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INTRODUCTION

Cardiovascular tissue engineering endeavors to repair or regenerate damaged or
ineffective blood vessels, heart valves, and cardiac muscle. Current strategies that
aim to accomplish such a feat include the differentiation of multipotent or pluripo-
tent stem cells on appropriately designed biomaterial scaffolds that promote the
development of mature and functional cardiac tissue. The advent of additive
manufacturing 3D bioprinting technology further advances the field by allowing
heterogenous cell types, biomaterials, and signaling factors to be deposited in pre-
cisely organized geometries similar to those found in their native counterparts. Bio-
printing techniques to fabricate cardiac tissue in vitro include extrusion, inkjet,
laser-assisted, and stereolithography with bioinks that are either synthetic or natu-
rally-derived. The article further discusses the current practices for postfabrication
conditioning of 3D engineered constructs for effective tissue development and sta-
bility, then concludes with prospective points of interest for engineering cardiac tis-
sues in vitro. Cardiovascular three-dimensional bioprinting has the potential to be
translated into the clinical setting and can further serve to model and understand
biological principles that are at the root of cardiovascular disease in the laboratory.
(Translational Research 2019; 000:1-—-20)

Abbreviations: BMSCs = bone marrow-derived mesenchymal stem cells; CFs = cardiac fibro-
blasts; CMs = cardiomyocytes; CMR = cardiac magnetic resonance; CNT = carbon nanotube;
CVD = cardiovascular disease; CSCs = cardiac stem cells; CT = computer tomography; EBB =
extrusion-based bioprinting; ECs = endothelial cells; ECM = extracellular matrix; GelM2A = gela-
fin methacrylate; human iPSCs = human induced pluripotent stem cells; HUVECs = human
umbilical vein endothelial cells; LAB = laser-assisted bioprinting; LIFT = laser induced forward
fransfer; MSCs = mesenchymal stem cells; PEGDA = poly(ethylene glycol) dimethacrylate;
RGD = arginine-glycine-aspartate

of CVD usually leads to the deterioration of one or

Cardiovascular disease (CVD) is the leading cause
of morbidity and mortality in most developed countries
such as the United States and is a broad term given to a
set of pathologies that affect the myocardium, heart
valves, or vasculature in the body."” The progression

"Denotes equal contribution.

more of the structures and cells of the heart and will, at
their end-stage, need replacement in order to improve
the prognosis of patients affected. Current medical
practices usually involve grafting tissues from the
patient’s own body, donors, animals, or synthetically
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made constructs. Autografts, such as coronary artery
bypass grafts, are performed by harvesting part of the
patient’s own saphenous vein or other vessel to treat
ischemia.” End stage heart failure is treated by allograft-
ing a heart from a donor,4 while some valve replacement
surgeries normally involve xenografting bovine or por-
cine heart valves.” Synthetic valves’ and vascular grafts®
can also be implanted to treat CVD. Although each type
of graft holds promise in treating one of the pathologies
associated with CVD, each has their set of disadvan-
tages that include, but are not limited to, a shortage of
donor organs that are readily available,” anticoagulation
therapy,” immune rejection,” and limited durability."’
As such, other avenues for readily available and compat-
ible treatments are needed.

Cardiovascular tissue engineering endeavors to
repair damaged or ineffective blood vessels, heart
valves, and cardiac muscle.'' Current strategies to
accomplish such a feat include the differentiation of
stem cells into mature and functional tissues on bioma-
terials that support the tissue’s growth and develop-
ment. The biomaterials of choice usually involve either
natural or synthetic hydrogels, or decellularized matri-
ces as they provide a porous, interconnected polymeric
network that allow cells to migrate, proliferate, and
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receive the nutrients that are essential to their sur-
vival.'? Moreover, because of their potential to reduce
the immune rejection of grafts, decrease thrombogenic
effects, and prospectively have tissues available on
demand, the use of autologous and allogenic stem cells
are a hot topic in cardiac tissue engineering.'”'* Gen-
eration of cardiac structures requires the integration of
cardiac fibroblasts, cardiomyocytes, and endothelial
cells, derived from multiple stem cell sources (Fig 1).
Three-dimensional bioprinting technology, an additive
manufacturing technique that employs a layer-by-layer
approach, has been implemented to develop the next
generation of cardiac patches. Numerous efforts have
been made to 3D bioprint functional cardiac tissues-on-
a-chip using biomaterials such as scaffolds or bioinks
that could restore the functions of the damaged myocar-
dium. Some of the biomaterials that were utilized to 3D
bioprint myocardial tissue include alginate,'® colla-
gen,'”'® gelatin,'””" hyaluronic acid,”’ and decellular-
ized extracellular matrix scaffolds, among others.””
Despite the many successes of 3D printed scaffold-based
cardiac patches, they are not without imperfections.
Scaffolds have a high probability of rapid degeneration,
eventually resulting in reduced physical or mechanical
stability.”>** However, 3D bioprinting of scaffold-free

Fig 1. Cells for cardiac tissue engineering. These cells can be derived from multiple stem cell sources as shown

in the figure. Reproduced with permission from Ref.'?
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cardiac patches have yielded satisfactory outcomes.
Atmanli et al demonstrated the fabrication of functional
cardiac patches using microcontact 3D bioprinting of
double transgenic murine committed ventricular progeni-
tors.”” These patches were found to maintain the unique
architecture of the native myocardial tissue.”” A separate
study conducted by Ong et al fabricated spontaneously
beating biomaterial-free cardiac patches by 3D bioprint-
ing mixed cell spheroids containing aggregates of
human-induced pluripotent stem cell-derived cardiomyo-
cytes, fibroblasts, and ECs.”* Bioprinted cardiac patches
fabricated from gelatin methacrylate-cardiac extracellu-
lar matrix (GelMA-cECM) hydrogel-based bioinks laden
with human cardiac progenitor cells were found to
increase the angiogenic potential and showed vasculari-
zation when applied on rat hearts.””> Other research
groups have also met with success in constructing scaf-
fold-free 3D bioprinted cardiac patches exhibiting viabil-
ity, vascularization, and engraftment of cells following
implantation.”®”” Motivated by these outcomes, we
added fibrin to our previously optimized photopolymer-
izable gelatin-based bioink to fabricate cardiac cell-laden
constructs with human-induced pluripotent stem cell-
derived cardiomyocytes or CM cell lines and cardiac
fibroblasts (CFs). The cell-laden bioprinted constructs
were crosslinked via a two-step procedure including the
visible-light crosslinking of furfuryl-gelatin followed by
the chemical crosslinking of fibrinogen via thrombin and
calcium chloride. The printed constructs retained stabil-
ity for at least 5 days, and scanning electron microscopy
imaging exposed an extremely porous, networked struc-
ture. Cells printed within the sheet structure showed
excellent viability, proliferation, and expression of the
Troponin-I cardiac marker. Furthermore, this 3D bio-
printed cardiac patch promoted coupling between CMs
and CFs, which forms the basis of normal physiology of
the cardiac wall in vivo. This improved “cardiac patch”
may be used as an advanced platform for drug cytotoxic-
ity screening or unraveling triggers for heart diseases in
vitro.”” To summarize, 3D bioprinting technology can be
effectively harnessed for the construction of cardiac
patches that can be used to repair or replace diseased car-
diac tissues and restore cardiac functionality to some
extent. The article will further elaborate on 3D bioprint-
ing techniques and bioinks that are extensively used in
applications relating to tissue engineering and regenera-
tive medicine, with a brief description on pre- and post-
fabrication of 3D printed cardiac constructs.

PREFABRICATION OF 3D BIOPRINTED CONSTRUCTS

3D bioprinting of diseased or damaged cardiac tissue
is preceded by the creation of a patient-specific 3D
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model that can either begin with clinical imaging or
the implementation of computer-aided design mod-
els.”® Medical image data can be used to computer-
generate anatomically accurate models. The current
imaging techniques to develop biologically relevant
three-dimensional models include: electrocardiogra-
phy-gated computer tomography (CT), volumetric 3D
echocardiography, and cardiac magnetic resonance
(CMR) as the imaging dataset needs to be volumet-
ric.””*" Owing to its availability in abundance, low
cost and lack of ionizing radiation, 3D echocardiogra-
phy is a very appealing data source. A 3D transesopha-
geal echocardiography data source is a better option to
generate models of clearly imaged cardiac structures
like ventricular chambers or valve leaflets.’! However,
ultrasound imaging is associated with artifact and
unique limitations that can result in anatomic data loss
within an ultrasound shadow, making CT, and CMR
the most viable imaging techniques for 3D printing.”'
CT provides excellent spatial resolution’' in addition
to being able to image patients wearing pacemakers
and metal implants which are not compatible with
CMR scanning.”” On the contrary, CMR can obtain
high-resolution images without ionizing radiation, and
can discern the tissue composition without the iodin-
ated contrast media.”” CMR images have been widely
used to develop 3D printed models of congenital heart
chambers and vasculature as well as for the reconstruc-
tive modeling of intracardiac tumors.”'**

The 3D anatomic information received from the CT,
CMR, or 3D echocardiography volumetric imaging
datasets is converted into a 3D patient-specific digital
model of the cardiovascular tissue in a process known
as “image segmentation.” The evolution of the seg-
mentation techniques can be attributed to an increasing
fascination for anatomic modeling and a pressing need
for personalized structural heart interventions. Earlier,
segmentation was only based on CT images,” "’ but
recent studies have also included CMR images to repli-
cate congenital heart and systemic vasculature disor-
ders.”®*" Researchers have also demonstrated the
feasibility of reconstructing mitral leaflets and annulus
from 3D transesophageal echocardiogram images and
echocardiographic data acquired from multiple views
or echocardiographic data combined with CT data.*'*
Initially, the acquired image data set, from CT/MRI
cardiac studies, is exported into a Digital Imaging and
Communication in Medicine format, from which the
target anatomic geometry is identified and segmented
based on the threshold intensity of pixels in the grey-
scale 2D image projections, axial, sagittal, and coronal,
respectively.”"*® The next step involves the creation of
segmentation masks, where the software “stacks” indi-
vidual 2D images of the heart tissue in such a manner



4 Alonzo et al

so as to group pixels that fall within the same intensity
range and assign them to be printed with a single mate-
rial.** These masks are then converted into the final
patient-specific 3D digital cardiac models using render-
ing techniques and are saved as Standard Tessellation
Language (.stl) files within a computer aided software,
where they can be subjected to alterations and adjust-
ments to make them more user-specific and finally,
exported for 3D bioprinting (Fig 2).*"**

VARIOUS MODES OF BIOPRINTING

The different types of bioprinting processes are
laser-based, droplet-based (inkjet, EHD-jet, acoustic,
microvalve-based bioprinting), extrusion-based and
stereolithography bioprinting to name a few. These are
discussed in detail below.

Extrusion. Extrusion-based bioprinting is character-
ized by the expulsion of viscoelastic biomaterials
called bioinks in cylindrical filaments to form 3D con-
structs in a layer-by-layer fashion.”” The nozzle that
dispenses the bioink has the ability to move in the x, y,
and z directions and the printer may have a stage that
can be adjusted. Pressure can be applied using 3 mech-
anisms to extrude the bioink, which may be laden with
cells. The pneumatic-based approach drives utilizing
pressurized air at a controlled volume flow rate while
piston- and screw-based techniques mechanically force
the biomaterials out of the nozzle. The downside to
this technique is the need for pressures that sometimes
tend to lyse cells. Increasing the diameter of the nozzle
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or utilizing viscous materials can dispense thicker fila-
ments, which produce mechanically stable structures.
Overall, the technique is slow, of moderate cost, produ-
ces low resolution, and requires specific matching of
the material utilized with the implanting matrix to pre-
serve viability.

Extrusion-based bioprinting with a cell-laden
modified alginate bioink was implemented by Gae-
tani et al to produce constructs with human fetal
CM progenitor cells. Their proof of concept study
concluded that human fetal CM progenitor cells had
high cell viability, retained their commitment for
the cardiac lineage and expressed early cardiac tran-
scription factors and the sarcomeric protein Tropo-
ninT within the 3D environment. The bioprinted
cells were also able to migrate from the constructs
and formed tube-like structure on the matrigel
layer.” Zhang et al were able to assemble vascular-
ized cardiac tissue using extrusion-based bioprint-
ing. Using a composite bioink that was crosslinked
through a two-step process and by introducing a
gradient of nutrients radially within the printed fila-
ments, ECs were able to migrate and form confluent
tubular-like structures that resemble blood vessels.
While they used neonatal rat CMs as a model cell
type, such a system has the potential to be trans-
lated to human cardiac organoids through the appli-
cation of human induced pluripotent stem cell-
derived cardiomyocytes.””

Kumar et al used extrusion bioprinting to fabricate
mono- and bilayered constructs, seeded with mouse
mesenchymal stem cells (MSCs) in the former and

(b)

Fig 2. (a) Steps involved in the prefabrication of 3D printed patient-specific models.’' (b) A 3D printed luminal
replica of an aberrant retroesophageal left subclavian artery and right aortic arch for intraoperative use as con-

genital defect model.””
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C2C12 cardiac myoblasts and Sandos inbred mouse
(SIM)-derived 6-thioguanine- and ouabain-resistant
(STO) fibroblasts in the latter (Fig 3)."® The results of
the study showed that the cells retained their viability
and functionality in both cases after 5 days of culture

(a)
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showing that gelatin could be potentially used for the
fabrication of cardiac tissues.

Inkjet. The roots of the 3D bioprinting technology can
be traced back to ink jet printers, which were initially
used in offices and later with personal computers in the

C2C12 stained with
antibodies against MyoD1
(green: FITC tagged)

Top: C2C12 stained with
antibodies against
MyoD1  (white). Cells
appear to connect with
other cells in the same
layer or across different
lay ers (red arrows).

Fig 3. (a) Illustrates the viability of mouse MSCs stained with Hoechst (blue), 24 hour after printing (b) shows
the retention of mouse MSC, prestained with PKH67 (green), within the bioprinted construct after 5 days of cul-
ture. In (c) and (d), shown are bright field z—scans of STO fibroblasts (elongated spindle shaped) co-cultured
with C2C12 myoblasts cells [rounded enlarged, confirmed in (e) and in (g)]. Scale bar is 150 pwm in (c), (d) and
200 wm in (e) and (g). In (e), a single plane (cross section) was imaged whereas in (g), a Z—scan was run span-
ning several planes as indicated with the arrow (right hand side). In (f), a single slice of z—stack section showing
top layer (fluorescent: green for C2C12) and bottom layer (non-fluorescent: STO) is shown. Reproduced with
permission from Ref.'” (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)



6 Alonzoetal

1980s. This technique works by depositing droplets of
ink through narrow orifices onto a piece of paper. In the
early 2000s, Cui et al transformed the traditional ink jet
printer into a bioprinter by replacing the ink in the car-
tridges with a “bioink” containing cells.”’ The inkjet
printer is capable of depositing cell-encapsulated drop-
lets of sizes of 1—100 picoliters’” with densities as high
as 10,000—30,000 cells/drop™ through a noncontact
nozzle. Among the different types of inkjet-based print-
ers, thermal and piezoelectric drop-on demand printers
continue to be the most commonly used for bioprinting.
The thermal inkjet system comprises of an ink chamber
with several small nozzles and a heating element. The
application of a short current pulse to the heating ele-
ment raises the temperature of the ink surrounding the
heating element resulting in the formation of a bubble
that coerces the ink out of the nozzle orifice.” On the
contrary, the piezoelectric inkjet printer uses piezoelec-
tric crystals, which are situated, at the back of the ink
chamber. These crystals start vibrating when an electric
charge is applied to them. These inward vibrations force
a small amount of ink out of the nozzle.”” Inkjet printers
can generate high resolution structures (20—100 wm) at
the deposition rate of 1—1000 drops/s.”® Boland et al
successfully demonstrated that a high level of control
could be exercised over the cell dispensing while simul-
taneously maintaining remarkable viability and func-
tionality of the different cell types that were used.”’ ™’
However, inkjet printers are only compatible with low-
viscosity bioinks (<10 cP) owing to the dispensing
mechanisms and noncontact nature of the inkjet printer,
resulting in structures with weaker mechanical proper-
ties as compared to other printers.””"’

Biomaterials like hydrogels, fibrin, agar, alginate, and
collagen have been used with inkjet printers in previous
studies.”” Despite its success in tissue engineering, the
inkjet aided bioprinting of the cardiac tissue specifically
is still in its infancy stage. Xu et al used the inkjet print-
ing technique to develop a hierarchical design of func-
tional cardiac pseudo tissues with a beating cell
response, balanced by porosity for mass and structural
support.”’ Implementation of a modified inkjet printer
created 3D rectangular cell sheets with alternating layers
of cell-laden hydrogels. The microstructures of the con-
struct were crosslinked by spraying microdroplets of
CaCl, into an alginate hydrogel precursor solution con-
taining primary feline adult CMs. The results of the
study indicated that the cells adhered well to the alginate
scaffold and also mimicked the native cardiac ECM.
When subjected to mild electrical stimuli, these engi-
neered tissues were also found to exhibit contractile
behavior.”” Further studies demonstrated that precise
cell placement could significantly improve the produc-
tion of cardiac tissues with off-the-shelf inkjet
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technology.®* The feasibility of incorporating vasculari-
zation into the printed cardiac patches using the inkjet
technology was also demonstrated by Cui et al, by
developing micron-sized fibrin channels with the human
vascular endothelial cells used in the study, aligning
themselves inside the channels, and forming confluent
linings, mimicking blood vessels within the printed
structures as depicted in Fig 4.°!

Laser-assisted. Laser-assisted bioprinting (LAB) has
been shown to facilitate the formation of in vitro tissue
constructs with properties including high resolution,
high printing speed, large cell densities, and an
increased viability of cells. The foremost method
encompassing laser-assisted technology is that of laser-
induced forward transfer (LIFT). This method involves
the use of 2 parallel slides, namely a donor (upper) and
a collector (lower) slide, to deliver the desired tissue
structure. Beneath the donor slide lies a laser-absorbing
metal, such as gold, titanium, or silver, covered by the
biomaterial to be transferred.”” As laser pulses are
absorbed by the metal, this one evaporates, causing the
biomaterial to fall onto the collector slide, with laser
energies having been shown to range from 65 nJ to 190
wJ.%% Bioinks associated to the use of LIFT include
combinations of alginate, glycerol, and ethylenediami-
netetraacetic acid, but studies have shown this LAB
technique to be capable of forming tissue constructs
using biomaterials of viscosities ranging from 1 to 400
mPa 5.°*°” In addition, due to its high droplet selectiv-
ity, LIFT is able provide both 2D and 3D models by
stacking biomaterial droplets as necessary.””’" A study
by Duocastella, formally demonstrates the spatial reso-
lution of LIFT at varying film to substrate distances and
at different set laser pulse energies.’® This analysis of a
LIFT system demonstrates LAB’s ability to produce an
array of droplets with constant size and shape, portray-
ing the consistent pulse of ink required for reliable bio-
printing. The printing speed has also been explored,;
with velocities, varying based on the bioink of choice
and separated into a fast and a slow jet stream. The fast
jet is propelled first, reaching speeds up to 150 m/s, fol-
lowed by a second jet that materializes after a certain
laser fluence is reached and settles at about 4.6 m/s for
single layer transfer.” Such speeds are important for the
survival of cardiac cells during bioprinting as printing
speeds higher than 200 m/s can compromise viabil-
ity.®”*” This LAB feature permits cardiac cell survival
to reach a minimum of about 90% and a maximum of
up to 100% postbioprinting, maintaining a majority of
the cells’ functions and morphology.”””" In addition to
a high cell viability, LAB is capable of providing a cell
density of 10® cells/mL.’ Furthermore, LAB has been
found capable of selecting a single cell for transfer.”
Because of such attributes, LABs are not commercially



Translational Research
Volume 00

i Printed pattern

Alonzoetal 7

24 hours e

7 days

21 days

50 um

Fig 4. Human vasculature printed using a modified thermal inkjet printer. Samples indicating different positions
of the printed grid pattern showing the proliferation of HVECs after (a) 24 hour of culture (b and c) 7 days of cul-
ture and (d) 21 days of culture. The cells were able to network and proliferate to form a confluent lining. Fig 4(e)
shows the fluorescent stained printed cells that are aligned within the fibrin scaffold; (f) DIC image of the fibrin
scaffold; (g) Confocal series of images showing the proliferated HMVEC sealed inside of the fibrin channel and
the formation of a distinct tubular structure. Reproduced with permission from Ref.®!

available, and their cost is high with units reaching up to
U.S. $200,000 as formally reviewed by Ozbolat et al.””
The multiple characteristics of LAB equip it with a
number of functions in cardiac tissue engineering. One
application is the printing of endothelial colony-forming
cells and adipose-derived stem cells in a 3D manner. By
providing a third dimension, one is able to observe cell-
to-cell and cell-to-environment interactions and their
effect on cellular morphology as would be observed
within cardiac ECM.”” The addition of a cell-to-cell net-
work is imperative as in vitro studies have shown these
to cause the formation of newly developed blood ves-
sels.”* The use of LAB has been further explored in the
printing of different cell constructs adjacent to each
other.” This is possible due to LAB’s high resolution,
enabling the printing of complex tissues containing mul-
tiple cells such as that of the myocardium. The technical
complexity surrounding the heart led Gaebel et al to use
LAB’s high resolution on a damaged heart by placing
human umbilical vein endothelial cells (HUVECSs) next
to MSCs (Fig 5). This led to the discovery that MSCs
cause a decrease in collagen formation and an increase
in capillary density when placed on an injured heart.®
Along with LAB’s high resolution, clogging and con-
tamination are eliminated as these bioprinters lack an
orifice as those of extrusion and ink-jet types. Additional
bioprinting benefits include control over the number of

cells per droplet and a high viability of cardiac cells.
This allows for the printing of single cardiac cells within
a biomaterial with a great majority of the cells preserv-
ing their morphology and function. Nonetheless, draw-
backs still accompany this system, as it is not yet sold
commercially and is done so at a very high price. LAB’s
resolution is also dependent on many parameters to
acquire the desired resolution including bioink viscosity,
layer thickness of the bioink, and laser influence.’

Stereolithography. Stereolithography (SLA) is a laser-
assisted bioprinting system which creates 3D structures
by photocuring of photopolymerizable liquid polymers
resulting in more realistic microstructures compared to
other techniques.”® Photocuring or photopolymerization
is a process in which the liquid polymer is cross-linked
by exposing the predesigned patterns using a laser beam
of UV, infrared, or visible light.”” This bioprinting sys-
tem integrates a light source, a liquid photopolymer res-
ervoir, and a three-axis motion stage.”’ Exposure to the
laser beam photocures the pattern over the path traced
on the liquid polymers and joins it to the layer below,
allowing a layer-by-layer printing to form a 3D struc-
ture. Depending on the selection of laser sources SLA
can have single- or two-photon absorption. Two-photon
SLA has higher printing resolution than single-photon,
because in two-photon absorption photopolymerization
is induced in a very precise region.’*’*
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Fig 5. Bioprinting using laser induced forward transfer (LIFT). (a) LIFT diagram; (b) HUVECs were printed in
a grid arrangement with hMSCs being printed in a square arrangement within the HUVEC grid lines. Repro-

duced with permission from Ref.”

In cardiovascular surgery, heart valve and vascular
replacement are often required. The fabrication of heart
valve scaffolds using SLA technique has been investi-
gated for more than a decade. The tissue-engineered
therapeutic approach for aortic stenosis needs the fabri-
cation of aortic valve which would provide higher ori-
fice contraction and better hemodynamic impact.”” A
study was performed on 3D stenotic aortic valve creat-
ing 3 different shapes of valves by SLA printing and
their hemodynamic effect was observed by 3D echocar-
diography.”” This study provided important information
in determining the impact of aortic stenosis on patient
hemodynamics and the relation among tissue structures,
blood flow, and pressure in the heart.”” In addition,
researchers used SLA technique to generate biocompati-
ble and biodegradable heart valve scaffolds using bio-
polymers, such as poly-4-hydroxybutyrate (PAHB) and
a polyhydroxyoctanoate (PHOH).*" They fabricated the
complex anatomic structure of a human pulmonary and
aortic homograft in vitro and in vivo from a stereolitho-
graphic model without the need for suturing. The heart
valves opened and closed synchronously under subnor-
mal and supranormal flow and pressure conditions,
while analyzed in a pulsatile bioreactor.™

In the field of cardiac stem cell therapy, MSCs loaded
in hydrogel patches have been used to develop a thera-
peutic approach for myocardial infarction.*’ The MSC-
laden, multiple microchanneled hydrogel patches were
fabricated using SLA printing technique with controlled
diameters (500 wm). The researchers used BMSCs and
poly(ethylene glycol) dimethacrylate to construct the
cell-laden patches.”' The microchannels serving as
drainage of cell-secreted growth factors, were fabricated

using SLA assembly unit. Echocardiography showed
improvement of cardiac function with reduced cardiac
remodeling after the cell-gel microchanneled construct
was implanted in the damaged heart of a rat.”' The
microchanneled gel patch provided a better cardiac func-
tion with directed angiogenic potential in a reproducible
manner compared to the microchannel-free gel patch,
which was used as a control. The researchers proposed
that using micro-SLA would further decrease the diame-
ter (eg, 200—300 wm) of the microchannels providing
improved cell-secreting factors into implanted tissue."'

SLA technique in bioprinting 3D cardiac patches and
heart valves using stem cells and polymeric bioinks has
great promise in cardiovascular tissue engineering (Fig
6). The major advantages of SLA in this field would be
reduced printing time, a high degree of fabrication accu-
racy, and high cell viability due to its nozzle-free tech-
nique.82 In contrast, fabricating 3D cardiac tissue scaffold
using SLA can have the adverse effects of using the lasers
and optics needed for the photocuring purposes, which
are expensive and also affect the cell viability.”** How-
ever, this disadvantage can be avoided by using visible
light, such as lithium phenyl 2,4,6-trimethylbenzoylphos-
phinate,” camphorquinone® and eosin Y.** SLA-based
bioprinting has imparted printing time to be only around
30 minutes® and printing resolution to be 200 pm.**
Recently, engineers have developed a new SLA process
of 4 cell-based inks which provides even higher printing
speed, better resolution, and multimaterial fabrication
capability.*” This 4 cell-based micro-SLA can further
lead the researchers and engineers to a better conse-
quence in the field of bioprinting 3D cardiovascular
tissue structures.
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Fig 6. Overview of the design and fabrication of structures by stereolithography (SLA). Computer-aided design
(CAD) is used to produce 3D models with desired architectures. Designed models are then sliced into a series of
2D images, which are transferred to the SLA device. By sequential photo-crosslinking, 3D scaffolds are built

which are exact replicas of designed 3D models. Reproduction with permission from Re

BIOINKS FOR CARDIAC TISSUE ENGINEERING

The utilization of hydrogels in tissue engineering is
the current gold standard to mimic the 3D extracellular
matrix found in native tissues, as they are biocompati-
ble, biodegradable, and provide mechanical support to
developing tissue. Crosslinked hydrogels are highly
porous and allow cells to migrate and populate the
scaffold and allow nutrients to be delivered to cells to
meet their metabolic needs. In addition, because most
hydrogels exhibit viscoelastic properties, they make an
ideal candidate to serve as bioinks for the bioprinting
process. The bioprinting of cardiac tissue most exploits
the following biomaterials as bioinks:

Alginate. Alginate is a naturally occurring polysac-
charide block copolymer derived from seaweed. Its
linear molecular backbone is composed of (1,4)-
linked -D-mannuronate (M) and a-L-guluronate (G)
residues in varying content and distribution along the
length of the polymer.***’ Although the proportion of
M to G residues varies, alginate can be more readily
crosslinked as more G residues are present in the mol-
ecule along with divalent cations such as Ca**. Unfor-
tunately, alginate is biologically inert and cannot
facilitate cell adhesion on its own. With respect to
cardiac tissue engineering, it has been elucidated that
the immobilization of arginine-glycine-aspartate pep-
tides on alginate scaffolds promote the generation of
cardiac tissue as well as its preservation in culture in
contrast to control alginate scaffolds that were not
modified.”” Thus, when considering this hydrogel as a
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bioink, one must consider coating the hydrogel with
cell-adhesion moieties that support the development
of cardiac tissue, such as heparin-binding peptide’' or
Matrigel.””

Although cells cannot directly attach to alginate
scaffolds without the incorporation of cell-adhesion
moieties, the biomaterial provides an excellent envi-
ronment for human cardiac progenitor cells to be
printed, differentiated, and developed into CMs.” In
addition to providing a setting for CMs to grow, one
advantage of using cell-laden alginate bioinks is the
ability to easily tune the degree of crosslinking of the
polymer, and as a consequence, the mechanical proper-
ties of the material. Some of the biomaterials that were
utilized to 3D bioprint myocardial tissue include algi-
nate,41 as mentioned in the manuscript. Extrusion-
based bioprinting with a cell-laden modified alginate
bioink was implemented by Gaetani et al to produce
constructs with human fetal CM progenitor cells.””
Finally, Xu et al used the inkjet printing technique to
develop a hierarchical design of functional cardiac
pseudo tissues with a beating cell response, balanced
by porosity for mass and structural support.*® The tis-
sue was engineered by printing layers of CaCl, into an
alginate hydrogel precursor solution containing pri-
mary feline adult CMs, to induce crosslinking.
The results of the study indicated that the cells adhered
well to the alginate scaffold and also mimicked the
native cardiac ECM.

Gelatin. Gelatin is a water-soluble protein resulting
from the partial hydrolysis of collagen extracted from
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the skin, bones, and connective tissues of animals like
pigs and fish.”*”° In the past, gelatin has been chemi-
cally modified by disulfide crosslinking,”” photo-cross-
linking,”*”” and enzymatic crosslinking,'””"'"" among
others to enhance its mechanical properties. Owing to
its biodegradability, biocompatibility, limited immuno-
genicity, and commercial availability at low costs, gel-
atin has found extensive applications in the field of
cardiovascular tissue engineering.

Kumar et al'” developed a novel visible light-cross-
linkable gelatin-HA-based hydrogel to bioprint rectan-
gular mono- and bilayered constructs, seeded with
mouse MSCs in the former and C2C12 cardiac myo-
blasts and STO fibroblasts in the latter. The results of
the study showed that the cells retained their viability
and functionality in both cases after 5 days of culture
showing that gelatin could be potentially used for the
fabrication of cardiac tissues. The research was taken
further when fibrin was incorporated into the CM-
encapsulated gelatin-based hydrogel and used to 3D
print patches that could mimic the native myocardium
tissue, in terms of mechanical properties and cell-
behavior.”’ The feasibility of using gelatin-based bio-
inks to form 3D constructs with cardiogenic potential
was further illustrated by studies conducted by other
researchers.”””*'%? Results of MRI and histology stud-
ies further showed that there was a significant reduc-
tion in adverse remodeling and preservation of cardiac
performance upon implantation of a gelatin-based car-
diac construct into an infarcted mouse heart.”' Further
experiments by researchers at the University of Texas
at El Paso also demonstrated that the gelatin-based
hydrogel developed by Kumar et al'”*, was superior to
a Poly(ethylene glycol) diacrylate (PEGDA)-Eosin Y
system, a widely accepted biomaterial developed by
Bahney et al'”*], as the former exhibited a greater per-
centage of viable CMs when a live/dead assay was per-
formed after 24 hours of culture, thereby validating the
efficacy of f-gelatin as a promising material for the 3D
printing of cardiac tissues. Briefly, the gelatin-based
hydrogels when plated in 24 wells showed an average
of 78% live cells, compared with the wells containing
PEGDA-Eosin Y which could retain only 31% viable
cells, when compared with cells cultured on 2D tissue
culture polystyrene wells only (96% viable cells).'*”

Fibrin. Fibrin, a natural biodegradable polymer, has been
investigated in cardiovascular tissue engineering and
exhibited significant properties for 3D tissue structures.'"”
Fibrin gel constructs complete autologous scaffold without
the risk of immunogenic reactions as it can be derived
from patients own blood plasma.'*>'** In addition, fibrin
can be employed as gel, glue, or microbeads and it incor-
porates with various peptides, which results in increasing
the local concentrations of growth factors and mimicking
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the natural tissue microenvironment.'” As a tissue engi-

neering scaffold, fibrin supports cell attachment, migration,
proliferation, and the synthesis of the extracellular matrix
through releasing platelet-derived growth factors and the
transforming growth factor beta.'”’

Fibrin scaffold has provided important advantages
for being used as cardiovascular structures like heart
valves, cardiac muscles, aortic conduits, and blood ves-
sels.'’>'"" In an in vivo myocardial tissue regeneration
approach, a silicone tubing was implanted around the
femoral artery and vein of adult rats.'”® The silicone
tube carried a suspension of fibrin gel and rat CMs.
After 3 weeks, the tissue within the tube mimicked nor-
mal myocardial tissue.'” In another approach, a valve
conduit was fabricated using a suspension of myofibro-
blasts and fibrin gel (Fig 7).'”> A molding technique
made of variable silicon layers was used to create the
scaffold for the vascular wall and the cusp structures.
After 4 weeks of culturing period, the electron micros-
copy images on the fibrin gel revealed a porous scaf-
fold with well-developed extracellular matrix and
organized collagen bundles without any nutrition prob-
lem.'” The degradation of fibrin was controlled by
adding aprotinin supplementation in the tissue culture
medium. Aprotinin is a protease inhibitor which can
stop or slow down the degradation of fibrin gel within
a few days and ensure proper tissue development.'””
Additionally, molding of valve conduit and formation
of different layer thickness were also possible using
this gel.'”” In another study, different concentrations of
aprotinin were used with fibrin in order to control the
degradation of fibrin gel.'”” In this experiment, human
aortic myofibroblasts were suspended in fibrin and cul-
tured for 4 weeks. The 3D fibrin gel with aprotinin
showed homogenous cell growth and confluent colla-
gen production under electron microscopes, without
any degradation or inflammatory reactions.'” The
results of this study demonstrated that the degradation
of fibrin scaffold can be controlled by adjusting differ-
ent aprotinin concentrations.

Fibrin, formed by the enzymatic polymerization of
fibrinogen, plays an important role in the research of car-
diac tissue engineering. Fibrin scaffold can support natu-
ral wound healing, controlled degradation, and better
tissue development for cardiac tissue structures, while
other biopolymers have significant disadvantages, such
as PGA requires precoating for cell attachment and colla-
gen is potentially immunogenic and also not biodegrad-
able.'” Fibrin gel also has some disadvantages like
shrinkage, low mechanical stiffness, and gradual disinte-
gration before the proper formation of the tissue
structure.'”® These disadvantages can be avoided by
cross-linking, optimizing the concentrations of fibrino-
gen, calcium ion (Ca2+), and pH, or combining fibrin
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Fig 7. Fibrin and myofibroblasts cultured in different aprotinin concentration to control the degradation of fibrin
gel. (A) model of a valve conduit based on a molded fibrin gel scaffold'’®; (B) fibrin gel cultured in lower con-
centration of aprotinin (5 mg), fibrin gel degraded and the structure appeared to be a thin cellular layer'"’; (C)
fibrin gel cultured in high concentration of aprotinin (20 mg/mL), the cell-fibrin gel structure demonstrated a

multilayer-structure with myofibroblasts surrounded by extracellular matrix.

with other scaffolding polymers.'*® Although fibrin has
some drawbacks, which need to be controlled, it has
great promise in the fabrication of 3D cardiac tissue
structures, due to its numerous advantages in supporting
cell attachment, migration, and proliferation.

Collagen. Found naturally in the heart as type I one or
type III, collagen gel may be used as a bioink for the
printing of cardiac tissue. Because of its lack of stability
after printing, the cross-linking of collagen is imperative
to retain its structure and mechanical properties.”*
Although biomaterials can be used in the cross-linking
of collagen, this can be achieved through a change in
pH or in temperature.''’ This change in environment
makes collagen stiffer through fibrillogenesis, yet takes
a minimum of 30 minutes to occur, bringing about the
use of other materials to speed up the process. Biomate-
rials capable of binding to collagen all while being bio-
compatible with cardiac cells include the plant derived
cross-linkers tannin acid and proanthocyanidins. The
cross-linking mechanism of both tannin acid and proan-
thocyanidins with collagen involves the formation of
hydrogen bonds, which is made possible due to the
abundance of proline in collagen.''""'"? Because of the
high need for collagen throughout the scientific commu-
nity, type I collagen can be obtained at an average of
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$10/mg with bovine connective tissue being the main
source of this highly sought protein.’ "

The use of collagen for 3D bioprinting of cardiac tis-
sue comes with numerous applications. For example,
cardiac cells adhere and proliferate well within collagen,
allowing for internal scaffold structures to be seeded.'™*
This property has been used by Kreimendahl in the for-
mation of blood vessels within a collagen scaffold and
by Lee who used collagen as the bioink in the formation
a network of capillaries connecting 2 vascular chan-
nels."'> By providing a capillary network to 3D bio-
printed cardiac tissue, oxygen and nutrients are able to
reach cells enclosed by the scaffold. Another example is
presented by Eschenhagen et al, who seeded CMs within
collagen type I from rat tail in order to measure the iso-
metric contraction of the cardiac tissue.''® The success-
ful shrinking of the collagen tissue due to mechanical
forces demonstrates the capability of collagen to con-
struct a contractible cardiac patch. In addition to its
adherent and contractile properties, collagen contains a
fibrous nature making it stiffer than most biomaterials.
This characteristic was examined by Deborde and col-
leagues as they fabricated a collagen and elastin-based
mitral valve scaffold by stabilizing type IV collagen
through the use of penta—galloyl glucose.''® Preventing
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the degradation of collagen by collagenases, forms a
robust and cytocompatible biomaterial necessary for
maintaining the structure and function of a mitral valve.
In addition to being 3D printable, collagen can be used
to study different morphologic effects caused by a vari-
ety of diseases attributed to cardiac failure. For instance,
of great concern is a stiffening of the heart following a
myocardial infarction. This is thought to be caused by
an increase in collagen I and III, leading to fibrosis and
limiting contraction of the heart.""” To study this phe-
nomenon, our group developed collagen gels composed
solely of collagen I and III solutions, which crosslink at
neutral pH and 37°C. Ratios of collagen LIII were for-
mulated, including 100% collagen I set as a control, a
9:1 ratio representative of a damaged heart, and a 3:1
ratio characteristic of healthy cardiac tissue. Under this
set up it was observed that an increase in collagen I is
highly attributed to cardiac fibrillogenesis postinfarc-
tion, hence a decrease in the amount of collagen I pro-
duced by cardiac fibroblasts could prevent future
cardiac complications in patients (unpublished data).

Synthetic bioinks. Synthetic biomaterials are com-
monly used as alternatives to their natural counterparts
in cardiac tissue engineering, with the ability of
controlling the properties of the materials through well-
known chemical reactions. An example includes poly-
caprolactone (PCL), whose melting temperature of
60°C allows it to be used for printing of cardiac scaf-
folds. A study by Ho et al saw the printing of carbon
nanotubes (CNTs) with PCL for the engineering of car-
diac tissue with results showing PCL was biodegradable
and allowed proliferation of mouse myoblasts in
vitro.''® These findings highlight PCL as a biodegrad-
able and biocompatible bioink that allows cardiac cells
to grow and is able to degrade leaving only the newly
grown cardiac tissue in place. Another synthetic mate-
rial capable of being used as a bioink is polylactic acid
(PLA). As shown by Kabirian et al, PLA can be bio-
printed into tubular scaffolds for vascular grafts and
shows high cell viability as well as slow degradation.' "
These are properties beneficial to the engineering of vas-
cular grafts since the prolonged duration of PLA within
the graft allows for structural support while cells align,
and its high cell viability allows cells to withstand its
long process. Synthetic bioinks are hence able to pro-
vide a durable framework while being biocompatible,
allowing for the formation of much needed grafts for
both cardiac implants and bypass surgeries.

POSTFABRICATION

Following 3D printing of an engineered cardiac tissue
or scaffold, postfabrication methods are required to
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accustom the material to its new functions. Such methods
are selected based on the various properties cardiac tissue
requires for optimal performance, including those of con-
traction, reception and delivery of blood, and electrical
signaling. Mechanical stimulation can be performed
through continuous stretching and contraction of the mate-
rial, as has been performed on a cardiac patch (Fig 8).'*’
This ensures that the material has the capability of con-
tracting and relaxing for long periods of time, all while
maintaining its original morphology. This resistance to a
permanent structural change is crucial, with the average
resting heart of an adult being between 70—80 bpm.'*'

Limitations have complicated the development of
cardiac tissue including oxygen diffusion, deep cell
seeding within a scaffold, and cell attachment. To over-
come these obstacles, perfusion techniques have been
used to deliver nutrients throughout the bioprinted
scaffold as well as for the seeding of cardiac cells (eg
CMs, CFs, ECs, etc.).]22 As a result of perfusion cell
seeding, cardiac cells become uniformly placed
throughout the scaffold, allowing for improved cell
survival and proliferation.'**'**

Along with perfusion and mechanical stimulation,
electrical conditioning is necessary for the initiation of
muscle contraction. The stimulation of bioprinted cardiac
tissue through electrical pulses has been shown to
improve the conductive properties of cardiac cells and
elicit a contraction rate characteristic of pacemaker
cells.'” Because cardiomyocyte contraction must occur
simultaneously, electrical stimulation has been utilized
to organize atrial and ventricular structure and attain an
orchestrated beating of all CMs.'**'*’ Desired character-
istics of a functioning heart have been acquired through
mechanical, perfusion, and electrical stimulation, sug-
gesting postfabrication is needed for a fully functioning
3D bioprinted cardiac tissue to be constructed.

Numerous in vivo studies employing 3D printing to
fabricate decellularized ECM scaffolds to treat myo-
cardial infarction and restore cardiac functions have
been conducted. Jang et al 3D printed prevascularized
and functional multimaterial constructs from stem cell-
laden decellularized extracellular matrix bioinks.”’
These patches were observed to promote strong vascu-
larization and tissue matrix formation when implanted
on infarcted rat hearts in vivo. The patterned patch also
exhibited enhanced cardiac functions, reduced cardiac
hypertrophy and fibrosis, increased migration from
patch to the infarct area, neomuscle and capillary for-
mation in addition to improving the cardiac func-
tions.”” Myocyte maturation has also been shown to
improve significantly with more complex bioinks con-
sisting of whole decellularized ECM.>* Moreover,
studies have also shown that decellularized ECM can
fabricate biological scaffolds as a bioink to supply
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biochemical cues more effectively compared to a poly-
mer-based bioink for 3D printing.zz’128 However, fur-
ther clinical studies utilizing decellularized ECM are
required to be able to gain better insight into its poten-
tial to effectively treat myocardial infarction and trans-
late them into human clinical trials. Table 1
summarizes each bioprinting technique, biomaterial,
and conditioning technique.

Ong et al bioprinted tissue spheroids composed of
human induced pluripotent stem cell-derived cardio-
myocytes, fibroblasts, and endothelial cells into myocar-
dial patches.”**® These patches were then implanted in

vivo into a rodent model and demonstrated engraftment
and vascularization, suggesting the therapeutic regener-
ative potential of this scaffold-free 3D bioprinting
method.”**° Studies conducted by other groups have
also demonstrated that a 3D bioprinted myocardium can
promote vascularization and significant therapeutic
effects, when implanted into animal hearts,>+20:75:129:130

SUMMARY AND FUTURE DIRECTIONS

Three-dimensional printing of cardiovascular con-
structs holds great promise in the development of
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Table 1. The various bioprinting techniques, bioinks, and past fabrication tfechniques for cardiovascular tissue engineering

of various structures are summarized along with relevant citations

Bioprinting technique Applications

Features

Extrusion Creation of thick myocardial constructs; Viscoelastic bioinks; slow prinfing; medium
heart valve formation; construction of cost; 3D; low resolution
blood vessels’> 7,
Inkjet Formation of blood vessels with HUVECS; Low viscosity suspension; fast printing;

2D cardiac pseudo tissues

Blood vessel formation; cardiac disease
modeling; creation of cardiac tissues
Creation of aortic valves; creation of
implantable cardiac tissue with MSCs

Laser-assisted

Stereolithography

76-89

low cost; 2D; high resolution
Hydrogel materials; medium speed;

high cost; 3D; high resolution
Light-sensitive polymers; fast printing;

low cost; 3D; high resolution

90-97

100-111

Bioink Applications

Alginate Cardiac disease modeling; scaffold for CMs' 117,

Gelatin Scaffold for CMs and CFs' 18128,

Fibrin Heart valves; cardiac muscle scaffold, blood vessel formation'?-'32,

Collagen Scaffold for CMs; formation of larger blood vessels and capillaries; construction of mitral valves;
modeling heart disease such as fibrosis' >4 4!,

Synthetic Scaffolds for CMs and tubular scaffolds for vascular construction''® 117

Postfabrication Applications

Mechanical Physical stimulation by contracting and stretching out printed myocardial fissue, 120121

Electrical Stimulation with electric fields to promote contraction of CMs. 25127

Perfusion Delivery of nutrients and oxygen to thicker constructs; continuous shear stress on endothelium. 22124

clinically relevant tissues of size and integration of het-
erogenous cell types. Current techniques, technology,
and materials limit engineering of only small units of
functioning tissues. In order to develop complete
organs, fundamental biological processes, better tech-
nology, and the advancement of material science need
to be elucidated.

Although 3D bioprinting is a promising technology,
whole organ bioprinting has remained elusive due to
multiple challenges related to the inherent biology of
the process, bioprinting technology, bioink material,
and the postbioprinting maturation process.'”' In order
to advance toward this goal, bioprinting of functional
tissues tissue chips may be an intermediate stage
toward achieving organ-level complexity in the future.
In vitro fabrication of functional tissues is a complex
phenomenon comprising an ordered arrangement of
multiple cell types, including a multiscale network of
vasculature, along with lymphatic vessels, neural, and
muscle tissue for engineering cardiac tissues. Further-
more, these tissues need electrical pacing for their
autonomous contraction, for which hydrogel-based
scaffolds are not the best suited for electrical rhythm
propagation through the newly regenerated tissues.
Shin et al fabricated functional cardiac patches by cul-
turing neonatal rat CMs onto carbon nanotube (CNT)-
incorporated photo-cross-linkable GelMA hydrogels.

The resultant cardiac patches showed excellent
mechanical rigidity and electrophysiological functions.
Specifically, myocardial tissues cultured on CNT-
GelMA showed 3 times higher spontaneous synchro-
nous beating rates and 85% lower excitation threshold,
compared to those cultured on pristine GelMA hydro-
gels.'?? However, the in vivo biocompatibility of these
synthetic CNT-based hydrogels is still far on the hori-
zon. Also, extrapolating these outcomes to human
iPSC-CMs is still a challenge.

Since the myocardium is a complex anatomic struc-
ture, recapitulating its complexity within engineered
3D functional constructs with tailored biological and
mechanical properties, is one of the current scientific
priorities in the field of regenerative medicine and tis-
sue engineering. Bioprinting technology offers a great
benefit in the categorized arrangement of cells or build-
ing tissue blocks in such a complex 3D microenviron-
ment. In a recently published study by Maiullari F
et al, multicellular constructs composed of HUVECs
and iPSC-CMs were constructed. Briefly, cells were
encapsulated within a hydrogel-based mixture contain-
ing alginate, Poly(ethylene glycol) (PEG)-Fibrinogen
and extruded as cell-gel strands through a microfluidic
printing head. Resulting 3D cardiac tissue constructs
were composed of iPSC-derived CMs with a high ori-
entation index imposed by the different defined
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geometries and blood vessel-like shapes generated by
HUVECs.'* These 3D cardiac constructs may support
the integration of the engineered cardiac tissue with
host vasculature, when implanted in vivo.

The ratios of noncardiac cell types cultured along
with CMs is also an issue that needs to be studied in
depth, for optimization of a functional tissue engineered
cardiac patch. Using a gelatin-fibrin based bioink,” we
attempted to optimize the ratio for co-culturing 3 differ-
ent types of cardiac cells, namely CMs, CFs, and, ECs,
enabling them to couple in the 3D printed construct. To
demonstrate proof of feasibility we showed heterocellu-
lar coupling of CMs and fibroblasts,”” alongside others’
work that showed the association between endothelial
cells with cardiomyocytes'**'*” in human heart tissue
samples. Our approach will mirror the known connec-
tions of CMs to networks of fibroblasts, and ECs; that
co-exist in the cardiac tissue wall, in vivo. To our
knowledge, this is the only study where heterocellular
coupling has been accomplished between different cell
types via bioprinting.

Design of the scaffold used for bioprinting a cardiac
patch is also extremely important as this can affect
mechanical rigidity and fidelity of the scaffold after in
vivo implantation. In our recently published study we
compared 2 different structures, namely a lattice and a
rectangular-sheet that were bioprinted using the same
bioink composition.'*® Results showed that the lattice
structure posed as an enhanced scaffold with structural
rigidity and optimal porosity, allowing cells to prolifer-
ate more, compared to the rectangular-sheet structure.

Another aspect to account for is cell interaction at
the interface when using 2 dissimilar cells types to bio-
print multilayered tissue. The materials used for con-
structing interface or junction should specifically
promote cell interaction and allow cells from different
layers to synergize within one composite tissue con-
struct. In our recently published study, we used 3D bio-
printing to demonstrate heterocellular crosstalk
between C2C12 myocytes and STO fibroblasts at the
junction or interface between the top and bottom
printed cell sheets layered one atop another using an
f-gelatin-based bioink."’

Although several researchers have considered bio-
printing of tissue constructs, the fabrication of scale-up
tissues with a high volumetric oxygen-consumption
rate for cardiac tissue is still a challenge. One major
roadblock is to bioprint vascularized thick tissues,
from simple to complex. Since it is difficult to print
capillaries at the submicron scale using current tech-
nology, an alternative could be to create the pattern for
fabricating the macrovasculature and then leave nature
to create the capillaries. To this end, 2 alternative
approaches have been considered: (1) indirect
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bioprinting by utilizing a fugitive ink that is removed
by thermally induced de-crosslinking, leaving a vascu-
lar network behind;'?” and (2) direct bioprinting of a
vasculature network in a tubular shape.'*

In addition to additive manufacturing of complex tis-
sue constructs, subtractive manufacturing techniques
for making vascularized tissue constructs are much
needed. Recently, in collaboration with Dr Katja
Michaels’s group, a 34 amino acid long collagen-like
peptide with photoreactive nitroindoline groups built
into the peptide backbone was generated, which ena-
bles the breakdown of the peptide into smaller peptide
fragments upon illumination with near UV light by a
one photon process, or with femtosecond laser light of
710 nm by a two photon process.'*”'** Unlike photo-
polymerization, this photolysis does not propagate
through the material, but occurs only at the site of illu-
mination, opening doors for a localized decomposition
within a macroscopic material. We expect that a block
of a hydrogel composed of these photoreactive colla-
gen-like peptides can be shaped with light to carve out
tunnels to provide a biomimetic scaffold that can sup-
port a vasculature and tissue growth. This approach
may ultimately be useful for engineering cardiac tis-
sues with a vasculature network.

Apart from the existing types of bioprinting technolo-
gies available, some have unique capabilities such as the
The BioAssemblyBot which is capable of not only 3D
bioprinting but also contour printing. The 6-axis robotic
arm of the BioAssemblyBot, capable of nearly 360°
movement and reach, offers considerable flexibility in
performance to the user. Coupled with interchangeable
end-effectors, or tools, the arm performs an array of dif-
ferent fabrication tasks, including 3D bioprinting and
transfer between build stations. Up to 8 of the many dif-
ferent available tools can be employed in a single fabri-
cation run, thereby promoting complex tissue assembly
and task execution. In addition, the robotic arm enables
both additive and contour printing, an aspect of
manufacturing necessary for printing complex biologi-
cal structures on complex and curved surfaces.

Bioreactor systems are a vital component used to
provide a tissue-specific physiological in vitro environ-
ment during tissue maturation, postprinting. Based on
the bioreactor technology, various connective tissue
systems can be incubated in vitro, in dynamic environ-
ments such as spinner flasks and perfusion systems.'*'
By using computation fluid dynamics, the flow in a per-
fusion bioreactor system can be further optimized.
Additional hydrostatic pressure, shear stress, and tur-
bulence were monitored during variations in flow rate
to correlate the relations and approximate the final pro-
cess properties.'** In this manner, computational anal-
ysis can be applied to promote enhanced understanding
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of the mechanical stimuli and environment, which are
vital for the establishment of the tissue functions.

In essence, the advent of three-dimensional bioprint-
ing technology has allowed the field of cardiac tissue
engineering to progress toward clinically relevant treat-
ments for CVD. Although the field and technology are
still in their infancy, 3D bioprinting holds great prom-
ise in recapitulating structures such as the myocardium,
blood vessels, and heart valves that mimic those found
in the native heart. The development of new bioinks
and printers capable of high-resolution construction
would further progress the field, and end-goal of engi-
neering complete organs. In addition, research in stem
cell biology and high throughput generation of cardiac
cells would allow organs to be constructed on demand.
Further research must also be conducted on the implan-
tation and integration of engineered constructs. None-
theless, 3D bioprinting is a powerful tool that holds
great promise into translating engineered cardiovascu-
lar tissues from the lab to bedside.
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