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The creation of physiologically-relevant human cardiac tissue with defined cell structure and
function is essential for a wide variety of therapeutic, diagnostic, and drug screening applications.
Here we report a new scalable method using Faraday waves to enable rapid aggregation of human
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) into predefined 3D constructs.
At packing densities that approximate native myocardium (108-10° cells/ml), these hiPSC-CM-
derived 3D tissues demonstrate significantly improved cell viability, metabolic activity, and
intercellular connection when compared to constructs with random cell distribution. Moreover, the
patterned hiPSC-CMs within the constructs exhibit significantly greater levels of contractile stress,
beat frequency, and contraction-relaxation rates, suggesting their improved maturation. Our results
demonstrate a novel application of Faraday waves to create stem cell-derived 3D cardiac tissue
that resembles the cellular architecture of a native heart tissue for diverse basic research and
clinical applications.

Graphical Abstract

Schematic summary of the bioengineering approach to create 3D cardiac tissue analogues. A:
Culture and cardiomyocyte (CM) differentiation of human induced pluripotent stem cells
(hiPSCs). B: Faraday wave patterning of hiPSC-CMs in fibrin prepolymer, generating highly-
packed 3D cell construct. C: Cell encapsulation in 3D fibrin hydrogel and culture in vitro, leading
to the formation of inter-connected cell bands that exhibit physiologically-relevant CM density and
contractile function.
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1. Introduction

The generation of three-dimensional (3D) functional tissues that can restore the structure
and/or function of damaged myocardium is a central goal in cardiac regenerative medicine
[1,2]. In addition, the creation of high-fidelity /n vitrotissue models may improve our
understanding of various biological processes including heart development, myocardial
damage, and disease [2-5]. The creation of 3D tissue constructs that mimic native
myocardium requires an appropriate selection of cell source and biomaterial that resembles
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the native tissue structure and support cell viability, function, electromechanical integration
with host tissue, and vascularization [6].

The intricate structure of native myocardium is characterized by closely-packed
cardiomyocytes (CMs) (e.g., 1089 cells/cm?3 in adult rat myocardium)[7] that contract
synchronously via the orchestrated propagation of an electrical signal generated by
specialized pacemaker cells. The challenge in restoring the structure and function of
damaged heart tissue is due, at least in part, to the complexity of recreating the natural
myocardial architecture. In particular, the ability to create 3D cardiac tissues with high
packing density of functional CMs that are organized in a pre-defined pattern is critical to
mimic the native tissue in maintaining CM viability, intercellular connections, and
contractile function [8-10].

To date, majority of technologies that enable control over spatial cell arrangement in 3D
tissue constructs are based on assembly of cell-encapsulating microscale hydrogels [11-14],
seeding cells in scaffolds with defined architecture[15-17], and additive manufacturing / 3D
bioprinting techniques [15,18,19]. While these techniques have been successfully used in a
wide range of applications including bone and skin regeneration [20-22], gene delivery
[23,24], and cell differentiation [21,25], they are not yet able to achieve spatially-controlled,
physiologically-relevant cell packing densities, comparable to that in the native cardiac
tissue [7] for cardiovascular applications.

Using the Faraday wave principle to induce patterning in liquid medium, we recently
demonstrated rapid and dynamic aggregation of microscale objects (e.g., cell spheroids) into
diverse sets of geometric configurations at the air-liquid interface [26,27]. In this study, by
applying Faraday waves to the fibrin prepolymer, human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) were rapidly patterned (< 10 secs) into ordered,
closely-packed, symmetric 3D constructs. Within the high cell density regions, hiPSC-CMs
demonstrated significantly improved viability, intercellular connections, and contractile
function (force and motion), in comparison to constructs with random cell distribution. Our
results support the feasibility of creating 3D cardiac tissue constructs that approximate
native human tissues in their cell density, structure, and function for diverse basic research
and clinical applications.

2.1 Faraday Wave Patterning of hiPSC-CMs

Experimental setup designed for this study is shown in Figure 1A and Sl Figure 1. Altering
hydrodynamic drag force fields tuned by Faraday wave frequency generated a variety of
particle aggregation patterns (SI Figure 2). Numerical modeling of hydrodynamic drag
exerted on the particles demonstrated that regions with minimum force potential overlapped
with the nodal pattern of the Faraday waves (Figure 1B), resulting in an aggregation pattern
consisting of circles and squares (top-down view, Figure 1C, SI Movie 1). The force
potential field penetrated inside the liquid layer and decayed exponentially (cross-sectional
view Figure 1D-E). Particles within the force potential field were driven away from the
regions with the higher to lower force potential and closely packed together into a multilayer
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structure. The maximum force potential was on the surface of substrate at z=0 (Figure 1D).
For this reason, we waited for 1 minute for CMs to settle down at the bottom of container,
before starting the wave-patterning. Difference in force potential decreased by an increase in
the thickness of the liquid medium (Figure 1D-F). Using the Equation (1) in Methods, we
predicted the difference in max and min force potential (green curve in Figure 1B) as a
function of liquid bath thickness. This modeling showed that for three different Faraday
wavelengths (1 =7, 13.33, and 20 mm), the force potential decreased exponentially as the
liquid thickness increased (Figure 1E).

Our modeling was experimentally validated by formation of more loosely packed patterns of
plastic beads at deeper liquid baths (1.5 to 6 mm, Figure 1F, i—iii). Based on this data, a
fibrin prepolymer solution at the thickness of 1.5 mm was used to yield a compact hiPSC-
CM aggregation with minimal cell dispersion (Figure 1G-L). hiPSC-CMs aggregated at the
nodal patterns of the Faraday waves, where the lowest force potentials existed. Further /n
vitro culture of the patterned scaffolds gave rise to formation of self-organized, closely-
packed 3D constructs (Figure 1K, L).

As control, random patterning with no waves generated cell clusters that showed spotty
distribution within the dish (Figure 2 A-D). Application of Faraday waves (/.e., ordered
patterning) resulted in formation of multiple (6—7) stacking layers of closely-packed cells
(“band”) (Figure 2 E-G) and a small number of unpatterned cells in the “gap” areas (Figure
2 H). Following 5 days of culture, aggregated cells established an elongated morphology and
formed packed, continuous tissue constructs in ordered patterns (Figure 2 I-L). As
quantified by optical microscopy at day 0, a significantly greater cell packing density was
obtained within the cell bands (8,000 cells/mm?) in comparison to those in random patterns
and in the gap areas (n7=10, Figure 2 M).

To quantify hiPSC-CM survival after encapsulation in 3D fibrin hydrogels, we performed an
Alamar Blue™ reduction assay and showed that highly-packed cells exhibited a significant
increase in cell metabolic activity from day 0 (right after patterning) to day 5 of culture
(n=5/group/time point, Figure 2 N). This was in contrast to randomly distributed cells in 3D
fibrin gels (random pattern) showing significantly decreased cell metabolism.

2.2 Scanning Electron Microscopy of Patterned Constructs

Scanning electron microscopy of hiPSC-CMs in random and ordered pattern groups after 5
days in culture provided a detailed view of cells within the bands versus randomly dispersed
cells (SI Figure 3). hiPSC-CMs within the bands were closely-packed while cells in the gap
areas were sparse. This is further illustrated by cells at the periphery of the band that were
oriented indiscriminately to both perpendicular and parallel directions to the band axis (as
indicated by yellow and green arrows in panel E).

2.3 Immunohistochemical Analysis of Patterned Constructs

Cells encapsulated in random, cell band, and gap areas within 3D fibrin gels were
immunostained for multiple cardiac markers at day 5 of culture (Table 1, Figure 3). Confocal
microscopy and 3D reconstruction demonstrated the continuous presence of interconnected
hiPSC-CMs at a vertical height of ~300 um for the band area within fibrin hydrogel (SI
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Figure 4 and SI Movie 2-3). While cells in the random patterns exhibited disorganized a-
actinin expression and sarcomeric pattern (Figure 3B—C), a majority of the hiPSC-CMs in
the bands showed elongated shape, strong a.-actinin expression (Figure 3D-F), and
organized sarcomeric structure (white arrows, Figure 3F and Sl Figure 5). a-actinin® cells in
the gap areas were sparse and disorganized similar to those in the random patterns (Figure
3G-I). This was further quantified for both total cell density and the a.-actinin expressing
cell density at day 5 in culture (7=10, Figure 3J). Moreover, CMs within the band regions
showed significantly higher levels of a-actinin expression compared with the other two
groups (n=10, Figure 3K).

Co-immunostaining for connexin-43 (CX43, green) revealed a significantly greater number
of intercellular connections in CMs residing in the cell bands in comparison to the gap and
random pattern groups (green arrow in Figure 3F and Sl Figure 5, and quantified in Figure
3L) (n=10). Densely packed CMs in the bands demonstrated a more elongated a.-actinin
expression (X:Y ratio, n=65, 90, and 75 for random, band, and gap samples, respectively)
(Figure 3M).

To examine the purity of the hiPSC-CM encapsulated in the band area, we assessed for the
presence of non-CMs by immunostaining for mesenchyme/fibroblasts (vimentin, Figure 4A—
J), smooth muscle cells (smooth muscle myosin heavy chain, SM-MHC), undifferentiated
iPSCs (nanog) (Figure 4K-Q), endothelial cells (CD31), neurons (MAB377, NeuN), and
endoderm (alpha fetoprotein, AFP) in the band and gap areas (SI Figure 6). As quantified in
Figure 4J,Q (n=10), the random pattern group showed the highest proportion of
mesenchymal/fibroblasts (/.e., vimentin* a-actinin™) and SM-MHCs, while the cell band
areas showed the lowest. To account for varying cell density among different groups, signal
quantifications were normalized by dividing by the cell number (Figure 4J,Q). Interestingly,
no cell positive for either NeuN, nanog, or CD31 was detected among all groups. The only
exception was the detection of an extremely small population of AFP-expressing cells in all
three conditions (SI Figure 6).

2.4 Functional Assessment of iPSC-CMs

To assess the functional properties of iPSC-CMs in 3D fibrin hydrogels, we first measured
the compressive modulus of the hydrogels and found that this was roughly 239 + 43 Pa (see
SI). To determine the level of contraction of hiPSC-CMs, we performed both qualitative
(Figure 5 A-C, SI Movie 4-12) and quantitative (7=10, Figure 5 D-G) video-assisted
motion analysis on beating CMs at day 5 after Bioacoustic patterning. The hiPSC-CMs in
the cell bands showed significantly greater levels of tangential stress (an index of contractile
force), maximum contraction-relaxation rate (velocity), and beating rate, when compared to
the cells in random and gap areas. Moreover, while synchronous sequential contractions
were observed for CMs from adjacent areas within the cell bands, random and gap CMs
showed nonsynchronous beating (Figure 5 H-K, SI Movie 4-12).

3. Discussion

A variety of techniques have been employed to create 3D cardiac tissue constructs from
pluripotent stem cells. Earlier approaches have seeded high concentrations of stem cell-
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derived CMs onto the surface of pre-fabricated scaffolds, with the expectation that these
CMs would penetrate into the scaffold to create 3D cellular construct. Examples include
seeding CMs at densities of 0.03-3 x108 cells/ml onto alginate scaffolds [28], 4x10’
cells/ml onto gelatin mesh [29,30], and 2x106 cells/ml onto gelatin-collagen scaffolds [31].
In more recent years, scaffold-free methods such as spheroids (e.g., hanging drop at 1-6x104
cells/ml) [32-35] or monolayer CM sheets (e.g., 1.2x107 cells/cm?2) [36] have also been tried
to create CM constructs. However, current technology supports the use of 3D hydrogels to
encapsulate CMs prior to polymerization. Examples of this approach include casting fibrin
gels containing CMs at 5x106 cells/ml [37] or 3D printing of rat myoblasts encapsulated in
decellularized tissue at 1-5x10° cells/ml [18]. While majority of these techniques create
cellular scaffolds, the lack of normal contractile function in these engineered tissues is due
to the fact that the cell densities of these constructs are significantly lower than that of the
native myocardium.

Other approaches have aimed to simultaneously pattern multiple cardiac cells [35,38,39].
Saini et al. used micropatterning technique to create 3D cardiac microtissues by
encapsulating CMs and cardiac fibroblasts in gelatin methacrylate (1:1 or 2:1 CM to
fibroblast ratio, ~25x106 total cells/ml). By precisely controlling of the geometrical features
and aspect ratio of the microtissues, they demonstrated that the co-culture condition
improved CM network formation, structure, and contractile function [38,39]. In another
study, geometric confinement and condensation of hiPSCs, induced by polyethylene glycol
micropatterns, were used to self-organize functional hiPSC-CM microchambers [39].
Remarkably, the biophysical cues provided by different patterns generated spatially distinct
cell densities via cell condensation, resulting in CM differentiation of hiPSCs in the center,
while cells turned into myofibroblasts on the perimeter [39].

Here, we applied Faraday standing waves with differential force potential fields in a liquid
layer to bioengineer highly-packed hiPSC-CMs with defined geometric pattern prior to
fibrin hydrogel encapsulation. We previously demonstrated that microscale bio-entities can
be aggregated into highly diverse geometric patterns at the air-liquid interface by tuning
frequency, amplitude and boundary condition of Faraday waves [27]. However, those studies
only demonstrated the generation of 2D monolayer structures. It remained unclear if this
approach involving bottom up tissue engineering is capable of generating 3D constructs.
Here, we demonstrate the feasibility of utilizing Faraday waves to generate 3D patterns by
tuning the hydrodynamic drag force inside the liquid layer (SI Movie 2-3). The regions of
minimum force potential generated by Faraday waves acted as traps to aggregate individual
hiPSC-CMs into closely-packed 3D constructs (Figure 1).

We also developed a theoretical model (Equation 1 in Methods) to predict the distribution of
the force potential under various frequency, amplitude, and cellular physical properties (/.e.,
cell size and density) and liquid properties (/.¢e., kinematic viscosity and density) (Figure 1
B-E). Furthermore, we showed that the relative position of particles (e.g., beads or cells) to
the bottom of the liquid bath (z, Figure 1D) and the thickness of liquid bath (Figure 1E—F)
were the key factors in determining the diffusivity of the constructs. Increase in the liquid
layer thickness was associated with a decrease in force potential difference, resulting in
formation of more loosely packed constructs. By allowing the iPSC-CMs to re-distribute
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themselves at the bottom of the fibrinogen prepolymer according to the force potential
differences, we created 3D tissue constructs with significantly greater cell packing density.

The geometry of cellular architecture is dependent on the nodal configuration of Faraday
waves which can be highly diverse [27]. Faraday waves usually take symmetric and periodic
patterns, mainly determined by the wave vibrational frequency and amplitude as well as the
boundary geometry of liquid container. Therefore, only symmetric cellular patterns can be
generated by this technique. The feature size of the Faraday wave pattern is determined by
half wavelength of the Faraday waves and can be tuned by the vibrational frequency
according to the dispersion equation of Faraday waves [40]. The feature size of the cellular
architecture (7.e., the cell band width) is also determined by both Faraday wavelength and
the number of cells in the system. In terms of spatial resolution, the cellular bands can be as
narrow as the width of a single line of packed cells (SI Figure 7). The overall size of the
patterned construct is usually determined by the size of the liquid chamber (we have
successfully patterned in chamber sizes of 10 to 30 mm). The optimal particle size at which
maximum aggregation can be achieved, depends on the wave field, the particle density, the
fluid thickness, and the fluid properties [41]. Patterning particles/cells at smaller sizes
becomes challenging as hydrodynamic drag force (the driving force for patterning)
decreases linearly with the radius of particle and hence, can be balanced by the Brownian
motion. Another limitation inherent to this technique is the specific range of hydrogel
viscosity (< 10 mPa.s) that is required for inducing the cell patterning and subsequent
gelation in timely manner. Following the addition of thrombin to the fibrinogen, there is a
narrow time window (~4 minutes) to apply the Faraday waves and generate the desired
pattern, before the polymer becomes viscous.

While a wide variety of patterns were created by this approach (Sl Figure 2), the specific
CM aggregation pattern selected in this study consisted of a more complex and diverse
combination of forms and geometries (lines-squares and circles) (Figure 1). We plan to study
the potential effect of other geometric patterns on hiPSC-CM viability and function in our
future work. Moreover, applying mechanical conditioning to promote CM alignment within
the highly-packed patterns [42] can advance this technology to engineering biomimetic 3D
cardiac scaffolds. This patterning approach can also be applied to other cell types (e.g.,
primary rat hepatocytes) to generate similar organized structures (Sl Figure 8), suggesting
the broad applicability of this technique to generate diverse cellular/tissue constructs.

The 3D packing density of hiPSC-CMs quantified immediately after patterning (day 0) was
within the range of that of native myocardium (108-10° cells/ml). An Jn vitro CM density of
8,000 cells/mm? can be converted to volumetric density of ~0.4 x 10° cells/ml, taking into
account thickness of each iPSC-CM layer (~20 um) (SI Figure 9). Remarkably, this packing
density remained high following 5 days of /7 vitro culture (6,000 cells/mm? or ~0.3 x 10°
cells/ml) (Figure 3J). The slight reduction in cell density over time could be attributed to: 1)
expansion of CM size and morphology after plating (Figure 21-J), 2) migration of a small
number of cells from the highly-populated cell bands towards the gap areas, and 3)
expansion of a small number of non-CMs in the bands. It is interesting to note that cells
found at the periphery of bands were largely non-CMs (e.g., vimentin® a-actinin™ or SM-
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MHC™ a-actinin™ cells) (Figure 4D-F and M,N) suggesting their exclusion from the cell
bands which may be explained by the differences in cell size/mass [41,43].

While a number of studies have shown that it is challenging to maintain viable,
metabolically active CMs within 3D scaffold systems [2,28,44], we showed, in this study,
that ordered patterning significantly improved hiPSC-CMs survival for 5 days in 3D culture
(Figure 2N). This was confirmed by immunohistochemical analysis (Figure 3) that
demonstrated greater cell density and intercellular gap junctions in the ordered pattern
group. Moreover, CMs within the bands exhibited more elongated shape and partial
organization of sarcomeric structure as demonstrated by a-actinin staining (white arrows in
Figure 3F and Sl Figure 5). 3D culture of such thick (>1mm) 3D constructs with high cell
packing densities for longer duration may require utilizing a perfusion bioreactor or
incorporating porosity/vasculature within the construct in order to alleviate the limited
oxygen/nutrient diffusion.

Our finding that a-actinin® CMs constituted ~98% of cells within the cell band region was
highly encouraging given our interest in generating interconnected cardiac tissues.
Noticeably greater levels of CX43 expression within the band versus gap or random
conditions was expected, considering the significant differences in the CM packing
densities. Interestingly, we noted that CM purity was significantly lower in random (46%)
and gap (66%) regions. The higher CM enrichment within the cell bands can be attributed to
significantly greater cell density which may foster the development of cell-cell connection
(7.e., expression of CX43) within the bands (Figure 3L). We believe this is responsible for
enhanced CM survival in our study and perhaps in other studies as well [45]. The presence
of primarily non-CMs outside the bands may be a result of exclusion by CMs, a hypothesis
that we are actively pursuing. This would explain the observed higher CM density in the
bands (Figure 2E—H and Figure 4). Possible mechanisms for the exclusion of non-CMs from
the band regions include differential cell size/mass during the Faraday wave patterning
process and/or the secretion of repelling signals by CMs to prevent incorporation of non-
CMs within the cell bands. Characterization of non-CM cell population revealed that hiPSC-
derived mesenchymal/fibroblasts and smooth muscle cells constituted the majority of these
cells (Figure 4). No evidence of endothelial or neuronal cells were detected among these
groups.

CMs residing in the high-density cell bands exhibited significantly greater contractile stress
and faster beating (contraction-relaxation velocity and beating rate), in comparison to gap
and randomly patterned CMs (Figure 5A—G). The maximum contractile stress exerted by
CMs ranged from ~90-95 Pa in the random and gap regions and further increased (~2.5
folds) to 244 + 31 Pa in the cell bands. These values can be compared with the contractile
stress measured for hiPSC-CMs. For instance, we previously found that the maximum
contractile stress of human iPSC-CMs at different stages of maturation (days 30-60) ranged
from ~80-120 Pa [46]. This is similar to findings by another group who measured the peak
twitch stress levels of ~45-60 Pa for single CMs cultured on 2D fibronectin, laminin, and
collagen 1V substrates [47]. These numbers can be compared with the contractile stress
generated in the mouse heart ranging from ~360 Pa in the early embryo (e10.5), to ~3,000
Pa in neonatal heart, and a maximum of ~6,000-8,000 Pa in the adult heart [48,49].
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Additionally, within the bands CMs exhibited ~3X higher contraction/relaxation rates and
~2X greater beating rate than those of gap/random cells (Figure 5E-G). Connected dense
CMs within the cell bands also demonstrated synchronized conduction of action potential
and contractility along the band axis (Figure 5H-K and SI Movie 4-6). Inducing CM
alignment, increasing CM purity, and generating more uniform packing densities within the
band, could further improve the contractile function of patterned constructs. While the CMs
within the bands showed some signs of being more mature (sarcomeric actinin structure,
enhanced contractile function, and intercellular connectivity) than unpatterned cells, they did
not exhibit the characteristic elongated morphology of mature CMs (Figure 3 and Sl Figure
5).

While a number of other bioengineering approaches are actively being utilized to create
patterned cellular constructs, the main advantages of this bioacoustic patterning technique
include: i) the unique ability to generate physiologically-relevant cell densities (e.g., 108-°
CMs/ml) in 3D macro-scale structures. in macroscopic (centimeter) scales; ii) in contrast to
other bioengineering approaches (e.g., 3D bioprinting [50,51] and micro-organoid assembly
[52,53]), this technique allows rapid, simple, and /n situ patterning of various cells into
diverse, highly-packed 3D patterns. Thus, this Faraday-wave patterning technology enables
conducting a variety of basic research studies (e.g., disease/drug modeling) in large-scale
models in a Aigh-throughput manner. Moreover, highly-packed CM bands can be dissected
out of the construct and used as /n vitro models or as cardiac patch for /n vivo applications.
Main 3D design parameters that can be controlled by this approach include: cell packing
density, geometric pattern (shape) of the bands, band width and spacing (gap) (SI Figure 2).

4. Conclusion

In summary, the novel procedure described here provides a unique platform for the
preparation of stem cell-derived complex 3D cardiac tissue constructs with predefined
cellular architecture and organization. These tissue engineered constructs approximate
biologically-relevant CM density and functionality and can be of great benefit to studies
aimed at understanding human CM behavior in a more physiological context. In the future,
they may enable repair and regeneration of damaged hearts by providing a source of cells
and a favorable architecture for therapeutic remuscularization.

5. Experimental Section

Preparation, Culture, and Chemically-Defined CM Differentiation of hiPSCs

The protocols used in this study were approved by the Stanford University Institutional
Review Board. Reprogramming of peripheral blood mononuclear cells was performed using
a Sendai virus vector as previously described [54]. One month post reprogramming, the
obtained hiPSC clones were isolated and cultured on 6-well tissue culture plates (Greiner)
coated with growth factor-reduced Matrigel (Corning). E8 pluripotent stem cell culture
medium (Life Technologies) was used for iPSC culture.

Once a confluency of ~80-90% in the hiPSC culture was achieved, cells were differentiated
into human CMs utilizing a chemically-defined cardiomyocyte differentiation protocol [55].
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CDM3 culture media (RPMI 1640 supplemented with recombinant human albumin and
ascorbic acid) was used [55]. Differentiation started by treating hiPSCs with a small
molecule inhibitor of GSK3B signaling, CHIR99021, in CDM3 media for 2 days. The CHIR
factor activates the Wnt signaling pathway. Cells were subsequently treated with CDM3
media supplemented with a Wnt signaling inhibitor, Wnt-C59, for another 2 days. At days
4-8 of differentiation, CDM3 media without any factors was used and changed every other
day. To improve the CM purity, cells were glucose-starved by culturing in CDM3 media
without glucose, supplemented with 5 mM sodium DL-lactate, for 4 days [56]. For plating
hiPSC-CMs into 3D hydrogels, monolayers of beating CMs at day 16-18 of differentiation
were dissociated into single cells using TrypLE Express (Life Technologies) for 3-5
minutes.

Preparation of 3D Fibrin Hydrogels — Encapsulation of hiPSC-CMs

We utilized the hydrodynamic drag force, generated by Faraday waves at the liquid surface,
to pattern cells into predetermined configuration. A square-shaped liquid container (20 mm
x 20 mm x 1.5 mm) with brim-full fibrin prepolymer solution was mounted onto a vertical
vibration generator (U56001, 3B Scientific) (SI Figure 1). The container was carefully tuned
and balanced using a bubble level (Spirit Level, Hoefer) as a reference. The vibration
generator was driven by a power amplifier (Lepai LP-2020A+, Parts Express) and controlled
by a function generator (33500B, Keysight Technologies) to create vertical vibration on the
liquid layer (Figure 1A). When the vertical vibration exceeded the threshold of the
hydrodynamic instability, [57] Faraday waves were generated at the liquid-air interface. The
pattern of the hydrodynamic force corresponds to the pattern of the Faraday waves and could
be flexibly tuned by the vertically vibrational frequency and amplitude via the function
generator [41].

Once dissociated from culture plates, hiPSC-CMs were resuspended in fibrin prepolymer
solution (550 pL of 5 mg/ml fibrinogen mixed with 50 pL of 2.5 UN/ml thrombin in HBSS
with calcium and magnesium) on ice, at a density of 1.7 x 10° cells/ml. The cellular solution
was then cast into the liquid container and gravitationally sedimented (1 min) onto the glass
coverslip at the bottom of the chamber (Figure 1G-I). By applying the Faraday waves (10 s
for 5 times with intervals of 10 s), randomly-distributed cells at the substrate were driven by
the hydrodynamic drag field and patterned into a 3D construct (Figure 1J-L). We chose the
circle-square hybrid pattern excited at 127 Hz and 110 mV via a waveform generator for the
CM patterning.

The force potential, U, experienced by a CM with a radius / at the substrate exposed to a
hydrodynamic drag field can be described as follows:
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where pceyy is the density of the cell, o/, is the density of liquid, v is the kinematic viscosity
of the liquid, /is the height of Faraday wave, A is the Faraday wavelength, w is the Faraday
wave frequency, kis the Faraday wavenumber, H is the thickness of the liquid, &is the
Stokes characteristic length and {4 is the sub-harmonic component of deformation of liquid
surface. ¢ and (g, describe wave functions and are tuned by cw.

Following the patterning, an additional 25 pl of thrombin (2.5 UN/ml) was added to the cast
solution to accelerate the crosslinking of fibrinogen. Crosslinking was completed by
incubating the patterned constructs in a tissue culture incubator (37°C) for 10 minutes. Cell
encapsulating fibrin scaffolds were next detached from the liquid container and transferred
to individual wells of 6-well plates. The 3D cellular constructs were cultured /n vitrofor 5
days. To inhibit cell-induced fibrin degradation, 1 TIU/mL aprotinin (A1153, Sigma-
Aldrich) was added to the culture media for the duration of experiments [58].

Encapsulation of Primary Rat Hepatocytes in 3D Patterned Hydrogels

Primary rat hepatocytes were obtained from Dr. Usta’s Lab (Center for Engineering in
Medicine at Massachusetts General Hospital). Isolation of primary rat hepatocytes was
conducted as previously described [59] and approved by the Subcommittee on Research
Animal Care, Committee on Research at the Massachusetts General Hospital. To prepare the
construct, 1 M rat hepatocytes were suspended in the mixture solution of 550 L fibrinogen
(10 mg/mL) and 50 pL thrombin (2.5 UN/mL) and loaded into a liquid container. Once cells
settled down (1 min) onto the substrate, Faraday waves were applied to the liquid container
at 127 Hz and 110 mV (10 s for 5 times with 10-s intervals) to generate cellular construct.
After patterning, another 50 pL thrombin (2.5 UN/mL) was added to the liquid container.
Gelation was completed by transferring the liquid container to cell incubator (37°C) for 10
mins.

Optical and Immunohistochemical Analysis of Patterned Constructs

Bright field microscopy of 3D constructs was conducted using a Leica Microscope (DFC
500) at 5, 10, and 20= magnifications. For immunofluorescence staining, 3D fibrin scaffolds
seeded with hiPSC-CMs were rinsed (3 x 20 mins with DPBS), fixed with 4%
paraformaldehyde (Electron Microscopy Services) for 60 mins on rocker at room
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temperature, rinsed (3 x 20 mins), and permeabilized with 0.1% saponin (Sigma-Aldrich)
for 60 mins at room temperature with gentle agitation. CMs in 3D constructs were next
blocked in 10% goat serum (Sigma-Aldrich), 0.1% saponin, and 1% BSA solution (blocking
solution) for 3 hrs on rocker at room temperature. Samples were then drained and stained
with 1:200 dilution of primary antibodies overnight at 4 °C in the blocking solution. Primary
antibodies used: mouse anti-sarcomeric a-actinin (A7811, Sigma-Aldrich), mouse anti-a.-
smooth muscle actin (A2547, Sigma-Aldrich), rabbit anti-vimentin (ab92547, Abcam),
rabbit anti-nanog (ab21624, Abcam), rabbit anti-CD31 (ab28364, Abcam), goat anti-AFP
(sc-8108, Santa Cruz Biotechnology), and mouse anti-NeuN (MAB377, Sigma-Aldrich).
The next day, constructs were washed (4 x 30 mins) with DPBS on the rocker and then
incubated for 3 hrs at room temperature in the dark with 1:200 secondary antibodies in the
blocking solution. Secondary antibodies included: Alexa Fluor 488 goat anti-rabbit and anti-
mouse, Alexa Fluor 568 goat anti-mouse, Alexa Fluor 546 goat anti-mouse, Alexa Fluor 647
goat anti-rabbit, and Alexa Fluor 594 donkey anti-goat (all Life Technologies).
Subsequently, constructs were washed (3 x 30 mins with DPBS) and cell nuclei were stained
with NucBlue Fixed Cell Stain (Life Technologies) in DPBS. Confocal imaging was
performed with an LSM510Meta Confocal Microscope (Zeiss). 3D reconstruction and
panoramic videos of the Z-stacks was generated by the confocal microscope software (ZEN
2012, Carl Zeiss Microscopy GMBH, MA) (Sl Figure 4 and SI Movie 2-3). Cell density
measurements using optical images were conducted by counting the number of cells in each
focal plane (in focus). A second cell density quantification was performed by counting
(DAPI-stained) cell nuclei for total cell number and counting a-actinin+ DAPI-stained cells
for the CM number. A total number of n=10samples were analyzed for each quantification.

hiPSC-CM Metabolic Activity Assay

AlamarBlue (Invitrogen), a metabolic activity assay, was used to measure the number of
hiPSC-CMs in the 3D constructs as an indicator of cell viability and growth. At different
time points in culture, the medium (CDM3) was renewed and AlamarBlue reagent was
added to each well at 10% of the culture volume. Cellular constructs were then incubated at
37°C for 4 hrs. Acellular fibrin gels were used for background reference subtraction. The
absorbance of 100 puL of medium was read at 550 and 600 nm using a microplate reader
(Cytation 5 Cell Imaging Multi-Mode Reader, BioTek Instruments) and the percentage of
reduced AlamarBlue was calculated according to the manufacturer’s instructions.

Mechanical Testing of Fibrin Hydrogels

Unconfined compression tests were conducted using an Instron 5944 material testing system
(Instron) fitted with a 10 N load cell (Interface). The test set-up consisted of custom-made
aluminum compression platens lined with PTFE to minimize friction. All tests were
conducted in PBS solution at room temperature. Specimen diameter and thickness were
measured using digital calipers and the material testing system’s position read-out,
respectively. Before each test, a preload of approximately 1 mN was applied. The upper
platen was then lowered at a rate of 1% strain/sec to a maximum strain of 40%. Load and
displacement data were recorded at 100 Hz. The compressive modulus was determined for
strain range of 10%—-20% from linear curve fits of the stress vs. strain curve.

Biomaterials. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Serpooshan et al.

Page 13

Motion Analysis of Beating Cardiomyocytes

The videos of beating CMs encapsulated in 3D fibrin gels were captured at day 5 of culture,
using a Leica Microscope (DFC 500) with 10X objective at a speed of 12.5 frame per
second. The raw videos were transformed to 8 bit gray scale and then analyzed using an
image velocimetry script in MATLAB (MathWorks) as previously described [46].
Contractile stress values were calculated from these video recordings, based on the stiffness
and depth of material, and the cell displacement, which is relative to the reference frames at
resting states between contractions.

Statistical Analysis

The number of samples (77) used in each experiment is recorded in the text and shown in
figures. All data are presented as mean + SEM. Cell density and signal quantifications were
all conducted in a blind manner. All statistical analysis was assessed using a one-way
ANOVA with Tukey’s post hoc evaluation. For all comparisons, P < 0.05 was considered
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Faraday wave patterning of particles / cardiomyocytes (CMs) resulting in an aggregation

pattern consisting of circles and squares. A-E: Numerical simulation of force potential for
20-um particles (mimicking iPSC-CMs), exposed to the Faraday waves. A: The set up used
for patterning the particles/cells. B: Demonstration of hydrodynamic force and
corresponding force potential profiles generated by standing waves in a fluid
microenvironment. Hydrodynamic drag force packed the cells at the minimum force
potential regions. C: Top-down view of the force potential nodal pattern of Faraday waves
simulated according to equation (1). D—E: The force potential field inside the liquid bath as
a function of liquid thickness and distance from substrate, z (cross-sectional view). F:
Evaluating the model by patterning particles at three different liquid thickness values (i-iii,
1.5, 3, and 6 mm). G: hiPSC-CMs preparation, H: suspension of single cells within
fibrinogen prepolymer, and I: settlement of CMs at the bottom of the bath. J: CM patterning
into specific 3D configurations by applying Faraday waves. K: Schematic (left) and actual
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(right) demonstration of fibrin gel encapsulating patterned CMs. L: Patterned CMs in fibrin
scaffolds were maintained in culture media.
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Figure 2.

Optical microscopy of human iPSC-CMs in 2D culture prior to patterning (A), and after
patterning to either random (B-D) or ordered structures (E-L) at days 0 (d 0) and 5 (d 5) in
culture. Scale bars show 20 pm. M: Quantification of cell packing density in various
experimental groups at day 0 of culture (n = 10). N: AlamarBlue® reduction percentage was
measured for different groups at days 1 and 5 in culture (n = 5). Hydrogels without cells
(acellular) were used as control. Error bars are S.E.M. *: P<0.05 was considered statistically
significant.
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Immunohistochemical analysis of human iPSC-CMs in 2D culture prior to patterning (A)
and after patterning to random (B—C) and ordered (D-I) structures at day 5 in culture.
Ordered patterns consisted of closely-packed CMs in the “band” regions and randomly
distributed CMs in the “gap” areas. Scale bars show 50 pm. Green arrow in panel F
highlights CX43™ cells. J: Quantification of packing density of total cells and CMs in
various experimental groups at day 5 of culture, based on immunostaining images (n = 10).
K: Quantification of a-actinin signal in different groups, normalized by CM number (n =
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10). L: Quantification of CX43 signal of CMs, normalized by CM number (n = 10). M:
Quantification of a-actinin signal elongation (X:Y ratio) among different groups (n = 65—
90). Error bars are SEM. *: P<0.05 was considered statistically significant.
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Figure 4.
Immunohistochemical analysis of patterned human iPSC-derived cells (hon-cardiomyocyte

population) at day 5 in culture. A: Randomly patterned cells stained for cardiomyocytes (a-
actinin, red), mesenchyme/fibroblasts (vimentin, green), and nuclei (DAPI, blue). Panels B-
C show “pseudo colors” for vimentin* a-actinin® (red), vimentin® a-actinin™ (green) and
DAPI (blue) signals, obtained by digital subtraction of red from green color in (A). D and G:
Original confocal images of band and gap regions in ordered pattern group, respectively. E—
F and H-I: Corresponding processed images with pseudo colors for band and gap,
respectively. Scale bars show 100 pm. J: Quantification of vimentin* a-actinin™ (red) signal
in various experimental groups at day 5 of culture, based on immunostaining images (n =
10). K-P: Immunostaining of random (K-L) and ordered (M—P) pattern groups for smooth
muscle cell (smooth muscle myosin heavy chain, SM-MHC, red), undifferentiated iPSCs
(nanog, green), and nuclei (DAPI blue). Q: Quantification of SM-MHC signal normalized
by total cell number (n = 10). Error bars are SEM. *: P<0.05 was considered statistically
significant.
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Figure 5.
Contractile function analysis of the human iPSC-CMs encapsulated in 3D fibrin hydrogels at

day 5 of culture. A—C: Heatmaps of max contractile stress in random pattern (A) and in
ordered pattern — band (B) and gap (C) regions, obtained from motion analysis of CMs. D-
G: Quantification of max contractile stress (D), max contraction and relaxation rates (E-F),
and beat per minute (G) for various groups (n = 10). H: Representative temporal series of
contractility distribution profile throughout one contraction cycle of hiPSC-CMs. I-K:
Contractile stress signals captured from 3 arbitrary spots from each experimental group,
demonstrating synchronous sequential contractions of CMs from adjacent areas within the
cell bands, versus nonsynchronous beating behavior of random and gap CMs. Error bars are
S.E.M. *: P<0.05 was considered statistically significant.
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Table 1

List of antibodies used for the immunohistochemical analysis of hiPSC-derived cardiomyocyte and non-
cardiomyocyte populations.
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Target Antibody Company — Catalog number
cardiomyocytes oactinin Sigma-Aldrich (A7811)
intercellular connection connexin-43 Abcam (ab63851)
nuclei DAPI Thermo Fisher (R37606)
endothelial cells CD31 Abcam (ab28364)
mesenchyme/fibroblasts vimentin Abcam (Ab92547)

smooth muscle cells

smooth muscle myosin heavy chain (SM-MHC)

Abcam (ab53219)

cell membrane

wheat germ agglutinin (WGA)

Thermo Fisher (W11261)

undifferentiated iPSCs

nanog

Abcam (ab21624)

endoderm

alpha fetoprotein (AFP)

Santa Cruz Biotechnology (sc-8108)

neurons

MAB377 (NeuN)

Sigma-Aldrich (MAB377)
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