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This may limit the applications of these 
structures for studying basic functions of 
the respective tissues.

A recent interesting development in 
the field of tissue engineering is the use 
of 3D bioprinting technologies to merge 
the use of cells, biomaterials, and micro-
fabrication.[2–4] The selection of a proper 
biomaterial as the ink is important for 3D 
bioprinting of constructs with biomimetic 
architectures and properties. In the past 
few years, different biomaterials, including 
synthetic polymers,[5,6] natural polymers,[7,8] 
and decellularized extracellular matrix 
(ECM),[9] have been engineered as bioinks 
to print complex 3D structures such as per-
fusable vascular networks. For example, in 
a recent study, Dvir and colleagues 3D bio-
printed a decellularized ECM hydrogel into 
a vascularized heart model.[10] However, 
the construct was not perfused long term 
in vitro, and the long-term viability and 
function of the encapsulated cells were not 
reported. Alternatively, different techniques 

such as casting[11] and sacrificial ink-writing,[12] that involve extra 
processing steps, have been combined with 3D bioprinting to 
mimic vasculatures. The fabrication of complex biomimetic 
structures that are entirely based on 3D bioprinting is still chal-
lenging primarily due to the lack of suitable bioinks with high 
printability, biocompatibility, biomimicry, and proper mechan-
ical properties. Therefore, new biomaterial-based approaches are 
required to address the limitations of currently available bioinks.

Bioprinting has emerged as an advanced method for fabricating complex 3D 
tissues. Despite the tremendous potential of 3D bioprinting, there are several 
drawbacks of current bioinks and printing methodologies that limit  the ability 
to print elastic and highly vascularized tissues. In particular, fabrication of 
complex biomimetic structure that are entirely based on 3D bioprinting is 
still challenging primarily due to the lack of suitable bioinks with high print-
ability, biocompatibility, biomimicry, and proper mechanical properties. To 
address these shortcomings, in this work the use of recombinant human 
tropoelastin as a highly biocompatible and elastic bioink for 3D printing of 
complex soft tissues is demonstrated. As proof of the concept, vascularized 
cardiac constructs are bioprinted and their functions are assessed in vitro and 
in vivo. The printed constructs demonstrate endothelium barrier function and 
spontaneous beating of cardiac muscle cells, which are important functions 
of cardiac tissue in vivo. Furthermore, the printed construct elicits minimal 
inflammatory responses, and is shown to be efficiently biodegraded in vivo 
when implanted subcutaneously in rats. Taken together, these results dem-
onstrate the potential of the elastic bioink for printing 3D functional cardiac 
tissues, which can eventually be used for cardiac tissue replacement.

Tissue engineering offers tremendous potential to overcome 
issues with organ transplant shortage and drug screening, and 
to study molecular phenomena that are involved in biological 
functions such as tissue morphogenesis, wound healing, and 
inflammatory reactions.[1] However, conventional planar fabri-
cation techniques are unable to create the complex multi-scale 
architectures such as the interface between the vascular endothe-
lium and surrounding connective tissue and parenchymal cells. 
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Here, we present a highly biocompatible recombi-
nant-human-tropoelastin-based bioink for 3D bioprinting of 
complex soft tissues. The engineered bioink is composed of 
two ECM-based biopolymers: gelatin methacryloyl (GelMA) 
and methacryloyl-substituted recombinant human tropoelastin 
(MeTro) which can be cross-linked with visible light. ECM mate-
rials have been widely used in the tissue engineering field given 
that they provide a cell the environment similar to its origin. 
However, tropoelastin as one of the main components of con-

nective tissues has not yet been studied for 3D bioprinting of 
soft tissues. Our recombinant human tropoelastin is identical 
to the naturally secreted human form. Elastic fibers are integral 
to vertebrate tissues such as blood vessels, skin, lung, and heart, 
where strength and elasticity are required for regular tissue 
function (i.e., stretching and contracting). Elasticity of tropoe-
lastin originates from its intermolecular alignment governed by 
a modular structure of alternating hydrophobic and hydrophilic 
domains including lysine residues (Figure 1A). In addition 

Figure 1.  Synthesis and mechanical characterization of GelMA/MeTro composite hydrogel. A) Domain map of human tropoelastin. B,C) Methacrylation 
of tropoelastin (B) and gelatin (C). D) A schematic to describe the formation of MeTro/GelMA hydrogels. GelMA and MeTro polymers are covalently 
cross-linked upon exposure to visible light in the presence of LAP photoinitiator to form a highly elastic hydrogel network. E–J) Mechanical properties of 
MeTro, GelMA and MeTro/GelMA composite hydrogels, showing representative tensile stress–strain curves (E); tensile moduli (F); extensibility (G); rep-
resentative compressive stress–strain curves (H); compressive moduli (I); and energy loss (J). (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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to intrinsic elasticity and resilience, tropoelastin provides cell 
binding motifs and cell signaling pathways.[13] Though the 
binding site or mechanism of bonding is not clearly revealed, 
tropoelastin has been demonstrated to support endothelial cell 
recruitment and growth and to play a significant role in migra-
tion and angiogenesis.[14,15] In addition to tropoelastin, gelatin 
was selected as a base material in bioink formulation due to 
its properties. Gelatin is an irreversibly hydrolyzed form of col-
lagen, yet possesses many characteristics of collagen (i.e., cell-
binding sites and matrix-metalloproteinase (MMP) degradation 
sites).[16] While elastin is synthesized in the body by enzymatic 
cross-linking of lysine residues of tropoelastin, recombinant 
human tropoelastin can be chemically modified with methacry-
loyl groups to synthesize MeTro, which can be photopolymer-
ized to form highly elastic hydrogel (Figure  1B).[17] Similarly,  
gelatin backbone can also be chemically functionalized with 
methacryloyl groups to form GelMA (Figure 1C).[18] While GelMA 
in the bioink supports an amenable cell culture environment,[19] 
the incorporation of MeTro enhances elasticity and mechanical 
stability for the printed structures.[20] An optimized formulation 
of bioink based on testing different ratios of GelMA/MeTro was 
used as a versatile platform for 3D bioprinting of soft tissues.

In our previous work, we engineered GelMA/MeTro com-
posite hydrogels for different tissue engineering applications 
such as wound healing[21] and nerve tissue regeneration.[22] 
Here, we aim to explore the use of GelMA/MeTro as ink for 3D  
bioprinting of vascularized soft tissues such as cardiac tissue. 
Due to the hydrophobic hydration of tropoelastin, water mole-
cules around tropoelastin are expelled at temperatures above 
a characteristic transition temperature, which results in coac-
ervation of tropoelastin. Therefore, solutions of tropoelastin 
or MeTro, whose solubility is identical with tropoelastin, were 
handled in a temperature around 8 °C. We previously reported 
that the Young’s moduli of the visible light cross-linked MeTro/
GelMA hydrogels, using Eosin Y/triethanolamine (TEA)/N-
vinylcaprolactam (VC) photoinitiation system, was in the range 
of 4.05–10.25 kPa,[23] which was comparatively lower than those 
for UV cross-linked MeTro/GelMA hydrogels using Irgacure 
2959 (16.5–49.8 kPa).[24] Although the UV cross-linked hydrogels 
were highly elastic, the procedure required exposure to UV light 
for a few min, which can be harmful for the encapsulated cells 
by damaging their DNA.[25] To eliminate the negative effects of 
UV irradiation, in this study, we investigated another photoiniti-
ator, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), to 
photopolymerize the bioprinted structures containing different 
type of cells (Figure  1D). LAP can initiate photo-cross-linking 
around 405  nm and demonstrated remarkable advantages as 
compared to other photoinitiators, including high water solu-
bility and low cytotoxicity.[26] To verify the cross-linking within 
the hydrogels, the proton nuclear magnetic resonance (1H NMR) 
(400 MHz) spectra of the MeTro/GelMA hydrogels was compared 
with MeTro and GelMA prepolymers (Figure S1, Supporting Infor-
mation). The results demonstrated that 87.7 ± 8.6% of the meth-
acryloyl groups in the MeTro/GelMA prepolymers were involved 
in the formation of the hydrogel network.

Tensile tests demonstrated statistically significant differ-
ences in the mechanical properties between the composites, 
and pure GelMA and MeTro hydrogels. Specifically, the tensile 
modulus of MeTro/GelMA hydrogel was calculated to be  

47.9 ± 2.6 kPa, which was higher than the value for pure MeTro 
hydrogel (39.7 ± 3.8  kPa), and lower than pristine GelMA 
hydrogel (79.2 ± 8.5  kPa) (Figure  1E,F). In contrast, an oppo-
site trend was observed for the extensibility and ultimate stress 
values (Figure 1G and Figure S2, Supporting Information). As 
expected, pure MeTro hydrogel had extensibility around two-
fold higher than pure GelMA hydrogel and the MeTro/GelMA 
exhibited extensibility of 33.1 ± 8.3%. The cyclic compression 
test showed similar trend where MeTro/GelMA hydrogels pre-
sented compressive modulus of 49.2 ± 8.7  kPa between the 
modulus of pure GelMA (46.6 ± 5.6 kPa) and pure MeTro hydro-
gels (70.2 ± 13.2  kPa) (Figure  1H,I). In addition, energy loss  
calculation proved that the addition of MeTro increased the resil-
ience of the composite hydrogel by showing a reduced energy 
loss for both MeTro and MeTro/GelMA hydrogels as compared 
to pristine GelMA hydrogel (Figure 1J). Biodegradable hydro-
gels are the most promising bioinks for 3D bioprinting as they 
mimic salient features of ECMs, can be modified to achieve 
mechanics similar to soft tissues, and can support cell adhesion 
and proliferation. However, many of these hydrogel precursors 
shear easily and have a low resistance to deformation, limiting 
their utilization as bioinks for 3D printing purpose. To address 
these limitations, rheology modifiers such as glycerol,[27] cel-
lulose nanofibers,[28,29] or silicate nanoparticles[5,29–31] have 
been used to endow the enhanced printability to the existing 
bioinks. However, these additional bioink components can alter 
the mechanical and physiological properties of the resulting 
printed structures, which can negatively affect the cell growth 
and differentiation within the materials. Therefore, sacrificial 
materials, such as alginate[32] and poloxamer 407[33] have been 
used to improve printability of hydrogel-based bioinks. In this 
study, cold water fish gelatin was used as a sacrificial material 
to enhance the printability of the designed bioink (Figure 2A).

The MeTro/GelMA solution originally exhibited a viscosity 
(η) of ≈162.6 mPa s at shear rate of ≈50 s−1 and temperature of 
≈8 °C, which were close to the conditions used during printing 
(Figure  2B). The addition of gelatin transformed the solu-
tion into a viscoelastic fluid and imparted the shear thinning 
behavior under 10 °C due to the reversible gelation of gelatin 
(Figure S3A,B, Supporting Information). The resulting material, 
referred to as MeTro/GelMA bioink, exhibited a viscosity that 
exceeded 3000 mPa s which was 20-fold higher than the com-
posite bioink without gelatin. The non-Newtonian behavior of this 
bioink was also evidenced by its high storage modulus (G′) over 
the loss modulus (G″) (Figure S3C, Supporting Information).

Although the use of gelatin increased the rheological proper-
ties, the uncured ink lacked the ability to provide mechanical 
stability and immediately deformed upon exiting the nozzle. 
Thus, we utilized a freeform reversible embedding of sus-
pended hydrogels (FRESH) printing technique to enable the 
fabrication of complex structures.[34] Carbopol bath was used 
due to its biocompatibility and ease of processing. Our bio-
compatible support bath was mainly composed of cross-linked 
poly(acrylic acid) particles, which could be de-swollen post 
printing and removed from the structure permanently. Fol-
lowing photopolymerization of the printed construct, Carbopol 
bath was liquefied by addition of monovalent cations such as 
Dulbecco’s phosphate-buffered saline (DPBS) and the printed 
structure was released from the Carbopol.
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Next, extrusion pressure and printing speed for 3D printing 
of MeTro/GelMA bioink were optimized to achieve the optimal 
printing time, provide structural integrity to the printed con-
structs, and reduce stress to the cells during the printing pro-
cess. We indirectly measured actual shear stress on the cells to 
study the impact of the extrusion pressure on the cells encapsu-
lated within the bioink. The results revealed that the shear stress 
increased from 0.79 to 1.17  kPa, when the extrusion pressure 
increased from 5  kPa to 25  kPa (Figure  2C, and Figure S3D, 
Supporting Information). To qualitatively assess the printability 
of MeTro/GelMA bioink, curved-line structures were printed 
under different printing speeds from 10  to 50 mm s−1 and extru-
sion pressures from 5  to 25 kPa (Figure 2D). The printing con-
ditions were categorized into good, normal, and bad. Based on 

the results, the final printing condition was selected to be 15 kPa 
pressure and 30 mm s−1 speed at 8–10 °C which had 1.08 kPa 
of shear stress on the cells in MeTro/GelMA bioink (Figure 2E).

The flow of MeTro/GelMA bioink exiting the nozzle was 
smooth without clogging and the resulting constructs after 
cross-linking were mechanically stable and robust, allowing to 
print multi-layered constructs. Lattice constructs were printed 
up to 16 layers (corresponding to 5 mm) and a linear relation-
ship was obtained between the number of layers and the height 
of the construct (Figure  2F, and Figure S4, Supporting Infor-
mation). To ensure reliable printing fidelity of our bioink and 
printing system, constructs with complex architecture were 
designed and printed with different sizes and heights including 
a heart slice, a lattice cube, and a cat toy (Figure 2G).

Figure 2.  Optimization of 3D printing parameters. A) Bioink formulation for 3D bioprinting. B) Viscosity of MeTro/GelMA/gelatin, gelatin, and MeTro/
GelMA as a function of temperature at shear rate 50 s−1. C) Shear stress of MeTro/GelMA bioink measured as a function of shear rate. The diamond 
points indicate the actual shear stresses on the cells encapsulated in the bioink exiting the nozzle under the extrusion pressures 5, 10, 15, 20, and 
25 kPa, respectively (from left to right). D) Optimization of the printing speed and extrusion pressure: i) a schematic illustration of printing speed and 
extrusion pressure; ii) MeTro/GelMA bioink filaments printed into the support bath at different printing pressures and speeds; iii) qualitative evalu-
ation of the MeTro/GelMA bioink printability at different printing pressures and speeds. E) Optimized printing parameters for MeTro/GelMA bioink. 
F) A lattice-shaped construct printed up to 16 layers to form constructs with a linear relationship between the number of layers and the height of the 
construct. G) Various 3D constructs printed with MeTro/GelMA bioink (from left to right: heart slice, lattice cube, and cat toy).
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To test the stability of the 3D-printed MeTro/GelMA lattice con-
structs in aqueous solution, the weight and microscopic structure 
of the constructs were monitored during a week of incubation in 
DPBS at 37 °C (Figure S5, Supporting Information). The results 
showed that more than 30% (w/w) of the original weight of the 
printed structures decreased in a day with no significant changes 
afterwards, implying the gelatin and residual Carbopol gel in the 
3D printed constructs were removed during the first 24 h.

The enzymatic degradation of 3D printed constructs was 
characterized using collagenase type II solution in DPBS for 
up to 14 days (Figure S6, Supporting Information). Since we 
observed significant amount of the constructs’ weight loss  
due to the removal of gelatin and Carbopol, the printed struc-
tures were incubated in DPBS at 37 °C in order to remove 
the residual gelatin and Carbopol for 3 days prior to the deg-
radation test. Results showed 12.7 ± 2.5% degradation of the 
construct during the first 24 h, however, the degradation rate 
slowed down and reached 17.9 ± 3.5% at day 14.

Cytocompatibility of MeTro/GelMA bioink was studied 
using different cell types. First, 3T3 cells were used for 2D 
cell seeding on the printed structure as well as for bioprinting 
3D cell-laden structures. In both 2D and 3D culture condi-
tions, high cell viabilities (>90%) were achieved (Figures S7 
and S8, Supporting Information). To evaluate the suitability 
of our engineered bioinks for printing cardiovascular tissues, 
we next encapsulate cardiomyocytes (CMs), cardiac fibroblasts 
(CFs), and human umbilical vein endothelial cells (HUVECs) 
within the MeTro/GelMA bioink to 3D bioprint constructs 
containing multiple cell types. A CM/CF-laden bioink and 
a HUVEC-laden bioink were loaded in separate syringes and 
sequentially co-printed into a heterogeneous lattice construct 
(Figure 3A). For 3D bioprinting, the cells were kept around  
30 min in the bioink at 8 °C during the printing process. The 
cold shock responses of mammalian cells generally involve 
suppression of transcription and subsequent translation, mod-
ulation of the cell cycle, and reduction in metabolism. However, 
no significant cellular responses to cold stress were observed 
in our in vitro experiments, suggesting that exposure to 8 °C 
for this relatively short period of time had negligible effects on 
cells. Over 85% cell viability was observed during the 7 days of 
culture (Figures S9, Supporting Information). In addition, the 
result of immunostaining analysis confirmed the expression of 
sarcomeric α-actinin by the CMs and CD31 by HUVECs on day 
7 (and Figure 3B). These results demonstrate that our printing 
approach supported cellular growth and proliferation without 
affecting the cells’ phenotype.

In the human body, blood vessels have essential roles in 
constant nutrient-waste exchange between the blood and tissue 
as well as in homeostasis and regulation of the human body 
system. Likewise, 3D bioprinted tissue constructs require 
vascular systems in order to circumvent necrosis and mimic 
native tissue function. Connective tissues such as cartilage and 
bone have been successfully printed without vasculature,[35,36] 
however, the creation of human-sized soft tissues for clinical 
translation remains challenging due to slow vascularization rate 
in tissue constructs. One solution for this challenge is to create 
vascular channels within artificial tissues to speed up the vascu-
larization process when implanted in vivo,[10,11] which requires 
higher standards on printing speed, accuracy, processability, 

and structural heterogeneity compared to printing simple 
structure like lattice. Therefore, as a second in vitro model, we 
aimed to use our elastin-based bioink to print a vascularized 
cardiac tissue as proof of the concept.

To this end, two bioinks were prepared to engineer a vascular-
ized cardiac tissue model (Figure  3C): i) GelMA bioink loaded 
with CFs/CMs and HUVECs to represent parenchymal car-
diac tissue; ii) MeTro/GelMA bioink loaded with HUVECs for 
vessel formation. Prior to 3D bioprinting, rheological proper-
ties and printing conditions for GelMA bioink were optimized 
using a similar method as described for MeTro/GelMA bioink 
(Figures S10 and S11, Supporting Information). In the degradation 
study, 3D printed GelMA constructs showed faster degradation 
rate than MeTro/GelMA constructs due to the high MMP-sensi-
tivity of GelMA (Figure S12, Supporting Information).

Our cardiac tissue model was composed of 67 layers with 
7.2 mm in length and width, and 16.5 mm in height (Figure S13, 
Supporting Information). The bioprinting process took around 
11  min and the bioprinted structure was photo-cross-linked 
upon exposure to visible light for 3  min (Figure  3D–F, and 
Movies S1 and S2, Supporting Information). For the in vitro 
analysis, the printed constructs were sectioned into 3 mm slices 
with a razor blade. The viabilities of CFs/CMs and HUVECs 
in the printed structure were above 85% up to 15 days of cul-
ture (Figure  3G,H, and Figure S14, Supporting Information). 
In addition, the printed cardiac tissue constructs demonstrated 
high retention of cells’ phenotype as confirmed by immuno-
fluorescent staining for sarcomeric α-actinin, CD31 and DAPI 
at day 10 (Figure 3I). The endothelial cells proliferated in both 
GelMA and MeTro/GelMA hydrogels, as confirmed by CD31 
expression throughout the whole constructs. Also, we observed 
that the CMs were elongated and branched in every direction to 
connect to each other.

The layer of endothelial cells in human blood vessel is essential 
to form a semi-permeable barrier that regulates the transport of 
water, proteins, and blood cells between the blood and interstitial 
fluids, which is important for normal blood vessel function.[37] In 
our study, to quantify the barrier properties imparted by HUVECs 
in vascular construct, we measured the diffusional permeability 
of fluorescein isothiocyanate-conjugated dextran (FITC-Dex) 
(Figure S15A, Supporting Information). The results revealed that 
compared to the acellular construct (1.4 ± 0.4 × 10−3 cm s−1), the 
HUVECs-laden structure (0.8 ± 0.3 × 10−3 cm s−1) showed a two-
fold reduction in diffusional permeability, confirming the barrier 
function of the endothelium (Figure 4A–C, and Figure S15B, 
Supporting Information).

Cardiac excitation-contraction coupling (EC coupling) 
describes a series of events from the production of an elec-
trical impulse to the contraction of muscles in the heart.[38] 
In a native heart tissue, when more than two independently 
beating CMs are joined, the cell with the highest inherent rate 
sets the pace. CMs are interconnected with gap junctions and 
the electrical impulses to stimulate contractions spread from 
the fastest one to the rest, resulting in synchronized beating. 
In this study, we evaluated EC coupling of the 3D bioprinted 
cardiac tissue constructs via video microscopy and a custom 
algorithm to quantify beat frequency and degree of coordina-
tion as previously described.[26] Beating cardiac cells were iden-
tified within 3D constructs based upon inclusion criteria (i.e., 
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signal-to-noise ratio, peak-to-peak frequency) and the dynamic 
beating behavior of individual cells was quantitatively ana-
lyzed. The contracting CMs were first noticed at day 5 post 
bioprinting. During the 15 days of culture, the contractions 

became more synchronous with increased interconnec-
tion between striated muscles (Figure  4D–G, and Figure S16 
and Movies S3–5, Supporting Information), as confirmed by 
immunofluorescent staining of sarcomeric α actinin-positive 

Figure 3.  3D bioprinting of cell-laden elastic constructs using MeTro/GelMA bioink. A) A schematic illustration of 3D bioprinting of lattice scaffolds 
using HUVECs- and CMs/CFs-laden MeTro/GelMA bioinks. Green and red food colors were used to distinguish the HUVECs- and CMs/CFs-laden inks, 
respectively, only for imaging experiments. B) Immunostaining of the lattice structure against sarcomeric α-actinin (red), CD31 (green), and DAPI (blue) 
at day 7 post bioprinting. Printed CMs/CFs and HUVECs are marked with red and green boxes, respectively. C) A schematic to describe 3D bioprinting 
vascularized cardiac constructs with HUVECs-laden MeTro/GelMA bioink and CMs/CFs/HUVECs-laden GelMA bioink. D) A vascularized cardiac con-
struct in the support bath right after printing process, and E) the construct after the photo-cross-linking and washing steps. Green and red food colors 
were used to distinguish the MeTro/GelMA and GelMA bioinks, respectively, only for imaging experiments. F) A cross-sectional fluorescence image 
of the vascularized cardiac construct. Fluorescein and rhodamine dyes were added to the MeTro/GelMA and GelMA bioinks, respectively. G) Viability 
of HUVECs (in MeTro/GelMA bioink) and CMs/CFs/HUVECs (in GelMA bioink) within vascularized cardiac tissue constructs. H) Live/dead staining 
of the vascularized cardiac construct at day 10 post bioprinting. I) Immunostaining of the vascularized cardiac construct against sarcomeric α-actinin 
(red), CD31 (green), and DAPI (blue) at day 10 post bioprinting. HUVECs (in MeTro/GelMA bioink) and CMs/CFs/HUVECs (in GelMA bioink) are 
marked with green and red boxes, respectively.

Adv. Mater. 2020, 32, 2003915
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Figure 4.  Evaluation of in vitro function and in vivo biocompatibility of the 3D printed vascularized cardiac constructs. A) Representative images of 
the cardiac constructs with acellular and HUVECs-laden channel 0, 4, and 12 after infusion of FITC-Dex to quantify the barrier properties imparted 
by HUVECs in the printed construct. B) FITC-Dex distribution within the constructs plotted as a function of distance from vasculature. C) Diffu-
sional permeability of FITC-Dex in acellular and HUVECs-laden channels. D) A representative image of the vascularized cardiac construct at day 
15 post printing. Beating CMs were identified and marked with red boxes as region of interests (ROIs). E) Beating quantification of the CMs in 
vascularized cardiac construct at day 15 post bioprinting. In the representative plot, beating was recorded as changes in pixel intensity within three 
different ROIs. F) Beat rate, and G) degree of coordination measured for the beating CMs. H) A schematic of the 3D printed implant structure.  
I) In vivo biodegradation rate of the 3D printed constructs. J) H&E staining of the 3D printed constructs explanted at day 21 post implantation.  
K) H&E staining images showing the interface between implanted hydrogel constructs and tissues at day 7 and 21 post implantation at 10× (top) 
and 40× (bottom) magnifications. L) IHC staining against CD3, (top, green) and CD68 markers (bottom, green) and DAPI (blue) in the explanted 
3D printed constructs at day 7 and 21 post implantation. Inflammatory response was quantified by calculating fluorescence intensity from IHC 
images. (*p < 0.05, **p < 0.01, ***p < 0.001).
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myofibrils. The beating rate and the coordination reached  
42.0 ± 3.1 bpm and 73.1 ± 3.2% at day 15 (The degree of coordi-
nation for native heart is considered 100%). This result implies 
that the cells were tightly interconnected through gap junc-
tions, which contributed to the rapid transmission of the electric 
impulse between cells and enabled the synchronized contraction.

To assess in vivo degradation and biocompatibility of our 
bioink, the acellular constructs, 3D printed with MeTro/GelMA 
and GelMA bioinks, were subcutaneously implanted in rats 
(Figure 4H). The samples were explanted on days 7, 14, and 21 
to obtain the degradation rate and perform histological exami-
nation. The average biodegradation of the implanted samples 
increased from 15.8 ± 8.1 at day 7 to 67.4 ± 11.9% at day 21 post-
implantation (Figure  4I). Similarly, the hematoxylin and eosin 
(H&E) staining of the samples revealed effective biodegradation 
and significant integration of the engineered constructs with 
the surrounding tissue (Figure 4J). This result suggests that the 
developed bioink can be potentially used for repair and replace-
ment of the damaged or diseased soft tissues due to fast deg-
radation and bio-integration. A fibrous capsule was observed 
around the explanted samples at day 7 but disappeared after 14 
and 21 days, indicating minimal inflammatory response after 
implantation of the constructs (Figure 4K, and Figure S17, Sup-
porting Information). In addition, immunohistochemical (IHC) 
staining for macrophages (CD68) and T-lymphocytes (CD3) was 
performed on the cryo-sectioned samples and analyzed both 
qualitatively and quantitatively to evaluate biocompatibility of 
the constructs (Figure  4L). The results showed infiltration of 
CD3 and CD68 antigens on day 7 due to the natural foreign 
body response. However, this response was not observed after 
21 days, showing significant reduction of both markers, con-
firming the biocompatibility of the printed constructs. Similar 
to H&E stain results, a significant cell infiltration was observed 
on day 21 post implantation, confirming the construct was well-
integrated with the host tissue.

In this work, we demonstrate, for the first time, the use of 
recombinant human tropoelastin combined with gelatin as an 
elastic bioink for 3D bioprinting. The synergistic association of 
two biopolymers allowed a high-resolution printing with great 
cell viability. As proof of the concept to fabricate an entirely 
3D-printed artificial tissue, vascularized cardiac tissue constructs 
were 3D printed and characterized both in vitro and in vivo. The 
printed constructs presented endothelium barrier function and 
spontaneous beating of cardiac cells, which are important func-
tions of cardiac tissue in vivo. Furthermore, the printed construct 
elicited minimal inflammatory responses, and were shown to 
be biodegradable in vivo when implanted subcutaneously in 
rats. Taken together, our results demonstrate the potential of  
MeTro/GelMA bioinks for printing complex 3D functional cardiac 
tissues which could eventually be used for cardiac replacement.

3D printing holds great promise for engineering whole 
organs, but there are still challenges remaining. These include 
the needs for a physiologically relevant number of cells and 
scalable approaches to print complex human-scale tissues 
with a hierarchical vascular network. The vascularized cardiac 
construct presented in this work has proven that we can fabri-
cate small-scaled constructs that recapitulate the architectural 
and functional properties of native tissues. For clinical trans-
lation, therapeutic value of cell-laden cardiac tissue should be 
evaluated by using a relevant animal model (e.g., myocardial 

infarction model). We envision that integrating our approach 
with modular tissue design will enable fabricating complex 
multifunctional tissues at a clinically relevant scale.

Experimental Section
Hydrogel Preparation: MeTro and GelMA were synthesized as 

described previously (for more details: see Methods in the Supporting 
Information).[16,23] To form MeTro/GelMA hydrogels, different 
concentrations of MeTro (0, 7.5, and 15% (w/v)) and GelMA (0, 7.5, and 
15% (w/v)) were dissolved in DPBS with 0.4% (w/v) LAP as a photoinitiator 
at 4 °C. The precursor solutions were then placed in poly(dimethylsiloxane) 
(PDMS) molds and photo-cross-linked using a light-emitting diode (LED) 
light (405 nm, 10 W) for 120 s.

Bioink Preparation: Gelatin from cold water fish skin (Sigma-Aldrich) 
were used to enhance the printability of both the MeTro/GelMA and 
GelMA bioinks. After evaluating the extrudability and the cell viability, 
the final concentrations of gelatin were determined for each bioink. For 
MeTro/GelMA bioinks, 7.5% (w/v) of MeTro, 7.5% (w/v) of GelMA, 20% 
(w/v) gelatin, and 0.4% (w/v) LAP were dissolved in cell culture media 
at around 10 °C and the pH was adjusted to 7. For GelMA bioinks, 10% 
(w/v) of GelMA, 23% (w/v) gelatin, and 0.4% (w/v) LAP were dissolved 
in cell culture media and the pH was adjusted to 7.

To make cell-laden bioinks, each step was carefully conducted under 
sterile conditions and an appropriate number of cells were mixed with 
the solutions at the last step. The lattice structures were printed with 
MeTro/GelMA bioink with 2 × 107 cells mL−1 of HUVECs and MeTro/
GelMA bioink with 2 × 107 cells mL−1 of CMs and 1 × 107 cells mL−1 of 
CFs. For the vascularized cardiac constructs, MeTro/GelMA bioink with  
2 × 107 cells mL−1 of HUVECs and GelMA bioink with 2 × 107 cells mL−1 of 
CMs, 1 × 107 cells mL−1 of CFs, and 5 × 106 cells mL−1 of HUVECs were used.

Support Bath Preparation: Carbopol gel support baths were prepared 
as described previously with some modification (see Methods in the 
Supporting Information).[39]

Mechanical Properties: The tensile and compressive properties of 
the bioinks were evaluated using an Instron 5542 mechanical tester, as 
described before (see Methods in the Supporting Information).[40]

Rheological Properties: A rheometer (MCR 92, Anton Paar) 
equipped with a parallel plate with a gap size of 1 mm and a diameter 
of 8  mm was used to characterize the rheological properties of  
the MeTro/GelMA pre-polymers, gelatin solution, MeTro/GelMA bioinks, 
and GelMA bioinks. Viscosity and dynamic modulus of the solutions 
were determined as a function of temperature. Viscosity and shear 
stress of both bioinks were measured as a function of shear rate from 
0.1 to 1000 s−1. The shear force applied to cells during bioprinting was 
measured indirectly by calculating the shear rate during printing and 
matching it to shear stress-shear rate data. More details on rheological 
properties are outlined in Methods in the Supporting Information.

3D Printing and Bioprinting: Acellular and cell-laden bioinks were 
printed into different structures using an INKREDIBLE+ bioprinter 
(Cellink) as detailed in the Methods section in the Supporting 
Information. The printed structures were then exposed to light (405 nm) 
for up to three  min depending on the shape and the size of the 
structures, carefully removed from the support bath, then washed with 
warm DPBS or cell culture media.

Enzymatic Degradation: Enzymatic degradation of 3D printed 
constructs were assessed as described before (see Methods in the 
Supporting Information).[41]

Cell Culture and Isolation: HUVECs (passage 6) were obtained from 
Lonza and cultured in endothelial growth BulletKit (EGM-2, Lonza) at  
37 °C in a humidified atmosphere containing 5% CO2. Neonatal 
ventricular rat CMs and CFs were isolated by the UCLA NRVM core 
facility (for more details: see Methods in the Supporting Information).

Cell Viability and Immunofluorescence Analysis: Cell viability was 
evaluated using a calcein AM/ethidium homodimer-1 live/dead kit 
(Invitrogen) as described previously.[40] For immunofluorescence 
analysis, samples were stained against rabbit polyclonal anti-CD31 
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(ab32457, Abcam), mouse monoclonal anti-sarcomeric α-actinin 
(ab9465, Abcam), and goat polyclonal anti-connecxin-43 (ab11370, 
Abcam) antibodies as described elsewhere.[42]

Cardiac Beating Quantification: Beat frequency and degree of 
coordination of cardiac cells were assessed using video microscopy 
and a custom algorithm as previously described (for more details: see 
Methods in the Supporting Information).[26]

Evaluation of Endothelium Barrier Function: The barrier function of 
the printed vasculature, and diffusional permeability was quantified by 
perfusing culture media with FITC-conjugated 70-kDa dextran (Sigma) 
in the vascular channel (see Methods in the Supporting Information).[12]

Dorsal Subcutaneous Implantation of Hydrogels: The cardiac constructs, 
3D printed with MeTro/GelMA and GelMA bioinks, were subcutaneously 
implanted in rats (see Methods in the Supporting Information).

Histological and Immunohistochemical Analysis: Histological and 
immunohistochemical analysis were performed as described previously 
(see Methods in the Supporting Information).[40]

Statistical Analysis: All values are presented as mean ± standard 
deviation. Statistical differences between sample means at each 
condition were evaluated with two-way ANOVA tests using GraphPad 
(Software Inc., CA, USA) as p-values were defined as *<0.05, **<0.01, 
***<0.001, and ****<0.0001.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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