
Bioprinting 20 (2020) e00091
Contents lists available at ScienceDirect

Bioprinting

journal homepage: www.elsevier.com/locate/bprint
Research paper
Additive manufacturing enables production of de novo cardiomyocytes by
controlling embryoid body aggregation

Rupambika Das, Javier G. Fernandez *

Singapore University of Technology & Design, 8 Somapah Road, 487372, Singapore
A R T I C L E I N F O

Keywords:
Additive manufacturing
Cellular differentiation
Geometric cues
Cardiogenesis
Embryonic stem cells
Embryoid body
* Corresponding author.
E-mail address: javier.fernandez@sutd.edu.sg (J

https://doi.org/10.1016/j.bprint.2020.e00091
Received 19 March 2020; Received in revised form
2405-8866/© 2020 Elsevier B.V. All rights reserved
A B S T R A C T

Embryonic stem cells act as a valuable and promising resource in the field of regenerative cell-based therapies and
in studying various developmental models. These derived cells can be induced in vitro to differentiate into
numerous distinct cell lineages by the formation of Embryoid Bodies (EBs), in a process strongly conditioned by
the geometrical characteristics of the EB. This artificial conditioning of cellular differentiation is performed using
tools prioritizing geometrical definition but lacking versatility for the adaptation of the geometry to different
conditions. Here we demonstrate the production of cardiomyocytes by using high definition direct writing
technologies to influence EB aggregation from stem cells. We gauged the impact of this technology over the
standard known methods in terms of size dispersion, cell packing density, cardiac tissue health, and the number of
cardiomyocytes produced. The feasibility to create small variations of a geometry enabled optimizing EB for-
mation for cardiogenesis and its threefold increase with respect to traditional techniques. This result highlights
how the fast-paced improvement of geometrical control in additive manufacture might hold the key to unprec-
edented control of stem cell differentiation for regenerative medicine.
1. Introduction

The production of engineered tissue in vitro for diagnostics, research,
and regenerative therapies requires the use of cells with functionality like
that of the targeted natural tissue. Themain accomplishments in this field
have come from the use of primary cells; however, this strategy is limited
by the availability of the targeted cells and their mitotic potential. This is
particularly significant for those cells building central organs and with-
drawn from the cell cycle, such as those in brain and heart [1,2]. The
limited regenerative function of cardiac cells [3,4] not only denies the
heart a natural healing process that occurs in other organs, but it also
hampers the development of biomedical therapies. As a result, myocar-
dial infarction continues to be one of the most devastating diseases
worldwide, affecting approximately 17% of the population [5,6]. After
an infarction, the wounded region does not recover naturally, instead it
begins a process where dysfunctional myocytes are gradually replaced by
inert collagenous scar tissue [7]. Because of the heart’s inability to
restore the functionality of its damaged cardiac tissue, heart trans-
plantation continues to be the gold standard treatment [8] to restore a
severely damaged heart.

In the last decade, attention has shifted to the use of stem cells (SCs),
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as a (theoretically infinite) source of functional cardiomyocytes [9]. SCs
could enable the production of cardiac tissues for each patient, poten-
tially providing the large amounts of cells needed for therapies that could
not be derived directly from an adult heart. However, this promising
therapeutic approach is limited by our ability to control the differentia-
tion of SCs into the targeted tissue lineage [10,11].

Guided differentiation sequence for SCs both in vitro and in vivo re-
quires a well-defined cell-cell communication. As oviparous animals
demonstrate, these interactions are enough to fully determine cell dif-
ferentiation and to direct the entire development of an embryo without
the need of exogenous factors. Embryos undergo cell differentiation into
three germ layers soon after gastrulation that later develop into various
organs [12]. This phenomenon is replicated in the laboratory through the
formation of the three-dimensional (3D) cell aggregates known as
embryoid bodies (EBs), whichmimic the cell-packing conditions found in
developing embryos. While largely uncontrolled, the formulation of
these aggregates strongly influences the differentiation of SCs; EB pa-
rameters such as size [13], shape [14], and density [15] have shown a
direct correlationwith the lineage of mature cells [16]. Currently, EBs are
produced by aggregating cells in hanging drop cultures, suspension cul-
tures, aggrewell plates [17,18] and bioreactors [19], where they
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spontaneously differentiate in a myriad of cell lineages from which
specific cell types are later isolated [20]. While the product of these
different techniques might look optically similar, they are separated in
those producing EBs (e.g. hanging drop) and those producing “differen-
tiating aggregates” (e.g. Aggrewell plates) [21]. In the case of EB’s it
refers to a population of stem cells forming a structure similar to an
embryo in geometry (i.e. spherical) but also with similar cell-cell inter-
action. As a result, EB’s can be handled as a unit and when placed on cell
culture plates, they attach and grow sprouting from the EB. Differently,
“differentiating aggregates” are produced to be differentiated chemi-
cally, they generally are not spherical, and have low internal cohesive-
ness. As a result, they break apart and disperse into smaller pieces and
individual cells when moved to culture plates.

With the potential to produce any targeted cell type from a population
of SCs, it is not surprising to see the growing interest in controlling the
aggregation of SCs into EBs as a method to drive differentiation. Still,
despite the remarkable advances made in the field, the ultimate goal of
achieving highly homogeneous EBs has not been obtained [22]. How-
ever, the latest advances in additive manufacturing may have unlocked
the tools necessary to reach a new level of control in directed differen-
tiation of SCs, allowing us to achieve a greater level of accuracy and
uniformity required in EB aggregation.

We demonstrate the potential of additive manufacturing by
comparing results to those achieved by traditional methods across
different cell population sizes. Cardiomyocytes generated by 3D printed
devices with features across several dimensions with relevance for cell
differentiation, as well as its application to produce the most efficient
non-chemical cardiogenesis to date, triplicating the standard are
analyzed in terms of their functionality, showing a remarkably high
beating frequency and amplitude. Interestingly, the unprecedented
versatility of the proposed system enabled to us determine for first time
cell density and total number of cells as independent critical factors for
cardiac differentiation. In contrast with current technologies, the pro-
posed technology has a low manufacturing cost, is easily automated,
highly versatile and enables the control of parameters such as EB density
and aggregation times, which are outside the boundaries of what tradi-
tional techniques can attain.

2. Materials and methods

2.1. Embryonic stem cell culture

ES-E14TG2a was purchased from ATCC, USA. This cell line was
procured from the inner cell mass of mouse embryo. To maintain plu-
ripotency, the cells were cultured on 0.1% gelatin (Sigma Aldrich, USA)
coated tissue culture plates in a supplemented growth medium. The
media constituents were DMEM (Nacalai Tesque, Japan), 15% FBS
(Gibco, USA), 1% Sodium Pyruvate (Thermo Fisher Scientific, USA), 1%
L-Glutamax (Thermo Fisher Scientific, USA), 1x non-essential amino
acids (Thermo Fisher Scientific, USA), 0.1 mM 2-β Mercaptoethanol
(Thermo Fisher Scientific, USA), and 1000 U/ml Leukemia Inhibiting
Factor (LIF) (LIF was added prior to use) (Life Technologies, Thermo
Fisher, USA). The cultures were incubated at 37 �C and 5% CO2. The
mediumwas changed every other day, and the cells were dissociated into
single cells by 0.25% Trypsin-EDTA (Nacalai Tesque, Japan) every 2–3
days.

2.2. 3D printing and mold fabrication

PDMS free-standing device was fabricated by mimicking the mold
printed by Objet 30 Prime Poly-inkjet (Stratasys) 3D printer, based on the
principle of photolithography. The dimensions of the device were 22 �
22 mm, with micro-wells of 300 μm diameters. After printing, the molds
were thoroughly washed and soaked in de-ionized water for 2 h and
baked at 60 �C for 24 h. After mold fabrication, PDMS (Sylgard 184, Dow
Corning) in ratio 10:1 was poured and cured at 60 �C for 24 h. The cured
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PDMS device was then soaked in 70% EtOH and sonicated for 15 min,
followed by UV exposure for 30 min to ensure complete sterilization
before using the device for experiment.

2.3. EB formation by the hanging drop method

After two days of passage, the cells were prepared for the experiment.
The SCs were detached, centrifuged, and a cell count was taken to have
7000, 17,000, 44,000, and 570,000 cells in 20 μl of media. LIF was
removed from the media to ensure differentiation. The calculated num-
ber of cells was added in a drop-wise manner on the cover of a non-
adherent petri dish. The petri dish was flooded with PBS to prevent
evaporation of the drops containing cells. The whole set up was then
placed in the incubator at 37 �C with 5% CO2 and was undisturbed for
two days (Day0 - Day2). After two days, the free-standing aggregate of
EBs were transferred to an adherent 24 well-plate, and the media was
switched every other day.

2.4. EB formation by the fabricated device

ES cells were detached, centrifuged, and re-suspended to a cell count
of 7000, 17,000, 44,000, and 570,000 cells in 30 μl of media. LIF was
removed from the media to ensure differentiation. The calculated cell
number was then slowly dropped into the micro-well of 300 μm. All the
devices with different cell count were centrifuged at 1000 rpm for 3 min.
Following centrifugation, another 10 μl of media was added to the well.
The six well-plate containing the devices were added with 1 ml of media
to prevent evaporation of the media from the wells containing cells. The
devices were then placed in the incubator at 37 �C and 5% CO2, undis-
turbed for two days (Day0 - Day2). Media was changed every day
throughout the incubation period. After two days, the EBs were extracted
and transferred to an adherent 24 well-plate for further differentiation.

2.5. Analysis of beating cells

All sequences of images were analyzed using the Image Processing
toolbox of MATLAB (Mathworks). To identify the beating centers of the
specific areas, the region and the sub-region of interest were defined in
terms of number of frames and frame rate prior to evaluation of the mean
contraction in x-y direction, along with the number of beats per min
using the code and algorithms developed at the University of California
at Berkeley by Nathaniel Huebsch and co-workers. The heat maps ob-
tained were then used to analyze the health of the heart tissue formed
after ten days of differentiation.

2.6. Immunohistology

The cells from both the methods are fixed with 4% paraformaldehyde
for 15 min followed by permeabilization with 0.1% Triton X-100
(Nacalai Tesque, Japan). The next step was to block the cells with 5%
BSA for 60 min at room temperature. The blocked cells were then incu-
bated with primary antibody anti OCT-4 and alpha sarcomeric actinin
(1:200) (Life Technologies, Thermo Fisher) prepared in 5% BSA over-
night at 4 �C. The next day, the cells were incubated with secondary
antibody conjugated with Alexa Fluor 546 (1:500) and Alexa Fluor 488
(1:500) (Life Technologies, Thermo Fisher) for 60 min at room temper-
ature, followed by staining with a nuclear probe 40, 6-diamidino-2-phe-
nylindole-2HCl (1:1000) (Life Technologies, Thermo Fisher) for 2 min.
Washing steps included 5 min each (three washes) with 1X-PBS after
each chemical treatment. Imaging the cells was performed using Carl
Zeiss (Fluorescence Inverted Microscope, Axio Observer). The images
obtained were quantified by calculating the ratio between the number of
bright pixels from the immunostaining and the DAPI signals. A normal-
ization between correlated images was performed using the background
signals, calculated on the void areas of the image. Due to the large
datasets and to ensure the quality of the data, the tails fo the distribution
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were removed by discarding pixels with brightness at more than one at
one sigma of the mean brightness (i.e. remaining approximately 68% of
the dataset) [23].

2.7. Flow cytometry

The efficiency of differentiation was quantified by using flow
cytometry. At day 10 of differentiation the cells were washed with 1X
PBS, dissociated using 0.25% trypsin and then fixed with 4% PFA in
rocking condition for 10 min at room temperature. After incubation, the
cell pellet was subsequently washed with 1X PBS and permeabilized with
0.1% Triton X-100. Following permeabilization, the cells were incubated
with primary antibodies for 45 min, washed twice with 1X PBS, and
finally incubated with secondary antibody for another 45 min. For flow
analysis, cells were washed with two times with PBS and re-suspended in
1X-PBS. The primary antibody used was anti-sarcomeric alpha actinin
(1:200) (Life Technologies, Thermo fisher) and secondary antibody used
was Alexa Fluor 546 (1:500) (Life Technologies, Thermo fisher). Analysis
was performed using the MACSQ (Miltenyi Biotec).

2.8. Scanning electron microscopy

The EBs extracted from the device and hanging drops were separately
extracted and fixed with 4% paraformaldehyde for 10 min, followed by
washing with 1X PBS for 10 min. The EBs were then gradually dehy-
drated by treating them with a series of ethanol concentrations. The
gradient followed was 50% ethanol for 5 min, 70% ethanol for 10 min,
80% ethanol for 10 min, 90% ethanol 5 min, three times each, and finally
100% ethanol for 5 min, three times each. The dehydrated EBs were
morphologically analyzed using SEM (JEOL JSM-7600F).
Fig. 1. Device Fabrication using a 3D printer. (A) Schematic representation of the e
adopted in this study for Embryoid Body formation. A comparison with commercial so
of the fabricated micro-aggregation device along with the PDMS mold (Scale:13 mm).
parts as well as the printed diameters of the structures (Scale: 23 mm). (C) Graphical
device chamber in comparison to the set parameters.
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3. Results and discussion

3.1. Device Fabrication

Past studies have successfully demonstrated higher cardiomyocyte
generation from EBs of diameters 300–400 μm [24] along with a strong
impact of EB packing density in cardiac differentiation [15]. Despite this
known influence of cell packing density and EB size aggregation on the
differentiation pattern, these parameters are yet to regulated in a
controlled manner. Variances in the diameter of EBs as low as a few
micrometers lead to a significant difference in the lineage composition
[25], a value well above the territory of standard hanging drop [26] and
aggrewell well plates [27] aggregation methods.

Therefore, due to the lack of independent control of the parameters
determining EB characteristics (i.e., shape, size, and density), EBs pro-
duced by traditional techniques result in aggregates of broad and un-
controlled geometries, diameters, and densities. This enables to study the
influence of cell aggregation on the resulting tissue lineage, but not the
other way around, where cell aggregation itself could be used as a tool to
direct differentiation. The emergence of digital design, fabrication
technologies, and their development of smaller and more accurate fea-
tures may have unlocked the capability to accurately control stem cell
differentiation via EB formation. Following this idea, we fabricated an
aggregation device using high-precession poly-inkjet printing [28,29]
with a specific focus on controlling the de novo synthesis of car-
diomyocytes from a population of murine-derived embryonic stem cells
(Fig. 1A). We selected mESC as the cellular model based on the ethical
and technical factors necessary to produce this proof-of-concept studies,
and as a platform before moving into depth studies with hESC and in vivo
models (Further discussion on the cell model is in the supplementary
information). The printer has nominal horizontal and vertical resolutions
of 42 μm and 16 μm, respectively, within the range of single-cell di-
mensions [30].
xperimental flow, showing the 3D printed device and hanging drop approaches
lutions is provided in the supplementary information (B) Pictorial representation
The PDMS mold was further horizontally dissected to clearly depict the different
representation of the statistical evaluation of the obtained print diameter of the
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The proposed micro-device consists of a funnel-like structure to
collect and channel the SC population into a semispherical chamber of a
predefined diameter (Fig. 1B). This aggregation chamber ultimately de-
fines the size and geometry of the EB, serving as a selective tool for
specific differentiation pathways. In contrast to the traditional technol-
ogies for the production of microelectromechanical systems, such as
focused ion beam, chemical etching, or photolithography, poly-inkjet
printing enables large volume (i.e., of several cm3) manufacturing at
resolutions with biological relevance in feasible times. It also allows the
printing of a few dozen features in a single fabrication process, creating
3D molds containing different dimensions, such as micrometers (e.g.
aggregation chamber), several millimeters (e.g. collector), and centime-
ters (e.g. device). 3D printing the aggregation devices enabled design
flexibility, reduced cost, limited wastage of the materials, less assem-
bling, improved sturdy quality along with the ability to reuse the molds.
Fig. 2. Characterization of the Embryoid Bodies. (A) EB’s extracted from the micr
density of cells (Scale: 200 μm) (B) Statistical relevance of EBs extracted from the mi
on Day 2 to strike a co-relation between the cell density and cell packing efficiency.
with the statistically drawn relevance. (D) Morphological characterization of the EBs u
micro-aggregation device. An overall view of the EB (Scale: 200 μm) followed by the
high cell count (Scale: 50 μm). (Row 2) Representation of an EB formed by hanging dr
EB (Scale:200 μm) followed by the pictures depicting EBs formed from different cell n
plate is provided in Supplementary Figs. S1–S4).
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Every single print goes a long way which reduces the continuous need to
purchase templated plates to form EBs. In the study for the proof of
concept only 5 wells were printed but this can be scaled up to formulate
over hundreds of EBs at a single shot. The printing time per device takes
about 5 min with a high resolution providing the uniform surface finish.
The printed devices require minimum post-processing, thereby making
the whole fabrication system quite reliable and scalable [31].

To avoid exogenous influences on cell differentiation from the ma-
terial, the 3D printed device was replicated in polydimethylsiloxane
(PDMS), a silicone elastomer known for its chemical and biological
inertness, lack of toxicity, and biocompatibility [32], as well as its ability
to be further modified locally [33]. Three devices with aggregation
chambers similar to optimal EBs for certain lineage differentiations [24]
were manufactured and then digitalized by white light interferometry
[34]. The resulting devices had spherical aggregation chambers of
o-aggregation device and hanging drop cultures on Day 2 containing different
cro-aggregation device and hanging drop method was calculated after extraction
(C) Roundness calculated for the extracted EBs from both the techniques along
sing Scanning Electron Microscope. (Row 1) Representation of an EB formed in a
pictures depicting EBs formed from different cell number i.e. low, medium and
op cultures. Similar pattern followed as mentioned above. The overall view of the
umber i.e. low, medium and high cell count (Scale: 50 μm) (Data from aggrewell
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diameters 237.6 � 19.8, 319.3 � 27.1, and 414.6 � 49.7 μm and an
average divergence of 47 μmwith respect to the digital model, which is in
agreement with the tool specifications (Fig. 1C). Larger aggregation
chambers, which resulted in devices with negligible interest for guided
differentiation, were also produced and characterized (Supplementary
Fig. S3, S7 and S9).

3.2. Embryoid body formation

Based on previous results and our own observations, we focused the
study on the formation of EB with controlled sizes to increase the net
production of cardiomyocytes [35]. Using an aggregation chamber of
319.3 μm, we evaluated the formation of EBs of different densities by
packing 7000 (low count), 17,000 (medium count) and 44,000 (high
count) cells in the same volume. The number of cells was determined by
the average number of cells in an EB of 319.3 μm formed by hanging drop
and V-shaped wells (medium count), those cells in EBs of half volume
(low count), and the number of cells in EBs of twice volume (high count).

For consistency with the control experiments, EBs were removed from
the device after two days of incubation, as is the standard protocol for
traditional techniques. This aggregation time is chosen based in the
nutrient availability in a drop of cell media, a limiting factor of the
hanging drop and V-shaped wells techniques. Whereas, this is not a
limiting factor in the proposed system, because the media is stored in the
collector and can be changed without disrupting the cell population in
the aggregation chamber. This feature could enable the study of factors
such as long aggregation times and use of exogenous factors at different
time points in the aggregation, a limitation seen in traditional techniques.

Two days of incubation in the device resulted in EBs of diameters 270
� 10, 302� 03, and 352� 06 μm (Fig. 2A) for low, medium and high cell
counts, respectively. In contrast, those produced by hanging drop with
the same cell counts had diameters of 290 � 11, 345 � 20, and 429 � 18
μm (Fig. 2A), respectively, showing a size dispersion twice larger and half
packing density (Fig. 2B) (Supplementary Fig. S4) results similar to those
previously reported for this technique [36]. Concurrently, Aggrewell
plates™ 400 were also considered to form cell aggregates. Aggrewell
plates being commercially available are highly used to obtain numerous
“differentiating aggregates” of cells that later are chemically driven into a
specific fate in presence of particular growth medium. The extracted
aggregates from the Aggrewell plate measured 131� 10.87, 143� 30.89
and 154.71 � 16.39 μm (Supplementary Fig. S1) for low, medium and
high count with evidenced high dispersion rates between experiments
(Supplementary Table S2 and Supplementary Fig. S2) and with no sta-
tistically significant different sizes between aggregates of various cell
counts (Supplementary Fig. S4). This result evidenced the suitability of
these plates to perform satisfactorily in their standard conditions, but also
their inability to be tailored for other conditions (i.e. different cell
numbers, densities, or diameters). Aggrewell plates are preferable for
largescale production of aggregates for chemical differentiation, where
factors like precise EB diameter, morphology and cell count are not taken
into consideration. In addition, being a technique focused on chemically
induced differentiation, aggregates formed with Aggrewells differ from
EBs on their cohesiveness. The lack of strong cell-cell interactions
resulted on the aggregates breaking into smaller constructs and indi-
vidual cells before attaching to a Petri dish, avoiding their use for
non-chemical differentiation [37].

These acquired results highlight the efficiency of this new method
and device design to control the diameter of EBs, a paramount criteria for
non-chemical differentiation [38]. This provides a tool to achieve a
remarkably high packing density in EBs.

The control and reproducibility of cell aggregation by the proposed
system is not limited to an improved consistency on the average diameter
of the EBs; it also enables the control of the geometry of the EB, a
parameter out the scope of traditional techniques (Fig. 2C) (Supple-
mentary Fig. S4) shows the typical geometrical variability of EBs from
traditional techniques compared to those produced with the 3D printed
5

chip. The EBs from the device were calculated to have higher degree of
roundness, with a variance of the radii in each EB of 3.06, 6.75, and 6.64
μm for low, medium, and high cell counts, respectively. In contrast, the
radii of those EBs formed by hanging drop showed a radii variability of
17.1, 35.1, and 25.3 μm for the same cell counts. To confirm roundness of
the EBs rather than their circularity (i.e., a 2D dimensional disc), the
geometry of the EBs was characterized by scanning electron microscopy
(SEM) to confirm the spherical shape as well as an unusually even surface
for EBs produced within the aggregation chamber (Fig. 2D).

3.3. Cardiomyogenesis

To measure the ability of the proposed system to influence the dif-
ferentiation outcome of the SC population, the extracted EBs were
cultured for ten days on an adherent surface. Pluripotency and cardio-
genesis were simultaneously measured by the expression of OCT-4 and
α-Sarcomeric Actinin at days 2, 5, and 10 (Fig. 3A) (Supplementary
Fig. S6), respectively. As expected, cardiac markers were negligible in the
early stages of differentiation, while pluripotency was at a maximum at
that point. By day 5, the number of cells showing potential differentiation
dropped an average of 42% with respect day 2; at day 10, there were no
traces of undifferentiated cells observed (Fig. 3B). The differentiation of
the stem cells is also noted as an increasing population of de novo car-
diomyocytes. This process, however, seems to be slower at early stages of
differentiation, while accelerates after day 5 (Fig. 3C). This lack of direct
correlation between the differentiation of the stem cell population and
the appearance cardiomyocytes might be due to the lack of α-Sarcomeric
Actinin in immature cardiomyocytes after differentiation [39].

EBs aggregated in the conditions imposed by the aggregation cham-
ber showed a three-fold increase in the number of cardiomyocytes pro-
duced when compared to hanging drop method (Fig. 3D) for the same
cell number. The EBs considered for the quantification of the total
number of cardiomyocytes produced were separate from the set of EBs
taken for measuring the differentiation pattern. Therefore, enabling us to
better understand speed the appearance of cardiomyocytes versus effi-
ciency of cardiogenesis. The percentage of cardiomyocytes in the 302 μm
diameter EBs reached 1.75%, in comparison to the 0.40% maximum ef-
ficiency reached by the hanging drop method—which is, to our knowl-
edge, the most efficient de novo cardiomyocyte production to date based
on aggregation control without electrical or chemical stimulation. The
maximum peak for cardiomyocyte production from EBs of different
characteristics was not found to be dependent on the EB diameter, as
usually thought, but on the total cell number in the EB. Both in hanging
drop and the device methods, cardiogenesis was maximized when
17,000 cells aggregated to form the EB; however, the diameters of the
aggregates differed by almost 50 μm. Cardiomyocyte production is
significantly lower when the cell number is either increased or decreased,
independent of the characteristics of the EB (Supplementary Table S1,
Supplementary Fig. S8).

EB aggregates produced by any method usually show beating areas
from day 5 onward [40]. In our experiments, EBs created by hanging
drops showed beating areas on day 7 onwards, while EBs extracted from
the device started beating a day later. The health of the functional (i.e.,
beating) cardiomyocytes and the presence of beating areas were analyzed
using the tools developed by Huebsch, N et al. [41] to measure the fre-
quencies and displacements of beating cell cultures using Kalman
filtering [42]. Briefly, the system works by analyzing consecutive images
of a pulsating culture and calculating beating frequency, amplitude, and
direction, identifying the centers of motion (i.e., source of contraction)
based on the displacement of the surrounding cells. The results of this
analysis are shown in (Fig. 4A–D) (Supplementary Fig. S5).

The results show that EBs produced from the micro-aggregation
chamber shows the overall controlled contraction pattern characteristic
of healthy and stable tissue; The cardiac cells are metabolically active and
indicative of developing cardiomyocytes because of the rhythmic
contraction due to the cytosolic glycolysis pathway [43]. Irrespective to



Fig. 3. Qualitative analysis differentiation and pluripotency markers by Immunostaining study. (A) The EBs extracted from the micro-aggregation device and the
hanging drop cultures were studied over a span of 10days to monitor the expression α-Sarcomeric Actinin and OCT-4(Scale: 100 μm) (Supplementary Fig. S6) has
shows higher magnification images of the expressing protein markers. (B) A pattern of upregulation was seen in α-Sarcomeric Actinin indicating EB differentiation
extracted from both the techniques (small dash represents low count, solid lines represent medium count and big dash represents high count of cells). (C) Similarly,
OCT-4 which is the pluripotency marker was also monitored and there was a significant decrease in the expression level observed post day 5 of the development
(graphical annotation for representing downregulation of OCT-4 is the same as mentioned above). (D)Statistical analysis of the flow cytometry data depicting the
amounts of cardiomyocytes produced from the two different technique used for the study.
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the cell number present the beating frequency was unaltered for the EBs
extracted from the micro-aggregation chamber whereas for the hanging
drop culture method harvested EBs; the beats/min is higher for the low
cell count followed by plateauing in medium and high cell count. The
reason of this phenomenon can be explained by fluctuation-dissipation
theorem, stating that stable cardiomyocytes are like a heavy mass
pendulum which is not affected by any internal or external perturbations
[44]. In contrast, unstable cardiomyocytes tend to beat at a faster rhythm
as they are affected by the neighboring cell properties, which explains the
higher beating rate in hanging drop derived low cell count cardiac cells.
The functionality of the cardiomyocytes competes with the best results
obtained by traditional techniques in the past [45] and is similar to the
characteristics of cardiomyocytes in vivo [46], reflecting the applicability
of the de novo cells in medical therapies [47]. Therefore, the fine control
of the SC aggregation in the proposed chip enabled the production of
cardiomyocytes of similar quality to current technologies but with
effectiveness over four times higher in their production.
6

4. Summary and conclusion

In summary, cardiomyocyte production from embryonic stem cells
was used as a basis to show the possibility of combining two aspects of
science together: stem cell research and digital manufacturing. These
findings highlight the possibility of using the increasing precision of
additive manufacturing to address the limitations of some biological
methods—specifically for stem cell differentiation.

We show that high-precision 3D micro-fabrication enables the for-
mation of embryoid bodies of unparalleled uniformity in size and ge-
ometry, thereby leading to higher percentages of cardiomyocyte
production.

The results shown here are the initial demonstration of the possibil-
ities that 3D printing brings to stem cell biology, linking the continuous
enhancement of precision in 3D printing with a higher control on cell
differentiation. Additionally, they open new and exciting perspectives for
the field; As the technology proposed here follows a “bioinspired”
approach—making use of only cell-cell communication as the



Fig. 4. Cardiac tissue health determination (A) Representation of the cardiogram and center of contraction of the cardiac cells produced by the EBs extracted from the
micro-aggregation device containing different cell number aggregates (Scale: 200 μm). (B) Showing the cardiogram and center of contraction of the cardiac cells
produced by the EBs extracted from the hanging drop cultures (Scale: 200 μm). (C–D) Statistical measurement of the beating intensity plotted in terms of frequency
and amplitude.
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differentiation factor, it avoids the limitations of those methods based on
exogenous factors, where all cells are equally influenced by the differ-
entiating factors. Therefore, the use of the bioinspired approach over the
chemical methods for differentiation gives a cutting edge advantage in
the technologically advanced biomedical community; the method
adopted here carries the potential to mimic the complexity of a devel-
oping embryo in vivo (e.g. the formation of an entire organ post differ-
entiation) instead of forcibly pushing all the cells into one particular
lineage. The novelty of this system can thus be used to condition the stem
cells into cardiomyocytes and study the drug response, disease model-
ling, and regenerative medicine.

Statistical analysis

Comparison between the groups were made by Student’s t-tests. All
the results here are shown as mean � standard error (S.E.M.). The sig-
nificance was predetermined at P < 0.05.

Data and materials availability

Data supporting the findings of this study are available within the
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