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ABSTRACT

Engineering of myocardial tissues has become a promising therapeutic strategy for treating myocardial infarction
(MI). However, a significant challenge remains in generating clinically relevant myocardial tissues that possess
native microstructural characteristics and fulfill the requirements for implantation within the human body. In
this study, a thick 3D myocardial construct with anisotropic myofibers and perfusable branched vascular
channels is created with clinically relevant dimensions using a customized beam-scanning stereolithography
printing technique. To obtain tissue-specific matrix niches, a decellularized extracellular matrix microfiber-
reinforced gelatin-based bioink is developed. The bioink plays a crucial role in facilitating the precise
manufacturing of a hierarchical microstructure, enabling us to better replicate the physiological characteristics of
the native myocardial tissue matrix in terms of structure, biomechanics, and bioactivity. Through the integration
of the tailored bioink with our printing method, we demonstrate a biomimetic architecture, appropriate
biomechanical properties, vascularization, and improved functionality of induced pluripotent stem cell-derived
cardiomyocytes in the thick tissue construct in vitro. This work not only offers a novel and effective means to
generate biomimetic heart tissue in vitro for the treatment of MI, but also introduces a potential methodology for
creating clinically relevant tissue products to aid in other complex tissue/organ regeneration and disease model
applications.

1. Introduction

Many studies have shown that cellularized cardiac patches/con-
structs which combine stem cells, biomaterials, and bioengineering

Myocardial infarction (MI) is the major cause of mortality associated
with cardiovascular diseases, accounting for an estimated 18 million
deaths annually and 23 % of all deaths worldwide, in accordance with
the World Health Organization’s statistics report in 2022 [1]. Medica-
tions, angioplasty, and bypass graft surgery are the current standard
treatments in clinical use to treat MI [2]. Due to the poor regenerative
capacity of adult cardiac muscle, current treatments only relieve the
symptoms of MI, but fail to repair necrotic heart tissues and restore their
functionality [3]. As such, the engineering of cardiac tissues has become
a promising therapeutic method to repair the damaged myocardium for
MI treatment [4-7].

strategies can prevent post-infarction remodeling and repair the
damaged myocardium [8-10]. For example, an heart tissue strip was
created by the combination of human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) and endothelial cells, which was
implanted onto damaged large heart tissue of guinea pigs [11]. Results
showed that engineered human heart muscle constructs could repair the
injured heart of the guinea pig. Additionally, a micro-vascularized car-
diac patch (~100 pm in thickness) was created to imitate the structural
dimensions and protein composition of the myocardium to improve
cardiac function after MI [12]. They mentioned that creating cardiac
patches with sufficient size for large animal studies would be their
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subsequent work. Recently, a cardiac patch (~1.5 mm in thickness)
comprised of decellularized matrix and synthetic cells was developed to
test its therapeutic effect in vivo, but it was still limited by the sample
size in the implantation study of pig models as they discussed [13]. In
our previous studies, a series of thin cardiac patches (<1 mm in thick-
ness) have also been developed for MI treatment [14-16]. Study results
have demonstrated the advantages of utilizing constructs that feature
anisotropically patterned myofibers and vascularization [14,15], which
effectively increase cell engraftment and vascular supply within an in
vivo animal study [14]. However, these thin patches/constructs gener-
ally lack clinically relevant dimensions and perfusable vessels to effi-
ciently transport nutrients/oxygen to satisfy the demand for the repair of
large, thick human MI-damaged myocardium. Therefore, a considerable
challenge in engineering cardiac tissues is to replicate the complex ar-
chitecture and biological functions at clinically relevant dimensions,
including thick anisotropic myofibers and perfusable branched vascu-
lature networks [17,18].

3D printing offers an effective means to create complicated archi-
tectures with hierarchical macro/micro features at clinically-relevant
large dimensions for engineering tissues/organs [19-23]. Recently, the
3D printing approach has been successfully employed to fabricate
various perfusable complex tissues, such as blood vessels [24-26], vas-
cularized bone [27-29], and vascularized cancer models [30]. Although
3D printing exhibits its capability in the fabrication of large dimensional
tissue products, extrusion printing is difficult to independently achieve
the hierarchical multiscale micromanufacturing of tissue constructs due
to the limitation of ink viscosity and printing resolution. Therefore, the
previous studies have yet to replicate the anisotropic myofibers and
perfusable branched vasculature of native myocardial tissue at clinically
relevant dimensions. Our customized beam-scanning stereolithography
(SL) printing, a type of vat photopolymerization, has exhibited a distinct
advantage in its capacity to precisely manufacture tissue constructs with
photocrosslinkable inks at high speed, high resolution, and high repro-
ducibility. The printing speed and laser intensity can be adjusted to
tailor the crosslinking degree of the hydrogels, in turn affecting the
physicochemical properties of tissue constructs [30-32]. Therefore, in
comparison to extrusion or other printing techniques, SL printing ex-
hibits the greatest potential to replicate the structural and mechanical
complexity of the native tissue at clinically relevant dimensions [19,33].
However, the drawback of SL printing is overexposure and multi-
exposure, which easily leads to the failure of the fabrication of the
opening channels and/or pores in the vertical direction.

In addition to architectural and mechanical considerations that need
to be made in designing complex structures, the ink materials (bio-
materials or other components) used in printing also play crucial roles in
the biomechanics and bioactivity of tissue constructs, and thus need to
be tailored accordingly [21,34,35]. Biomaterials derived from or
partially based on natural sources have the potential to create a more
conducive environment for cellular growth. For example, decellularized
extracellular matrix (dECM) of tissues/organs can effectively preserve
the fibrous protein (e.g., COL), glycoproteins (e.g., glycosaminoglycans
(GAGs)), signaling molecules (e.g., growth factors) and other matrix
components (e.g., receptors) in native tissues, providing biological cues
for the repair and regeneration of damaged tissues [36,37]. Therein,
dECM can confer synergistic biochemical and biomechanical signaling
effects towards supporting tissue regeneration [36,38]. Currently, dECM
bioinks of animal-derived cardiac tissues have been used in 3D printing
myocardial tissues for cardiac regeneration [9,39-41]. In previous
studies, dECM bioinks are generally prepared through pepsin (protein-
ase) solubilization to make them extrudable [29,30]. Instead of being
digested in the pepsin solution for extrusion printing, dECM microfibers
can be dispersed into the photocrosslinkable ink in SL printing, which
maintains the 3D fibrous microstructure and bioactivity of the native
ECM, and enhances the mechanical properties of printed hydrogels.
More importantly, the addition of dECM microfibers can affect light
transmission to weaken the photon absorption of photocrosslinkable
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bioink in SL printing, potentially contributing to the successful fabri-
cation of the opening channels/pores in the vertical direction.

In this study, a novel thick myocardial construct (~5 mm in thick-
ness) has been developed with anisotropic myocardial fibers and a
perfusable branched vasculature using a dECM microfiber-reinforced
photocrosslinkable bioink and SL printing technique towards the goal
of healing MI-damaged heart tissue within human beings post-
implantation. The hiPSC-CMs are demonstrated as a promising cell
candidate for myocardial regeneration and clinical translation [42].
iPSCs are derived directly from adult cells through gene reprogramming
and can readily differentiate into cardiomyocytes, which can overcome
the difficulties in cell sources and avoid controversial ethical issues
[4,43,44]. To mimic the native microenvironment, a dual biomechan-
ical stimulation was utilized, which integrates dynamic flow stress and
mechanical loading to improve the cellular functionalities of regener-
ated thick cardiac tissue. It is expected that the re-establishment of
anisotropic myofibers and blood circulation at clinically relevant di-
mensions can effectively replicate the structural specificity and envi-
ronmental complexity of the native myocardium. This will not only aid
in furthering our understanding of the physiological process of cardiac
tissue repair and regeneration, but will also potentially provide an
effective method to repair MI-damaged myocardial tissues in adult
patients.

2. Materials and methods
2.1. Materials

All chemicals were purchased from Sigma-Aldrich. They were used
as received without any further process. All materials used for cell ex-
periments were sterilized before use.

2.2. Preparation of dECM fibers of myocardial tissue

A porcine heart was collected from an 8-month-old domestic pig
(obtained from a local butcher). The left ventricular free wall was cut
and decellularized using the following method. After minced with a
meat grinder (equipped with a 1 mm cutting plate), myocardial tissues
were stirred with sodium dodecyl sulfate solution (1 wt%) for 48 h, and
then treated with Triton X-100 solution (1 wt%) for 1 h. After which, in
order to remove residual detergent, the dECM was washed with
phosphate-buffered saline (PBS) (every 8 h for each change) for 3-5
days. The dECM was then sterilized using an antibiotic-antimycotic so-
lution (Corning) for 24 h, followed by rinsing three times with sterilized
PBS. Finally, the dECM was lyophilized and subsequently pulverized to
microfibers using a blender under sterile conditions. To obtain the
uniform distribution of microfibers, the dECM microfibers were sieved
through lab sieves of a 350 pm mesh and a 450 pm mesh under sterile
conditions. The resulting monodispersed dECM microfibers were stored
in a — 20 °C freezer prior to use. The relative weight ratio of lyophilized
(dry) tissue and dECM was measured, where the fresh tissue was set to
100 % as a standard control.

2.3. Preparation of dECM microfiber-reinforced photocrosslinkable inks

Gelatin Type A (10 g) was dissolved in pure water at 80 °C. Meth-
acrylic anhydride (5 mL) was added and reacted at 80 °C for 3 h. The
resulting gelatin methacrylate (GelMA) was dialyzed in pure water at
40 °C for 5 days. Finally, the GelMA solution was lyophilized to obtain a
solid white product. In accordance with our previous study [14], the
photocrosslinkable ink solution with the optimized formulation that was
used for the present study was prepared using PBS solution consisting of
5 wt% GelMA, polyethylene glycol diacrylate (PEGDA) (Mn = 700; 5,
10, and 15 wt%), and 1 wt% photoinitiator Irgacure 2959. Then ink
solutions with different amounts of dECM microfibers (1 %, 3 %, 5 %, 7
%, and 10 %) were prepared to obtain the dECM reinforced GelMA/
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PEGDA (dECM@GP) bioinks for the study experiments, while the
GelMA/PEGDA (GP) ink was served as the study control. Before con-
ducting other experiments, the pH of all ink solutions was adjusted to
7.4, and the inks were vigorously shaken for 2 h, allowing for the
complete swelling and homogeneous dispersion of microfibers in the
inks.

2.4. CAD design and SL printing of thick cardiac constructs

A thick cardiac construct was designed with clinically relevant di-
mensions (size >2 cm x 2 cm, and thickness ~ 5 mm, according to the
data from references [18, 45]) using the Rhinoceros 4.0 3D imaging
package to replicate the complex architecture (anisotropic myocardial
fibers and branched perfusable vasculature) of the native cardiac tissue.
In accordance with our previous study [14], a wave-like (or hexagonal)
microstructure was designed to mimic the fiber orientation of the native
myocardium. The pattern with a 200 pm width was printed with 40 %
fill density to stack at an angle of 45° for adjacent layers [14]. Addi-
tionally, the branched vasculature with 1 mm perfusable channels in
diameter was designed to be embedded into the printed myofibers of the
cardiac tissue. The CAD construct model (.stl) was processed with Sli3er
and predicted for structural characteristics. The thick cardiac constructs
were fabricated using our customized beam-scanning SL printer. The SL
printer was built on the Printrbot prototyping platform with three-axis
motion, which consists of a movable stage with an ink reservoir and
an X-Y toolhead with a 110 pm UV laser fiber (355 nm). The speed of SL
printing was maintained at 1 cm/s. The laser intensity was set at 20 kHz
(an energy output of ~20 wJ). Based on our previous studies [14,30,32],
these parameters could ensure high printing resolution, structural sta-
bility, and cell viability.

2.5. Biochemical characterization of dECM@GP hydrogel

The residual DNA was measured to assess the quality of the
myocardial decellularization, and the content of COL and sulfated GAGs
was also assessed to evaluate the matrix components in the dECM
microfibers and dECM@GP hydrogels. To quantify residual DNA, 100
mg fresh tissue (control), resultant dECM microfibers, and hydrogels
were triturated in 1 mL Trizol (Invitrogen) using a homogenizer. The
DNA pellet was collected based on the manufacturer’s protocol. The
content of double-stranded DNA (ds DNA) was measured using a Quant-
iT Picogreen® dsDNA assay kit (Invitrogen). The Quant-iT Picog-
reen®reagent was added to the DNA Tris-EDTA buffer solution, and then
incubated for 5 min. The fluorescence was measured by an H1 micro-
plate reader (Hybrid Technology) at 480/520 nm.

To assess the constituent component of the dECM, the amounts of
COL and sulfated GAGs in the fresh tissue (control), dECM microfibers,
and resultant hydrogels were measured. The solubilized collagen was
extracted with 0.2 % pepsin/acetic acid for 48 h at 4 °C, and then
quantified using a Picro Sirius red dye assay. The suspension was dried
at 60 °C overnight, and then treated with 0.1 % Sirius red/picric acid
solution for 1 h. The precipitate of each wall was rinsed with 5 % acetic
acid and PBS three times. Finally, the precipitate was dissolved in 0.1 M
NaOH solution. The collagen content (optical density, OD) was deter-
mined using a Multiskan GO Microplate Spectrophotometer (Thermo
Fisher) at 555 nm, and collagen standards were compared to calculate
the content. The GAG content (OD) was assessed using a dimethyl
methylene blue (DMB) assay. Sulfated GAGs were extracted with a
papain digestion solution (1 mg/10 mL buffer) for 12 h at 65 °C. The
digested samples were supplemented with DMB solution (1/10, v/v).
Samples were shaken for 10 s, and then the OD value at 525 nm was
immediately measured with a spectrophotometer. The chondroitin sul-
fate was used to obtain a standard curve, and the GAG levels of samples
were calculated accordingly.
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2.6. Characterization

The printability of the study SL printing system was evaluated by the
transmission of UV light in the different inks, and the OD value at 650
nm was measured with a spectrophotometer. The mean trajectory error
(Ey) was used to evaluate the structural accuracy post-printing using a
previously described method [14]. The swelling profile of the printed
samples was quantified by the relative weight change. After being
immersed in PBS for 7 days at 37 °C, the weight changes of printed
constructs were calculated as (wg-w,)/W, x 100 %, where w, represents
the original weight, and wg represents the final weight after equilibrium
swelling. The water absorption after equilibrium swelling was measured
by the weight change of dried hydrogel constructs. The water absorption
ratios of constructs were calculated as (wgwq)/wgq x 100 %, where wy
represents the weight of dried samples, and w¢ represents the final
weight. Additionally, tensile and compressive moduli were tested using
a 100 N load MTS criterion universal system (MTS Corporation). In
compression testing, samples were compressed with a preload of 0.01 N
at a strain rate of 2 mm/min to a strain of 20 %; and in tension testing,
the samples were pulled at a rate of 1 mm/min to a strain of 20 %.
Young’s moduli of the samples were obtained from the slope of the
linear part of the stress-strain curves.

2.7. Cell culture

hiPSC-CMs were cultured according to the previously reported pro-
tocol [46]. Both hiPSC-CMs and cardiomyocyte basic medium were
obtained from iPSC Core at the NHLBI. The cardiomyocyte basic me-
dium consisted of E8 basal medium (including DMEM/F-12, selenium,
transferrin, L-ascorbic acid, and NaHCO3), 1 % Chemically Defined Lipid
Concentrate (ThermoFisher Scientific), 20 pg/mL insulin and 1 %
penicillin/streptomycin. Human (umbilical vein) endothelial cells
(hECs) at six cell passages or less (ThermoFisher Scientific) were
cultured in EGM™-2 medium (Lonza). And human (bone marrow)
mesenchymal stem cells (hMSCs) at six cell passages or less (Texas A&M
Health Science Center) were cultured in MSC medium (alpha minimum
essential medium, 1 % penicillin/streptomycin 1 % r-glutamine, and 20
% fetal bovine serum). Cell experiments were performed in an incubator
with a humidified, 37 °C, and 5 % CO4 environment.

2.8. Invitro culture of cellularized cardiac constructs

According to our previous study on microvascularized cardiac
patches [14], hiPSC-CMs, hECs, and hMSCs were seeded with a ratio of
4:2:1 to produce the resultant cellular proportion (3:4:3) similar to the
cellular composition of human myocardial tissue [47,48]. Similarly, the
mixed cells (2 x 10° cells/crnz) were seeded into the myocardial fiber
area of our thick constructs, and the cell/medium suspension was
injected multiple times into the different positions in order to obtain a
uniform distribution. Besides, in order to create the endothelialized
large vessels in this study, hECs (5 x 10° cells/pL) were perfused into
open vascular channels (500 pL of hEC suspension was injected via
pipette to fill the vascular channels, and after each 30 min, the con-
structs were flipped to improve cell adhesion around channels’ inner
surface). After 3 h, the constructs were tri-cultured in the mixed (1:1:1)
medium. To visualize the cell distribution in the constructs, hiPSC-CMs,
hMSCs, and hECs were stained in green, blue and red colors with Cell-
Tracker™ dyes, respectively (Molecular Probes). Cells within constructs
were imaged via a Zeiss 710 confocal microscope after 7 days of
coculture. The cell proliferation profiles of cells growing on the hydrogel
construct with a mono-culture method composed of different ink for-
mulations for up to 7 days were quantitively assessed using a CCK-8 kit
(Dojindo). The cell proliferation of cells (OD) was measured using the
spectrophotometer at 570 and 600 nm after 2 h of incubation. After 7
days of culture, the constructs were fixed for 30 min using formalin
solution, and permeabilized for 20 min using 0.1 % Triton X-100
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solution. Then cellular spreading morphology was studied using the F-
actin staining (Texas Red-X Phalloidin, 1:200), while nuclei were
stained with DAPI (4, 6-diamidino-2-phenylindole dihydrochloride,
1:1000) (Thermo Scientific). Cells were imaged via the confocal mi-
croscope. Moreover, in order to compare the functional beating of
hiPSC-CMs on the 2D well plate and 3D constructs, after 5 and 10 days of
culture, the contractile behavior of iPSC-CMs was observed via micro-
scope, and then the contraction rate (beat per minute, BPM) was
calculated.

2.9. Dual biomechanical stimulation in a customized bioreactor system

Our thick constructs were incubated in a customized bioreactor
system for 2 weeks, which consisted of (1) a dynamic flow device (the
tissue constructs were perfused with the medium, facilitating the effi-
cient supply of oxygen and nutrients) to produce dynamic flow-induced
shear stresses and (2) a mechanical loading device (the constructs were
mounted by a PDMS holder in a polymethylmethacrylate chamber for
transferring the mechanical loading and preventing undesired move-
ment and damage). A shear stress of 15 dyn/cm? within the range of in
vivo shear stress was yielded by applying a flow rate of 12.6 mL/min
[24,49]. The preload contractile force of ~50 mN/mm? was yielded
along the constructs’ fiber direction at a speed of 60 reps/min in the
radial direction by a piston pressure to match the mechanical values of
the native cardiac tissue.

2.10. Cell immunostaining

Cellular functions (i.e., cardiomyogenesis and angiogenesis) were
evaluated by immunofluorescent staining. After 2 weeks of culture, our
constructs were fixed for 30 min using a formalin solution. Additionally,
sliced fragments of constructs (5-10 pm) were also assessed to observe
the inner cross-sectional performance. The samples were permeabilized
for 20 min using 0.1 % Triton X-100 solution, followed by blocking for 6
hin a 1 % bovine serum albumin solution with 0.3 M glycine and 0.1 %
Tween 20. After which, the constructs were incubated in the primary
antibodies overnight at 4 °C. Then secondary antibodies were used to
color cells in the dark for 2 h. Finally, the samples were counterstained
with DAPI (1:1000) for 10 min, and then images were taken by a
confocal microscope. The primary antibodies included anti-a-actinin
(sarcomeric alpha-actinin, 1:500 (ab137346)), anti-CD31, 1:500
(ab9498)), anti-cTnl (cardiac troponin I, 1:500 (ab38210)), and anti-
vWf (von Willebrand factor, 1:1000 (ab6994)) (Abcam). Anti-mouse
Alexa Fluor 594 and goat anti-rabbit Alexa Fluor 488 (1:1000) were
used as the secondary antibodies (Thermo Scientific).

2.11. Histological examination

The dECMs or constructs were fixed in formalin solution, and pro-
cessed in 5 % sucrose solution. The samples were embedded with cutting
temperature compound, and then cut into 5-10 pm slices for the cry-
osection study. Hematoxylin-eosin (H&E) staining was performed to
analyze the structure of the dECMs or constructs and the corresponding
cellular distributions.

2.12. Gene expression analysis

An rt-PCR (reverse transcription-polymerase chain reaction) assay
was conducted to evaluate the cardiac tissue-related gene expression in
accordance with the manufacturer’s protocol. Briefly, the RNA was
extracted with Trizol reagent, and the purity and concentration of RNA
were tested by a microplate reader. cDNA was synthesized with a Prime
Script™ RT Kit, and rt-PCR was conducted with SYBR Premix Ex Taq™
Kit (TaKaRa) using a CFX384 Real-Time System (BIORAD). Cardiac
troponin I (TNNI3), ryanodine receptor 2 (RYR2), myosin light chain 7
(MYL7), and platelet/endothelial cell adhesion molecule-1 (PECAM1)
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were analyzed to assess the functionality of cardiac cells. The relative
gene expression was normalized against the control group (GP hydrogel)
and the gene expression levels were normalized against glyceraldehyde
3-phosphate dehydrogenase (GAPDH). The primers are shown in Table 1
[12].

2.13. Statistical analysis

The experiments were repeated a minimum of three times. The
sample sizes in each independent experiment have been shown in the
figure captions. All data are expressed as the mean + standard deviation
(SD). To determine significant differences, a one-way analysis of vari-
ance (ANOVA) with Tukey’s test was performed using Origin Pro 8.5
(*p < 0.05, **p < 0.01, and ***p < 0.001).

3. Results and discussion

To obtain the myocardial tissue-specific bioinks and hydrogel con-
structs, the native myocardial dECM fibers were mixed with photo-
crosslinkable GelMA and PEGDA ink solutions (Fig. 1a). As a molecular
derivative of gelatin (COL hydrolysate), GelMA is a well-characterized
photocrosslinkable biomaterial that is suitable for SL printing, and has
been shown to provide bioactivity and mechanical tunability to support
cell adhesion and growth. However, the high swelling volume of pure
GelMA hydrogel significantly affects the structural stability and fidelity
of the printed constructs, which cannot be avoided by increasing light
exposure or GelMA concentration. The addition of PEGDA in the ink
formulation effectively increases the crosslinking degree of printed
hydrogels, while simultaneously decreasing the bulk swelling volume,
increasing the mechanical strength, enhancing the printing fidelity, and
improving the structural stability [14]. Moreover, to recapitulate the
tissue-specific matrix niche needed for the restoration of cellular func-
tionality, the dECM fibers of the porcine left ventricle were prepared
using an optimized decellularization protocol (Fig. 1b). Photo images
also showed the white micro-fibrous powder was successfully prepared
to yield a hybrid hydrogel (disc) with an extensive distribution of dECM
fibers. The shape of hydrogel constructs could be changed based on the
design and fabrication. The H&E staining results of dECM also illus-
trated that the decellularization process sufficiently removed all cyto-
logical components (without blue-colored nuclei) while preserving the
densely striated and fibrous (COL, pink color) structure of the native
ECM [40,50], as shown in Fig. 1c. Fig. 1d shows the dECM retained >80
wt% of the dry myocardial tissue post-decellularization, suggesting the
high efficiency of the matrix preservation. Quantitative assessment of
the dsDNA demonstrated a significant decrease in residual DNA of dECM
fibers, and the value was similar to that of other studies [40,50], further
confirming the success of the decellularization process (Fig. 1e). More-
over, a significant reduction in the COL or sulfated GAGs content of the
dECM fibers was not observed compared to their respective content
within the native tissue control, further indicating that the removal of
cytological components and purification of the dECM conferred a min-
imal loss of these functional components through the processing pro-
cedures (Fig. 1f and g). In general, similar to other decellularization
studies, the decellularization process preserved the structural charac-
teristics and major components of the ECM fibers.

As discussed above, the dECM fibers was homogeneously dispersed
into photocrosslinkable GP bioink to obtain a series of dECM@GP bio-
inks with the ratios of 1, 3, 5, 7, and 10 wt%. It was found the ink with 7
wt% dECM fibers was too viscous to flow, and a congealed gel was
formed using the ink with 10 wt% dECM fibers. Additionally, as a pre-
requisite for SL printing, inks must permit the penetration of emitted UV
light. Thus, it was found that the printing ability of the resulting dECM
fiber-doped ink solutions was light transmittance-dependent due to the
dissolution of opaque dECM fibers (Fig. 2a). As we hypothesized above,
it was found that the limited light transmission could avoid over-
exposure and multiexposure to achieve more precise manufacturing,
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Table 1

Primers of quantitative rt-PCR.
Gene name Protein name Forward primer Reverse primer Size bp
GAPDH GAPDH GGAGCGAGATCCCTCCAAA GGCTCCCCCCTGCAAA 115
TNNI3 cTNI CCTCACTGACCCTCCAAACG GAGGTTCCCTAGCCGCATC 104
RYR2 RYR2 TTGGAAGTGGACTCCAAGAAA CGAAGACGAGATCCAGTTCC 141
MYL7 MLC 2a GGAGTTCAAAGAAGCCTTCAGC AAAGAGCGTGAGGAAGACGG 178
PECAM1 CD31 GAGTCCTGCTGACCCTTCTG CACTCCTTCCACCAACACCT 175
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Fig. 1. Preparation of dECM fibers and dECM fiber-reinforced hydrogel. (a) Schematic illustration of the bioink composition and hydrogel. (b) Decellularization of
the myocardial tissue and preparation of the resultant hydrogel (disc as an example). (c) Histological (H&E) image of the dECM, illustrating the retention of native
fiber features and the complete removal of cells. Scale bar, 100 pm. (d) The relative weight percentage of the dECM fibers post-decellularization compared to the
fresh tissue and the lyophilized tissue (means + SD, n > 9). (e) Residual dsDNA content of the native tissue and the dECM fibers (means + SD, n > 6, ***p < 0.001).
(f) COL content and (g) GAG content in the ECM components and the dECM fibers compared to their respective content within the native tissue control (means + SD,

n > 6, no significant difference).

especially in the vertical direction. It would be beneficial for the gen-
eration of our perfusable (opening) vascular channels within the thick
cardiac construct. Furthermore, the SL printing accuracy of the different
inks was further investigated. The results demonstrated that the inks
with lower than 3 wt% dECM fibers were relatively acceptable for
around 80 % print fidelity, as shown in Fig. 2b. Fig. 2¢ shows the photo
image and microscopic image of the printed hydrogel, which illustrates
the morphology of dECM fibers in the hydrogel and the porous structure
of the printed hydrogel. The cross-sectional image of the H&E stained
hydrogel construct shows the distribution of extensive dECM fibers
(COL, red) within the microarchitecture (mesh, purple) of the printed
construct (Fig. 2d), although the general homogeneity of the fibers in the
constructs is difficult to illustrate due to the limitation of slide thickness
(~5 pm). As shown in Fig. 2e, SEM images illustrated the significant
difference in surface morphology between GP and dECM@GP hydrogels,
confirming the presence of dECM fibers in the dECM@GP hydrogel. To
quantitatively study the ECM components in the printed hydrogels, COL
and sulfated GAGs content in the different dECM@GP hydrogels were
measured (Fig. 2f and g). The results showed an increased concentration
of COL and sulfated GAGs with an increasing amount of dECM fibers.
Next, the relative weight change of different dECM@GP hydrogels
after equilibrium swelling was further studied. As shown in Fig. 2h, the

weights of the hydrogels were greatly increased by increasing the ratio
of dECM fiber content to the GP ink base, which attributed to the sig-
nificant swelling of dECM fibers. A slight decrease in initial weight was
observed due to the partial loss of unfixed dECM fibers in the hydrogel.
According to the results of our previous study [14], the GP ink formu-
lations with the concentrations of 5 % GelMA and (5, 10, and 15 %)
PEGDA were optimized to obtain physiologically relevant mechanical
behaviors. To better analyze the role of the dECM fibers in the printed
hydrogels, we also tested the physical properties of the printed hydro-
gels with varying ratios of dECM fibers and the concentrations of
PEGDA. Similar to the swelling profiles, the rise in the ratio of dECM
fibers led to an increase in water absorption (Fig. 2i). Meanwhile, the
increase of PEGDA contents significantly decreased the swelling
behavior of the dECM fibers in the hydrogels. This observation can be
best explained by the dense network space of the highly crosslinked
hydrogels hindering the water absorption capacity of the dECM fibers.
Moreover, although the concentration of PEGDA played a significant
role in the mechanical strength of the photocrosslinked GP hydrogels,
we also observed that the amount of dECM fibers largely affected the
mechanical modulus of the resulting hydrogels (Fig. 2j and k). It was
demonstrated that the tensile moduli of the dECM fiber-reinforced
hydrogels with 5 % GelMA and 10 % PEGDA matched the matrix
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Fig. 2. Characterization of the 3D printed dECM fiber-reinforced hydrogels. (a) SL printability of dECM@GP bioinks with different ratios of the dECM fibers. (b)
Printing accuracy of the hydrogel constructs using the bioinks with different ratios of the dECM fibers (means + SD, n > 6, **p < 0.01, and *p < 0.05). (c) Photo
image (left) and microscopic image (right) of the 3D printed hydrogels. Scale bar, 1 mm. (d) Cross-sectionally histological (H&E) image of the dECM fiber reinforced
hydrogel, showing the distribution of extensive dECM fibers within the microarchitecture of the printed hydrogel. Scale bar, 200 pm. (e) SEM images of the GP (top)
and dECM@GP (bottom) hydrogels, confirming the presence of dECM fibers in the hydrogel. Scale bar, 100 pm. (f) COL content and (g) GAG content in the
dECM@GP hydrogels with different ratios of the dECM fibers (means + SD, n > 6, *p < 0.05). (h) Relative weight change of dECM@GP hydrogels with different
ratios of the dECM fibers for 7 days of swelling in PBS (means + SD, n > 6). (i) Average water absorption percentage of dECM@GP hydrogels with varying ratios of
the dECM fibers and PEGDA. (j) Tensile modulus of dECM@GP hydrogels with varying ratios of the dECM fibers and PEGDA (means =+ SD, n > 6). (k) Compressive
modulus of dECM@GP hydrogels with varying ratios of the dECM fibers and PEGDA (means + SD, n > 6).

modulus of the native myocardium (~10'-10% kPa) [51,52]. With
consideration for the optimized printability, hydrogel elasticity, and
potential bioactivity of dECM, the bioink comprised of 5 wt% GelMA,
10 wt% PEGDA, and 3 wt% dECM fibers was used to fabricate the
myocardial constructs. Moreover, the printed constructs maintained the
fibrous structure of native ECM while displaying enhanced mechanical
moduli and bioactivity. The properties of the tissue microenvironment
determine the cellular function and fate; therefore, it is expected that the
dECM fiber-reinforced hydrogels from myocardial-specific tissue would
support and improve the growth and functionality of the resident cells.
Within the native heart, a helical network of myofibers surrounded
by collagen sheaths is organized into a thick-walled ventricle, yielding
directionally dependent (anisotropic) electromechanical properties
[53,54]1, while the large and perfusable cardiac vasculature efficiently
transports oxygen, nutrients, and waste, which is critical for supporting
the metabolic activity of cardiac tissue, which cannot be obtained via
capillary-based pre-vascularization [55,56] (Fig. 3a). Therefore, we
designed and developed a thick cardiac tissue construct with anisotropic
myofibers and branched perfusable vasculature with clinically relevant
dimensions (size ~2 x 2 cm and thickness ~5 mm) to replicate the
native characteristics of the human heart towards the goal of repairing

post-MI-damaged human myocardial tissue and restoring its function-
ality. In our previous work [14], as compared to other anisotropic pat-
terns, the hexagonal infill printing pattern has been shown to generate a
highly stretchable structure with minimal hydrogel deformation to
avoid material fatigue under cyclic loading, although the anisotropy of
thick constructs was difficult to characterize in this study. Fig. 3b shows
a 3D-printed thick cardiac tissue construct fabricated using the
dECM@GP bioink, and Fig. 3c shows the cellularized cardiac tissue
construct with cocultured hiPSC-CMs, hECs, and hMSCs over one week.
Similar to cardiac fibroblasts, the hMSCs were used as supportive cells to
enhance the organization of regenerated cardiac tissue. The essential
process to generate a functional tissue involves allowing the encapsu-
lated cells to grow, aggregate, and produce newly secreted ECM. It was
observed that the cardiac construct had an obvious change of
morphology due to its cellularization process after 7 days of culture.
Fluorescent images (Fig. 3d and e) illustrate the hexagon patterned
myofibers with hiPSC-CMs and a (half) hollow channel of the endothe-
lialized vessel with hECs. After 7 days of coculture, it was observed that
the hiPSC-CMs aggregated into a dense, clustered structure; meanwhile,
the hECs generated the micro-vessel array within the myofibers atop the
printed thick construct (Fig. 3f). Similar to the phenomenon in our
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previous study [14], hMSCs (blue color) became unobvious in the
coculture system due to the higher density and size of hiPSC-CMs. In
general, the versatility of the SL printing system in fabricating complex
3D biomimetic hierarchal architectures with micropatterns in clinically
relevant dimensions was successfully demonstrated in our study. The
results showed that the myofibers with anisotropic patterns were well
created, while the large perfusable vasculature was generated.

To investigate the proliferation of hiPSC-CMs, hECs and hMSCs, the
cells were mono-cultured on the dECM@GP hydrogels with different
ratios of dECM fibers. A significant increase in the hiPSC-CM prolifera-
tion was observed over 7 days, although we did not observe a significant
difference between different hydrogel groups (Fig. 3g). As shown in
Fig. 3h and i, compared to the other groups, the hydrogels doped with 3
and 5 wt% dECM fibers exhibited a higher proliferation of hECs and
hMSCs, suggesting the addition of dECM fibers could greatly improve
cell growth of hECs and hMSCs. The increase in cell numbers also further
demonstrated the cells could maintain high viability in our printed thick
constructs after 7 days of culture. Additionally, a 3D immunostaining
study of the myocardial contraction protein (cTnl) and the vascular
protein (vWf) indicated that the cardiomyocytes were evenly distributed
over the printed hexagonal patterned fibers of our thick constructs with
a dense hEC network (Fig. 3j). Moreover, robust F-actin and a-actinin
expression of hiPSC-CMs were identified with immunostaining on the
printed constructs (Fig. 3k and 1). The organization and alignment of the
sarcomeric structure were not very clear in the images due to the
irregular surface of the samples. Fluorescent image analysis of the CD31
stained vessel (Top view) revealed a higher density of hEC adhesion in
the printed large vessel channel (Fig. 3m). As shown in Fig. 3n, the
contraction rate of the hiPSC-CMs was similar when growing on the 3D-
printed constructs and the 2D well plates after 10 days of observation.
The results demonstrated that our dECM fiber-reinforced tissue con-
structs provided a favorable 3D matrix by combining fibrous and elastic
surfaces for the resident cardiomyocytes to mimic their natural envi-
ronment, which encouraged them to assume their inherent phenotype.

The heart is a mechanically active organ, so the cardiomyocyte-laden
tissue constructs are subject to mechanical signals after in vivo im-
plantation [3,57]. Several studies of biomechanical stimulation have
shown that mechanical loading can profoundly affect the cytoskeletal
organization and maturation of cardiomyocytes, and can thus lead to the
improved excitation-contraction (E-C) coupling of grafts with the
ventricle; meanwhile, shear stress also plays a significant role in
angiogenesis and the maturation of microcirculation [3,58-60]. In
particular, the functional maturation of the thick constructs is difficult
when compared to the engineered thin tissue patches/constructs due to
the limited supply of oxygen and nutrients. Therefore, we applied a
customized bioreactor system containing flow and mechanical loading
functions, which provides a physiologically relevant microenvironment
(hydrodynamics and mechanical strain) of dual biomechanical stimu-
lation (MS) (Fig. 4a-e). As shown in Fig. 4e, imaging confirmed the cell
medium was perfused into the channel of printed branched vasculature
via inlet and outlet tubes to supply the nutrients for the resident cells of
thick tissue constructs. In the current design, the medium was not
completely transferred through the perfusable channels when consid-
ering that the slow angiogenesis could not satisfy the requirement of
nutrient supply for resident cells within thick tissue construct. Instead,
the medium was transferred into the tissue constructs through the
porous structure within the whole constructs. It is expected that the
porous structure could also facilitate the connection of hECs in the
channel with the hECs in the myofiber hydrogel.

As shown in Fig. 4f, it was observed that myocardial contractile
protein (cTnl) and angiogenic protein (vWf) had a higher expression
after 2 weeks of MS culture, compared to the non-stimulated controls.
Additionally, the highly dense cell assemblies were evident within the
constructs under MS conditions. We also observed enhanced protein
expression in the dECM@GP samples, which is attributed to the
improved growth of resident cells by means of the incorporated dECM
fibers. Unfortunately, the images of substantial 3D sarcomeric structures
could not be taken due to the limitation of the irregular surface of the
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Fig. 4. Dual biomechanical stimulation (MS) culture of the cellularized constructs. (a) Schematic diagram of our customized bioreactor system that applies MS to
improve the functionality of engineered thick cardiac tissue. Photo images of (b) the dual MS bioreactor culture system, (c) incubation PMMA chamber, (d) PDMS
chamber holder, and (e) thick cardiac construct with a perfusable branched vasculature. (f) Inmunostaining and histological images of printed cardiac constructs
after 14 days of MS culture. 3D immunostaining of vWf (green) and cTnl (red) on the different constructs under MS (+MS) vs. non-stimulated conditions. Scale bars,
200 pm. H&E staining of the slices of different constructs under MS (+MS) vs. non-stimulated conditions. Vessel channel area (blue dotted circles). Scale bars, 500
pm. Immunostaining of the slices of different constructs with cTnI (red) and vWf (green) proteins under MS (+MS) vs. non-stimulated conditions. Vessel channel area
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samples. Moreover, cross-sectional H&E staining further illustrated the
existence of vascular channels as well as the distinct morphologic dif-
ferences between GP and dECM @GP samples after a long culture period.
This effectively demonstrates that compared to the loose organization of
GP samples, the addition of dECM fibers enhances the structural stability
of the printed hydrogel constructs. This suggests that dECM fibers can
reinforce the mechanical strength of the printed constructs, and thereby
improve the endurance of external forces during the repeatable
stretching cycles against material deformation in the MS condition.
However, there is no observable difference between the stimulated and
non-stimulated samples with cross-sectional immunostaining imaging.
It was thought that the cells were encapsulated in the thick constructs;
however, the slices were too thin to clearly distinguish the cell
morphology and distribution from the hydrogel samples. Moreover, the
CD31 stained hECs in the channels were clearly not observed in the
cross-sectional images, which were also attributed to the thin slices.
Therefore, in future study, we need to find proper characterization
methods to better analyze the samples when considering the limitation
of the current methods for the large, thick samples. Generally, the dECM
fiber-reinforced constructs were capable of tolerating the cyclic
stretching and continuous perfusion in a physiologically relevant envi-
ronment as compared to the control group (GP constructs). As the sur-
face of thick constructs became irregular after 2 weeks of culture, we
failed to collect the data of cellular contraction and high magnification
images.

Moreover, gene expression was measured to quantitatively evaluate
the development of thick tissue constructs. It was observed that all
cardiac-related genes were considerably increased over time, suggesting
an obvious increase in the functional improvement of the hiPSC-CMs

and hECs on the printed thick constructs. More importantly, compared
to other control groups, the expression of the TNNI3 gene of cells
growing on the JECM@GP samples was significantly upregulated on day
14 under the MS condition (Fig. 4g). Meanwhile, the expression of the
MYL7 gene on cells growing on the dECM@GP samples also assumed a
similar profile (Fig. 4h). In addition, as compared to the non-stimulated
control, the increased expression of the RYR2 gene was also observed
under the MS condition on day 14, further demonstrating that the
application of MS could enhance contractile and electrical functional-
ities of iPSC-CMs (Fig. 4i). Moreover, the expression of the angiogenic
PECAM]1 gene had an average of 3-fold increase under MS condition on
day 14 compared to the non-stimulated control, due to the dynamic
perfusion culture (Fig. 4j). The results confirmed that the MS culture
provided cardiogenic cells with sequences of hemodynamic and elec-
tromechanical signals, and thus effectively recapitulated the physio-
logical functionality of the cardiac niche necessary for improving
myocardial functionality. Compared to the role of dECMs, the effect of
MS culture on cell functionality was more evident according to the gene
expression results. These results suggested that the material properties
of constructs could improve biological activity while the effect of the MS
culture on cell functions was more significant. Therefore, it is necessary
that the MS culture is used to enhance the functionality of thick
myocardial constructs.

This study introduces a new method for fabricating clinically rele-
vant cardiac constructs with a precise microstructure of anisotropic
myofibers and perfusable vascular channels, using a customized beam-
scanning SL printing technique. Superior to extrusion-based 3D bio-
printing, this technique is not limited by bioink composition (such as
hybrid size and viscosity) and allows for easy achievement of high-
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resolution manufacturing. For future studies, it is essential to gather
substantial and robust evidence, such as advanced analysis and large
animal implantation, to demonstrate the advantages of our design.
Regarding the immunology of the decellularized porcine tissue for
clinical translation, previous research has shown that the decellulari-
zation process can reduce the immune responses of ECMs compared to
xenogeneic tissue [40,61]. Alternatively, the use of immunodeficient
pigs could help mitigate this concern. While our current study on thick
tissue products may be limited by effective analysis methods, it presents
a potential methodology for manufacturing clinically relevant products
in future studies. This approach holds promise for addressing the chal-
lenges of regenerating complex human tissues/organs and engineering
in vitro disease models effectively.

4. Conclusion

In this study, a novel engineered myocardial construct with aniso-
tropic myofibers and branched perfusable vascular channels at clinically
relevant dimensions was successfully developed using a beam-scanning
SL printing. Our aim was to replicate the native characteristics of the
human heart, with the ultimate goal of repairing the MI-damaged
myocardium and restoring its functionality. To assist the precise
manufacturing of a hierarchical microstructure in SL printing, a tissue-
specific bioink was tailored by dispersed dECM microfibers of myocar-
dial tissue into photocrosslinkable ink solution, which not only main-
tained the fibrous structure of the native cardiac ECM, but also enhanced
the tunable mechanical moduli and bioactivity of the printed constructs.
This study tries to address some major challenges faced in engineered
clinically relevant cardiac tissues, including the incorporation of
advanced structural characteristics, a biomimetic matrix environment,
and physiologically relevant biomechanical cues. These developments
hold immense potential for effectively repairing damaged human
myocardial tissues, and treating MI-related cardiovascular diseases.
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