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Abstract
The permanent loss of cardiomyocytes may lead to the irreversible damage of
myocardium in cardiovascular diseases. The induced pluripotent stem cells (iPSCs)
with the capacity of differentiation into a variety of cell types including
cardiomyocytes showed high potential for efficient heart regeneration. The iPSCs and
iPSC-derived embryoid bodies (EBs) as well as the differentiated cardiomyocytes are
highly sensitive to the biophysical cues of their microenvironment, and accordingly
their behavior and function can be largely modulated by microstructure of the cell
culture surface. In this study, we investigated the regulatory effect of microscale
roughness on both cardiomyogenesis and secretion of EBs using poly(ether imide)
(PEI) cell culture inserts with different levels of bottom roughness (R0: flat surface;
R1: rough surface, Rq ~ 4 µm; R2: rough surface, Rq ~ 23 µm). The proliferation rate
and cardiomyogenesis of EBs increased with the increase of surface roughness. The
EB secretome derived from R2 surface remarkably enhanced the in vitro new vessel
formation of endothelial cells, as compared to those from R0 and R1. These findings
highlight the potential to improve the iPSC/EB-based restoration of cardiovascular
function via microstructured biomaterials.
Key words: microroughness, induced pluripotent stem cells, embryoid body,
cardiomyogenesis, secretome

1

Introduction

Cardiovascular disease as a critical public health concern remains the number one
cause of death globally and the mortality is still growing [63]. Loss or dysfunction of
cardiomyocytes caused by myocardial infarction, hypertrophy and ischemia is one of
the major parts leading to such a high fatality rate [2, 24]. Despite the ability of a
certain level of endogenous regeneration of adult human heart, the function of the
irreversibly damaged heart cannot be completely restored due to the insufficiency of
functional cardiomyocytes [5, 40]. Some progenitor or adult stem cells including the
skeletal myoblasts [35, 43, 60], hematopoietic stem cells [46] and mesenchymal stem
cells [34, 54, 61] have been reported to own the capacity of differentiating into
cardiomyocyte-like cells either in culture conditions or following intracardiac
transplantation, showing potential as therapeutic cell sources in heart regeneration.
However, this issue remains controversial so far, as many of them might have limited
or even no cardiomyogenic potential [29, 51]. Therefore, to achieve the successful
heart regeneration there is an urgent need to find out a promising cell source, which
should have a high cardiomyogenic differentiation capacity allowing for getting a
large scale of functional cardiomyocytes for transplantation.
The successful generation of induced pluripotent stem cells (iPSCs) by introducing
transcription factors opened a new field of stem cell-based regenerative therapy [59].
The iPSCs have become the most promising cell source due to their capability of
differentiating into all cell types from three primary germ layers [15, 22] and the

avoidance of ethical concerns. The differentiation of pluripotent stem cells towards
the cardiomyocyte linage was first demonstrated in 2000 by generating functional
beating cardiomyocytes via the mouse ESC-derived embryoid bodies (EBs) [11].
After that, this technique was widely applied and the cardiomyogenic differentiation
potential was subsequently proved in other human pluripotent stem cells [25, 26, 42].
Excitingly, the structure and function of cardiomyocytes derived from pluripotent
stem cells were comparable to the isolated neonatal myocadium [20, 36] indicating
that pluripotent stem cells could serve as the ideal cell source for cardiac regeneration.
The precisely controlled differentiation process is of great importance for clinical
benefits of iPSC-based treatment as well as the avoidance of tumorigenesis [21].
More and more studies have revealed that physical cues could markedly modulate the
function and fate of stem cells and EBs [31, 57, 64], besides the chemical cues. In
addition, it was found that the cardiomyocyte growth, development, behavior and
function could also be modulated by topography [41, 66] of the culture substrates or
mechanical cues [9, 38, 55]. However, the knowledge on how the topographic cues
affect the cardiomyogenic differentiation process of EBs is still scarce. In this context,
we hypothesized here that microscale roughness of cell culture surface could
effectively regulate the cardiomyogenesis of iPSC-derived EBs. A series of cell
culture inserts with different roughness levels on the bottom was designed and
fabricated with poly(ether imide) (PEI), a widely used and commercially available
biocompatible polymer with tailoring properties for hematological researches [6, 28,
30, 62], with the consideration that the size of single mouse iPSC (miPSC) is

approximately 10 μm and the EB diameter is typically 100-200 μm after initial 48-72
hours of culture. The smooth surface R0 was utilized as a control. The R1 surface
with a roughness level relevant to EB size (Rq ~ 4 μm) and mean peak spacing below
250 μm was expected to accommodate EBs and allowing paracrine sensing between
the cells. The R2 surface -with the highest roughness (Rq ~ 23 μm) and a mean peak
spacing larger than the dimension of single initial EBs was expected to separate the
EBs by preventing EB fusion. By using such a system, the influence of microscale
roughness on proliferation and cardiomyogenic differentiation of EBs could be
investigated. Both EB reseeding and non-reseeding methods were applied to
investigate the potential effects of microroughness on EB-derived cardiomyogenesis
and EB secretomes induced angiogenesis.
2

Materials and methods

The study was performed in accordance with the ethical guidelines of the journal
Clinical Hemorheology and Microcirculation [1].
2.1

Fabrication and characterization of microroughness substrates

The poly(ether imide) (PEI) with a number average molecular weight (Mn) of 18000
g/mol (trade name ULTEM® 1000, General Electric, USA) was used for fabricating
cell culture inserts via injection molding [52]. Three differently structured cylinders
were utilized to create the different bottom roughness: a cylinder with a polished
contact surface (R0), and two cylinders with micro-structured surfaces according to
the standard of German Institute for Standardization (DIN 16747: 1981-05), M30 (R1)

and M45 (R2).
The roughness profile of the insert bottom was analyzed with an optical profilometer
(MicoProf 200, FRT - Fries Research & Technologie GmbH, Bergisch Gladbach,
Germany) equipped with a CWL 300 chromatic white-light sensor. Each analysis was
performed on an area of 7 x 7 mm2 (4000 lines per image, 250 dots per line, 300 Hz).
The raw data were corrected for the sample tilt (subtraction of a polynom

2nd

order)

and bulginess (subtraction of a polynom 3rd order), treated with a median filter as well
as by discrimination of invalid data. The inserts were sterilized via steam sterilization
(121oC, 200 kPa, 20 minutes) using a Systec Autoclave D-65 (Systec GmbH,
Germany) prior to biological tests.
2.2

miPSC culture

The miPSCs (male mouse cell line iPS-MEF-Ng-492B-4) was purchased from CiRA,
Kyoto University, Japan. This cell line was reprogrammed from mouse embryonic
fibroblasts of Nanog-GFP-IRES-Puror transgenic mice without integration of exogene
transfection [45]. The initial culture of miPSCs was performed using mitomycin C
treated feeder cells and 0.1% (w/v) gelatin-coated tissue culture dish. The cells were
then adapted to xeno- and feeder-free conditions by culturing on 10 µg/ cm2 of
Cultrex mouse laminin I (Bio-Techne GmbH, Germany) coated tissue culture treated
plate (TCP) in ESGRO-2i medium (Merck Chemicals GmbH, Germany). The
medium was daily changed and the cells from passages 10 to 20 were used for all
experiments.

2.3

EB formation and proliferation assay

At day 0, the miPSCs were harvested and seeded with a density of 1 × 104 cells/ cm2
into PEI inserts and incubated with complete KnockOut serum replacement EB
medium (1x DMEM/ F12, 2 mM GlutaMAX-I, 20% KnockOut SR, 0.1 mM
non-essential amino acids and 0.1 mM β-mercaptoethanol; Thermo Fisher Scientific,
Germany). The EB medium was changed every two days. The EB formation was
monitored with a phase-contrast microscope and a confocal laser scanning
microscope (LSM 780, Carl Zeiss, Germany). The spontaneous cardiomygenic
differentiation of EBs was investigated by continuously culturing EBs in PEI insert
(CC-EBs) and reseeding EBs into gelatin (0.1% w/v) coated 48-well TCP on day 3
(RS-EBs). For RS-EBs, at day 3, the EBs harvested from microroughness substrates
with the diameters between 100-300 μm were acquired by using strainers with 100
and 300 μm mesh sizes. The number of cells in EBs was determined using a Cell
Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Germany) to evaluate the
EB proliferation. Briefly, the EB culture medium was replaced by 300 µL of fresh
medium, followed by adding 30 µL of CCK-8 solution per insert/well. After 2.5 hours
of incubation at 37 °C, 100 µL medium/ CCK-8 mixture was transferred into a
transparent flat bottom 96-well TCP from each insert or well, and the absorbance of
the mixture was measured at a wavelength 450 nm and a reference wavelength 650
nm using a microplate reader (Infinite 200 PRO, Tecan Group Ltd., Switzerland). The
relative cell number was calculated via a standard curve, which was produced by
measuring a series of samples with known cell number.

2.4

Conditioned media collection and tube formation

The tube formation of human hmbilical vein endothelial cells (HUVECs) was tested
using the EB conditioned media (CM). The medium was collected at day 3 and day
10 from CC-EBs and RS-EBs, respectively. The total protein amount in the CM was
quantified using a BCA protein assay kit (Thermo Fisher Scientific, Germany). Then,
the CM was adjusted to contain the same amount of total proteins by diluting with the
KnockOut serum replacement EB medium. To assess the new vessel formation
potential of HUVECs, the 96-well TCP was firstly coated with 100 μL/ cm2 Geltrex
solution (Thermo Fisher Scientific, Germany). Then, HUVEC cells were seeded with
a density of 4.5 × 104 cells/ cm2. For each well, 100 µL of diluted CM containing 50
µg total protein was applied for cell culture. The tube formation of HUVEC cells was
observed with a phase contrast microscope. The images were taken in randomly
selected observation fields and the tube elements were quantified by ImageJ software
with the angiogenesis analyzer plugin. The segments, nodes/ junctions, branches,
tubes and meshes were recognized and quantified by the software. The segments and
junctions, which connected with each other to form the complete loops, were defined
as the master segments and junctions.
2.5

Alkaline phosphatase and immunohistochemistry staining

An alkaline phosphatase (AP) staining kit (Miltenyi Biotec, Germany) was applied for
staining of undifferentiated miPSCs. The cells were washed with phosphate buffered
saline with tween-20 and fixed at room temperature for 5 min. After washing, freshly

prepared AP substrate was added and the cells were incubated in dark at room
temperature. The reaction was stopped when purple stain of cells was appeared. The
cardiomyocyte characterization kit (Merck Chemicals GmbH, Germany) was used to
visualize the specific markers of EB-derived cardiomyocytes. Cells were fixed,
permeabilized and blocked using Image-iT fixation/ permeabilization kit (Thermo
Fisher Scientific, Germany) according to the user manual. Cells were then stained
with primary antibodies (sheep anti-Tropomyosin and mouse anti-Troponin I)
overnight at 4 °C and the corresponding Alexa Fluor 488 or 633 conjugated
anti-sheep or mouse IgG (H+L) secondary antibodies (Thermo Fisher Scientific,
Germany) for 1h at room temperature in dark. Hoechst 33342 (Thermo Fisher
Scientific, Germany) was applied for nuclei staining. The IX81 motorized inverted
fluorescent microscope (Olympus, Germany) was used for imaging.
2.6

Time-lapse microscopy

The EB formation of miPSCs (day 1 ~ day 3) and the beating of the spontaneously
differentiated EBs (day 8 for CC-EBs and day 12 for RS-EBs) were tracked using a
phase contrast time-lapse imaging microscope (IX81 motorized inverted microscope,
Olympus, Germany) equipped with a bold line cage incubator providing the
humidified atmosphere (37 °C, 5% CO2). miPSCs were added into the inserts at a
density of 3 × 104 cells/ cm2. Cells cultured on R1 and R2 were monitored from day 1
until day 3 after cell seeding to monitor the aggregation and migration of the
semi-attached cells or EBs. The beating of the cardiomyogenic differentiated EBs was

tracked for 8 seconds. The total beating cycles for each video was counted manually
afterwards.
2.7

Flow cytometry

Before seeding the cells into PEI inserts, the cells were characterized using a human
and mouse pluripotent stem cell analysis kit (Stemflow, BD Biosciences, Germany).
The surface markers SSEA1 and SSEA4 were firstly stained by using mouse
anti-SSEA1-PE and mouse anti-SSEA4-Alexa Fluor 647 monoclonal antibodies
provided in the kit. Cells were than washed, fixed and permeabilized. Subsequently,
cells were immunostained by mouse anti-Oct4-PerCP-Cy 5.5 for 30 min in dark at
room temperature. The isotype control antibodies in the kit were used in parallel.
Then, the cells were analyzed via flow cytometry and the data was processed with
Flowjo software (Tree Star Inc., USA). To analyze the cell cycle kinetics alteration,
the miPSCs were seeded into the inserts with the density of 1 × 104 cells/ cm2. After 3
days of culture, the formed EBs were treated with Accumax (Merck Chemicals GmbH,
Germany) to obtain single cells. Then, the cells were fixed overnight with cold 70%
ethanol, and subsequently stained with FxCycle™ PI/RNase staining solution
(Thermo Fisher Scientific, Germany) at room temperature for 30 min. The cell cycle
was determined using flow cytometry, and the fractions of cells in different phases
were analyzed using ModFit LT software (Verity Software House, USA).
2.8

Statistics

Statistical analysis was performed using the two-tailed unpaired independent-samples

t- test, and a p value less than 0.05 was considered to be significant. Data are
presented as mean ± standard deviation (SD) unless stated otherwise.
3
3.1

Results
Poly(ether imide) substrates with different microroughness

To study the influence of the microroughness on the EB formation and spontaneous
cardiomyogenesis, the PEI cell culture insert was designed with a suitable size to fit
the standard 24-well TCP (18 mm height, 11 mm inner and 13 mm outer diameter of
the bottom) and the inserts with different types of bottom roughness were prepared
via injection molding (Fig. 1A). The surface profile of the PEI insert bottom surface
with microroughness was measured by optical profilometry. The root mean square
roughnesses (Rq) of the investigated surfaces were 0.2 ± 0.1 μm, 3.9 ± 0.2 μm and
22.7 ± 0.8 μm, respectively, which were named R0, R1 and R2 (Fig. 1B). Two culture
strategies were applied in the present strudy. As shown in Fig. 1C, miPSCs were
seeded on microrough substrates, at day 3, the formed EBs were either sustained on
the same surfaces (CC-EBs) or transferred at the same range of diameters and
amounts into a gelatin-coated 48-well TCP (RS-EBs). After additional 5 to 9 days, the
cultivation was stopped once the majority of EBs were started to beat (day 8 for
CC-EBs and day 12 for RS-EBs).

Fig. 1. Design of microroughness cell culture inserts and schematic diagram of
EB-based spontaneous cardiomyogenesis. (A) Chemical structure of PEI and image
of PEI-based cell culture inserts. (B) Design of the PEI inserts for 24-well TCP with
optimal dimensions and the optical profilometry images of the fabricated PEI inserts

comprising three different levels of microroughness. (C) Illustration of two culture
strategies for generating EB-derived cardiomyocyte.
3.2

miPSC characterization

After a long-term culture on laminin-coated TCP, miPSCs at passage 20, which had
been adapted to the feeder-free and xeno-free culture condition for 10 passages
maintained

their

typical

morphology

of

prominent

nucleoli

with

high

nucleo-cytoplasmic ratio and were growing as compact colonies (Fig. 2A, left panel).
To assess the purity and the self-renewal stage of miPSCs for subsequently EB
formation and cardiomyogenesis, it is necessary to evaluate the levels of the surface
and nuclear stemness markers. As expected, the stemness markers were preserved in
the miPSCs at passage 20 via AP staining (Fig. 2A, right panel) and intracellular flow
cytometry analysis. Approximately 90% of cells were positive for SSEA1and Oct4,
and negative for SSEA4 (Fig. 2B).

Fig. 2. Characterization of miPSCs at passage 20. (A) miPSCs were adapted and
cultured under the xeno-free and feeder-free condition, showing typical colony
morphology (left panel) and positive expression of alkaline phosphatase (right panel)
(bar = 50 μm). (B) The cells presented positive surface marker SSEA1 and nuclear
transcription factor Oct4 according to flow cytometry analysis.

3.3

EB formation and proliferation of EBs

At the initial phase of both continuous and reseeding methods for cardiomyogenesis,
as the scheme showed in Fig. 1C, the single cell of miPSCs was seeded on all of the
microroughness PEI substrates for three days allowing maturation of EBs. The
miPSCs were settled, semi-adherent on PEI surfaces, and rapidly formed tiny cell
aggregates especially at the valley area of the R1 and R2 rough surfaces within
several hours post seeding (Supplementary video 1 and 2). The small aggregates
could merge together or migrate to collect more cells and clusters and became larger
and larger to form the 3D spheres with diameters in the range of 200-300 μm (Fig. 3A,
left panel; Supplementary video 1 and 2).
The undifferentiated cells during EB formation were monitored via confocal laser
scanning microscopy by detection of Nanog-GFP reporter signal. On day 1, although
aggregates with a diameter of 100 µm existed, most of the cells kept the stemness and
presented the strong GFP signals. Two days later, the EBs were getting larger and
larger. On R2 surface, the EBs were growing separately while some of the EBs on
other surfaces merged together (indicated by asterisk). A remarkable vanishing of the
GFP signal from the inner area of the sphere was observed, which indicated that the
cells started to go across the main gateway of the differentiation stage. A slightly
increased EB size on R2 surface was observed as compared to those on R0 and R1
surface (Fig. 3A, right panel).
Since the surface structure, particularly the valley area collectively condensed the

miPSCs and efficiently supporting the EB formation, the cell cycle progression and
the growth rate were accelerated by increasing the microroughness (Fig. 3B - D). As
the preventative flow cytometry histogram and their resulting quantification data
showed, G0/G1 to S-phase transition was enhanced during three days of EB formation.
Cells stayed in proliferating S and G2M phase were increased by approximately 3%
(Fig. 3B and C) resulting in the enhancement of cell expansion by microroughness
(Fig. 3D).
As shown in the experimental design scheme in Fig. 1C, at day 3, one group of EBs
were kept in the same inserts for differentiation and another group of EBs precultured
on microroughness PEI substrates were collected separately. Microroughness could
enhance the expansion of cells in EBs cultured on PEI substrates (CC-EBs) (Fig. 3D).
However, for the group of EBs transferred to gelatin-coated TCP (RS-EBs), from day
1 post reseeding on gelatin-coated TCPs (day 4, reseeding performed on day 3) till the
end of the study at day 12, no significant influence remained on cell expansion from
previous cultivation on microrough surfaces (Fig. 3E).

Fig. 3. Characterization of EBs formed from miPSCs. The formed EBs on
substrates with different roughness at day 3 (A: left panel). The formation and growth
of EBs from Nanog-GFP+ miPSCs was monitored via a confocal laser scanning
microscope. The representative images of EBs on different substrates at day 1 and day
3 were shown (A: right panel) (bar = 100 μm), and the merging points of EBs were

pointed out with yellow asterisks. The EBs on different substrates were collected for
cell cycle analysis, the representative histograms (B) and the quantitative analysis
results (C) were shown. The cell number of EBs at different time points and culture
conditions were measured: (D) after 8 days of culture on substrates with different
roughness; (E) one day after reseeding on gelatin-coated TCPs (d4, reseeding
performed on d3) and the day in which spontaneous beating of cardiomyogenic
differentiated cells was observed (d12) (Mean ± SD; n=3; * p < 0.05; ** p < 0.01).
3.4

Characterization of spontaneous differentiated cardiomyocytes

The CC-EBs directly cultured on microrough surfaces started beating at day 8, the
12-day old RS-EBs adhered and spread on gelatin-coated TCPs also started to
contract. From R0 surface, no visible beating was detected from most of the CC-EBs.
Notably, beating CC-EBs were mainly located in the valley areas of R1 and R2
microrough surfaces. The spontaneous beating foci from RS-EBs were pointed by
yellow asterisks (Fig. 4A).
RS-EBs from gelatin-coated TCPs were immunostained with cardiomyocyte markers
Tropomyosin and Troponin I. Larger area of spontaneously differentiated
cardiomyocytes in spread EBs and the EB-derived cardiomyocytes with higher
volume were found in R2 (RS-EBs) compared to those in R0 (RS-EBs) and R1
(RS-EBs) (Fig. 4B).
To monitor and calculate the rate of beating, spontaneously differentiated and
rhythmically contracting EB-derived cardiomyocytes, videos were recorded by

Time-lapse microscope (Supplementary video 3). Compared to the R0 (CC-EBs) and
R0 (RS-EBs), almost 3-fold increasing of beating frequency of spontaneously
differentiated EBs was detected from the R2 (CC-EBs) (Fig. 4C) and R2 (RS-EBs)
(Fig. 4D).

Fig. 4. Characterization of spontaneously differentiated cardiomyocytes from
EBs on substrates with different roughness. (A) Representative images of beating
and non-beating EBs on substrates with different roughness (CC-EBs) and

gelatin-coated TCPs (RS-EBs) (bar = 100 μm). (B) The tropomyosin and troponin I
immunostaining of spontaneously differentiated RS-EBs with low and high
magnifications (upper panel: bar = 250 μm; lower panel: bar = 50 μm). Quantitative
analysis of beating rates of CC-EBs (C) and RS-EBs preconditioned with microrough
surfaces (D) (Mean ± SD; C: n=3; D: n=6; * p < 0.05; ** p < 0.01).
3.5

EB secretomes and new vessel formation

In order to further elucidate whether microroughness not only assisted EB-derived
cardiomyogenesis but also benefit for reconstruction of myocardial perfusion system,
the CM from EB were adjusted to contain the same amount of proteins and then
applied for in vitro tube formation of HUVECs.
As shown in Fig. 1C, the CM were collected at day 3 of EB formation and from day
10 EB were transferred and differentiated on gelatin-coated dishes. By overnight
incubation with all of the EB CM harvested from different substrates, the orientation
of HUVECs plated at subconfluent densities on the Geltrex coated 96-well TCP was
reorganized and the cells formed the vessel-like structures simultaneously (Fig. 5A).
The constitutive elements of the network such as the segments, branches, junctions
and meshes were detected and the numbers as well as the length of the elements were
quantified via ImageJ software and the angiogenesis analyzer plugin. The CM derived
from EBs cultured on R2 and R2-TCP surface could significantly enhance the in vitro
new vessel formation of HUVECs compared to accordingly CM from other surfaces
(Fig. 5B).

Fig. 5. Tube formation of HUVECs in the presence of EB secretomes derived
from microroughness substrates. (A) Phase contrast microscopic images presented
the capillary-like structures of the overnight incubated HUVECs growing on Geltrex
coated 96-well TCP in the presence of the CM obtained from CC-EBs and RS-EBs

(bar = 100 μm). (B) Image-based quantification was performed by using ImageJ
software with the angiogenesis analyzer plugin. The segments, junctions, branches,
tubes and meshes were analyzed (Mean ± SD; n=3; * p < 0.05; ** p < 0.01).
4

Discussion

The pluripotent stem cells proliferate as tight colonies wherein individual cells
strongly adhere to each other. When they form EBs, which are defined as 3D
pluripotent stem cell aggregates, the cell-cell attachment and communication are
particularly critical for determining the behavior and fate of stem cells. Such a
biological process is highly dependent on the temporal and spatial arrangement of the
cells in EBs. For example, the robust activation of pluripotency associated
transcription factor Stat3 and Oct4 could be only observed in mouse pluripotent stem
cells with the colony size in the range of 100 to 200 μm [47]. The cell-cell
communication via paracrine signaling could be effective only within the limited
distance that is around 250 μm [16]. Increasing evidences have suggested that the
biophysical property of biomaterials exert an regulatory effect on shape, behavior and
differentiation potential of multipotent/pluripotent stem cells and EBs [4, 8, 31, 57, 58,
64], suggesting a promising potential to use biomaterials with defined microstructures
or functionalized surface to modulate the pluripotent stem cells or EBs for improved
efficacy in stem cell-based regenerative therapy.
It has been reported that the spontaneously and rhythmically contracting
cardiomyocytes derived from EBs could be found within several days after plating,

and the number of beating foci as well as the beating rate rapidly increased during
differentiation process [19]. Therefore, the EB beating rate was used as a
characteristic parameter to define the stage of early cardiomyogenic differentiation as
well as the differentiation efficiency. We found that the spontaneous myocardial
differentiation of EBs was faster and more efficient on R2 surface than that on the
smooth R0 surfaces. Meanwhile, a larger amount of cardiomyocytes derived from
EBs were observed on R2 surface as compared to that on R0. These results suggested
the improvement of cardiomyogenesis on the surface with appropriate roughness,
showing a high potential of culturing EBs on such a surface to fulfill the clinical
requirements of large amounts of EBs and differentiated functional myocardiocytes.
EB size has been proved to be important parameters to endogenously regulate
cardiomyogenesis of embryonic stem cells [3, 7]. Different approaches and
techniques have been adopted to control the EB size and uniformity, including the
hanging drop [67], forced-aggregation using microwells [39], microencapsulation [23]
and confinement on micropatterns [44, 48], whereby to regulate the differentiation
potential of EBs. An improved cardiomyogenic differentiation of EBs has been
observed in the hanging drop culture when compared to the conventional suspension
culture [67], perhaps due to an enhanced cell-cell contact. The microwells with a
diameter of 300 μm allowed the most efficient generation of beating EBs, as
compared to the microwells with smaller dimensions [39]. The higher
cardiomyogenic differentiation potential of EBs with a diameter of 250–350 μm was
also observed after centrifugation in 96-well v bottom plates [7]. Similarly, the

number of contracting EBs was significantly higher on the matrigel patterns with an
initial diameter of 400 μm [44]. In our study, by confocal laser scanning microscopy,
we only observed a slightly increased EB size on R2 surface, as compared to those on
R0 and R1 surface. This might be due to the limited effect of surface roughness on
confining the EB size in contrast to the above-mentioned approaches. However, the
cell number in EBs on R2 surface was significantly higher than that on R0 and R1
surfaces. This result suggested that in our system the enhanced cardiomyogenesis
might be attributed to the higher cell density in EBs, which might lead to the
enhanced cell-cell contact and alter the expression of intracellular cardiomyogenic
differentiation-associated genes mediated by cell junctions. Further studies are still
necessary to clarify this issue.
Previous studies have revealed that the active proliferation contributed not only to the
in vitro cardiomyogenesis of human embryonic stem cells but also to the in vivo heart
development of children and adolescents [10, 40]. Since an increased EB expansion
rate was observed on R2 surface, we asked whether the higher cardiomyogenic
differentiation of EBs was related to the faster proliferation. Therefore, we performed
the experiments by reseeding the EBs on different surfaces into the gelatin coated
TCP. After reseeding, all of the EBs presented a similar expansion rate up to 9 days of
cultivation, while the cardiomyogenesis was still enhanced for the R2-preconditioned
EBs. These observations demonstrated that the cardiomyogenesis of EBs might be not
predominantly affected by the EB proliferation rate in our system.

Interestingly, a memory effect [65] was observed in the EBs cultivated on the surfaces
with different roughness, in the way that the reseeded EBs presented similar
cardiomyogenic potential as those continuously cultured in PEI inserts. We believe
that the epigenetic regulation [12], as a potential mechanism to interpret such a
phenomenon, might occur at a certain time point and was sustained afterwards to play
an important role for memorizing the microroughness promoted cardiomyogenesis.
However, further studies focusing on epigenetic aspects, such as histone modification
or DNA methylation, should be performed to verify this speculation.
An adequate blood supply and the poor new vessel formation were thought to be the
critical issues in cardiovascular regeneration [37]. It has been demonstrated that the
clinical benefits from stem cell based therapy was attributed to not only the direct
differentiation of stem cells but also the paracrine activity of stem cells. In response to
tissue injury, stem cell secretome may exert multiple functions as a cell free
therapeutic to stimulate tissue restoration [13, 17, 49]. In our study, the R2 surface
showed the potentials of not only improving EB-derived cardiomyogenesis but also
stimulating the EB paracrine activity. The significantly enhanced tube formation of
HUVEC cells in R2-derived conditioned medium of both CC-EBs and RS-EBs
indicated the effectiveness of microscale roughness for regulating stem cell secretome.
The design and application of microroughness system for EB-based cardiomyogenesis
would be a simple and practical strategy, as both the differentiation and secretion of
the EBs could be regulated.

In summary, by using the system comprising PEI surfaces with different microscale
roughness and investigating their influence on EBs from miPSCs, we were able to
show that the microroughness of culture surface could effectively regulate the
proliferation, cardiogenic differentiation and secretion of EBs. Such a regulatory
effect was highly dependent on the roughness level, where the R2 surface presented
highest effect. The enhanced cardiogenesis of EBs was predominantly due to the cell
density in the EBs rather than the EB size and the cell proliferation rate. This might be
due to that the closer contact in EBs with higher cell density would activate a series of
cardiomyogenic differentiation associated genes. In addition, the observed memory
effect suggested that there might be the involvement of epigenetic changes during the
culture of cells/EBs on surfaces with microroughness. Concerning the dimensions of
the designed PEI substrates, we speculate that the surfaces with microroughness could
modulate the cell-cell adhesion and communications via their topographical features.
This could contribute to provide the initial growth signals mediated by E-cadherin
engagement and the whole complex formation located at the cell-cell adherens
junctions [33]. Due to the large plateau area existing between valleys on R2, it might
be easier to keep the uniformity of EBs and prevent their fusion. Therefore, on one
hand, the roughness structure might offer the three-dimensional space for EB growth;
on the other hand, it might be able to maintain the homogeneity of EB and prevent the
contact inhibition resulting from EB merging, and consequently regulate a series of
signaling pathways such as E-cadherin or Hippo [27]. In this procedure of EB growth
and differentiation, in order to transfer the signal from the cell membrane receptors

into the cell nucleus, multiple transmembrane sensors such as integrin [18],
E-cadherin [50] and the intracellular messenger proteins [14, 32] are expected to play
an important role. Further mechanism studies would be helpful to clarity these issues.
5

Conclusion

The EBs were efficiently formed and the spontaneously beating cardiomyocytes were
successfully generated on the PEI substrates with microscale roughness. Our results
demonstrated that the microroughness could accelerate EB cell cycle progression,
enhance cell proliferation and EB-derived spontaneous cardiomyogenesis. Moreover,
the secretome collected from both the continuously cultured cells on surface with
microroughness or the rouoghness-preconditioned EBs could promote in vitro new
vessel formation of endothelial cells. These results highlight the potential of using
biomaterials with microstructured surface to regulate iPSCs/EBs, whereby to generate
the clinical benefits in stem cell-based cardiovascular system regeneration.
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