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Fibre-infused gel scaffolds guide 
cardiomyocyte alignment in 3D-printed 
ventricles

Suji Choi    1, Keel Yong Lee    1,2, Sean L. Kim1, Luke A. MacQueen1, 
Huibin Chang1, John F. Zimmerman    1, Qianru Jin    1, Michael M. Peters    1, 
Herdeline Ann M. Ardoña    1,3, Xujie Liu4,5, Ann-Caroline Heiler    6,7,8, 
Rudy Gabardi1, Collin Richardson1, William T. Pu    4,9, Andreas R. Bausch    6,7,8,10 
& Kevin Kit Parker    1,9,11 

Hydrogels are attractive materials for tissue engineering, but efforts to 
date have shown limited ability to produce the microstructural features 
necessary to promote cellular self-organization into hierarchical 
three-dimensional (3D) organ models. Here we develop a hydrogel ink 
containing prefabricated gelatin fibres to print 3D organ-level scaffolds 
that recapitulate the intra- and intercellular organization of the heart. 
The addition of prefabricated gelatin fibres to hydrogels enables the 
tailoring of the ink rheology, allowing for a controlled sol–gel transition 
to achieve precise printing of free-standing 3D structures without 
additional supporting materials. Shear-induced alignment of fibres 
during ink extrusion provides microscale geometric cues that promote 
the self-organization of cultured human cardiomyocytes into anisotropic 
muscular tissues in vitro. The resulting 3D-printed ventricle in vitro  
model exhibited biomimetic a ni so tr opic e le ct rophysiological and 
contractile properties.

The intra- and intercellular organization within cardiac tissues helps 
facilitate coordinated electromechanical coupling and efficient mus-
cle contraction in the heart. To achieve these organized structures, 
extracellular matrix (ECM) proteins act as topological and biochemical 
cues for the cells, which are crucial for tissue development1,2. This is 
particularly important in the heart, where the hierarchical organization 
of cardiac tissues3 is needed to regulate the spatiotemporal dynamics 
of excitation–contraction coupling, resulting in the cardiac cycle4,5. 

However, recreating the structure–function relationships of the heart 
in vitro represents a substantial challenge, requiring control over tissue  
self-organization both at the cellular scale and at the macroscopic 
organ level.

In an effort to replicate cardiac cellular organization, researchers  
have engineered biopolymers and hydrogels through micro-
contact printing6–10, photolithography11, directional freeze drying12,  
fibre spinning13–15 and microphysiological chip fabrication4,16–19.  

Received: 6 June 2022

Accepted: 19 June 2023

Published online: 27 July 2023

 Check for updates

1Disease Biophysics Group, John A. Paulson School of Engineering and Applied Sciences, Harvard University, Boston, MA, USA. 2Department of 
Integrative Bioscience and Biotechnology, Sejong University, Seoul, Republic of Korea. 3Department of Chemical and Biomolecular Engineering, Samueli 
School of Engineering, University of California, Irvine, CA, USA. 4Department of Cardiology, Boston Children’s Hospital, Boston, MA, USA. 5Fuwai Hospital 
Chinese Academy of Medical Sciences, Shenzhen, China. 6Department of Bioscience, TUM School of Natural Sciences, Technische Universität München, 
Garching, Germany. 7Center for Functional Protein Assemblies, Technische Universität München, Garching, Germany. 8Center for Organoid Systems 
(COS), Technische Universität München, Garching, Germany. 9Harvard Stem Cell Institute, Harvard University, Cambridge, MA, USA. 10Max Planck School 
Matter to Life, Max Planck Schools, Heidelberg, Germany. 11Wyss Institute for Biologically Inspired Engineering, Harvard University, Boston, MA, USA. 

 e-mail: kkparker@g.harvard.edu

http://www.nature.com/naturematerials
https://doi.org/10.1038/s41563-023-01611-3
http://orcid.org/0000-0002-0606-0528
http://orcid.org/0000-0002-7204-3822
http://orcid.org/0000-0003-4099-8699
http://orcid.org/0000-0003-3182-8188
http://orcid.org/0000-0003-3033-1444
http://orcid.org/0000-0003-0640-1262
http://orcid.org/0009-0009-8258-839X
http://orcid.org/0000-0002-4551-8079
http://orcid.org/0000-0002-4608-9544
http://orcid.org/0000-0002-5968-7535
http://crossmark.crossref.org/dialog/?doi=10.1038/s41563-023-01611-3&domain=pdf
mailto:kkparker@g.harvard.edu


Nature Materials | Volume 22 | August 2023 | 1039–1046 1040

Article https://doi.org/10.1038/s41563-023-01611-3

over tissue self-organization and alignment. As a result, bridging the 
length scales from the micrometre and nanometre scales to the centi-
metre scale to induce both intra- and intercellular organization within 
engineered heart models remains a major challenge in the 3D printing 
of functional organs and tissues32,34,35.

We reasoned that printing 3D scaffolds containing prefabricated 
microscale fibres would provide self-supportive scaffolds for cardio-
myocytes to self-organize to form a cardiac chamber. Inspired by the 
ECM networks of the heart, we designed our ink by infusing gelatin 
fibres into a gelatin and alginate (Gel–Alg) hydrogel matrix (Fig. 1a). In 
contrast to cellulose nanofibres and carbon nanotubes, previously used 
in inks36–38, fibronectin-coated gelatin fibres contain arginine–glycine–
aspartic acid (RGD) peptide binding domains that promote matrix–cell 

These methods are, however, limited in their ability to produce tissues 
on complex geometries that fully replicate cardiac function. Speci-
fically, to build organ models that mimic the three-dimensional (3D) 
geometry requires additive manufacturing strategies15,20. Particularly, 
3D printing has been increasingly used for engineering tissue models to 
enable the facile design and editing of a 3D structure prior to printing, 
and the fabrication of complex 3D structures with a flexible formula-
tion of biomaterial inks21–23. To this end, considerable efforts have been 
made in developing hydrogel-based inks or printing techniques to 
enhance 3D stability and shape fidelity, such as printing multimaterial 
inks with a combined nozzle system24,25, printing photo-crosslinkable 
hydrogels17,26,27, adding viscosifiers28–30 or printing in sacrificial sup-
porting materials31–33. However, these efforts provide limited control 
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Fig. 1 | Development of gelatin FIG inks for free-standing 3D-printed tissue 
scaffolds with cellular alignment cues. a,b, Schematic illustration of FIG ink 
components. As fragmented gelatin fibres are combined with Gel–Alg hydrogels 
(red, fibronectin; a), the ink viscosity increases and displays a solid-like behaviour, 
which allows the 3D printing of ventricle scaffolds with hierarchical structure 
(b). b, Fibre alignment that occurs under shear stress (τ) during 3D printing leads 
to native ECM anisotropic structural features in 3D scaffolds, promoting tissue 
alignment and organization to recapitulate in vivo heart muscle. c, A scanning 
electron microscopy image showing truncated gelatin fibres. Scale bar, 100 µm. 
d, Comparison of Gel–Alg ink (0 wt% fibre, left panel) or FIG ink (8 wt% fibre, right 
panel). The Gel–Alg hydrogel has a low-viscosity-liquid-like behaviour (left). FIG 
inks behave solid-like at rest and extrude in a continuous stream (right). Scale 
bars, 2 mm. e, Oscillation stress sweep test to measure storage (Gʹ) and loss (Gʺ) 
modulus values, showing a concentration-dependent and strain-dependent shear 

thinning behaviour and sol–gel transition. f, A 3D donut shape with rectilinear 
infill pattern with increasing number of stacking layers, showing the high shape 
retention of using FIG inks. Scale bar, 5 mm. g, A cone-shaped model of the self-
supporting inverted left ventricle printed in the circumferential direction. Scale 
bars, 2 mm. h, Self-supportive dual ventricle chambers and a heart valve printed in 
the circumferential direction and an angled left ventricle printed in the diagonal 
(30°) tilted direction. Scale bars, 5 mm. i, A microcomputed tomography image 
of the 3D-printed ventricle scaffold after critical-point drying, showing the fibre 
structure in the 3D-printed geometry. Scale bar, 1 mm. j, A scanning electron 
microscopy image of the 3D-printed ventricle scaffold showing fibre alignments 
in the printing direction. Scale bar, 200 µm. k, Analysis of fibre alignment from 
confocal images of the 3D-printed ventricle FIG scaffolds with 5 and 8 wt% fibres, 
and corresponding fibre orientation angular distribution graph; 0° indicates the 
printing direction (dir.). Scale bars, 100 µm.
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adhesion through integrins39. Furthermore, incorporating fibres into 
the hydrogel modifies the ink rheology, allowing one to create accu-
rate and complex 3D scaffolds without any supporting structures or 
materials. We hypothesized that by incorporating both topological and 
chemical cues in the form of aligned gelatin microfibres, 3D ventricle 
scaffolds printed in this manner would promote the self-organization 
of cardiomyocytes into anisotropic muscle tissues (Fig. 1b).

Results
Printed 3D hydrogel scaffolds provide microscale anisotropy
We fabricated fibre-infused gel (FIG) inks for printing 3D scaffolds 
consisting of gelatin fibres (Fig. 1c) and Gel–Alg hydrogel (Fig. 1d  
and Supplementary Fig. 1a). Gelatin fibres produced by rotary jet 
spinning (Supplementary Fig. 1b)14,15 were truncated by ultrasonica-
tion to a length of 85.9 ± 2.53 µm with a diameter of 4.20 ± 0.23 µm 
(mean ± standard error of the mean (s.e.m.)), reducing the vari-
ance in length and enabling passage through a printing nozzle with 
a diameter of 200 µm (Supplementary Fig. 1c,d). Afterward, we 
chemically crosslinked the fibres with N-(3-dimethylaminopropyl)- 
Nʹ-ethylcarbodiimidehydrochloride N-hydroxysuccinimide (EDC/
NHS) and fibronectin (Supplementary Fig. 1e). Unlike Gel–Alg hydro-
gels where 3D printing is limited due to their fluidity, incorporating 
8 wt% prefabricated gelatin fibres into Gel–Alg hydrogels rendered 
the hydrogels into a predominantly elastic gel (8 wt% fibre, 2.4 wt% 
gelatin, 2.4% alginate in phosphate buffered saline (PBS); Fig. 1d–f and 
Supplementary Fig. 2a–d). During printing, shear stresses in the nozzle 
were sufficient to turn the elastic FIG ink into a liquid, and its elastic 
stability was restored upon extrusion (Supplementary Fig. 2e). These 
nonlinear rheological properties allow for the continuous extrusion of 
FIG inks with minimal post-extrusion swelling and spreading (Fig. 1d,e 
and Supplementary Fig. 3) and enable the printing of layered structures 
for increasingly complex geometries without sacrificial layers or a 
sacrificial bath as supporting structures (Fig. 1f). This allowed us to 
print self-supportive hollow 3D structures such as a cardiac ventricle 
with a broad range of design parameters, reproducibility and accu-
racy (Fig. 1g, Supplementary Fig. 4a,b and Supplementary Video 1). 
More complex structures, such as heart valves, dual-chambered hearts 
and left ventricles with varying angular orientations, could also be 
printed using FIG inks (Fig. 1h and Supplementary Fig. 4c,d). The high 
elastic modulus of gel-like FIG inks provided sufficient gel stability  
to print self-supportive walls with thicknesses ranging between 200 µm 
and 350 µm without the need for scaffolds or sacrificial baths (Sup-
plementary Fig. 2a–g and the section ‘Rheology of FIG inks’ in the  
Supplementary Information).

Inducing cardiac muscle cells to recapitulate the structure–func-
tion relationships of heart muscle requires structural anisotropy 
and biochemical guidance cues with micrometre-scale precision. 
To achieve this, we exploited the shear thinning property of FIG inks 
(Supplementary Fig. 2h,i), which is not only essential for printing, but 
also for inducing fibre alignment along the direction of printing40. This 
allowed the formation of aligned-fibre-embedded scaffolds, which can 
be used to direct cardiomyocyte alignment. Following this process, 
shear-induced fibre alignment on the micrometre scale was achieved 
across the entire length scale of the printed structure (Fig. 1i,j). Align-
ment of the incorporated fibres was well-maintained post extrusion 
due to the gel stability of the FIG inks (Fig. 1k and Supplementary Fig. 5), 
which was further enhanced by lowering the printing bed temperature 
to 6 °C compared to printing at room temperature (Supplementary  
Fig. 2f). By the ionic crosslinking of alginate (1 wt% calcium chloride) 
and enzymatic crosslinking of gelatin (~8 wt% microbial transglutami-
nase), the printed scaffolds and their microscale architecture remained 
intact in water (Supplementary Fig. 4b). The resulting printed scaffolds 
had a resolution closer to the fibre diameter (~5 µm) and acted as geo-
metric cues for cell alignment despite the printing resolution being 
limited by the nozzle diameter (200–300 µm).

Fibre-infused gel scaffolds potentiate cellular alignment
To evaluate the ability of FIG printed scaffolds to potentiate the 
intra- and intercellular organization of cardiomyocytes, myofibrillar 
organization and alignment, we first seeded neonatal rat ventricular 
cardiomyocytes (NRVMs) on printed two-dimensional (2D) FIG scaf-
folds (8 wt% fibre, 2.4 wt% gelatin and 2.4 wt% alginate; Supplementary 
Fig. 6a). This resulted in the formation of highly aligned cardiac tissues 
(Fig. 2a,b and Supplementary Fig. 6b), which retained comparable cell 
viabilities relative to pleomorphic culture conditions (Supplementary 
Fig. 7). We then measured the degree of structural tissue anisotropy by 
computing the orientational order parameter (OOP)41, which quantifies 
sarcomeric α-actinin and cytoskeletal actin filament (F-actin) align-
ment, representative of intra- and intercellular organization (Fig. 2c 
and Supplementary Fig. 6c). In physiologically healthy cardiac tissues, 
cytoskeletal structures including sarcomeres42,43 and actin filaments44,45 
are highly aligned, with OOP values close to unity. Here, both sarco-
meric and F-actin OOP values were significantly higher for tissues on 
FIG scaffolds (0.578 ± 0.060 for α-actinin, 0.657 ± 0.021 for F-actin, 
mean ± s.e.m., n = 5) in comparison to control Gel–Alg scaffolds that 
contain a similar chemical composition to FIG scaffolds without micro-
scale topologies (4 wt% gelatin and 4 wt% alginate, 0.245 ± 0.033 for 
α-actinin, 0.314 ± 0.052 for F-actin, mean ± s.e.m., n = 5). Consequently, 
the prestress generated by intra- and intercellular cytoskeletal struc-
tures determined the nuclear elongation and orientation46,47. Nuclei 
were elongated on FIG scaffolds with a mean eccentricity ratio (the 
length of the major axis to the length of the minor axis) of 2.37 ± 0.17 
compared to nuclei on the control Gel–Alg scaffolds, which remained 
relatively round (eccentricity ratio = 1.40 ± 0.02, mean ± s.e.m.;  
Fig. 2d,e). The nuclear orientation of NRVMs on FIG scaffolds  
also aligned along the printing direction (0°) in contrast to those on 
the control Gel–Alg scaffolds, which showed no specific orientation 
(Fig. 2d,f and Supplementary Fig. 6d).

Cardiac tissues on FIG recapitulate functional anisotropy
The goal of engineering cardiomyocyte alignment and organization 
is to better replicate the spatiotemporal excitation and contraction 
dynamics of the heart in vitro. To test the ability of FIGs to induce 
cardiomyocytes to self-organize along the fibre structures and form 
a functional syncytium of the heart5,48, we measured the functional 
consequence of a cell–cell junction architecture (Supplementary  
Fig. 6e) and its electrophysiological properties. Cardiac impulses propa-
gate in aligned cardiac tissues approximately two times faster in the 
longitudinal (Vlong) than the transverse (Vtrans) direction (Vlong/Vtrans ≈ 2) 
due to rapid conduction along the longitudinal axis and intercellular 
conduction at gap junctions49. We used optical mapping to measure 
the calcium (Ca2+) transient propagation as an indicator of cardiac 
impulse conduction along the longitudinal and transverse axes relative 
to the printing direction. We assessed the anisotropic propagation by 
calculating the longitudinal-to-transverse propagation speed ratio 
(Vlong/Vtrans; Fig. 3a,b). Cardiac tissues on FIG scaffolds using NRVMs 
and human-induced pluripotent stem-cell-derived cardiomyocytes 
(hiPSC-CMs; Supplementary Fig. 8a and Supplementary Video 2) 
exhibited Vlong/Vtrans values of 1.67 ± 0.085 and 1.62 ± 0.18, respectively 
(mean ± s.e.m.; Fig. 3b, Supplementary Figs. 6f,g and 8b and Supple-
mentary Videos 3 and 4). By contrast, NRVM tissues on control scaf-
folds without fibres exhibited a propagation speed ratio close to unity 
(0.96 ± 0.067 at day 5; mean ± s.e.m.) indicating their isotropy. Cardiac 
tissues on FIG scaffolds also propagated Ca2+ waves over a 6 cm serpen-
tine pattern, demonstrating robust electrical coupling along the direc-
tion of printing (Supplementary Fig. 9 and Supplementary Video 5).

Further, to assess the effect of fibre anisotropy on the contractile 
patterns in electrically coupled cardiac tissues, we cultured NRVMs 
on rectangular scaffolds printed in parallel, angled and perpendicular 
directions (10 mm × 3 mm; Supplementary Fig. 10a–c and Supple-
mentary Video 6). Each FIG orientation resulted in distinct contractile 
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patterns, such as rolling, twisting and folding, respectively (Fig. 3c–e). 
Preferential electromechanical coupling of cardiomyocytes along 
the printing direction enabled cyclic deformations in response to 
electrical stimulation (Fig. 3e,f). Alternating alignment directions in 
one scaffold also showed that cardiomyocyte organization follows the 
local fibre direction, resulting in corresponding local tissue contrac-
tile patterns (Supplementary Fig. 10b). This enables control of local 
dynamic contractile motions similar to those seen in laminar muscles 
around the ventricle50.

As FIG scaffolds can be printed in a highly scalable and repro-
ducible manner, they can also easily be adapted to rapidly fabri-
cate previously published standardized metrics of quantifying  
cellular contractile force via muscular thin films (MTFs; Supplementary 

Fig. 10d)9. NRVM tissues cultured on FIG MTFs (day 7) displayed average 
contractile forces of 1,661 ± 209 Pa, which were comparable to NRVMs 
cultured on polydimethylsiloxane MTFs (1,801 ± 428 Pa; mean ± s.e.m.; 
Supplementary Fig. 10e,f), showing a response to increased pacing 
frequencies up to 3 Hz (Supplementary Fig. 10g). In addition, FIG MTFs 
enabled us to assess the contractility of hiPSC-CM tissues. We found the 
contractile stress of hiPSC-CM tissues to be 455 ± 130 Pa (mean ± s.e.m.) 
at day 14 (Supplementary Fig. 10d–f), which was significantly lower 
than the more mature NRVM tissues.

Engineered 3D ventricle models exhibit cyclic contractility
Given the ability to efficiently control tissue alignment and thus, 
electromechanical coupling, we questioned whether we could build 
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Fig. 2 | Anisotropic intra- and intercellular organization of cardiac tissues 
cultured on printed FIG scaffolds. a,b, Schematic illustrations showing 
NRVM tissue formation on the 2D-printed Gel–Alg hydrogel (a) and FIG (b) 
scaffolds (i), bright-field images of NRVM cultured on each scaffold (ii) and 
representative immunostained images of nuclei (blue), α-actinin (grey) and 
F-actin (green; iii). Scale bars, 20 µm. DAPI stain, 4′,6-diamidino-2-phenylindole. 
c, Normalized sarcomeric α-actinin and F-actin alignment with their alignment 
quantified on a scale of 0 (random) to 1 (aligned) using an OOP. Statistical 
analysis was performed using a two-tailed Student’s t-test with unequal variance; 
**P = 0.000252 and 0.00149 for sarcomere and F-actin, respectively. n = 5  

tissues per scaffold condition. Data are presented as mean values ± s.e.m.  
d, Representative distribution of nuclear shape (line length to eccentricity ratio) 
and orientation (line angle) with printing direction at 0°. e,f, Nuclear eccentricity 
ratio (e) and angle (f) from −90° to 90° (n = 203 and 183 nuclei from three tissues 
on Gel–Alg and FIG scaffolds, respectively). Statistical analysis was performed 
using a two-tailed Student’s t-test with unequal variance, *P = 0.0295 (e); and a 
two-sample Kolmogorov–Smirnov test, *****P = 3.46 × 10–10 (f); n = 203 and 183 
nuclei from three independent tissues on Gel–Alg and FIG scaffolds, respectively. 
In the box plot, the centre diamond, box limits and whiskers indicate the mean, 
the first and third quartiles and the maximum–minimum, respectively.
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3D ventricle-shaped cardiac tissues in vitro, where the 3D geometry  
would induce synchronized contractile pumping motions as seen in 
human hearts. We cultured NRVMs and hiPSC-CMs on a 3D-printed 
ventricle scaffold (8 wt% fibre, 2.4 wt% gelatin and 2.4 wt% alginate) 
with circumferential fibre alignment, forming laminar anisotropic 
cardiac tissues in a 3D ventricular shape (Fig. 4a,b, Supplementary  
Fig. 11 and Supplementary Videos 7 and 8). The in vitro ventricle  
models were maintained for 14 days in culture with a spontaneous 
beat rate of ~0.71 beats per second. This suggested that the scaffolds 
were durable over ~800,000 mechanical load cycles without visible 
degradation. Following the point electrical stimulation of the NRVM 
cultured ventricle models, we observed that Ca2+ transient propaga-
tions were faster in the transverse direction (the direction of printing) 
compared to the longitudinal direction (Supplementary Fig. 12a,b  
and Supplementary Video 9). This confirms that impulse propagation  
in the 3D-printed ventricle scaffolds also occurred along tissue 
alignment, which is determined by the printing direction. Similarly,  
in hiPSC-CM cultured ventricle models, directional Ca2+ transient 
propagations indicated the confluency and synchronization of 

cardiomyocytes across the 3D-printed ventricle scaffolds (Fig. 4a, 
Supplementary Fig. 12c and Supplementary Video 10). This led to  
the synchronized and coordinated contractions of hiPSC-CM  
cultured ventricle models, which were demonstrated by deforma-
tion mapping analysis, measuring the displacement of the in vitro  
ventricle models (Fig. 4c,d and Supplementary Video 11). To assess  
the contractile performance of hiPSC-CM ventricle models, we meas-
ured the fluid-dynamic output at the basal opening (shown in Fig. 4c,  
grey box) using particle imaging velocimetry (PIV). The flow of 
fluorescent microparticles corresponded with the fluid movement  
out of and into the in vitro ventricle models (Fig. 4e, Supplementary 
Fig. 12d and Supplementary Video 12). The direction and velocity of 
particle flow allowed us to estimate the mass flux of the fluid movement  
during contraction and relaxation (Fig. 4f). We calculated the change 
in ventricular volume for our hiPSC-CM cultured ventricle models  
to be 5.94 ± 1.66% (n = 4, mean ± s.e.m.; Fig. 4g) between peak con-
traction and peak relaxation. This was 2–5 and 8–20 times higher than  
values previously reported (ejection fractions) for NRVM and  
hiPSC-CM in vitro ventricle models, respectively13,15,32.
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Fig. 4 | Structural, electrophysiological and contractile properties of human-
stem-cell-based tissue-engineered 3D ventricle models. a, Spontaneous Ca2+ 
transient propagation on a hiPSC-CM 3D-printed ventricle model (top view), 
showing anisotropic Ca2+ propagation along the printing direction. Scale bars, 
2 mm. b, Immunostained images of hiPSC-CM tissues cultured in 3D-printed 
model ventricle scaffolds. Scale bars, 20 µm. c, A bright-field image of the tissue-
engineered 3D ventricle model after hiPSC-CMs were cultured for 14 days. Scale 
bar, 2 mm. d, Representative deformation map of the 3D hiPSC-CM ventricle 

model at peak contraction. Scale bar, 2 mm. e, Fluid velocity maps at peak 
contraction (top) and peak relaxation (bottom) analysed by tracking fluorescent 
bead displacement in a region of interest under 1 Hz electrical field stimulation. 
f, Instantaneous mass flux in a region of interest for a representative ventricle 
during a complete cycle of contraction and relaxation. g, Volumeric changes by 
contraction of hiPSC-CM 3D ventricle models. n = 4 ventricle models. In the box 
plot, the centre diamond, box limits and whiskers indicate the mean, the first and 
third quartiles and the maximum–minimum, respectively.
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Outlook
We have demonstrated the ability to 3D print tissue-engineered ventri-
cle models with hydrogel-based FIG ink, which simultaneously recapitu-
lates the heart’s microstructural ECM architecture and macrostructural 
organ-level geometry. Here, infused gelatin fibres acted as a rheological 
modifier in our hydrogel inks, allowing for the printing of complex 3D 
objects without the use of sacrificial baths. In addition, these fibres also 
provided biochemical and microstructural cues, which promoted cell 
adhesion and self-organization into a functional syncytium. Result-
ing in vitro ventricle models showed cyclic contractile motions of the 
heart; however, to enhance cardiac performance, multilayered tissue 
ventricle models are required in the future. To that end, FIG inks and 
their biochemical and structural markers can be further investigated to 
promote cell infiltration, and to vary local muscle direction, fabricate 
multilayered tissues and integrate multiple cell types, for example, to 
achieve vascularization. This work suggests that 3D FIG ink printing 
will play an important role in promoting standardized and accessible 
bioprinting processes to recapitulate native organ geometries with 
microstructural precision.

Online content
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maries, source data, extended data, supplementary information, 
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Methods
Preparation of gelatin fibre filler
Gelatin fibres were produced by the focused rotary jet spinning method 
as previously described in more detail15. Gelatin (type A, gel strength 
~300 g Bloom, Sigma-Aldrich) was dissolved in 1,1,1,3,3,3-hexafuoro
-2-propanol (HFIP; Oakwood Chemical, no. 003409) at 5% (w/v). The 
gelatin/HFIP solution was then injected into a customized spinneret 
at 1.8 ml min–1 using an automated syringe pump (Harvard Apparatus, 
part no. 703007). The spinneret was rotated at 10,000 r.p.m., extruding 
the gelatin solution out of three 400 µm holes into long fibre streams 
that were collected on a rotating collector (Heidolph Hei-Torque Core) 
at 300 r.p.m. (Supplementary Fig. 1a(i)). The distance from the spin-
neret to the collector was 15–20 cm, allowing enough time between 
the spinneret and collection for HFIP evaporation and fibre formation. 
Fibres were precut to about 1 mm using an array of razor blades and 
dispersed into anhydrous ethanol at 0.004 g ml–1. The precut fibre 
solution (40 ml total) was placed in an ice bath and underwent ultra-
sonication (FB-505, Fisher Scientific) to further fragment the gelatin 
fibres (Supplementary Fig. 1a(ii)). The length of the gelatin fibres can be 
controlled by the power amplitude and duration of the sonication. The 
13 mg ml–1 of gelatin fibres were then crosslinked with a 5:2 molar ratio 
of N,N-(3-dimethylaminopropyl)-N′-ethyl-carbodiimide hydrochloride 
(EDC; Sigma-Aldrich) and N-hydroxysuccinimide (NHS; Sigma-Aldrich) 
in anhydrous ethanol for 3 hours while stirring at 260 r.p.m. (Supple-
mentary Fig. 1a(iii)). After the gelatin fibres were washed with water and 
separated by centrifuge, the fibres were immersed in a solution contain-
ing fibronectin protein (50 µg ml–1 fibronectin, Corning), 2 µg ml–1 EDC 
(Thermo Fisher Scientific) and 5.5 µg ml–1 N-hydroxysulfosuccinimide 
(sulfo-NHS; Thermo Fisher Scientific) diluted in PBS and incubated 
overnight at 4 °C (Supplementary Fig. 1a(iv)). Fluorescent fibronectin 
(green fluorescent, HiLyte Fluor 488, Cytoskeleton) was used to con-
firm the fibronectin coating on the fibres (Supplementary Fig. 1e). The 
fibres were then washed and centrifuged with deionized water and ×2 
concentrated PBS (×2 PBS; Supplementary Fig. 1a(v)–(vi)). The ×2 PBS 
was made of 16 mM NaH2PO4, 272 mM NaCl, 4 mM KH2PO4 and 5.2 mM 
KCl in deionized water. A schematic illustration of the procedure to 
prepare the fibre fragmentation materials is described in Supplemen-
tary Fig. 1a. Fibre length distribution was measured from bright-field 
images taken by a ×10 EVOS FL microscope, and diameter distribution 
was measured from confocal microscope (Olympus ix83) images that 
were captured by a LUCPLFLN-PH ×20 objective (Olympus).

Fabrication of FIG inks and crosslinking process
FIG inks were prepared by mechanically mixing 5–10 wt% prefabricated 
fibres into a 65 °C prewarmed solution consisting of 2.4 wt% gelatin 
(type A, gel strength ~175 g Bloom, Sigma-Aldrich) and 2.4 wt% sodium 
alginate (Sigma-Aldrich) in ×2 PBS (Supplementary Fig. 1a(vii)). After 
mixing thoroughly, the contents were transferred to a 3 ml syringe 
and centrifuged at 450g for 2 min to remove air bubbles before print-
ing (Supplementary Fig. 1a(viii)). FIG inks were printed using a 3D 
bio-printer (Bio X, Cellink). The 2D FIG scaffolds were prepared with 
~100 µm thickness. After printing, FIG scaffolds were treated with a 
1 wt% calcium chloride (Sigma) solution for 5 minutes to crosslink 
alginate and a 2–8 wt% microbial transglutaminase (Activa TI Trans-
glutaminase, Ajinomoto) solution for 1 hour at room temperature 
to crosslink the printed FIG scaffolds. The printed scaffold was then 
treated with 0.1 M ethylenediaminetetraacetic acid disodium salt 
dihydrate (Sigma-Aldrich) solution for 15 min at room temperature. The 
Gel–Alg hydrogel inks with 4 wt% gelatin and 4 wt% alginate in the ×2 
PBS were used for printing the 3D-printed control models in Figs. 1–3, 
and Gel–Alg hydrogel inks with both 4 wt% gelatin and 4 wt% alginate, 
and 2.4 wt% gelatin and 2.4 wt% alginate, in the ×2 PBS were used to 
compare line printability and cell alignment in Supplementary Figs. 3  
and 6a–c, respectively. All post procedures after printing were the same 
as with the FIG printed scaffolds.

Rheological test of FIG inks
The rheological properties were measured using a Discovery Hybrid 
3 Rheometer (TA Instruments). A 0% fibre condition used as a control 
ink (without fibre) for rheology in Fig. 1e and Supplementary Fig. 2 
was prepared with 2.4 wt% gelatin and 2.4 wt% alginate in the ×2 PBS. 
A 60 mm cone geometry for 0% Gel–Alg inks and a flat plane geometry 
for FIG inks were used. The plane geometry experimental set-ups used 
a 500 µm gap height. Viscosity was measured by a shear rate sweep 
from 0.1 to 1,000 s–1 (Supplementary Fig. 2h). An oscillation amplitude 
sweep was performed by a shear stress sweep from 0.1 to 1,000 Pa at 
a frequency of 1 Hz (Supplementary Fig. 2b), and the yield stress was 
evaluated and determined at the crossover point of the storage and 
loss moduli (Supplementary Fig. 2d). The yield stress for the 0% fibre 
hydrogel inks could not be quantified using the oscillation amplitude 
sweep tests as the value ranges were too low. Therefore, the yield stress 
for the 0% fibre hydrogel inks was calculated using the stress–shear rate 
graphs (Supplementary Fig. 2c), which showed a plateau region as the 
shear rate decreased. The cyclic strain test was measured with an oscil-
latory strain change between 1% and 100% every 1 minute at a frequency 
of 1 Hz and stress of 0.1 Pa (Supplementary Fig. 2e). All measurements 
were performed at 25 °C. The temperature sweep test was performed 
from 10 °C to 40 °C with 2 °C steps at a frequency of 1 Hz and stress of 
0.1 Pa (Supplementary Fig. 2f).

3D printing
G-code file, the computational language used to guide 3D printer  
nozzle pathways, was prepared by slicer software (slic3r), 3D bio-printer 
(Bio X, Cellink) or hand-script. Gel–Alg hydrogel and FIG scaffolds/pat-
terns were printed onto Petri dishes or gelatin-layer-coated coverslips 
by a direct-ink-writing method. The gelatin-layer-coated coverslip was 
used to enhance adhesion between the printed scaffolds and coverslip. 
It was fabricated by printing a 14 mm by 14 mm mesh square onto 
coverslips and treating with ultraviolet–ozone for 5 min, using 4 wt% 
gelatin (type A, gel strength ~175 g Bloom, Sigma-Aldrich) solution. 
The printing patterns were designed by hand-script G-code, MATLAB 
(MathWorks) script-generated G-code or 3D bio-printer (Bio X, Cellink).  
The printing line distance for 2D scaffolds was set to 0.3 mm. STL files 
of 3D free-standing objects were processed and printed by the 3D 
bio-printer with a layer height of 0.2 mm for 23 gauge straight nozzles 
(inner diameter, 0.337 mm) and 0.15 mm for 27 gauge tapered nozzles  
(inner diameter, 0.21 mm). The G-code for the 3D cone-shaped ventricle 
chamber was prepared by 3D coordination of a cone shape derived from 
parabola equations (y = x2/(4q); q, parameter for shape of parabola: 
mainly q = 0.5 was used; Supplementary Fig. 4a) with a layer height 
of 0.2 mm using MATLAB. The G-codes were visualized with software 
(Repetier-Host). The printing condition for the scaffolds was set  
at a range of 50–100 kPa of printing pressure and 5–20 mm s–1 of  
printing speed with 23 gauge straight or 27 gauge tapered nozzles.  
The 3D free-standing objects were printed with 70–120 kPa of  
pressure and 5–10 mm s–1 of printing speed using 23 gauge straight  
nozzles and 27 gauge tapered nozzles at a 6 °C printing bed 
temperature.

Scaffold structural and biochemical imaging analysis
The gelatin fibre structure in the printed 3D FIG ventricle scaffold was 
captured by a spinning disc confocal microscope (Olympus ix83) with 
a UPLSAPO ×10 objective after staining the gelatin fibres using 1 µl ml–1 
of NHS-Fluorescein (Thermo Fisher Scientific). Fibre alignments were 
analysed by an ImageJ (National Institutes of Health) plug-in (Orienta-
tionJ) with 2° bin size, and the images were colourized based on fibre 
angle51. The colourized images were then processed using a custom 
MATLAB script to output an OOP value, falling on a normalized scale of 
0 (perfectly random) to 1 (perfectly aligned), based on the distribution 
of reported angles from the OrientationJ-processed image41. Scanning 
electron microscopy images (FESEM Ultra Plus, SmartSEM, ZEISS) 
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and microcomputed tomography (Xradia Versa 620, ZEISS) images of 
3D-printed scaffolds were taken after dehydration using a critical-point 
dryer (931 GL 2.5, Tousimis). Microcomputed tomography images of 
3D structures were imaged by a Versa 620 X-ray microscope (ZEISS) 
using a microfocus X-ray source (tube voltage of 50 kV and current of 
90 µA) and a ×4 objective with wide-field mode at Harvard University’s 
Center for Nanoscale Systems. Some 4,501 projection images were 
captured per sample on a 16-bit, 2,048 × 2,048, ×4 objective detector 
with achievable voxel resolutions of 3.19 µm. The 3D data visualization 
was performed using Dragonfly Pro software.

NRVM and hiPSC-CM cell cultures
NRVMs. The animal protocol numbered 24-01-2 was approved by the 
Harvard Animal Care and Use Committee and is based on previously 
published methods9. Ventricular tissue was removed from two-day-old 
Sprague Dawley rats. The tissue was minced by scissors, rinsed in Hank’s 
Balanced Salt Solution (HBSS) and digested in 1 mg ml–1 trypsin in 
HBSS solution at 4 °C for 14 hours overnight. The next day, the tissue 
was washed in customized media (details in the following) at 37 °C for 
4 minutes. The tissue was then further dissociated using 1 mg ml–1 col-
lagenase in HBSS solution at 37 °C for 2 minutes. Cells dissociated from 
the tissue were collected in a prechilled tube containing fresh HBSS 
without collagenase to quench the digestion. The collagenase step was 
repeated a total of four times until most of the tissue was digested. The 
dissociated cells were centrifuged at 250g for 8 minutes, resuspended 
in chilled HBSS and filtered through a 40 µm strainer to remove any 
remaining bulk tissue. The cells were then centrifuged again at 250g 
for 8 minutes and plated in a T175 flask for 2 hours and 15 minutes  
to remove the fast-adhering fibroblasts. The non-adhering cells were 
collected as the primary NRVMs and plated on tissue-engineered scaf-
folds. Culture media for NRVM were Medium 199 supplemented with 
0.01 M HEPES buffer solution, 1% MEM non-essential amino acids, 
20 mM glucose, 2 mM l-glutamine, 1.5 µM vitamin B12 and 50 U ml–1 
penicillin. Some 10% heat-inactivated fetal bovine serum was supple-
mented to the media for the first two days, and 2% fetal bovine serum 
supplement was used starting on the third day and changed every 
other day onward.

The hiPSC-CM culture. The hiPSCs (WTC-11, Coriell Institute, no. 
GM25256) were seeded onto Geltrex-coated (LDEV-free matrix, Thermo 
Fisher Scientific) six-well plates and maintained in Essential 8 (E8) 
medium. At ~60–70% confluency, hiPSCs were passaged using Versene 
(Life Technologies) into six-well plates for maintenance and twelve-well 
plates for hiPSC cardiomyocyte differentiation. E8 medium with 5 µM 
Y-27632 (R&D) was used on the first day of passage. The differentiation 
process for hiPSC-CMs was conducted for 15 days following published 
protocols52. Differentiation started (day 0) at ~60–70% confluence 
using 6 µM CHIR909921 (STEMCELL Technologies) with a differentia-
tion medium (RPMI/B27(–)) consisting of RPMI-1640 (Life Technolo-
gies) and a B-27 minus insulin supplement after a short rinse with PBS. 
On day 2, the medium was replaced with the RPMI/B27(–) for 24 hours 
and changed to the RPMI/B27(–) with 5 µM IWR-1 (STEMCELL Tech-
nologies; day 3). After 48 hours of incubation and a quick PBS rinse, 
the medium was replaced with RPMI/B27(–). On day 7, the medium 
was replaced with RPMI/B27(–) again. On day 9, cardiomyocyte selec-
tion was conducted using 0.4 mM lactate (no. L7022, Sigma-Aldrich) 
added to the differentiation medium for 48 hours, and 0.4 mM lactate 
added to RPMI-1680 for the next 48 hours. After cardiomyocyte selec-
tion, cells were cultured in the differentiation medium until hiPSC-CM 
isolation on days 15–17. After visual confirmation of cardiomyocyte 
contractility (Supplementary Video 2), hiPSC-CMs were isolated after 
incubating in Accutase (STEMCELL Technologies) for 30 min. Iso-
lated hiPSC-CMs were seeded using STEMdiff Cardiomyocyte Support 
Medium (STEMCELL Technologies). The culture medium was changed 
to RPMI/B27(–) every other day.

Cell culture on the printed FIG scaffolds
Before cell seeding, printed scaffolds were sterilized with a 70% ethanol 
wash for 5 min and ultraviolet–ozone exposure for 4 min. Subsequently, 
scaffolds were incubated with 50 µg ml–1 solution of fibronectin  
(Corning) in PBS (Gibco, Thermo Fisher Scientific) at 37 °C for 1 h. 
After the fibronectin solution was washed with PBS, the 2D scaffolds 
were seeded with 2 M NRVMs and hiPSC-CMs in twelve-well plates. For 
3D-printed ventricle chamber seeding, we inserted a printed ventricle 
scaffold into a polydimethylsiloxane (PDMS) mould made by casting 
the same 3D-printed ventricle plastic model (VEROCLEAR, Object30, 
Stratasys). Considering the cells are less likely to be evenly distributed 
in the 3D structure, NRVMs and hiPSC-CMs were seeded for 3D-printed 
ventricle models with 5 M and 8 M, and we turned the ventricles upside 
down after 1 h and 0.5 h, respectively.

Tissue immunostaining and structural analysis
For live/dead cell staining, we cultured NRVMs on fibronectin-coated 
glass coverslips and FIG scaffolds with 0.5 M cm–2 for 96 h. Live/
dead-cell-stained images were captured by a confocal microscope 
(Olympus ix83) with a LUCPLFLNPh ×20 objective after incubating 
the cells for 5 minutes in 1 µg ml–1 Hoechst 33342 in media for live cell 
staining, and using the ReadyProbes Cell Viability Imaging Kit, Green 
(~1–2 drops in the 1 ml of media, Thermo Fisher) for dead cell staining. 
Tissue structure analysis was conducted using confocal microscope 
immunostaining images of NRVM tissue cultured on the scaffold for 
12 days and ventricle for 7–12 days. Washed samples were fixed with 
4% (v/v) paraformaldehyde in PBS for 15 min and permeabilized with 
0.1% (v/v) Triton-X 100 solution in PBS for 15 min at room temperature. 
The samples were then incubated in 5% (w/v) bovine serum albumin 
(BSA) solution in PBS for 30 min at room temperature. Samples were 
then incubated overnight with 1:100 diluted monoclonal sarcomeric 
α-actinin (clone EA-53; abcam) or 1:100 Anti-Connexin-43 antibody 
produced in rabbit (Sigma-Aldrich, no. C-6219) primary antibody in 
1 wt% BSA solution at 4 °C. After being washed three times in 0.5 wt% 
BSA solution for 5 min, the samples were counterstained with 1:200 
diluted Alexa Fluor 546-conjugated anti-mouse secondary antibody 
(Invitrogen, no. A-11003), 1:1,000 diluted Alexa Fluor 633-conjugated 
phalloidin (Life Technologies, no. A22284) and 1:500 diluted DAPI 
(Invitrogen) in 1 wt% BSA solution for 2 h at room temperature. After the 
samples were washed three times with 0.5 wt% BSA solution, they were 
mounted on the glass to observe immunostaining images using a spin-
ning disc confocal microscope (Olympus ix83). Images were captured 
by LUCPLFLNPh ×20 and ×40 objectives on a Hamamatsu Orca Flash 4.0 
C11440 at 16-bit depth. Background subtraction and Z-stack maximum 
projection were applied for displayed confocal microscope images in 
figures using ImageJ software. We used ×40 confocal microscope images 
with 1,024 × 1,024 pixels to quantify nucleus alignment, eccentricity 
ratio, and sarcomere and F-actin alignments after rotating those images 
to position the print orientation horizontally. We analysed the angle 
and length of nuclei in the major and minor axes using an ImageJ plug-in 
(Analyze particle). We subtracted 90 degrees from the angle results to 
ensure that the print direction was oriented towards 0 degrees. The 
eccentricity ratio was calculated by dividing the length of the major 
axis by the length of the minor axis. Sarcomere and F-actin images were 
processed with an ImageJ plug-in (OrientationJ) to get colour-coded 
maps based on cytoskeletal fibre orientation. Based on the distribu-
tion of angular orientations, we calculated OOP values that range from  
zero (random organization) to one (perfect alignment) using 
custom-made MATLAB (Mathwork) code, as previously published41.

Optical mapping experiments of cardiac tissues
After observing the spontaneous beating of NRVM tissue at day 3 and 
iPSC-CM tissue at day 5, we observed Ca2+ activities of cardiac tissues on 
the 3D-printed scaffolds using an optical mapping system at day 5 and 
day 7, respectively. For hiPSC-CM tissues on the 3D-printed ventricle 
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scaffolds, we cultured for 14 days before conducting the optical map-
ping experiment to ensure the structural and functional coupling 
of the cells in tissues due to the higher number of cells in 3D struc-
tures. The optical mapping system includes a modified tandem-lens 
macroscope (Scimedia) equipped with a high-speed camera (MiCAM 
Ultima, Scimedia), a Plan APO ×0.63 or ×1 objective (Zeiss), a collimator 
(Lumencor), a 200 mW mercury lamp (X-Cite exacte, Lumen Dynamics),  
a high-spatial-resolution scientific complementary metal–oxide 
semiconductor camera (pco.edge, PCO AG) and 880 nm dark-field 
light-emitting diode (LED) light. For Ca2+ imaging, we used an excita-
tion filter with 580/14 nm, a dichroic mirror with a 593 nm cut-off and 
an emission filter with 641/75 nm (Semrock). For dark-field imaging, 
we added a dichroic mirror with a 685 nm cut-off and long-pass emis-
sion filter with a 664 nm cut-off filter (Semrock). Cultured tissues 
were incubated with 2 µM X-Rhod-1 (Invitrogen) for 60 min at 37 °C, 
rinsed and incubated in dye-free media for an additional 15 min at 37 °C 
before recording. The recording was conducted in Tyrode’s solution 
(1.8 mM CaCl2, 5 mM glucose, 5 mM HEPES, 1 mM MgCl2, 5.4 mM KCl, 
135 mM NaCl and 0.33 mM NaH2PO4 in deionized water, pH 7.4, at 37 °C) 
for NRVM tissue and fresh RPMI/B27(–) for hiPSC-CM tissue. Point 
stimulation was applied to in vitro cardiac tissues using two platinum 
electrodes (Sigma-Aldrich) with 1 mm spacing and with 10 V amplitude 
and 10 ms duration. The platinum electrodes were located at 1.0 mm 
from the corner of the tissue samples (IonOptix MyoPacer). For each 
recording, Ca2+ and dark-field images were acquired with frame rates 
of 400 frames per second (f.p.s.) for 10 s. The recording of the top view 
was performed after the 3D-printed in vitro ventricles moved to the 
PDMS mould without external stimulation. Post-processing of data was 
conducted with custom software written in MATLAB (MathWorks) and 
MiCAM imaging software (MiCAM Ultima, Scimedia). A spatial filter 
with 3 × 3 pixels was applied to improve the signal-to-noise ratio. The 
activation time of each pixel was calculated at the average maximum 
upstroke slope of multiple pulses of X-Rhod-1 signals over a 10 second 
recording window. Velocity was derived from the difference in activa-
tion time that occurred between 1 mm and 5 mm.

MTF analysis and contractile force measurement
FIG MTF chips were manufactured with cantilever designs53. G-code 
was made by hand-script to print FIG ink in the direction of cantilevers; 
the printing model is shown in Supplementary Fig. 10d, left. MTFs were 
printed on the coverslip. A cantilever of the MTFs’ dimension had a 
width of 1 mm and a length of 2.5–3 mm. The MTF experiment was 
performed after 5 days of NRVM culture in a 3.5 mm Petri dish. Video 
micrographs were recorded on a Zeiss Discovery V12 stereomicroscope 
with 30 f.p.s. for 5–10 s. The IonOptix MyoPacer was used to apply 1 Hz 
field electrical stimulation with two parallel platinum electrode wires 
placed ~3 cm apart. Contractile stress was calculated as previously 
reported53. MTF cantilever images were threshold to binary images. 
The radius (r) of curvature of each cantilever was calculated using the 
x projection (blue line in Supplementary Fig. 10d) and original length 
(white box in Supplementary Fig. 8c). Briefly, numerically approximate 
r was determined by the following equations:

x (r) = {
rsin (L/r) , 2L/π < x < L

r , L/2π < x < 2L/π

where L is the original cantilever length and x is the projected length  
of each cantilever extracted from the cantilever video using  
ImageJ. The contractile stress σc was calculated by applying a modified 
Stoney’s equation:

σc = EtFIG2/6rttissue(1 + ttissue/tFIG)

where E is the elastic modulus and tFIG and ttissue are the thicknesses of 
the FIG scaffolds and tissue, respectively. The average FIG scaffold 

thickness and tissue thickness for FIG MTFs were ~70 µm and ~10 µm, 
respectively, and the average PDMS thickness and tissue thickness for 
PDMS MTFs were 20 µm and 5 µm, respectively. The elastic modulus 
of FIG was 51 kPa measured by compressing in the fibre direction at 
1 Hz oscillation using a dynamic mechanical analyser (DMA1-STAR, 
Mettler Toledo). The twitch stress was derived by subtracting the 
peak diastolic stress (minimum stress of contractile stress) from the 
contractile stresses.

PIV analysis
The hiPSC-CMs were cultured for 15 days in printed 3D FIG ventricle 
chamber scaffolds. The in vitro model of the heart chamber was moved 
to the 35 mm Petri dish filled with RPMI/B27(–) with 0.1 µg ml–1 of fluo-
rescent beads (green fluorescent microspheres, Cospheric). A 1 Hz field 
electrical stimulation (IonOptix MyoPacer) was applied with 10–20 V 
using two parallel platinum electrodes positioned ~30 cm apart. Bead 
movements were recorded using a stereoscopic microscope (ZEISS 
Discovery.V12 stereomicroscope) with a HBO 100 fluorescent light 
source at a ×14 magnification with frame rates of 30 f.p.s. Bright-field 
images were recorded with a Basler electric ACA2500-14UC USB 3.0 
camera at an ×8.5 magnification and 30 f.p.s. with and without 1 Hz 
field electrical stimulation (spontaneous contraction). Fluorescent 
image sequences were prepared for analysis using a rolling ball back-
ground subtraction (ImageJ) and were analysed by custom software 
based on the open-source package OpenPIV to reconstruct velocity 
maps54. This resulted in velocity-field profiles as a function of time. 
These time-dependent velocity profiles were then phase-averaged 
over the entire cycle to smooth out local fluctuations in performance. 
For quantitative metrics of cardiac performance, we examined the 
total mass flux (cardiac output) and ejection fraction resulting from 
the 3D-printed ventricles as previously reported15. Briefly, here we 
summed the velocity profiles over the basal opening and normalized 
this value by the fluid density to obtain a 2D instantaneous mass flux 
with units of grams per metre. Further integrating this 2D value over 
the basal opening resulted in a 3D estimate of the total mass flux occur-
ring during systole. Finally, knowing this mass flux value, the density 
of the fluid and the initial starting volume of the ventricle, we could 
estimate the fraction of fluid ejected during contraction. Based on 
printing dimensions, a width of 10 mm, height of 10 mm and depth of 
11 mm were used to estimate the starting volume, assuming the shape 
of a half-oblate ellipsoid.

Deformation map analysis of in vitro 3D ventricle models
Deformation mapping was performed as previously reported15. Here, 
in vitro models of the heart chamber were soaked in an RPMI/B27(–) 
media with 0.1 µg ml–1 fluorescent beads for 20–30 minutes to allow 
the fluorescent beads to adhere to the printed ventricle scaffolds. 
After the printed in vitro ventricle moved to fresh RPMI/B27(–), beads 
on the in vitro ventricle were recorded with the same system for PIV 
data recording. The open-source package OpenPIV (ref. 54) was used 
to measure displacements in corresponding images by digital image 
cross-correlation to obtain deformation maps. One frame at the peak 
diastole was selected as a given reference image, and changes in defor-
mation were measured relative to this frame using OpenPIV. Deforma-
tion maps were then normalized by the total ventricle height to produce 
strain values. To remove null frames and artefacts, images were then 
masked using a thresholding process (Huang thresholding) with outli-
ers filtered using a rolling kernel density estimate (kernel of size 3 × 3). 
Here the standard deviation in strain for each kernel was measured, and 
values that locally exceeded two standard deviations were replaced 
with mean kernel values.

Statistics and reproducibility
Statistical analysis was conducted to compare cell viability, tissue 
alignment, nucleus aspect ratio, nucleus angle distribution, tissue 
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contractility and the Ca2+ conduction anisotropy ratio in the longitu-
dinal direction versus the transverse direction between tissues on the 
printed Gel–Alg hydrogel and the FIG scaffolds. All error bars are given 
as the standard error of the mean (s.e.m.) unless otherwise noted. Statis-
tical analyses were performed with a two-tailed unpaired Student’s  
t-test, assuming unequal variance, a one-way analysis of variance with 
Tukey post-hoc test within the groups and a two-sample Kolmogorov–
Smirnov test, and were conducted unless otherwise noted. P values 
of <0.05 were considered statistically significant. Sample sizes are 
given for each experimental condition in the figure legends. For repre-
sentative data and images given in the figures, at least three or more 
independent experiments were conducted, showing similar results.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
Data generated or analysed during this study are included in the  
Article and its Supplementary Information files and publicly avail-
able at figshare at https://doi.org/10.6084/m9.figshare.22787714. 
Additional data may be obtained from the corresponding author upon 
reasonable request. Source data are provided with this paper.

Code availability
G-code files used in this study are provided in the Supplementary Code. 
The contractility analysis of in vitro ventricle models was conducted 
using code from ref. 15 and is available at https://doi.org/10.5281/
zenodo.6547775 (ref. 55).
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