFA, Thermofisher) for 3 days. Afterward, the 
samples were cut into small pieces of ~0.5 cm3, embedded in paraffin, 
and sectioned into slices of 5 μm thick. The slices were stained with 
hematoxylin and eosin (H&E) and imaged with a Zeiss (Oberkochen, 
Germany) LSM 710 microscope. All animal studies were approved by the 
Institutional Animal Care and Use Committee (IACUC, #R-MAY-18-24) 
at the University of Maryland, College Park. 

4.3. Cardiac differentiation in 3D 

As schematically illustrated in Fig. 1a, the eiPSC spheroids obtained 
after 4 days of culture on day 0 were induced into mesoderm by up- 
regulation of the Wnt signaling pathway using 8 μM CHIR99021 
(ThermoFisher) and 2 μM GSK inhibitor 6-bromoindirubin-3′-oxime 
(BIO) (ThermoFisher) in the mesoderm induction medium for 1 day. The 
mesoderm induction medium is a mixture of DMEM/F12 (Thermo-
Fisher) and α-MEM (ThermoFisher) (v/v, 1:1), containing 2 % Knockout 
Serum Replacement (KOSR, Gibco, Gaithersburg, MD, USA), 1 mM L- 
glutamine (Invitrogen, Carlsbad, CA, USA), 1 % MEM non-essential 
amino acids (NEAA, ThermoFisher), and 0.1 mM β-mercaptoethanol 
(Sigma-Aldrich, St. Louis, MO, US). After 1 day, the spheroids were 
induced for cardiac commitment by down-regulating the Wnt signaling 
pathway using 10 μM KY02111 (ThermoFisher) and 10 μM XAV939 
(ThermoFisher) in the cardiac maintenance medium for 6 days with the 
medium being changed every other day. The cardiac maintenance me-
dium was a mixture of RPMI1640 (ThermoFisher) and α-MEM (Ther-
moFisher) (v/v, 1:1), containing 5 % fetal bovine serum (FBS, Gibco). 
Starting from day 8, the cardiac maintenance medium without KY02111 
and XAV939 was used and it was changed every other day for cardiac 
maturation. Images and videos of the resultant CSs were taken using the 
Zeiss LSM 710 microscope before medium change. 

4.4. Cryosectioning and immunostaining 

The iPSC spheroids and the iPSC-derived CSs were fixed in 4 % PFA 
in PBS at 4 ◦C overnight. The fixed spheroids were incubated sequen-
tially in 10 % and 15 % sucrose solutions in saline for 4 h, respectively. 

Afterward, the spheroids were put in a plastic box (Tissue-Tek Sakura, 
Lakewood Ranch, FL, USA) and embedded in OCT (Tissue-Tek Sakura) 
for cryosectioning. Slices of the spheroids of 10 μm thick were obtained 
by cutting the frozen sample on a Leica (Buffalo Grove, IL, USA) cryostat 
platform and then immediately attached onto the Leica Apex high ad-
hesive glass slides. 

For immunostaining, the slides were gently rinsed twice with PBS to 
remove the OCT and then incubated with 0.1 % Triton X-100 (Sigma- 
Aldrich, to permeabilize the cells) and 5 % normal goat serum (Invi-
trogen, Carlsbad, CA, USA, to block non-specific binding) in PBS for 1 h 
at room temperature (RT). Later, the samples were incubated with pri-
mary antibodies at 4 ◦C overnight. The dilution and product information 
of the primary antibodies were as follows: OCT-4 (1:500 dilution, Cell 
Signaling Technologies, Danvers, MA, USA), NANOG (1:500 dilution, 
Cell Signaling Technologies), SSEA-4 (1:500 dilution, Cell Signaling 
Technologies), cTnT (1:500 dilution, Cell Signaling Technologies), 
CONNEXIN-43 (CX-43, 1:400 dilution, Santa Cruz Biotechnology, Dal-
las, TX, USA), DESMIN (1:500 dilution, Santa Cruz Biotechnology), 
α-ACTININ (1:500 dilution, Santa Cruz Biotechnology), BRACHYURY 
(1:500 dilution, Santa Cruz Biotechnology), NKX2.5 (1:500 dilution, 
Santa Cruz Biotechnology), NESTIN (1:500 dilution, Sigma-Aldrich), 
MUSASHI (1:500 dilution, Sigma-Aldrich), and TUJ-1 (1:500 dilution, 
Sigma-Aldrich). Afterward, the samples were rinsed with PBS thrice and 
then incubated with the associated secondary antibodies (goat anti- 
rabbit IgG FITC and goat-anti-mouse IgG PE, 1:1000 dilution, Invi-
trogen) in PBS for 1.5 h at RT. Lastly, the samples were rinsed with 1 ml 
of PBS for 3 min and the nuclei were stained with 1 μg/ml DAPI (Sigma- 
Aldrich) solution for 5 min at RT. The samples were imaged with the 
Zeiss LSM 710 microscope. 

4.5. Scanning electron microscopy 

For scanning electron microscopy (SEM), the eiPSC spheroids 
collected on day − 3 were fixed by 4 % PFA in PBS at 4 ◦C overnight. 
Then, the spheroids were incubated in 15 % sucrose solution in saline for 
4 h. Afterward, the spheroids were suspended in 100 % ethanol and 
loaded on the SEM sample carrier and dried at RT overnight. The sam-
ples were then sputter-coated with gold at 15 mA for 2 min using the Ted 
Pella (Redding, CA, USA) Cressington-108 sputter coater. SEM images of 
the spheroids were obtained with a Hitachi (Tokyo, Japan) SU-70 FEG 
scanning electron microscope. 

4.6. Flow cytometry 

For flow cytometry, the eiPSC spheroids were collected on day 0 and 
the CSs were collected on days 1.5, 2.5, 12.5, or 15. The spheroids were 
dissociated to single cells by 0.25 % trypsin (Gibco) for 5 min at 37 ◦C 
and then fixed with 75 % ethanol at 4 ◦C overnight. The cells were 
permeabilized with 0.05 % Triton X-100 (Sigma-Aldrich) for 3 min and 
then rinsed with 1x PBS twice. The cell numbers were adjusted to 1 ×
106 cells/tube in 700 μL of saline for each marker. These cells were 
incubated with primary antibodies including OCT-4 (1:500 dilution, Cell 
Signaling Technologies), NANOG (1:500 dilution, Cell Signaling Tech-
nologies), SSEA-4 (1:500 dilution, Cell Signaling Technologies), BRA-
CHYURY (1:500 dilution, Santa Cruz Biotechnology), NKX2.5 (1:500 
dilution, Santa Cruz Biotechnology), cTnT (1:500 dilution, Cell 
Signaling Technologies), cTnI (1:500 dilution, Cell Signaling Technol-
ogies), α-ACTININ (1:500 dilution, Santa Cruz Biotechnology), MUSA-
SHI (1:500 dilution, Sigma-Aldrich), and TUJ-1 (1:500 dilution, Sigma- 
Aldrich) at 4 ◦C overnight. Subsequently, the samples were rinsed with 
PBS thrice before incubation with corresponding secondary antibodies: 
goat anti-mouse IgG FITC and goat anti-rabbit IgG PE, respectively 
(1:1000 dilution, Invitrogen) for 1 h at RT. The samples were then rinsed 
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with 1x PBS thrice before flow cytometry. The negative controls were 
the cells incubated with respective primary antibodies as aforemen-
tioned (no incubation with a secondary antibody). 

4.7. RNA sequencing 

For RNA sequencing (RNA-Seq), total RNA was extracted from the 
eiPSC clumps from 2D culture on day − 4 (termed as 2D) and spheroids 
collected on day − 2.5 after 1.5 days in the 3D culture (termed as UO and 
UT for 1 μM and 10 μM RI conditions, respectively), day 2.5 (termed as 
CO and CT), and day 13.5 (termed as MO and MT) by using the RNeasy 
kit (QIAGEN, Hilden, Germany). The DNase I from bovine pancreas 
(Sigma-Aldrich) was used to remove DNA in samples. The RNA con-
centration in the samples was measured with Nanodrop (ThermoFisher) 
and the integrity and quality of RNAs in the samples were studied with 
the Nano RNA Bioanalyzer (Agilent, Santa Clara, CA, USA). Samples 
with RNA integrity number greater than 9 were used for the preparation 
of the next-generation sequencing library using the NEB Ultra Direc-
tional RNA library preparation kit (New England Biolabs, Ipswich, MA, 
USA). Pair-end sequencing was performed by the Illumina HiSeq2500 
platform (San Diego, CA, USA). RNA-seq sequencing data quality was 
verified by Novogene (Sacramento, CA, USA). Raw reads were mapped 
to the human reference genome version (hg38) and the gene expression 
level based on reads per kilobase of exon per million reads mapped for 
annotated genes was measured and normalized using the Cufflink pro-
gram [39]. Samples were compared in different combinations as 
described previously (Table 1) and genes with an expression change of 
more than 1.5 in |log2fold change| were defined as differentially 
expressed genes (DEG). Different classes of genes were subjected to 
functional and pathway analysis with the Gene Ontology (GO) database. 
The final data was visualized with Gene Cluster 3.0, Java Treeview 3.0, 
and Microsoft Excel 2010 software. 

4.8. Transmission electron microscopy 

For transmission electron microscopy (TEM) studies, the CSs 
collected on day 12.5 were fixed with 2.5 % glutaraldehyde, 2 % PFA, 
and 0.1 M PIPES buffer at pH 7.4 for 2 h at 4 ◦C, rinsed with PBS, and 
subsequently incubated with 1 % osmium tetroxide for 2 h at 4 ◦C. All 
the reagents used for preparing the samples were purchased from Sigma- 
Aldrich. Afterward, the samples were dehydrated by a series of ethanol 
solutions (75 %, 85 %, 95 %, and 100 %) and acetone sequentially. Then, 
the samples were embedded in the resin EMbed 812 (Araldite, PA, USA) 
by following the manufacturer’s instructions. Slices (70 nm-thick) of the 
embedded samples were cut with a UC6 ultramicrotome (Leica) and 
subsequently stained with 1 % (w/v) uranyl acetate for 10 min at RT. 
The slices were examined and imaged with an FEI Tecnai T12 trans-
mission electron microscope (Philips, Amsterdam, Netherlands). The 
lengths of myofibrils and sarcomeres were measured with the NIH 
(Bethesda, MD, USA) ImageJ (v1.52a). 

4.9. Calcium spike assay 

To quantify the calcium spike, the CSs collected on day 12.5 either 
without or with drug treatment were incubated with 2 nM Fluo-4 probes 
(ThermoFisher) in cardiac maintenance medium for 30 min by following 
the manufacturer’s instructions. Then, the medium was replaced with 
fresh cardiac maintenance medium for 20 min. Afterward, the CSs were 
transferred into a 1 cm diameter glass-bottom dish containing 500 μL of 
cardiac maintenance medium and incubated in the stage incubator of 
the Zeiss LSM 710 microscope at 37 ◦C and 5 % CO2 for imaging and 
video recording. Cardiac drugs Isoproterenol (ISO) and propranolol 
(PRO) that increase and decrease the heart beating rate, respectively, 
were used to test the drug response of the CSs [13]. To do this, cardiac 
maintenance medium containing 10 μM ISO was incubated with the CSs 
for 10 min. After acquiring the calcium spike activity with the ISO 

treatment, the medium with ISO was removed and the CSs were rinsed 
with fresh cardiac maintenance medium for 3 min. Then, the CSs were 
incubated with cardiac maintenance medium containing 10 μM PRO for 
10 min and the calcium spike activity was recorded. All the 
video-recording was done at 5 frames per second for 1 min using the 
Zeiss LSM 710 microscope and analyzed with the Zeiss Zen Blue soft-
ware. Calcium spike activities were collected from three independent 
experiments to quantify the beating frequency/rate of the CSs. The data 
of the calcium spikes of the CSs were presented as ΔF/F0, where F rep-
resents fluorescence intensity, F0 is the fluorescence intensity at the 
resting state of the CSs, and ΔF (=F–F0) is the change of fluorescence 
intensity. 

4.10. Culture of CSs in gelatin methacrylol hydrogel 

To synthesize gelatin methacrylol (GelMA), type A porcine skin 
gelatin (300 bloom; Sigma-Aldrich) was dissolved at 10 % (w/v) into 
PBS (ThermoFisher) at 50 ◦C for 20 min. Methacrylic anhydride (MA, 
Sigma-Aldrich) was added dropwise into the gelatin solution under 
vigorous stirring for 1 h (0.6 g of MA per gram of gelatin). The mixture 
was diluted with PBS to stop the reaction and centrifuged at 2000g for 2 
min. To remove excess acid, the supernatant containing dissolved 
GelMA was collected and dialyzed (10 kDa molecular weight cutoff, 
ThermoFisher) against water. The dialyzed GelMA was then frozen, 
lyophilized, and stored at − 80 ◦C. To make the GelMA solution sus-
pended with CSs, the lyophilized GelMA was dissolved at 7 % (w/v) in 
the cardiac maintenance medium at 50 ◦C for 20 min. Irgacure 2959 
(0.1 % (w/v), BASF) was added into the GelMA solution at 50 ◦C and 
stirred for 15 min. The resultant GelMA solution was slowly cooled to 37 
◦C before mixing it with the CSs collected on day 5 post-cardiac differ-
entiation (before beating). The GelMA solution suspended with CSs was 
transferred into a well of 12-well plate (ThermoFisher) at 4 × 106 cells in 
0.5 ml of the GelMA solution. The GelMA solution was crosslinked into 
GelMA hydrogel by exposing it to ultraviolet light at 5 mW cm− 2 for 1 
min. Lastly, 1 ml of the cardiac maintenance medium was added into the 
well and the medium was changed every other day. 

5. Statistical analysis 

All quantitative data were collected from at least three independent 
experiments. The data were presented as mean ± standard deviation. 
Student’s t-test (two-tails, unpaired, and assuming equal variance) was 
performed for comparisons between two groups. A p value less than 0.05 
was considered to be statistically significant. The statistical methods for 
analyzing the RNA-Seq are given in the Results section where the data 
are discussed. 
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