bone tissue is presented.

Introduction

There is a growing need for developing bone graft substitutes,
as currently available clinical treatments for bone defects and
disease are insufficient to address the demand and show notable
limitations.'~> A bone autograft—a patient’s own bone harvested
from another part of the patient at time of the surgery—is known
to be the gold standard over decades.** This is due to their excel-
lent compatibility and non-immunogenic characteristic as well
as inherent bioactivity (i.e., osteoconductive and osteoinductive
nature), which is essential for bone regeneration and functional
integration of the graft to the defect site.** Despite these advan-
tages, bone autografts are more practical for small defects as they
require harvesting bone from other parts of the patient’s body,
which may not be feasible for large defects. The clinical proce-
dure is associated with additional issues at the tissue-harvesting
site (e.g., infection, inflammation, and bleeding). Although
bone allograft (i.e., a bone tissue from a donor) is an alternative
option, its use is limited due to the possibility of implant rejec-
tion (immunogenicity) and transmission of diseases from the tis-
sue donor.®® Conventional bone tissue engineering approaches
have been used to develop synthetic bone graft substitutes,” '
yet they lack the native bone tissue complexity, including struc-
tural, biochemical, mechanical, and cellular."!?
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Currently available bone grafts are insufficient to address the demand and lack tissue
complexity to mimic the native bone tissue microenvironment. Bone tissue is highly vascular,
and vasculature is crucial for bone tissue development and functional integration of the graft
to the native defect site. Three-dimensional (3D) bioprinting has emerged as an advanced
biomanufacturing technology to develop vascularized bone tissue with architectural, structural,
biochemical, and cellular complexity. This article includes currently available 3D bioprinting
technologies and corresponding bioinks followed by a detailed review on 3D bioprinting
strategies for vasculature. Finally, the current state of the art in 3D bioprinting of vascularized

Three-dimensional bioprinting has a significant potential
to create a patient-specific living bone tissue that is anatomi-
cally and physiologically similar to a patient’s native bone
tissue.'* 1% Three-dimensional bioprinting enables the use
of a patient’s own medical image (e.g., magnetic resonance
imaging [MRI], computerized tomography [CT] scan, and
x-ray) to design a custom digital tissue model and a patient’s
own cells and tissue to develop a personalized bioprintable
ink formulation.!”"!° Thus, This could potentially eliminate
clinical issues associated with currently available bone grafts,
including tissue compatibility, transplant rejection, and lack of
functional tissue integration.'® The ultimate goal is to create a
patient-specific human-scale living tissue using 3D bioprint-
ing. This requires development of fully functional vasculature
within the 3D bioprinted tissue.?’ Development and functional
integration of vasculature is crucial for 3D tissues as the vas-
cular network is responsible for transferring nutrients and
waste products, and failure of the vascular system can lead to
cell necrosis and tissue failure.?' "> It is also known that cell
survival decreases drastically when the capillary distances are
beyond the range of 60-300 um. This is not surprising con-
sidering that the native bone is a highly vascularized tissue
and vasculature is shown to have a significant role in bone
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maturation, regeneration, and remodeling.2*2° Thus, it is cru-
cial to understand the current advancements in 3D bioprint-
ing approaches to create vascularized bone tissue, which is
the focus of this article. We will provide a brief summary of
the commonly used 3D bioprinting technologies and bioink
formulations to create bone tissue followed by 3D bioprinting
technologies to bioprint vasculature within 3D scaffolds and
the use of these technologies for 3D bioprinting of bone tissue.

Three-dimensional bioprinting technologies
and bioink formulations

Three-dimensional bioprinting is an additive manufacturing
(AM) approach that refers to printing of live cells.?” It is
important not to confuse 3D bioprinting with 3D printing of
biomaterials. The latter refers to layer-by-layer printing of
biomaterials, including biodegradable polymers, metal and
metal alloys, and bioceramics as well as their composites.
Three-dimensionally printed biomaterials can be directly
implanted or populated with cells in vitro prior to implan-
tation. Thus, the 3D printing process does not need to be
cell friendly, and a wide range of AM technologies can be
utilized based on the biomaterial of interest and form of the
biomaterial ink (solution, slurry, powder, etc.).?¥3% How-
ever, this is not the case for 3D bioprinting as it strictly
refers to bioprinting of cells commonly in the form of cell-
only bioinks or cell-laden hydrogel-based bioinks.'”-3!-34
Cell-only bioinks include cell suspensions, cell aggregates,
and cell spheroids,>*~3® and they rely on cellular self-assem-
bly and self-organization mechanisms due to cell—cell inter-
actions.>>* Synthetic, natural, and decellularized extracel-
lular matrix (dECM)-based hydrogels have been used to
formulate cell-laden hydrogel bioinks.*"*> These bioinks can
be cross-linked through chemical cross-linking or physical
association (including ionic interactions), to form a hydrogel
post-printing.*3 A wide variety of biomaterial additives have
been incorporated into cell-laden hydrogel bioinks, in par-
ticular for bone tissue engineering, to formulate composite
bioinks—additives, including bioceramics, metal alloys, and
allograft tissue particles.*>*° The selection of the bioink is
strictly determined by the bioprinting technology. Currently
available technologies include droplet-based, light-based,
and extrusion-based bioprinting.'”!83!

Inkjet bioprinting requires deposition of cell-laden hydro-
gels, colloidal suspensions, or cell-only solutions with
relatively low viscosities (<10 mPa.s) at high shear rates
(10°-10° 71 in the form of droplets (2550 um in diameter).”!
Inkjet bioprinting is one of the first bioprinting technologies
to print live cells, yet its application in the bioprinting field
is usually limited to two-dimensional (2D) patterning of low
viscosity bioinks.* There is a continuous effort to address this
challenge by enabling inkjet printing of high viscosity inks.
For instance, Lewis’s group recently reported an acoustopho-
retic printing method that enables patterning of a broad range
of inks, showing yield stress behavior or Newtonian behavior
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with significantly high viscosities (0.5-25,000 mPa.s), includ-
ing cell-laden biological matrices.>

Light-based bioprinting refers to bioprinting techniques
utilizing a light or a laser source,’* >’ in which light is directed
(SLA) or projected (DLP) to a viscous photocurable cell-
laden hydrogel bioink (<~5000 mPa.s) to cross-link or cure
the bioink. This technology includes stereolithography appa-
ratus (SLA) and digital light processing (DLP), and evolved
into continuous liquid interface printing (CLIP)® and projec-
tion stereolithography,’®>-°* which significantly increase the
speed of the process by projecting an entire print layer at once
with achievable resolutions below 100 um. A volumetric bio-
printing technology is recently developed to further enhance
the print speed enabling centimeter-scale constructs within
30-120 5.51-%% In this technique, a 3D construct is simulta-
neously created by irradiating a volume of photocurable ink
(within a vat) from multiple angles, which can be achieved
either by tomographic reconstruction®’*> or holographic pat-
terning.® Volumetric bioprinting technology has already been
applied to bioprint cell-laden hydrogel-based constructs.®*
Laser-induced forward transfer (LIFT) utilizes a light source
to create a droplet from a viscous cell-laden hydrogel bioink
(viscosity value ranging from 1 to 300 mPa.s), which is trans-
ferred onto a print substrate.’®*® LIFT enables bioprinting of
viscous cell-laden bioinks with high concentrations of cells up
to 1 x 10® cells/mL.%768

Extrusion-based bioprinting, also referred as direct ink writ-
ing (DIW) bioprinting, is the most commonly used technique
due to its advantages such as ease of use, availability (and cost)
of the printers, versatility of bioprintable materials, and ability to
bioprint dense cellular structures.®”~7! DIW bioprinting allows
extrusion of high viscosity bioinks (30 to 6 x 107 mPa-s) with
high cell density (up to 10® per mL), including cell-laden cur-
able solutions and cell-laden hydrogels as well as cell suspen-
sions or aggregates, onto a print surface.”””’! Bioprint resolution
(smallest print size) is mainly determined by the needle size
(inner diameter of the needle) as well as the bioink formulation
(i.e., swelling during extrusion and/or spreading after printing).
DIW bioprinting also enables use of multiple print heads during
a bioprinting process, usually referred as multimaterial bioprint-
ing, each print head assigned to a different bioink formulation.
It is important to mention that bioink and nozzle size determine
the resolution of the printing, which is limited to a range of
(~100-300 pm). Extruded bioink formulation can be cross-
linked during or after the printing process either chemically or
physically to ensure the mechanical integrity of the construct.’!
A layer-by-layer bioprinting approach has significant limitations
to achieve high structural and architectural complexity in 3D as
well as to print soft cell-laden constructs (elastic modulus below
100 kPa) or cells alone. To address these issues, DIW can be
performed within a support bath that physically supports the
printed structure and eliminates the need for the layer-by-layer
printing process enabling omnidirectional bioprinting. This
technology is referred as freeform extrusion-based bioprinting
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or freeform embedded bioprinting.”? In this approach, the sup-
port bath material (usually a micro-size hydrogel suspension)
needs to behave like a solid for physical support, yet behave
like a fluid under applied shear stress to allow the nozzle to
move freely. It needs to recover immediately after the stress is

Three-dimensional bioprinting strategies

to create vasculature

There are two main bioprinting approaches to create vasculature.
The first approach is printing hollow microchannels within cell-
laden hydrogels followed by perfusion of endothelial cells within

removed to hold the printed structure in place. these channels. The latter approach includes 3D bioprinting of
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Figure 1. Examples of 3D bioprinting strategies for vasculature. (a) Schematic showing the embedded cellular patterns (i), and corresponding
fluorescent image of the cells (i), including 10T1/2 mouse fibroblasts (MFs) (blue), human neonatal dermal fibroblasts (HNDFs) (green), and human
umbilical vein endothelial cells (HUVECS) (red). (b) Free-form embedded printed channels populated with endothelial cells (red) led to sprouting due
to cell-mediated degradation of the matrix hydrogel. (c) Schematic of sacrificial ink printing within uncross-linked viscous print layer (i), enabling for-
mation of perfusable channels (red) within cell-laden hydrogels and fluorescent images showing HUVECs (green) forming a monolayer within chan-
nels (ii). (d) Schematic of coaxial printing (i), Scanning electron microscopy images of the channels (ji), and fluorescent images of the cells shown in
green (jii). Figures are reproduced with permission from Reference 74, © 2014 Wiley-VCH (a), Reference 89, © 2018 Wiley-VCH (b), Reference 80,
© 2019 Acta Biomaterialia (c), and Reference 97, © 2015 Elsevier (d).
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cell-laden or cell-only vascular bioinks within cell-laden hydro-
gels. There are several strategies to create microchannels embed-
ded within 3D cell-laden hydrogels. In a gel-casting strategy,
cell-laden hydrogel is casted and cured within a mold holding
a pre-printed sacrificial scaffold, which is removed (dissolved)
to create microchannels (150-800 pm) after the hydrogel is
cured””7° (Figure 1a). A wide range of sacrificial inks are avail-
able including agarose, gelatin, poly(vinyl alcohol) (PVA), Plu-
ronic, and sugar-based materials to create microchannels.”> >
It is also possible to directly print the sacrificial inks within 3D
cell-laden hydrogels using freeform extrusion-based bioprint-
ing, in which case the sacrificial construct can be removed after
printing to create microchannels within a cell-laden matrix.%~%
As previously discussed, the hydrogel matrix (used as a bath)
has to allow the needle motion during printing. This require-
ment significantly limits the available hydrogel formulations for
this approach to highly viscous polymer slurries, salt solutions,
shear-thinning hydrogels, and microgels.®* For instance, Song
et al. 3D-bioprinted microchannels within hydrogels cross-linked
with a protease-degradable cross-linker that allowed perfused
and attached endothelial cells to spatially degrade the hydrogel
matrix to form angiogenic sprouting (Figure 1b).*” An alterna-
tive approach is reported enabling direct printing of a sacrificial
ink within an uncross-linked pre-printed photocurable hydrogel

matrix layer (Figure 1¢).% In addition to extrusion-based printing,
light-based bioprinting can also be used to spatially cure photo-
curable hydrogels within the vat to create embedded channels
within these hydrogels.*””° Microchannels (or hollow tubes) can
also be fabricated by utilizing unit stacking and coaxial printing
strategies using extrusion-based bioprinting. In unit stacking strat-
egy, microchannels embedded within hydrogels can be fabricated
by layer-by-layer bioprinting of a cell-laden hydrogel and a sacri-
ficial ink.”! In coaxial printing, a coaxial needle is used in extru-
sion-based printing, which allows printing of two distinct inks
simultaneously forming a core—shell filament. The outer layer is
usually cross-linked rapidly forming the shell, and the inner layer
is used as the support, which can be removed after printing (Fig-
ure 1d).”>"7 These hollow channels can be incorporated within
a 3D hydrogel matrix by using free-form embedded printing.
The free-form embedded bioprinting is also the most commonly
used approach to bioprint cell-laden or cell-only vascular bioinks
within the cell-laden hydrogel matrix to create vasculature.®’

Three-dimensional bioprinting vascularized
bone tissue

Bone tissue is highly vascularized, and development of
bone tissue and vasculature are simultaneous processes. The
crosstalk of bone (osteogenic) and vascular cells is known to
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Figure 2. Bioprinting vascularized bone tissue. (a) Schematic summarizing the unit stacking approach to create cell-laden hydrogels with gradient
presentation of vascular endothelial growth factor (VEGF) for capillary formation. (b) Schematics of the biphasic construct with mono-culture and
co-culture conditions, and corresponding staining images for bone-associated matrix proteins Col | and FN at day 20 (displayed in red, DNA in
blue), and for vasculature at day 30 (PECAM-1 in white, DNA in blue). (c) Fluorescent images showing the effect of initial cell density (at day 0) on
vascularization/capillary network formation of endothelial cells (red) at day 6. Figures are reproduced with permission from Reference 91, © 2017
Wiley (a), Reference 104, © 2020 Springer Nature (b), and Reference 108, © 2019 Springer Nature (c). hMSCs, human mesenchymal stem cells;

HUVECSs, human umbilical vein endothelial cells.
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enhance bone tissue formation as well as maintenance and
repair of the tissue.”® '’ There has been a significant effort
to bioprint bone tissue with built-in vasculature, '6-2%25.101-103
DIW bioprinting was used to bioprint microstructured bone-
like tissue constructs containing a perfusable vascular lumen
using gelatin methacryloyl (GelMA) (Figure 2a).' GelMA
was conjugated with vascular endothelial growth factor
(VEGF) to create a gradient presentation of VEGF for capil-
lary formation, and silicate nanoplatelets were used to pro-
mote human mesenchymal stem cell (hMSC) osteogenesis
(Figure 2a). Bioprinted construct demonstrated structural
stability in vitro up to 21 days, and was able to support cell
survival and proliferation during tissue maturation.”' Leucht
et al. showed the importance of the crosstalk between osteo-
genic and vascular cells by fabricating a DIW bioprinted co-
culture hydrogel (Figure 2b).'* Gelatin-based hydrogels are
used to formulate allowed bioprinting of co-culture hydro-
gels including human dermal microvascular endothelial cells
(HDMECs) and human adipose-derived stem cells (ASCs) for
the vascular compartment, and ASCs and hydroxyapatite for
the osteogenic compartment. A self-guided, stabilized assem-
bly of capillary-like networks were reported in the vascular
compartment while ASCs differentiated into osteogenic line-
age confirmed by expression of bone marker protein collagen
type I (Col 1), osteopontin (OPN), and fibronectin (FN) (Fig-
ure 2b)!* DIW was used to bioprint two separate osteogenic
and vasculogenic cell populations encapsulated in a fibrin
bioink to fabricate osteon-like patterns in a biophasic scaffold
to enhance neovascularization.'® In vitro studies showed a
significant increase in gene expression of angiogenic mark-
ers and histological analysis of explanted scaffolds showed
a significant increase in the number of blood vessels per area
in the 3D printed osteon-like scaffolds. In another study, vas-
cular endothelial cell-laden thermosensitive bioinks were
bioprinted on the inner surfaces of interconnected tubular
channels of bone mesenchymal stem cell-laden 3D bioprinted
scaffolds.' The coupling effect between angiogenesis and
osteogenesis led to upregulation of osteogenic and angiogenic
genes in vitro, and vascularized scaffolds promoted new bone
formation in a rat calvarial critical-sized defect model.'” An
in vitro vascularized bone model was developed by bioprint-
ing a gelatin-nanohydroxyapatite (gel-nHA) hydrogel scaf-
fold seeded with hMSCs.'”” The hMSCs were differentiated
in vitro for two weeks followed by seeding human umbili-
cal vein endothelial cells (HUVECs) within the macropores
to form a capillary-like network during two more weeks of
culture. Results confirmed vascular lumen formation and
osteogenic commitment of hMSCs in four weeks of culture,
and indicated the positive effect of endothelial cells on stem
cell osteogenesis.!”” Laser-assisted bioprinting (LAB) was
reported to pre-organize endothelial cells into high cell den-
sity micropatterns to create a vascular network with defined
architecture in collagen hydrogels seeded with mesenchymal

stem cells (Figure 2¢).!% Formation of highly interconnected
vasculature was achieved and shown to be dependent on the
local density of the endothelial cells such that deposition of
high density cells (2176 + 556 cells/mm?) led to capillary-like
structures, whereas low cell density (1447+321 cells/mm?)
patterns formed poorly connected vasculature.'%

It is common to combine different printing technologies
to fabricate vascularized 3D bone scaffolds. Extrusion-based
biomaterial printing is used to fabricate support scaffold from
polycaprolactone (PCL) mixed with tricalcium phosphate
(TCP) particles, which is combined with bioprinting of a cell-
laden composite hydrogel (human amniotic fluid—derived stem
cells [hAFSC]), gelatin, fibrinogen, glycerol, and HA) and
a sacrificial Pluronic hydrogel to fabricate bone scaffolds.!?
Implanted scaffolds in a calvarial bone defect (in Sprague
Dawley rats) showed significant bone maturation and vascu-
larization, including formation of large blood vessels inside
newly formed bone tissue Figure 3a).'> In another study,
extrusion-based filament printing is combined with SLA
bioprinting (Figure 3b).!% First, a honeycomb pore-shaped
construct containing several vertical and horizontal vessel-
like channels was printed using polylactide (PLA) filaments.
Then, cell-laden GelMA hydrogel were bioprinted via SLA
to infill the interconnected channels and pores. In vitro cul-
ture using a bioreactor system along with media perfusion
and immobilization of BMP2 (bone morphogenic protein 2)
and VEGF within the construct enabled promotion of osteo-
genesis and angiogenesis simultaneously.'” Rukavina et al.
combined extrusion-based bioprinting with inkjet bioprint-
ing to bioprint ASCs and HUVECs, respectively.''* In vivo
evaluation of the bioprinted constructs (in mice) confirmed
prevascularized bone formation within the scaffolds. Extru-
sion-based biomaterial printing is used to fabricate calcium
phosphate (CaP) scaffolds (from CaP paste) integrated with
coaxial printed GeIMA hydrogel microchannels.''! CaP
fibers and microchannels seeded with vascular endothelial
cells and mesenchymal stem cells were embedded within
GelMA hydrogel. This study confirmed the feasibility of cre-
ating vascularized bone scaffolds with enhanced vasculature in
the core of the bone scaffolds.'!! Mussel-inspired, hierarchical
3D porous scaffolds were fabricated by sequential dispensing
of a PDACS/PCL composite ink (for support), HUVEC laden
alginate/gelatin hydrogels, and Wharton’s jelly mesenchymal
stem cells (WIMSCs).''? In vitro studies confirmed enhanced
bone formation and angiogenesis. Finally, in situ bioprinting
of bone tissue is an emerging technology enabling bioprinting
of the tissue directly into or onto the defect site in the opera-
tion room.'"3~!!® This approach utilizes the native microtissue
environment as a natural bioreactor for tissue maturation and
functional tissue integration into the native site. For instance,
in situ bioprinted bone tissue demonstrated significant vas-
cularization and bone regeneration in a mouse calvaria bone
defect model.'"”
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Figure 3. Combining printing technologies for bioprinting vascularized bone tissue. (a) From left to right: Integrated organ printing system to
fabricate multimaterial bone scaffolds, picture of the printed material, top image showing the different components of the scaffold, and optical
images of the implanted construct at day 0 (top) and after five months (bottom). (b) Schematic showing the design for fabrication of a vascularized
bone biphasic construct using filament printing and stereolithography (SLA) 3D bioprinting platform (top) and process flow to create vascularized
bone construct using MMP-sensitive GelMA hydrogel to generate a vascular lumen and a capillary network (bottom). Figures are reproduced with
permission from Reference 15, © 2016 Springer Nature (a) and Reference 109, © 2016 Wiley-VCH (b). FDM, fused deposition modeling.

Concluding remarks

Three-dimensional bioprinting is at the forefront of research
to fabricate bone tissue with built-in vasculature. Several
bioprinting strategies have been developed to create hierar-
chical vasculature in 3D cell-laden hydrogels and these strat-
egies are successfully applied to 3D bioprint bone tissue.
Three-dimensionally bioprinted tissues demonstrated the
importance of the crosstalk between osteogenic and vascular
cells not only for bone tissue formation, but also for tissue
maintenance. Current challenges include bioink, bioprint-
ing, and end product related issues. Selection of clinically
approved bioprintable hydrogel components and obtaining
enough cells especially for cell-only bioinks are major issues
for bioink formulation. Bioprinting technologies usually
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allow formation of microchannels and lack the required
resolution to create angiogenesis, which can be achieved
by using enzymatically degradable hydrogel systems that
allow tubule formation. Recent light-based technologies
such as volumetric printing can tackle resolution issues
yet face difficulty creating human-scale constructs. Three-
dimensionally printed tissues usually require maturation in a
reactor, which brings another layer of complexity consider-
ing clinical translation. There is a continuous advancement
with emerging technologies, including in situ bioprinting,
which could further move the bioprinted bone tissues to
clinic. Overall, fully functional vasculature is the key for
enhanced bone formation and functional integration to the
defect site.
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