
In Situ Differentiation of Human-Induced Pluripotent Stem Cells 
into Functional Cardiomyocytes on a Coaxial PCL-Gelatin 
Nanofibrous Scaffold

Divya Sridharan1, Arunkumar Palaniappan1,4, Britani N. Blackstone5, Julie A. Dougherty1,3, 
Naresh Kumar6, Polani B. Seshagiri7, Nazish Sayed8, Heather M. Powell5,9,10, Mahmood 
Khan1,2,3,*

1Department of Emergency Medicine, Wexner Medical Center, The Ohio State University, 
Columbus, OH, USA

2Department of Physiology and Cell Biology, Wexner Medical Center, The Ohio State University, 
Columbus, OH, USA

3Dorothy M. Davis Heart & Lung Research Institute, Wexner Medical Center, The Ohio State 
University, Columbus, OH, USA

4Centre for Biomaterials, Cellular and Molecular Theranostics, Vellore Institute of Technology, 
Vellore, India.

5Department of Materials Science and Engineering, The Ohio State University, Columbus, OH, 
USA

6Department of Microbial Infection and Immunity, The Ohio State University, Columbus, OH, USA

7Department of Molecular Reproduction Development and Genetics, Indian Institute of Science, C 
V Raman Road, Bangalore, KA-560012, India

8Stanford Cardiovascular Institute, Stanford University School of Medicine, Stanford, CA

9Department of Biomedical Engineering, The Ohio State University, Columbus, OH, USA

10Research Department, Shriners Hospitals for Children, Cincinnati, OH, USA

*Corresponding Author Mahmood Khan, M. Pharm, Ph.D., FAHA, Department of Emergency Medicine, Department of Physiology 
and Cell Biology, Davis Heart and Lung Research Institute, The Ohio State University Wexner Medical Center, 
mahmood.khan@osumc.edu.
CRediT author statement
Divya Sridharan: Conceptualization, Methodology, Investigation, Writing-original draft.; Arunkumar Palaniappan: Investigation, 
Writing - Review & Editing.; Britani N. Blackstone: Investigation, Writing - Review & Editing.; Julie A. Dougherty: Investigation, 
Writing - Review & Editing.; Naresh Kumar: Investigation.; Polani B. Seshagiri: Writing - Review & Editing.; Nazish Sayed: 
Supervision, Writing - Review & Editing.; Heather M. Powell: Supervision, Writing - Review & Editing.; Mahmood Khan: 
Conceptualization, Supervision, Writing - Review & Editing, Funding Acquisition.

Declaration of competing interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 January 01.

Published in final edited form as:
Mater Sci Eng C Mater Biol Appl. 2021 January ; 118: 111354. doi:10.1016/j.msec.2020.111354.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abstract

Human-induced pluripotent stem cells (hiPSCs) derived cardiomyocytes (hiPSC-CMs) have been 

explored for cardiac regeneration and repair as well as for the development of in vitro 3D cardiac 

tissue models. Existing protocols for cardiac differentiation of hiPSCs utilize a 2D culture system. 

However, the efficiency of hiPSC differentiation to cardiomyocytes in 3D culture systems has not 

been extensively explored. In the present study, we investigated the efficiency of cardiac 

differentiation of hiPSCs to functional cardiomyocytes on 3D nanofibrous scaffolds. Coaxial 

polycaprolactone (PCL)-gelatin fibrous scaffolds were fabricated by electrospinning and 

characterized using scanning electron microscopy (SEM) and fourier transform infrared (FTIR) 

spectroscopy. hiPSCs were cultured and differentiated into functional cardiomyocytes on the 

nanofibrous scaffold and compared with 2D cultures. To assess the relative efficiencies of both the 

systems, SEM, immunofluorescence staining and gene expression analyses were performed. 

Contractions of differentiated cardiomyocytes were observed in 2D cultures after 2 weeks and in 

3D cultures after 4 weeks. SEM analysis showed no significant differences in the morphology of 

cells differentiated on 2D versus 3D cultures. However, gene expression data showed significantly 

increased expression of cardiac progenitor genes (ISL-1, SIRPA) in 3D cultures and 

cardiomyocytes markers (TNNT, MHC6) in 2D cultures. In contrast, immunofluorescence staining 

showed no substantial differences in the expression of NKX-2.5 and α-sarcomeric actinin. 

Furthermore, uniform migration and distribution of the in situ differentiated cardiomyocytes was 

observed in the 3D fibrous scaffold. Overall, our study demonstrates that coaxial PCL-gelatin 

nanofibrous scaffolds can be used as a 3D culture platform for efficient differentiation of hiPSCs 

to functional cardiomyocytes.
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1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of mortality worldwide. In the United 

States alone, an estimated 48% of adults suffer from some form of CVD [1]. Cell-based 

approaches using adult stem/progenitor cells have been used for the treatment of CVDs in 

many pre-clinical and clinical studies [2]. Unfortunately, the use of these stem cells has been 

challenging on account of their limited availability and low differentiation to functional 

cardiomyocytes post-transplantation [3]. In contrast, since their discovery, human-induced 

pluripotent stem cells (hiPSCs), have overcome this limitation and hence, opened up new 

avenues in the field of cardiovascular regenerative medicine [4]. Moreover, the use of 

cardiomyocytes differentiated from hiPSCs (hiPSC-CMs) have become increasingly popular 

as in vitro model systems for cardiac developmental biology studies [5], disease modeling 

[6–8], and toxicology studies [9, 10], as well as for the development of a new generation 

cell-based therapies for CVDs [11].

Indeed, to conduct these studies, many protocols have been standardized for the efficient 

differentiation of hiPSCs to functional cardiomyocytes [12]. However, the majority of these 

Sridharan et al. Page 2

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



studies have been conducted using 2-dimensional (2D) culture systems. Moreover, recent 

reports, have clearly shown that hiPSC-CMs differentiated in 2D cultures do not completely 

resemble adult cardiomyocytes [13–15]. Similarly, it has been proposed that 3D cultures 

may represent a better model system to recapitulate in vivo differentiation of hiPSCs [16]. 

Among different 3D culture systems, previous reports have shown enhanced differentiation 

of hiPSCs to chondrogenic cells [17], definitive endoderm cells [18], pancreatic β-cells [19], 

and neuronal cells [20], when cultured on 3-dimensional (3D) scaffolds. Adipose-derived 

stem cells [21] and mouse pluripotent stem cells [22] have also been shown to have 

improved differentiation to functional cardiomyocytes on 3D scaffolds. A detailed study 

investigating the efficiency of cardiac differentiation of hiPSCs on 3D scaffolds is currently 

lacking.

Synthetic polymers like polycaprolactone (PCL), poly (glycerol sebacate) (PGS), poly 

(lactic-co-glycolic acid) (PLGA) and poly (lactic acid) (PLA) have been commonly used for 

the synthesis of nanofibrous scaffolds for culture and differentiation of hiPSCs [23]. Among 

these, PCL, an FDA approved polymer, has been well-established for the development of 

long-term controlled release drug delivery systems [24, 25]. Also, compared to other 

synthetic polymers, PCL degrades more slowly, resulting in a more gradual formation of 

acidic by-products, which are also rapidly cleared upon formation in culture [26]. However, 

although studies have reported cardiac differentiation of hiPSCs on these scaffolds, some 

studies have reported a negative effect of these polymers on cell viability and function due to 

the inherent hydrophobicity and poor biocompatibility of the polymer, as well as lack of cell 

adhesion sites [20, 27]. Biopolymers like fibrin, collagen, and gelatin have been commonly 

used as a substrate for culturing hiPSCs in 2D, mainly due to their biomimetic properties 

[23]. However, their use in the fabrication of 3D scaffolds has been limited due to their poor 

mechanical strength and rapid degradation in prolonged culture [28, 29]. Hence, the 

fabrication of a stable, nanofibrous scaffold with superior biomimetic and mechanical 

properties will be essential to understanding the differentiation of hiPSCs to functional 

cardiomyocytes in 3D cultures.

In this study, we have fabricated and characterized a coaxial PCL-gelatin nanofibrous 

scaffold with a gelatin shell and a PCL core [27, 30]. Using this nanofibrous scaffold, we 

have established a protocol for culturing and differentiating hiPSCs into functional 

cardiomyocytes in a 3D microenvironment. Additionally, we compared the cardiac 

differentiation of hiPSCs in 3D and 2D cultures, to understand the relative efficiencies of 

differentiation and maturation of hiPSC-CMs in vitro in the two culture systems.

2. Materials and methods

2.1. Preparation of polycaprolactone (PCL)-gelatin coaxial nanofibrous scaffold

PCL-gelatin coaxial randomly aligned fibrous scaffolds were fabricated using 

electrospinning [27, 30, 31]. Gelatin (12% w/v) and PCL (8%) were dissolved in 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP, Sigma-Aldrich, MA). The PCL solution was fed to the inner 

tube of the coaxial spinneret with the flow-rate of 1 ml/hr, while the gelatin solution was fed 

to the outer needle at a flow-rate of 4 ml/hr. The distance between the spinneret tip and the 

grounded rotating collector was kept at 20 cm and the voltage applied at the tip was 20 kV. 
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Scaffolds were thoroughly dried and cut into circular patches of 8- or 12-mm diameter 

before crosslinking in a 7 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC, Sigma-Aldrich, MO) solution in 100% ethanol overnight to stabilize 

the gelatin shell. The patches were then disinfected by soaking in 70% ethanol for 24 hours, 

followed by three rinses in sterile PBS and one rinse in Essential 8™ culture medium.

2.2. Measurement of scaffold porosity

Dry scaffold porosity was calculated by cutting the as-spun scaffolds into discs using a 10 

mm biopsy punch. The thickness of each scaffold was measured using digital calipers. 

Scaffolds were weighed (Mettler Toledo Precision Balance) and the density of the scaffold 

(ρscaffold) calculated. Porosity of the scaffold quantified by comparing the scaffold’s density 

to a theoretical solid of the same PCL-Gelatin composition (% Porosity = (ρsolid − ρscaffold) / 
ρsolid) (ρsolid = 1.233g/cm3). Six scaffolds were measured with porosity presented as mean ± 

standard deviation.

2.3. Culturing of hiPSCs on a 3D scaffold

Maintaining hiPSCs in 2D cultures—The hiPSC cell line (SCVI840), re-programmed 

from peripheral blood mononuclear cells (PBMCs), used in the study was obtained from the 

Stanford Cardiovascular Institute (SCVI) Biobank and the Stem Cell Core Facility of 

Genetics, Stanford University. The hiPSCs were cultured and maintained as previously 

described [32]. Briefly, the hiPSCs were thawed and cultured in Essential 8™ Medium (E8, 

Thermo Fisher Scientific, MA) on Vitronectin XF (Stem Cell Technologies, Canada)-coated 

6-well plates (Greiner, NC). The medium was supplemented with 10 μM of Rho-associated 

protein kinase (ROCK) inhibitor (Y-27632, TOCRIS, MN) for the first 24 hours of culture. 

Once the cultures attained a confluence of >80% in the dish, the cells were passaged onto 

Matrigel® (354277, Corning, NY) coated 12-well plates for 2D culture or onto the PCL-

gelatin scaffolds for 3D cultures.

Preparing the 3D scaffold for the plating of hiPSCs—PCL-gelatin scaffolds were 

coated with Matrigel® (Cat. No. 354277, Corning, NY) for 1–2 hours. The Matrigel®-

coated patches were then placed on top of a sterile N-terface® (Winfield Labs, TX), which 

was further placed on a sterile surgical sponge (Hydrosorb: Carwil Corp, New London, CT) 

pre-soaked in E8 medium supplemented with 10 μM ROCK inhibitor in 94-mm dishes. 

hiPSCs cultured in 2D culture plates were dissociated into single cells by incubating with 

Gentle Cell Dissociation Reagent (Stem Cell Technologies, Canada) in E8 medium 

supplemented with 10 μM ROCK inhibitor to get a concentrated cell suspension containing 

of 0.2 million cells/100 μl, which was then added dropwise onto individual 3D patches (0.2 

million cells per 12 mm patch). The seeded patches were incubated for 7–8 hrs to ensure cell 

attachment then transferred to a 12-well plate containing E8 medium, with one patch per 

well.

2.4. Cardiac differentiation of hiPSCs

Cardiac differentiation of hiPSCs was performed using a Cardiomyocyte Differentiation Kit 

(Thermo Fisher Scientific, MA), as per the manufacturer’s instructions [33]. Briefly, on Day 

0 (D0) of differentiation, the hiPSC colonies, with 50–60% confluence, were incubated with 
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Cardiomyocyte Differentiation Medium A for 48 hrs. On Day 2 (D2), the medium was 

replaced with Cardiomyocyte Differentiation Medium B for another 48 hrs. From Day 4 

(D4) onwards, the cells were cultured in Cardiomyocyte Maintenance Medium. The medium 

for the cultures was changed every other day. The morphological changes during cardiac 

differentiation of hiPSCs were assessed by phase-contrast imaging using a Leica DM IL 

LED microscope (Leica Microsystems, Germany). Videos were recorded to monitor the 

contractility of functional cardiomyocytes and quantitative analysis was performed post-

acquisition. For quantitative assessment of the beating frequencies of differentiated 

cardiomyocytes, the beats per minute were manually counted at different days of 

differentiation in four-patches or wells from three independent experiments.

2.5. Scanning electron microscopy (SEM) analysis

To assess the morphology, hiPSCs were cultured and differentiated on glass coverslips or 

electrospun scaffolds and processed as previously described [34]. Briefly, the cells were 

fixed in 4% paraformaldehyde (PFA) for 24 hours at 4°C and dehydrated sequentially in 

50%, 70%, 85%, 90% and 100% ethanol gradients. The samples were finally dried using a 

graded series of hexamethyldisilazane (HMDS, Sigma-Aldrich, MO) in ethanol. After 

processing, the patches were affixed to SEM stubs using carbon tape and sputter-coated with 

gold-palladium (Pelco Model 3). For characterization of the acellular scaffolds, scaffolds 

were cut, affixed to SEM stubs and sputter-coated with gold-palladium coating. All samples 

were imaged on the Nova NanoSEM 400 microscope (FEI, OR) at 5 kEV. The images 

acquired were analyzed using ImageJ software to determine the fiber diameter, pore size, 

and pore area. The pore size is the interfiber distance and the pore area is the area measured 

between two fibers. Ten images were used to analyze the above parameters and the mean 

values are calculated.

2.6. Fourier-transform infrared spectroscopy (FTIR) studies

Surface chemical analysis of the patches was assessed using attenuated total reflection 

Fourier transform infrared spectroscopy (ATR-FTIR) in the range of 400–4000 cm−1 

(Thermo Nicolet Nexus 670 FTIR spectrometer, MN). Approximately 25–40 scans were 

performed on gelatin, PCL and PCL-gelatin coaxial scaffolds.

2.7. Immunofluorescence studies

Immunofluorescence imaging was performed on undifferentiated and differentiated cells 

cultured on 3D patches and on coverslips (2D). The cultured cells were washed twice with 

DPBS and processed for immunostaining as described previously [35]. Briefly, the cells 

were fixed in 4% paraformaldehyde for 15 minutes at RT, permeabilized using 0.2% Triton 

X-100 and incubated in a blocking buffer containing 1% bovine serum albumin (BSA, 

Sigma-Aldrich, MO). The cells were incubated with the primary antibody overnight at 4°C, 

followed by the secondary antibody for 1 hour at RT in the dark. The cells were 

counterstained with DAPI (Thermo Fisher Scientific, MA) and the coverslips were mounted 

over glass slides using ProLong™ Gold Antifade Mountant (Life Technologies, MA). The 

cells were then imaged on the Olympus FV3000 (Olympus Life Sciences, PA) confocal 

microscope. For cells differentiated in 3D, the patches were fixed in 4% paraformaldehyde, 

embedded in Optimal Cutting Temperature (OCT) compound, frozen, and sectioned at 7 μm 
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using the Leica CM 1950 cryostat (Leica Biosystems, Germany). The sections were 

mounted onto glass slides and immunostaining was performed as described above. The 

antibodies used for immunostaining are as follows: rabbit anti-Oct4 (1:200, Thermo Fisher 

Scientific, MA, Cat # PA5–27438), mouse anti-SSEA4 (1:200, Thermo Fisher Scientific, 

MA, Cat #MA1–021), rabbit anti-Troponin T (1:200, Sigma-Aldrich, MO, Cat # 

HPA017888), mouse anti-Sarcomeric Alpha-Actin (1:200, Sigma-Aldrich, MO, Cat 

#A7811), rabbit anti-NKX-2.5 (1:200, Thermo Fisher Scientific, MA, Cat # PA5–49431), 

anti-mouse Alexa Fluor® 488 (1:1000, Cell Signaling Technology, MA, Cat # 4408S), anti-

rabbit Alexa Fluor® 594 (1:1000, Cell Signaling Technology, MA, Cat # 8889S).

2.8. Cell viability assay by immunofluorescence

The viability of cells was determined using the LIVE/DEAD™ cell imaging kit (Molecular 

Probes, Life Technologies Corp., CA) per the manufacturer’s instructions. Briefly, hiPSCs 

cultured on 3D scaffolds were incubated with an equal volume of 2X staining solution for 20 

min at 37°C. The cells were washed in PBS and fresh medium was added to the cells. The 

samples (n = 3) were imaged at 488 nm and 570 nm for green and red fluorescence, 

respectively.

2.9. Lactate Dehydrogenase (LDH) Release Assay

The cytotoxic effect of the coaxial patches on hiPSCs was determined by measuring the 

LDH released by the cells cultured in 2D or 3D for 72 hours. The spent medium from 2D 

and 3D cultures were collected and the LDH release was estimated using the In vitro 

toxicology assay kit, lactic dehydrogenase based (Cat# TOX7–1KT, Sigma-Aldrich Inc., 

MO, USA) per the manufacturer’s protocol. Medium incubated at 37°C for 48 hrs without 

cells was used as a control. Background absorbance and primary absorbance was measured 

at 690 nm and 490 nm, respectively, using the 2030 Multilabel Reader, Victor™ x3, 

spectrophotometer (PerkinElmer Inc., MA, USA). The assay was performed in 96-well 

plates in quadruplicate (n=4) and data obtained was analyzed on WorkOut 2.5 (build 0428, 

PerkinElmer Inc., MA, USA), by subtracting background absorbance from primary 

absorbance.

2.10. Gene expression analysis

Cellular gene expression profiles were analyzed on days 0, 7 and 28 of differentiation in 

culture. The cells were lysed in TRIzol (Invitrogen. MA) and total RNA was isolated using 

the Direct-zol RNA Miniprep kit (Zymo Research, CA) as per the manufacturer’s 

instructions. The quantity and purity of the RNA was assessed using a NanoDrop2000 

spectrophotometer (Thermo Fisher Scientific, MA). First-strand cDNA was synthesized 

using the RT2 First Strand Kit (330404, Qiagen, MD) as per the manufacturer’s instructions 

with the RT reaction being performed for 1 hour at 37°C. qRT-PCR was performed using 

Qiagen RT2 SYBR Green ROX qPCR Mastermix (330523, Qiagen, MD) according to the 

manufacturer’s protocol. The reaction was performed on a QuantStudio 3 (Applied 

Biosystems, MA) using QuantStudio design and analysis software V.1.4.1. Gene expression 

was normalized to the geometric mean of three housekeeping genes- β-Actin, beta-2 

microglobulin, and RPL13a and the relative expression was calculated relative to 

undifferentiated cells, D0, using the 2−ΔΔCt method. Data are expressed as mean ± SD, n = 3.
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2.11. Statistical analysis

Statistical significance was assessed by one-way ANOVA followed by Tukey’s HSD post-

hoc test or by two-tailed Student’s t-test to obtain p-values. All values were represented as 

mean ± SD, and p<0.05 was considered statistically significant.

3. RESULTS

3.1. Characterization of coaxial PCL-gelatin nanofibrous scaffold

SEM images of the coaxial PCL-gelatin fibrous scaffold showed a random alignment of the 

fibers within the patch (Fig. 1A). The average fiber diameter within the scaffold was found 

to be 2.39 ± 0.66 μm. Furthermore, these fibrous scaffolds had a mean porosity of 82.5 + 6.2 

%, while the pore area and interfiber diameter of these scaffolds was 392.36 ± 194.65 μm2 

and 21.6 ± 6.74 μm, respectively. Additionally, the coaxial fibers appeared to be more 

cylindrical (Fig. 1B) compared to nanofibers fabricated with only gelatin or PCL. FTIR 

spectrum for the gelatin scaffold showed strong characteristic peaks at 1650 and 1540 cm−1 

(Fig. 1C, blue arrows) corresponding to the amide bonds (I and II, respectively) of gelatin. 

PCL scaffolds displayed a characteristic peak at 1724 cm−1 corresponding to its carbonyl 

group (Fig. 1C, red arrow). The FTIR spectrum of the coaxial PCL-gelatin scaffold was 

dominated by the amide I and II peaks, with a smaller peak at 1724 cm−1 (Fig. 1C, blue and 

red arrows, respectively). These results indicated the presence of both PCL and gelatin 

spectrums in the coaxial scaffolds.

3.2. Morphological assessment of hiPSCs cultured in 2D and 3D microenvironment

hiPSCs cultured on 2D tissue culture plates showed 60–70% confluence in 48–72 hours 

(Fig. 2A). While the hiPSCs cultured in 2D showed a flattened morphology and formation of 

monolayer colonies (Fig. 2B, I-II), the hiPSCs cultured on 3D PCL-gelatin scaffolds showed 

the formation of individual dispersed colonies (Fig. 2B, III-IV). No significant difference 

was observed in the expression of pluripotency markers, OCT4 (localized to the nucleus) 

and SSEA4 (localized in the cell membrane), in hiPSCs cultured in 2D versus 3D cultures 

(Fig. 2C), as assessed by immunofluorescence staining. These data indicate that hiPSCs 

cultured on the 3D scaffolds retained their pluripotency.

3.3. Viability of hiPSCs cultured on 3D scaffolds

Cell viability was assessed following the culture of hiPSCs on 3D scaffolds for 72 hours. A 

majority of the cells in 2D and 3D cultures stained positive for Calcein-AM (green), 

indicating the presence of live cells; however, positive staining for BOBO-3 iodide (red) was 

also detected in both cultures, indicative of dead cells (Fig. 3A). Furthermore, measurement 

of the LDH released by cells cultured in 2D and 3D cultures did not vary significantly (Fig. 

3B) indicating that the cells remained viable in the scaffold and that the coaxial nature of the 

scaffold is non-toxic to the cells.

3.4. Morphological assessment of cardiac differentiation in 2D and 3D cultures

Following induction of cardiac differentiation of hiPSCs in 2D cultures, small clusters of 

functional contracting cardiomyocytes were observed by D8. By D14, contracting ‘sheets’ 
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of cardiomyocytes was observed in 100% of the wells (Fig. 4A, Supplementary Movie 1). 

By D28, the cardiomyocytes formed a continuous syncytium and showed synchronous 

contractions (Fig. 4B, Supplementary Movie 2). In the case of hiPSCs differentiated on 3D 

PCL-gelatin scaffolds, spontaneous macroscopic contractions were observed from D21 and 

by D28, 89% of the scaffolds showed spontaneous contractions (Fig. 4C, Supplementary 

Movie 3). No significant differences in the beating frequencies were observed in hiPSCs 

differentiated on 2D versus 3D cultures (Fig. 4D).

Changes in cell morphology during cardiac differentiation in 2D versus 3D cultures were 

assessed by SEM analysis. On D14, SEM images of the 2D and 3D cultures did not show 

any significant differences in their morphology (Fig. 4E, I, III, V and VII). However, in the 

case of 3D cultures, the cells appeared to have penetrated the scaffold and wrapped 

themselves around the individual fibers (Fig. 4E, VII-VIII). On D28, the differentiated 

cardiomyocytes formed a monolayer with good cell-cell contact in both 2D and 3D cultures 

(Fig. 4E, II, IV, VI and VIII). Increased levels of ECM secretions were observed by D28 as 

compared to D14 in both the 2D and 3D cultures. Taken together, these results showed 

differentiation of hiPSCs to functional cardiomyocytes on the scaffolds comparable to that 

achieved in 2D culture.

3.5. Immunofluorescence imaging for cardiac differentiation in 2D and 3D cultures

Following the cardiac differentiation of hiPSCs, the expression of cardiac lineage marker 

NKX-2.5 was observed in the differentiated cells in both 2D and 3D cultures by D7 (Fig. 5). 

NKX2.5 is a hallmark transcription marker in cardiac progenitor cells [33]. Furthermore, on 

D28, the expression of cardiomyocyte marker sarcomeric alpha-actinin was observed in a 

majority of the differentiated cells in 2D as well as 3D cultures (Fig. 6). Initially, D7 cross 

sections of the 3D differentiated cultures demonstrated migrations of the cells to only a few 

microns (Fig. 5 D-G). Remarkably, by D28 the cells had migrated uniformly throughout the 

depth of the scaffold (Fig. 6 D-G). These observations indicated a gradual migration of 

differentiating hiPSCs into the scaffold. Taken together, these results demonstrate that 

cardiomyocytes differentiated from hiPSCs in situ on 3D scaffolds expressed stage-specific 

markers associated with differentiation of cardiomyocytes and also were distributed 

uniformly in the patch.

3.6. Assessment of gene expression during cardiac differentiation in 2D and 3D cultures

Gene expression analysis by qRT-PCR showed a significant up-regulation in the expression 

of Cardiac Progenitor (CP)-associated genes, SIRPA and ISL-1, and cardiomyocyte-

associated genes, MHC6 and TNNT2, on D7 and D28, in both 2D and 3D cultures (Fig. 7). 

However, compared to 2D cultures, the CP-associated genes, SIRPA (Fig. 7A) and ISL-1 

(Fig. 7B) were significantly up-regulated in the 3D cultures on both D7 and D28, as 

compared to their 2D counterparts. On the other hand, the expression of the cardiomyocyte-

associated genes, MHC6 (Fig. 7C) and TNNT2 (Fig. 7D) was significantly up-regulated in 

the 2D cultures when compared to the 3D cultures on D28. These data demonstrate an 

enhanced differentiation of hiPSCs to cardiac progenitors in 3D cultures, when compared to 

their 2D counterparts. On the other hand, the data clearly showed a significantly higher 

expression of cardiomyocyte-specific genes in 2D cultures compared to 3D cultures.
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4. Discussion

This study demonstrated the effect of coaxial PCL-gelatin nanofibrous scaffolds on the 

growth and differentiation of hiPSCs to functional cardiomyocytes in vitro. To the best of 

our knowledge, this study is the first to demonstrate the differentiation of hiPSCs to 

functional cardiomyocytes in 3D cultures using coaxial nanofibrous scaffolds. While no 

significant differences were observed in culturing undifferentiated hiPSCs in 2D and 3D 

cultures, a delay in the appearance of functional cardiomyocytes was observed in the latter. 

On the other hand, while 3D cultures showed increased expression of cardiac progenitor-

associated genes, 2D cultures showed increased expression of cardiomyocyte-associated 

genes. Furthermore, a gradual migration into the scaffold and homogenous distribution of 

the differentiated hiPSC-CMs was observed in 3D cultures.

Differentiation of hiPSCs to functional cardiomyocytes in 2D cultures has been well-studied 

[36]. While 2D differentiation of hiPSCs is efficient, numerous studies have reported that 

these culture systems do not mimic in vivo differentiation [37–39]. Several parameters may 

contribute to this, including the 2D culture surface stiffness (which ranges in GPa, while the 

tissue tensile strength ranges around kPa) and lack of 3D interaction between neighboring 

cells[40, 41]. Recent studies showed a comparative assessment for differentiation of stem 

cells into cardiomyocytes [42, 43] and other cell types [37, 44] in 2D and 3D cultures, 

demonstrated that 3D culture systems more closely resembled the in vivo mechanism. 

Additionally, culturing cardiomyocytes in a 3D culture, showed improved contractile 

function, increased mitochondrial numbers, and improved maturation and functionality [39, 

42, 43]. Although, different 3D culture systems have been developed for culturing hiPSC-

CMs [41, 43], an efficient 3D culture system to obtain reproducible differentiation of hiPSCs 

to functional cardiomyocytes is still lacking.

In this study, we have successfully developed a random coaxial scaffold comprised of 

nanofibers with a PCL core and gelatin shell for the culture and cardiac differentiation of 

hiPSCs. The use of electrospun PCL-based scaffolds for cardiac applications has previously 

been well-established, mainly due to the superior mechanical properties of PCL, including 

tensile strength and stiffness [22, 45]. Additionally, fibrous scaffolds made from PCL have 

been used for the differentiation of hiPSCs to neural cells as well as pancreatic β-cells [19, 

20]. However, reports have suggested a negative effect of PCL fibers on cell viability and 

function on account of its hydrophobicity and gradual degradation resulting in the formation 

of toxic acidic by-products, like caproic acid [20, 46]. On the other hand, when PCL was 

combined with natural polymers like gelatin or collagen, the scaffolds have been shown to 

have improved biocompatibility [47]. A core-shell structure, wherein PCL is enclosed within 

a gelatin shell has been shown to exhibit biocompatibility similar to gelatin scaffolds, 

without significant changes to the mechanical properties of the PCL scaffold [27]. In 

agreement with these previous reports, we observed no significant effect on cell viability 

following the culture of hiPSCs in the PCL-gelatin coaxial scaffolds indicated by similar 

LDH profiles in our 2D and 3D cultures.

In terms of morphology, we did not observe any striking differences in the morphology of 

the hiPSCs differentiated in 2D or 3D cultures. Consistent with our observations, a previous 
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study demonstrated that mouse embryonic stem cells cultured on PCL nanofibrous scaffolds 

also showed no significant differences in morphology of cells cultured in 2D or 3D cultures 

[22]. While we observed cardiac differentiation of hiPSCs in 2D cultures as previously 

reported [33], we also observed spontaneously contracting ‘cardiac patches’ in culture 

following differentiation of hiPSCs cultured on 3D scaffolds. Interestingly, we have 

observed visible contractions at a significantly earlier time (D8), when iPSCs were 

differentiated to functional cardiomyocytes in 2D cultures as compared to 3D cultures. 

However, no significant differences were observed in the beating frequency of 

cardiomyocytes four weeks (D28) after induction of differentiation between the two culture 

systems.

We have observed a delay in the appearance of macroscopic contractions in hiPSCs 

differentiated on 3D scaffolds (D21), when compared to 2D cultures (D10). Contrary to our 

findings, a recent study reported the appearance of macroscopic contractions by D14, 

following differentiation of hiPSCs to cardiomyocytes on polyvinyl alcohol (PVA) scaffolds 

fabricated by gas foaming [48]. The delayed detection of contractions on our 3D scaffolds 

could be due to a few reasons including the ability to visualize contractions. The cells 

cultured on the scaffold in this study could not be visualized under phase-contrast light 

microscopy, thus the precise time of the initiation of the beating of the cardiomyocytes could 

not be determined. In contrast, small clusters of cardiomyocytes showing weak contractions 

could easily be identified in 2D cultures as early as D8 (data not shown). It is also plausible 

that the force of contraction generated by the cardiomyocytes at D14 was not strong enough 

to translate into macroscopic contractions on the 3D scaffolds. It has been well-established 

that the force of contraction generated by cardiomyocytes increases with their maturation 

[49, 50] and duration in culture [35]. Hence, the delay in appearance of contractions on our 

3D scaffold may be indicative of an immature state of the cardiomyocytes differentiated 

from hiPSCs on 3D scaffolds or relative stiffness of the coaxial scaffold compared to the 

normal extracellular matrix.

When compared to corresponding 2D cultures, the 3D cultures had a significantly higher 

expression of CP-associated genes, while the cardiomyocyte-associated genes were 

expressed (on both D7 and D28) at significantly lower levels indicating efficient 

differentiation of hiPSCs to CPs on 3D scaffolds, but not to cardiomyocytes. Our 

observation is consistent with another study comparing the differentiation of hiPSC to 

cardiomyocytes in 2D and 3D cultures [42]. In this study, however, the decreased expression 

of cardiomyocyte-associated genes during later days was attributed to the differentiation of 

hiPSCs to other cardiac cell types like endothelial cells, in addition to cardiomyocytes. 

Furthermore, appearance of other differentiated cell types like fibroblasts, in addition to 

cardiomyocytes during cardiac differentiation of hiPSCs has been observed by other groups 

[33] and also by our group (data not shown). Since we did not employ any cardiomyocyte 

enrichment strategies in our differentiation protocol, it is possible that the lower expression 

of cardiomyocyte-associated genes is due to the presence of other differentiated cell types in 

3D cultures and not necessarily due to the lack of cardiomyocyte maturation.

On the other hand, contradictory to our observations, a few reports have shown an up-

regulation of cardiac genes following the differentiation of mouse iPSCs into 
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cardiomyocytes [22] or human embryonic stem cell-derived CPs [51], cultured on PCL/

fibrin-based scaffolds. Importantly, recent studies have shown improved differentiation, 

maturation, and contractile gene expression following the culture of hiPSC-derived 

cardiomyocytes in 3D cultures [34, 52, 53], as compared to 2D cultures. These studies have 

implicated several factors in the enhanced maturation of the cardiomyocytes in 3D cultures, 

such as (a) matrix composition, (b) fiber diameter and alignment, (c) matrix stiffness, (d) 

density of cells seeded onto the scaffold, (e) cells used for co-culture, and (f) electrical or 

mechanical stimulation [34, 50, 54–56]. However, a comprehensive understanding of how 

these factors affect the differentiation of hiPSCs to functional cardiomyocytes is currently 

lacking. We, therefore, believe that, while differentiation of hiPSCs to functional 

cardiomyocytes on 3D coaxial scaffolds has been demonstrated in the present study, in the 

future, it is imperative to decipher the effect of these extracellular factors on the 

differentiation of hiPSCs to functional cardiomyocytes on scaffolds to improve the 

efficiency of 3D culture systems.

Another intriguing observation found in our study was the migration and distribution of hiPS 

cells throughout the depth of the scaffold following cardiomyocyte differentiation on the 3D 

scaffolds. The hiPSC-CMs were able to migrate without the use of inducing factors; this has 

not been reported previously [57]. Also, per our expectations, a gradual migration and 

uniform distribution of the differentiated cells in the scaffold was observed during in situ 
cardiac differentiation since the pore size of the coaxial scaffold used in our study was 

greater than hiPSCs (~10–20 μm). Also, previous studies have demonstrated that during 

differentiation, hiPSCs undergo epithelial-to-mesenchymal transition followed by 

mesenchymal to epithelial transition in a stage-specific manner [58]. Using in vitro and in 
vivo models, a higher migration potential of mesenchymal cells as compared to the epithelial 

cells has been well-established [59]. Hence, it is possible that in situ differentiation of 

hiPSCs to functional cardiomyocytes enabled the cells to migrate into the scaffold during the 

process of epithelial-to-mesenchymal transition (EMT), which occurs during the process of 

differentiation. However, deciphering the molecular mechanism underlying this observation 

is beyond the scope of the present study.

Conclusions

Overall, our study demonstrated that coaxial PCL-gelatin nanofibrous scaffolds can be used 

as a 3D platform for the culture and differentiation of hiPSCs to functional cardiomyocytes. 

Furthermore, efficient migration and uniform distribution of differentiated cells was 

observed on 3D scaffolds. In summary, the results from our study could be applied towards 

developing future strategies to differentiate stem cells in a 3D microenvironment and for 

tissue-engineering approaches for mending broken hearts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• hiPSCs can be cultured on an electrospun coaxial PCL-gelatin nanofibrous 

scaffolds

• hiPSCs can be differentiated into functional cardiomyocytes on 3D scaffolds

• In situ differentiation enables migration and uniform distribution of cells into 

the scaffold
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Figure 1. 
Characterization of the electrospun scaffold. (A) SEM images showing random alignment of 

PCL-gelatin coaxial scaffolds. (B) SEM images of gelatin, PCL and PCL-gelatin coaxial 

scaffolds. (C) ATR-FTIR analyses of gelatin, PCL, and coaxial nanofibrous scaffolds.
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Figure 2. 
Comparative assessment of hiPSCs cultured in 2D and on 3D PCL-gelatin coaxial scaffolds. 

(A) Phase-contrast images of hiPSC colonies after 72 hr in culture. Scale: I: 200 μm; II: 100 

μm. (B) SEM images of hiPSCs cultured in 2D (I-II) and 3D (III-IV) cultures. Scale: I: 50 

μm; II, IV: 10 μm; III: 100 μm. (C) Fluorescent images showing the expression of PSC 

markers, OCT4 and SSEA4, in the hiPSCs cultures in 2D (I-IV) and 3D (V-VIII). Scale: 50 

μm.
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Figure 3: 
(A) Staining for viability of hiPSCs cultured in 2D (I-III) and 3D (IV-VI) cultures. 

Representative fluorescence images showing the live (Calcein-AM, green) and dead 

(BOBO-3 iodide, red) cells in 2D and 3D cultures. Scale: Scale: 400 μm. (B) Lactate 

dehydrogenase (LDH) release measured in 2D and 3D cultures. n = 4, NS: *p > 0.05.
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Figure 4. 
Morphological and functional assessment of cardiac differentiation of hiPSCs in 2D and 3D 

cultures. (A) Phase-contrast image of hiPSCs differentiated to cardiomyocytes in 2D 

cultures on D14 (A) and D28 (B), and 3D cultures on D28 (C). Scale: 500 μm. (D) 

Quantitative assessment of beating frequency of the hiPSCs differentiated to functional 

cardiomyocytes in 2D culture (black) and 3D cultures (red). (E) SEM images showing the 

surface morphology of the cells differentiated from hiPSCs cultured and differentiated to 
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functional cardiomyocytes in 2D (I-II, V-VI) and 3D ( III-IV, VII-VIII) cultures on D14 and 

D28. Scale: I-IV: 50 μm; V & VI: 30 μm; VII: 5 μm; and VIII: 10 μm.
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Figure 5. 
Immunofluorescence analysis of cardiac differentiation of hiPSCs in 2D and 3D cultures on 

D7. Confocal images showing the expression of cardiac progenitor marker NKX-2.5 on D7 

during cardiac differentiation of hPSCs in 2D (A-C) and 3D (D-G). Scale: A-C: 50 μm; D-

G: 250 μm; inset figures (D-F): 20 μm. Dotted yellow lines represent the coaxial scaffold.
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Figure 6. 
Immunofluorescence analysis of cardiac differentiation of hiPSCs in 2D and 3D cultures on 

D28. Confocal images showing the expression of cardiomyocyte marker sarcomeric alpha-

actinin (α-SA) in hiPSCs differentiated in 2D (A-C) and 3D (D-G). Scale: 50 μm. Dotted 

yellow lines represent the coaxial scaffold. Red and white arrows indicate fibers and cells, 

respectively.
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Figure 7. 
Gene expression analysis of cardiac progenitors (CP) and cardiomyocytes markers during 

cardiac differentiation of hiPSCs in 2D and 3D cultures. The bar graph shows the fold-

change in expression of the CP-associated genes, SIRPA (A) and ISL1 (B), and 

cardiomyocyte-associated genes, MHC6 (C) and TNNT2 (D), in 2D and 3D cultures on D0, 

D7 and D28 of cardiac differentiation relative to D0 (undifferentiated hiPSCs) expression. 

Values are represented as mean ± SEM, n = 3; ***p < 0.001; D represent days.
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