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Abstract

Background: Joint degeneration and large or complex bone defects are a significant source of morbidity and
diminished quality of life worldwide. There is an unmet need for a functional implant with near-native biomechani-
cal properties. The potential for their generation using 3D bioprinting (3DBP)-based tissue engineering methods was
assessed. We systematically reviewed the current state of 3DBP in orthoregeneration.

Methods: This review was performed using PubMed and Web of Science. Primary research articles reporting 3DBP of
cartilage, bone, vasculature, and their osteochondral and vascular bone composites were considered. Full text English
articles were analyzed.

Results: Over 1300 studies were retrieved, after removing duplicates, 1046 studies remained. After inclusion and
exclusion criteria were applied, 114 articles were analyzed fully. Bioink material types and combinations were tallied.
Cell types and testing methods were also analyzed. Nearly all papers determined the effect of 3DBP on cell survival.
Bioink material physical characterization using gelation and rheology, and construct biomechanics were performed.
In vitro testing methods assessed biochemistry, markers of extracellular matrix production and/or cell differentiation
into respective lineages. In vivo proof-of-concept studies included full-thickness bone and joint defects as well as
subcutaneous implantation in rodents followed by histological and uCT analyses to demonstrate implant growth and
integration into surrounding native tissues.

Conclusions: Despite its relative infancy, 3DBP is making an impact in joint and bone engineering. Several groups
have demonstrated preclinical efficacy of mechanically robust constructs which integrate into articular joint defects in
small animals. However, notable obstacles remain. Notably, researchers encountered pitfalls in scaling up constructs
and establishing implant function and viability in long term animal models. Further, to translate from the laboratory
to the clinic, standardized quality control metrics such as construct stiffness and graft integration metrics should be
established with investigator consensus. While there is much work to be done, 3DBP implants have great potential to
treat degenerative joint diseases and provide benefit to patients globally.
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Introduction
Orthoregeneration is a growing field where 3D bio-
printing (3DBP) has great potential to restore function
lost from disease or damage. The ability to print bone,
cartilage, and blood vessels is reaching a level of matu-
ration where clinical translation is a distinct possibility.
This systematic review will focus on those tissues and
their composites. Bone disease and trauma are particu-
larly challenging, especially in complex or large defects.
The articular joint functions to execute precise move-
ments, bear compression, and is critical to mobility and
activities of daily living [177]. Articular joint defects are
common, affecting individuals across multiple demo-
graphic groups and are a significant source of socio-
economic burden [113, 127]. In 2019, almost 2 million
arthroplasty procedures were performed in the United
States, a number that is expected to more than triple
by 2040 [171]. The increasing prevalence (21% rate of
increase) and cost (>$880 billion) of musculoskeletal
diseases [200] highlight the potential impact of 3D
bioprinting strategies for the de novo development of
bone, cartilage, vasculature and their composites.
Clinically available options are chosen due to defect
severity, ranging from pain management and physi-
otherapy for mild osteoarthritis to graft implantation
and prostheses for defects which limit activities of daily
living. Autologous grafting, in which the patient’s chon-
drocytes are harvested, culture expanded, then re-intro-
duced into the defective joint requires a second surgical
intervention following a six to eight-week chondrocyte
expansion period. These grafts have shown poor hya-
line cartilage production and risk flap delamination [75,
122]. Orthopedic implants provide tremendous benefit
to the patient but have limited durability. They are not
recommended for younger patients both due to limited
lifetime and inability to grow with the patient. They can
also fail to osseointegrate and can suffer aseptic loosen-
ing. Revision risk is>25% in patients aged 46-50 [140].
Critical-sized bone defects pose a significant threat to
a patient’s quality of life and are defined as those that
will not heal spontaneously within a patient’s lifetime
[156]. The current gold standard clinical material for
bone regeneration is the use of autologous bone graft
[159]. This is due to the advantages of a cellularized
nonimmunogenic tissue that can be revascularized,
engraft and permit osteoconduction at the defect [62].
The quantity of tissue available and donor site morbid-
ity are limitations of this method, therefore there is a

drastic need for tissue-engineered bone implants [7, 29,
75, 122].

A fully functional composite construct remains an elu-
sive goal in the field of tissue engineering. 3D bioprint-
ing is a promising new technology because it allows for a
high degree of geometric control on both the macro- and
micro-scales. It gives us the ability to generate patient-
specific bioactive scaffolds using 3D imaging modalities
such as magnetic resonance imaging (MRI), computed
tomography (CT), and positron emission tomography
(PET) [22]. Extracellular matrix (ECM)-mimicking mate-
rials can be used as, or added to, bioinks, creating envi-
ronments in which cells readily grow and repair injured
or missing tissues [207]. Patient-specific implants can be
readily manufactured once cell and printing parameters
are established [88, 190].

This systematic review aims to determine the current
state of the field of 3D bioprinting in orthoregeneration.
Further, we aim to give a perspective on the individual
tissues of bone, cartilage, and vasculature along with their
composites. Skeletal muscle or nerve constructs, while
deserving of attention for future reviews, were not con-
sidered. We define 3D bioprinting as a structure created
using computer-aided construct design methods and a
cell-containing ink (bioink)[92]. This review provides an
overview of the developments in 3D bioprinting-based
tissue engineering techniques between 2011 and 2022,
strategies, and methods for testing bone, cartilage, blood
vessel, and composite osteochondral and vascular bone
constructs. This includes the vast number of combina-
tions of biomaterials and cells applied to the development
of individual bone, cartilage, and vascular structures as
well as osteochondral and vascularized bone. Also high-
lighted are challenges which must be addressed to bring
the technology from the laboratory to the clinic.

Methods

A systematic review of the literature was performed using
PubMed and Web of Science following PRISMA guide-
lines. Results were then filtered for full-text English lan-
guage primary research articles published in the fields of
bioengineering and regenerative medicine (Fig. 1). Search
terms ‘((3D bioprint cartilage NOT (systematic review))
NOT (review) were used to identify articles on cartilage.
Composite structure papers were identified using ‘(3d
bioprint osteochondral) NOT (review)’ and ‘(3d bioprint
vascular bone) NOT (review). Search terms ‘(bioprint-
ing OR "tissue printing") AND (bone OR osteo*)’ were
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Fig. 1 PRISMA flow chart depicting article screening process

(systematic review)) NOT (review)

Excluded works include reviews, short communications, case reports, articles written in non-English languages, articles published in journals
with impact factor < 2, citations, and articles which do not meet the definition of 3DBP. Example search terms include ((3D bioprint cartilage NOT

used to find bone construct articles. Papers engineering
vascular constructs were identified using terms ‘((((3d
bioprinting) AND (extrusion)) AND ((blood) OR (ves-
sel) OR (vasculature) OR (vascular)))). Duplicate results
were removed and additional articles were found via ref-
erences to yield a pool of primary articles for screening.
Articles published before 2011, citations, reviews, short
communications, case reports, articles written in non-
English languages, articles which do not meet the defini-
tion of 3DBP or were published in a journal with impact
factor (IF, Clarivate) < 2 were excluded.

Papers reporting on 3D bioprinting of bone, cartilage,
vessels, cartilage with bone (osteochondral), and vascu-
lar bone structures were included. Articles considered
in this review included 3D printing strategies and print-
ing parameters for individual constructs. Data extracted
included, but were not limited to, descriptions of cells
used, culture conditions, and materials for assembling
structures. Tissue characterization data using methods
such as immunohistochemistry and fluorescence micros-
copy were evaluated for proof-of-concept. Data from ani-
mal models was also included. Engineering approaches
were assessed by the characteristics and bio-similarity of
the resulting construct.

Results

Overview of the field

Electronic database searches yielded 1362 results, giv-
ing 1046 unique articles (Fig. 1). After an initial screen-
ing for full-text primary research articles, 607 papers
remained. Of the 607 papers assessed for eligibility,
articles were screened for inclusion/exclusion criteria
and 11 were selected for full review. No studies were
found on vascularized osteochondral tissue. Arti-
cles were most commonly published in Biofabrication
(23%), Acta Biomaterialia (7%) and Advanced Health-
care Materials (6%, see also Supplemental Data). 3DBP
cartilage was evaluated in 52 papers while 35 papers
reported bone constructs, 11 involved vascular con-
structs, 10 described osteochondral prints, and 12 eval-
uated vascular bone (Fig. 2 and Supplemental Data).
Despite its relative infancy, there is tremendous and
growing interest in the field of 3DBP tissues.

A wide spectrum of materials were used as bioinks,
Fig. 2 summarizes the nineteen most commonly used
materials (see also Supplemental Data). Collagen, algi-
nate, hyaluronic acid, gelatin, and their related deriva-
tives were used in constructs for each tissue type as well
as both composite tissues. Several materials, including
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PCL: poly (caprolactone), PEG: poly(ethylene glycol), PGLA: poly(lactic-co-glycolic acid), PLA: poly (lactic acid). White indicates not reported

alginate and hyaluronic acid, are derived from natural
sources, such as marine brown algae and rooster comb,
respectively. Synthetic hydrogels, mainly based on poly
(ethylene glycol; PEG), were also relatively common.
Poly (caprolactone) (PCL) was the most frequently
used non-hydrogel material and featured in all con-
struct types aside from vasculature (Fig. 2). Other less
frequently used materials included acrylated peptides,
yeast mannan, borate glass, and silicate nanoplatelets
(see Supplemental Data). Ceramics such as laponite
were only featured in bone and vascular bone papers,
which is likely due to their mechanical durability and
osteoinductive nature.

The most commonly used cells, throughout all the tis-
sues and composites, were bone marrow-derived mesen-
chymal stromal cells (MSCs) (Fig. 3a). This makes sense
as MSCs have demonstrated osteogenic and regenerative

potential in 3D bioprinted constructs aimed to repair
fractures and large-scale defects [87]. Such MSC-con-
taining structures can differentiate into cartilage and
bone, commonly progressing to hypertrophy thereby act-
ing as a template for endogenous osteogenesis [121, 133].
They can also take up perivascular positions, similar to
their endogenous location, promoting angiogenesis [27].
Differentiation into vascular smooth muscle cells has
also been reported [40]. Several groups elected to use
terminally differentiated cells, such as chondrocytes and
endothelial cells, which retain limited proliferative poten-
tial but require less differentiation lineage-specific cul-
ture considerations. A total of 50 papers reported bioinks
with non-human cells. Donor species included pigs,
chickens, and rats with cell selection based on in vivo
implantation studies and prior studies using the cell lines
(Fig. 3b).




Pan et al. Journal of Experimental Orthopaedics

(2022) 9:95

Page 5 of 34

d
IACPCs IACPCs
AFSCs IASCs
IASCs IATDC5s
BMSCs % BMSCs
IChondrocytes : Chondrocytes
©
DMECs € Fibroblasts
S
DPSCs -E MSCs
Endothelial cells 2 Myocytes
" ESCs Osteoblasts
?‘3 Fibroblasts Osteocytes
& HEKs Plant cells
€ HuvECs
I Plant Goat
iPSCs b 2%, 29,
MPCs . Shfep
Rabbit |(fjBovine o 4%
MSCs 10%
Horse
Osteoblasts 8% Rat
Pericytes 10%
Sarcoma
SMCs Pig
22%
SVFCs Mouse
WJMSCs , 24%
Chicken
Fewer More 4%
papers papers
Fig. 3 Cell types and sources of cells used in bioinks for each tissue
a) Cells and derivation. b) Non-human cell sources. ACPCs: articular cartilage-resident chondroprogenitor cells, AFSCs: amniotic fluid-derived stem
cells, ASCs: adipose-derived stem cells, ATDC5s: mouse teratocarcinoma cell line, BMSCs: bone marrow stromal cells, DMECs: dermal microvascular
endothelial cells, DPSCs: dental pulp stem cells, ESCs: embryonic stem cells, HEKs: human embryonic kidney cells, HUVECs: human umbilical vein
endothelial cells, iPSCs: induced pluripotent stem cells, MPCs: mesenchymal progenitor cells, MSCs: mesenchymal stromal cells, SMCs: smooth
muscle cells, SVFCs: stromal vascular fraction cells of adipose tissue, WIMSCs: Wharton's jelly mesenchymal stromal cells. White indicates not
reported

Of the in vitro tests used, viability was the most com-
monly assessed. Highlighting viability as a cornerstone in
3DBP tissue engineering research and the importance of
determining cell survival both before and after the print-
ing process. Nucleic acid-based studies, primarily qPCR,
was used to analyze cell lineage-specific genes such as
alkaline phosphatase and type I collagen for bone, and
aggrecan and type II collagen for cartilage. Fluorescent

reporter genes were also used to determine cell func-
tion in vitro along with other microscopic methods such
as vascular tube formation, proliferation, and cell mor-
phology studies (Fig. 4). Physical characterization most
frequently involved experiments related to mechani-
cal testing, including construct compression and bioink
rheology. Over a quarter (27%) of articles reported
in vivo studies. In vivo analysis ranged from implanting
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Fig. 4 In vitro testing methods reported in papers from each
construct category

Antibody-based =immunohistochemistry (IHC),
immunocytochemistry (ICC), western blot, and ELISA.
Biochemistry = mitochondrial activity, metabolic activity (e.g.
media content analyses), molecule release, and enzyme activity.
Histology = tissue sections typically stained with hematoxylin and
eosin. Microscopy = morphological studies, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), reporter
gene fluorescence, tube formation, and cell proliferation. Nucleic
acid analyses = gPCR, sequencing, karyotyping, and genotoxicity
studies. Viability = live/dead staining and DNA quantification
studies were performed to assess viability before and after printing.
Other=antimicrobial assays, perfusion, and imaging such as

micro-computed tomography

constructs subcutaneously to using constructs as grafts
for full-thickness joint defects. In vivo experiments were
more frequently reported in composite tissues.

For a full overview of all the papers included in terms of
the bioink composition, cells used, crosslinking method,
and outcome metrics with the ability to filter and sort
please see the Supplemental Data file.

3D bioprinting of cartilage
Tissue engineered cartilage has applications in many
areas, in this review we focused on the 3D bioprinting of
articular cartilage. In articulating joints, cartilage is the
smooth surface coating the bones. Cartilage provides a
frictionless, lubricated surface for articulation, while also
aiding in the distribution of loads [173]. One cell type,
the chondrocyte, makes the tissue which is both avascu-
lar and aneural. Cartilage is composed of a dense ECM,
secreted by chondrocytes, that is mainly type II collagen
and proteoglycans (predominantly aggrecan). Together,
these components form a tissue that is organized into
specific zones (Fig. 5; [126]).

The surface zone protects the deeper layers from
frictional stress, a) by having higher levels of the pro-
teoglycan PRG4, a lubricating protein [99, 173], and b)
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through collagen fiber alignment parallel to the direc-
tion of shear [36, 124, 210]. The middle and deep zones
are mainly responsible for providing resistance to shear
and compressive forces with increased levels of type II
collagen and aggrecan. Finally, the calcified zone con-
nects the cartilage to the subchondral bone providing
an interface between tissues with distinctly different
material properties, distributing load and preventing
delamination [99, 173].

3D bioprinting of cartilage holds tremendous poten-
tial as cells can be expanded then oriented in a layer-by-
layer approach, creating zonal organization of cartilage
constructs with defined cell densities [161, 173, 208].
For example, to recapitulate cell densities of native tis-
sue, a higher cell number can be used for the surface
zone of the print, while fewer cells can be used for the
calcified region. Because harsh treatments are not used
during or post-printing, labile ECM stimulating mole-
cules like TGFPB1 can be added into bioinks to improve
cartilage formation in vitro [161]. The following sec-
tions demonstrate where the field of 3D bioprinted car-
tilage currently is, while also discussing the hurdles to
overcome as progress is continually made towards clini-
cal application.

Materials used in bioprinting of cartilage

Material selection is an important step in the optimiza-
tion of 3D bioprinting. The two basic requirements of a
bioink are high cytocompatibility and printability [94,
108]. Hydrogels are excellent materials for 3D bioprinting
of cartilage. They can be biocompatible, biodegradable,
and can aid in cell adhesion, proliferation, migration, and
differentiation [99, 214]. Further, their mechanical char-
acteristics make them highly printable.

Alginate was among the first hydrogels to be used in
3D bioprinting of cartilage in 2013 [209], and is still fre-
quently used (Table 1). In this systematic review of 3DBP
cartilage constructs, 37% used alginate, making it still the
most used hydrogel for 3D bioprinting cartilage. Alginate
is a natural polysaccharide-based hydrogel that has been
shown to maintain chondrocyte phenotype and re-dif-
ferentiate culture expanded, and therefore de-differenti-
ated, chondrocytes [26, 99]. Alginate is easily crosslinked
by placing the material in a calcium chloride bath. One
drawback to using alginate is its inconsistent properties
(viscosity, heavy metal content, and guluronic to mannu-
ronic acid ratio) [99]. Another significant drawback is the
use of calcium to crosslink; calcium is a potent cell sign-
aling molecule known to have effects on chondrocytes
[119]. These factors can all influence glycosaminoglycan
and type II collagen production [99]. However, the ease
of use, modification, and printability continue to make
alginate a frequently used bioink.
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Two other commonly used materials are gelatin [78,
182] and hyaluronic acid [11, 136, 138, 182]. Gelatin is
derived from collagen by partial hydrolysis. It contains
cell adhesion sites and target sequences for matrix met-
alloproteinases (MMP), giving it the ability to be remod-
eled by cells and degrade in culture [21, 202]. Hyaluronic
acid is a naturally occurring anionic, non-sulfated gly-
cosaminoglycan, that is an integral component in carti-
lage ECM and joint synovial fluid [137, 166].

To have a well-defined product, synthetic hydrogels
were developed. Poly (ethylene glycol) (PEG) and its
derivatives were among the first synthetic hydrogels for
3D bioprinting cartilage. PEG and its derivatives are used
in about 12% of included 3D bioprinting cartilage papers.
Synthetic hydrogels formed from PEG are cytocompat-
ible and can be chemically modified for tunable mechani-
cal characteristics [41]. Derivatives of PEG, poly(ethylene
glycol) dimethacrylate or poly(ethylene glycol) mono-
methacrylate, are modified to improve the mechanical
properties through the inclusion of photocrosslinking
[41, 42, 44, 67, 215].

A disadvantage of printing with hydrogels is their rela-
tively low mechanical strength in comparison to native
cartilage [2]. Several methods have been implemented

to improve the mechanical properties of hydrogels while
maintaining the positive aspects of biocompatibility
and printability. Methacrylation is one such common
method, though it fails to achieve native material prop-
erties. Reacting the material with methacrylic anhydride
introduces a methacryloyl substitution on the reactive
amine or hydroxyl groups [202]. The degree of substitu-
tion can be altered during the reaction process, and the
addition of the methacryloyl group gives the hydrogel
photocrosslinking properties [202]. As previously men-
tioned, PEG is commonly methacrylated; gelatin and
hyaluronic acid are also frequently methacrylated (also
known as methacryloyl) materials. This overcomes the
main drawback of gelatin, that it typically melts at physi-
ological temperatures, to form gelatin methacrylate
(GelMA) [38, 44, 45, 48, 59, 72, 84, 93, 100, 104, 110,
112, 118, 142, 162, 164, 191, 215]. GelMA retains all the
positive qualities found in gelatin, but also has tunable
mechanical properties, making it the second most used
bioink for 3D bioprinting of cartilage, at 35% of included
papers. Methacrylation of hyaluronic acid enables tun-
able crosslinking and degradation rates [38, 59, 93, 104,
142]. Other materials that have been used in 3D bioprint-
ing of cartilage and have been methacrylated include
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hydroxypropyl methyl cellulose [139], mannan [80], poly-
vinyl alcohol [112], chondroitin sulfate amino ethyl [38],
and kappa carrageenan [82] (Table 1).

Methacrylated polymers enable crosslinking using pho-
toinitiators. Photoinitiators commonly used in crosslink-
ing are Irgacure 2959 [38, 41, 42, 48, 67, 72, 76, 80, 82,
84, 162, 189] or lithium phenyl-2,4,6-trimethylbenzo-
ylphosphinate (LAP) [48, 59, 66, 93, 104, 118, 132, 142].
Irgacure 2959 maximally absorbs at 274 nm, however
this has an added risk of potential UV damage to cells
within the bioink [17]. LAP has become more commonly
used as it absorbs in the visible light range with a max-
ima at 375 nm and is more water soluble [58]. With both
photoinitators, high cell viability has been established
(above 70%) at concentrations up to 0.3% w/v, when typi-
cally, 0.05% w/v is used [194]. Photocrosslinking can be
a straightforward method to increase the strength of
hydrogels during or after 3D bioprinting that does not
typically decrease cell viability.

Another method to increase the mechanical strength
of hydrogels is the addition of a stronger material. Often
polycaprolactone (PCL) [44, 45, 76, 85, 143, 155, 162, 164,
175, 178-182, 201] or polylactic acid [11, 100] are used to
create the stiff structure in the 3D model. Both PCL and
polylactic acid have FDA-approved applications [174].
Typically, fiber networks are printed first and then the
cell-laden hydrogels are printed into the network. PCL
is biocompatible, easy to shape, and has tunable elastic
and mechanical properties [164]. PCL also has a lower
melting temperature (60 °C) compared to polylactic
acid (170 °C) [164]. However, one drawback to printing
with multiple materials is a lack of integration between
the two materials due to a large difference in material
properties.

Overall, hydrogels are the most frequently used mate-
rial for 3D bioprinting cartilage. Their biocompatibility is
a major advantage, as well as the ability to add growth-
stimulating factors due to mild print conditions. While
low mechanical strength is a disadvantage, that can
be remedied by crosslinking or by co-printing with a
stronger material.

Bioink and cartilage construct initial characterization

Bioink printability, i.e., shear thinning behavior, can
directly impact the viability of cells within the material.
Extrusion-based 3D bioprinting involves pressure being
applied to a bioink-containing syringe barrel and the
continuous extrusion of material [47, 207]. This is the
most frequently used form of 3D bioprinting in carti-
lage papers included in this review (75%). A wide range
of materials can be used with this form of bioprinting,
including all those previously mentioned in Section 3.2.1.
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However, one of the disadvantages of extrusion methods
is shear stress on the cells [47, 207].

Rheology is the study of flow and deformation of mat-
ter and is frequently applied to extrusion-based bio-
printing materials [65]. More than half (52%) of papers
performed rheological assessment of the materials. Vis-
coelastic (shear-thinning) rheological behavior is an ideal
characteristic for extrusion of hydrogel-based bioinks, in
which during printing it becomes less viscous, but after
printing it returns closely to its original gel state [8, 136].
Other than cell viability, these properties can also impact
the print shape fidelity. Bioinks that are too thick may
have lower cell viability, but higher shape fidelity. Overall,
bioink selection requires a balance between printability,
cell viability, and print shape fidelity.

Swelling ratio was used in 29% of papers included in
this review. Factors that influence the swelling of hydro-
gels include molecular weight and concentration of the
macromer used and crosslinking extent [146]. Swell-
ing has also been shown to impact the elastic property
of hydrogels [176]. It is used to determine the degree of
crosslinking, mechanical or viscoelastic properties, and
even degradation rate of hydrogels [170].

Another important quality of materials for 3D bioprint-
ing cartilage is mechanical strength. Articular cartilage of
human adults has a stiffness value ranging from 0.14 to
1.30 MPa, depending upon age and mechanical test [149,
150]. One goal of cartilage tissue engineering is to achieve
near-native tissue mechanical strength. A caveat to this
is that native adult stiffness may impair integration with
tissue surrounding the implant by restricting cell move-
ment; could fetal tissue stiffness and cellularity be more
optimal? Half of the cartilage papers performed compres-
sion testing on materials used to determine stiffness val-
ues. Casts of materials, rather than prints, are typically
made and then tested with either dynamic mechanical
analysis [38, 100, 101, 112, 118, 164, 175, 212] or uncon-
fined compression [12, 41, 42, 48, 59, 67, 72, 80, 93, 139,
142, 164, 189, 208, 215]. Out of the papers included in
this review, 5 different moduli were reported for mechan-
ical characterization including Young’s modulus [76, 162,
179], dynamic modulus [164], compressive modulus [11,
45, 66, 198], equilibrium modulus [44, 164], and elastic
modulus [155]. As stated in the systematic review by
Patel et al., while compression testing is the most com-
mon form of mechanical characterization, there is high
variability in testing criteria and analysis [149]. Standard-
ization of these methods will allow for easier comparison
between studies, and translation into the clinic. In the
meantime, and even beyond, it is recommended that all
reports on mechanical testing include a test of native tis-
sue in their setup (e.g. bovine).
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Mechanical testing is most often performed before the
mixing of cells within the material and often done with-
out actual printing. However, a few papers performed
mechanical tests post in vitro culture to demonstrate
the effect of matrix deposition on mechanical stiffness
of a 3DBP construct [11, 66, 76, 162, 164, 179]. All six
papers showed an increase in mechanical properties
between day 0 and the end point. Notably, Ruiz-Cantu
et al., printed with 20% GelMA(w/v) containing sheep
chondrocytes (10 x 10° cells/mL, passage 1) [162]. The
Young’s modulus increased from 0.2 MPa to 0.25 MPa
to 0.3 MPa to 0.7 MPa on day 0, 14, 21 and 50 respec-
tively. They observed a similar trend for 15% GelMA
but with lower values (0.1-0.5 MPa) [162]. Sun et al.,,
bioprinted rabbit MSCs with PCL and poly (lactic-co-
glycolic acid) growth-factor containing microspheres
and varied the spacing of the PCL fibers [179]. Both the
150 pm spaced and the 150-750 gradient spaced PCL
scaffolded construct had comparable stiffness to native
tissue [179]. Day 0 was not reported so it is unclear how
much of this stiffness is due to ECM production vs.
scaffold. Physical property evaluation of both the mate-
rials used in 3D bioprinting cartilage and the final 3D
printed constructs are essential for determining in vitro
cartilage formation.

Cells used in cartilage bioprinting

The cell types used for 3D bioprinting of cartilage can be
split into two groups: chondrocytes and MSCs. Chon-
drocytes are an obvious choice, as they are the only cell
type within the tissue. Chondrocytes are responsible for
producing and regulating the extracellular matrix of car-
tilage [173]. They respond to stimuli including growth
factors, and mechanical loads [173]. Articular chondro-
cytes were used in 38% of papers included in this review.
Of those, human chondrocytes were the most common
at 35%. The other 65% of articular chondrocytes were
harvested from bovine (20%), porcine (10%), chicken
(10%), rat (10%), rabbit (5%), sheep (5%), and equine
(5%) donors.

One major challenge to using chondrocytes is their
limited potential to proliferate [90]. To overcome
that challenge, MSCs were used in 58% of the papers
included. MSCs used for bioprinting cartilage were pre-
dominantly harvested from bone marrow (93%), but 7%
used adipose-derived MSCs. This predominance of bone
marrow-derived MSCs is due to their greater chondro-
genic potential [128]. MSCs are used because of their
ability to differentiate into chondrocytes, role in tissue
repair, and ability to migrate to areas of damage [91, 203].
MSCs have also shown increased ECM production when
cocultured with chondrocytes [203]. Both MSCs [203]
and primary articular chondrocytes [54] have a high level
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of donor to donor variability. This variability is a disad-
vantage in using cells from any primary source. There is,
however, potential in using an allogenic, well-character-
ized cell source, due to the immunoprivileged nature of
articular cartilage [14].

To reduce donor variability, cell lines are often used as
a proof of concept (13%). ATDC5s are immortal murine
cells, first isolated from teratocarcinoma stem cell line
[15]. They retain the properties of chondroprogenitor
cells, and easily proliferate in vitro, making them a com-
monly used model for in vitro chondrogenesis [53, 156].
However, as with all cell lines, ATDC5s have the limita-
tion of not necessarily reacting or responding the same
as primary cells. It also limits the broader applicability
of the method given that they could not be implemented
clinically.

In vitro/in vivo efficacy of cartilage constructs

The first step towards a biomimetic construct is 3D bio-
printing a scaffold with characteristics that will induce
chondrogenesis, which is typically determined through
in vitro assessment. The three most common tests per-
formed are histology, biochemistry, and qPCR, done
in 48%, 38%, and 48% of included papers, respectively
(Table 1). For histological assessment, staining was
commonly performed for glycosaminoglycan content
using alcian blue (40%) or safranin-O (52%). Immu-
nohistochemistry was used to detect type I collagen
(29%), type II collagen (58%), and/or aggrecan (13%).
Because of the qualitative nature of these methods both
biochemical assessment and qPCR are implemented
for quantitative analysis. DNA is commonly measured
using Hoechst 33,258 or PicoGreen® and glycosamino-
glycan assessed using a modified dimethylmethylene
(DMMB) blue assay [67, 70, 155, 198]. Gene expression
of type I collagen (64%), type II collagen (96%), SOX9
(72%), and aggrecan (76%) are commonly analyzed by
qPCR [67, 70, 142]. One caveat to these types of evalu-
ation is that they only represent a snapshot at a specific
time point in culture, typically measured as an end-
point assay.

The most frequently performed in vitro test is cell
viability, assessed in 85% of included papers. Viability is
commonly assessed using a live/dead stain, imaging, and
quantification. Viability is often measured at multiple
time points, often post-printing (day 0), day 1, and/or 7,
14, or 21. High viability is typically observed at each time
point, with an initial decrease after printing (70-80%),
but by day 7 the cells have recovered (90—100%).

The state of the field of 3D bioprinting cartilage is
still predominantly in the in vitro phase as ideal bioinks
and bioprinting techniques are being optimized. How-
ever, 23% of papers included in this review pursued
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Implantation *

GA

Fig. 6 In vivo efficacy of PCL composite

[179] with permission from Elsevier

Gradient PCL structured scaffold displayed improved cartilage repair compared to non-gradient (NG) scaffolds. a) Scaffold implantation within the
defect site (4 mm wide, 4 mm deep) in the non-weight bearing surface between the medial and lateral condyle of the rabbit knee and the gross
appearance after 24 weeks. b) Histology section of the gradient group has stronger safranin-O staining compared to the NG groups. Adapted from

in vivo testing [45, 67, 80, 118, 179-181, 189, 201, 208,
212]. Out of those papers, 66% performed a subcuta-
neous implant on a mouse and completed histological
assessment for cartilage, or bone formation [45, 67, 80,
143, 180, 189, 201, 208]. Of note, two studies investi-
gated repair of a rabbit cartilage knee defect [179, 181].
Another assessed a full-thickness cartilage defect in rats
[212]. In 2019, Sun et al, observed similar histology
staining in the growth differentiation factor 5 (GDF5)
group as compared to native cartilage [181]. In 2021,
Sun et al,, also observed good repair and cartilage for-
mation in their gradient group (150-750 pum spacing
of PCL fibers) [179] (Fig. 6). While this is an excellent
outcome, it should be noted that the defect was made
in the non-weight-bearing surface of the knee between
the medial and lateral condyle, a defect site where repair
would generally be unnecessary. Zhou et al., made
defects on the trochlear groove of each distal femur in
3-month-old rats [212]. While the implant did develop
new cartilage, after 6 weeks post-implantation the
new tissue had an irregular surface and the interface
between the implant and native tissue was still notice-
able [212]. These in vivo studies emphasize two major
hurdles that need to be crossed: developing an implant
for a load-bearing joint and integration between the
implant and native tissue.

Bioprinted cartilage conclusion

As highlighted in this section, 3D bioprinting is already
making an impact on cartilage tissue engineering. The
field has been focused on developing novel bioinks, char-
acterization of materials, and improving the bioprinting
process. Several studies have progressed to in vivo articu-
lar defect models, and it is expected that we will soon see
this number increase. There are still major hurdles that
need to be overcome: 1) The zonal complexity of artic-
ular cartilage; 2) The optimal stiffness of a construct to
promote integration; with host tissue; 3) Long term large
animal models durability; 4) Load bearing constructs; 5)
when to load bear; and 6) what rehabilitation regime to
follow.

3D bioprinting of bone

Bone is a complex tissue that has mechanical, hemat-
opoietic, endocrine, and metabolic functions. It provides
structure and protection to the surrounding soft tissues
and is necessary for metabolic regulation of calcium and
phosphate as well as hematopoiesis [81]. Bone can with-
stand and adapt to mechanical stresses and self-repair
due to synergy among its components: cells, ECM, and
bioactive molecules such as bone morphogenetic pro-
teins (BMPs) [28]. The field of bone tissue engineering
has advanced significantly since its initiation in the mid




Page 14 of 34

(2022) 9:95

Pan et al. Journal of Experimental Orthopaedics

ABoj03sIY ‘UoiieZ|[RIaulW

[ed1URYIRW

(193 L3-ELEDN)

[l ‘Ansiwayolq ‘Yodb ‘Ajigein ‘Buljjems W3S ‘ABojoayy SUl| |92 15e|q09150-21d 9SNON| UBSONYD /9SO[N|[900UBN  HpeSbuoAeINIe
Abo s|aboIpAy
it -|03s1Y ‘YD db ‘uoisaype ‘Ajigeip Ausolod |N3S ‘ABojoayy SOSIA 9SO 211s0dwod uliejab-areulbly nn
|edluBYDaW ‘Yodb ‘A1 SOSIA ‘59140
oLt -siwaydolq ‘Abojoydiow ‘Aujigein -0JpUOYD JBINDILIE ‘SD4DY auInb3 EDS) 01eAST
(VH p21ebnfuod
SOSW uewny -9UjWeIA) pue \YH paiejAide)
[o01] 4Ddb “Aupigein ABojoayy  pue (6267) 51192 15e|GOIqY ASNO S9ABALISP PIoe dluoinjeA 991
[96] S1el Ul S12343p [elleAjeD) Adodsoniw ‘Aljigeipn SOSW MNED) iy
Adodsoniw ‘uonezije
l6/] -IaulW ‘A)ADe dljogesw ‘Al|IgeIA NIS SaU| |92 2135R[qO1SO URWINH uneab-aieulbly eide|-zapueulaH
(/] ¥Ddb SOSW UewnH YINIRD uexing
sasse|b
9A11DRO0Ig SNoJodosaW Yim
/] 958324 UO! ‘uoiedynuend YNd Moy sseul ‘Abojoayl ‘W3L SOS-LYILY uewnH pua|qg 3s0|n||a3|AyIaW-3eUIb)Y ouUNpNo
[19] Aigein SOSW UewnyH [2bo1pAy paseqg-uabejod opiej4
|ISeq 4O a1nynd (VIAY) @soiebe
(/5] AMJIgeIA ABojoayy |92 1ue|d pue SHS-1YILY uewny pue 3s0|n||2djAY1aW ‘A1euUlbly  Jaydeulswiwl
yDdb ‘uon (H114) (5DSday)  [9boipAy sareydsoyd wnissubew
(5] S1eJ Ul S1D9J9p [eluel)  -Bzjjesauiw ‘Adodsoiniw ‘Ajigeln Adodsoudads ‘Abojoayl ‘W3S S92 wia1s dind |eausp uewnH snoydioule/xiieul Jejnjjaoelix3 JClelalq]
(¥NQd) ¥NQ piwiseid 01 paxajd
uon -Wwod (YHu) a1redeAxolpAy-oueu
[€F] 921w SpNU Ul SNORURINDGNS  -BZI[RIDUIW ‘A11SILISYD0I] ‘A|IGRIA SOSIN UBWINH pue a1eulble paieipeul-A-goy ayiuund
[67] Adodsouiw ‘Ayjigein $158|qOIqY ASNOWN 9501eby IeD
Al1siwaydoisiyounwiw
‘pal ulezlly ‘Yyddb ‘jennuaiod d1usab
Ved| -0[naseA ‘uoliesaljold ‘AijigeIpn uopepesbap ‘|earueyday SOIANH 'SOSIN UeWinH s19|21e|doURU 21D11S “VINOD eequieAg
zd| ABojo3s1y "YDdb ‘uonezijessury JSIN-ING uewny 931} p|oyedS Slemyiealg
Adodsouiw ‘Ansiwayd01siy (ELEDW) S|192 21e|dwa) asosebe pue ydoid
[07] -ounwiwl ‘uopezijelauiw ‘Ayjigeip Buijjoms ‘Jestueyds S158|q02150-21d [BLIBA[RD 3SNO pue YNdD3d Y13dS ‘YINIPD 1uosseLIDg
|e> a1eyd|ns eD/yAd-au1
61] AljIgelp  -lueydaw ‘uoiepelbap ‘Abojoayy (E1EDW) L3-€1€ eueaed asnoly  -edeAxoupAy ‘a1eydsoyd-areulbly uasipuag
1591 Uoia|dap wnided ‘N3s ‘jed
[z1] Abojoisiy ‘Aujigel  -lueysaw ‘Adodsoldads ‘ABojosayy SHSING Uewiny pugAy d1uoinid a1eulbly puonsuy
4Ddb ‘[edrwayoolqg ‘buidAroies |ed
(1] ‘uonesajijoid ‘AujIgelA ‘|edlueydRy  -lueydaw ‘uoirepelbap ‘Abojoayy $914204pUOYD) JBINDILE UPWINH V1d ‘21eulbje-pioe djuoinjeAy yonuy
gDdb ‘uonezie
/] -JaulW ‘A)AIDR DljogeISW ‘AljIgeIA §|192 J0s1nda1d d1usboAW uewNH VINIRD RB|wy
[eDIURYDIIW
€l Ansiwaydoiq ‘Aujigein ‘W3S ‘Butjjams ‘ABojoayy SDSW-1Y3LY UBWNH  3so|n|j2djAy1aw-aleulbje-ayuoder PlRYYY
#J9Y Kesse OAIA U] $159} OJ}A U] uoneziiaideiey) [eldey |1 s|eualepy Joyine isii4

SUOIIRZII21DRIRYD PUR S||32 ‘sjeusiew :bunulidolq ¢ auog g ajqeL



Page 15 of 34

(2022) 9:95

Pan et al. Journal of Experimental Orthopaedics

[z 921U Ul SnoaueINdgNs uonedynuenb yNg A1 (Y114) Adodsourdads ‘Abojoayy SOSIN UBWINH julolg D34S Buayz
[o0z] 10N ABojoisty "gDdb “Aujigein [ed1ueydau ‘Abojoayy SOSIA uewINH une|ab/s1euibly Bueyz
9pIX0
[s02] 1N ‘ABojoasiy ‘Ajigein [ediueydsw ‘“Abojoayl ‘NI L SOSIN UeWNH auaydelb yum uneab/s1euldly bueyz
Kbojoisiy ‘“Abo NIS ‘Buiyoes) pIoe diuoIneAy
02 S1eJ Ul $129J9p SUOoq eiql| -loydiow ‘uonesayljoid ‘AjigeIn uol ‘|eajueydaw ‘Adodsoirdads $15|031S0 18Y /31e|A12e1p |02A|D SUSJAYIDA|O eyz
AB0oJ01SIY YD db ‘A1nsILaYD01AD (EMS
[661] -ounwiwl ‘uopezijelauiw ‘AyjIgeIp [eDIUBYD3W ‘|\/TS ‘ABojoayy -5|) 2Ul| |92 214303150 asnopy  Uabe||0d | adA1 ‘YINYH PUB YINISD Bues
Ansi
[eel] -Wiay20Iq ‘Uonez|esaulw ‘A|IgeIA W3S S||92 ewodiesS 3U3H031S0 UBWNH |9601pAY unejsb-a1eulbly puem
4Ddb ‘Abojoisiy 1591 |eu Kesse
[L61] 92Iw apnu ulsnoaueIndgns  -a1deqiue ‘uonesajjoid ‘Ajigeip 3sea|au aulPAAXOP ‘WIL/WIS SDOSW SNOW VINVH/YINIRD pbuem
AB0|01S1Y “A13SIUIRYD0ISIyoUNUIWI ausodwod sajpiedoueu edljis
[8/1]  S1eJNQJO SID94pP [BURARD ‘YD db 1591 aseuabe|od ‘Aujigeln  INIS/NTL [edlueydaw ‘Abojoayy SOSNG1eY  snosodosawl /HId/une@b/yINRD ung
Alsiwayoolq
‘AnsiuisyoIsiyounuwiwl ‘Yodb L 10D pue (vHL)
[£91] ‘KBojoisiy ‘uonelbiu (193 ‘Au|IgeIp Al1dwo.1oads ‘Abojoayy SOSIN UBWNH  URUOIN[RAY JO SAIIRALIDP SUlUIRIA] gemyos
((OER]>)
SOIANH Pue sjj=23 /AuoinjeAH /uneao,/uligld)
[€91] 921w apnu Ul sSNosuRINOgNG  ABOJOISIH ‘A13SIUIBYI03ISIyoUNUIW| [BUWOIIS PRALIDP 3s0dIpe urwNH [9601pAY-03150 pue usbounqi4 eUIARYNY
4Ddb (sDSdau)
[/#1] ‘KBojoisiy ‘uonesayljoid ‘Aujigein |edlueydaw ‘Abojoayy S92 wia1s dind |eausp uewinH VINI9D Syied
(xa3) S1192
well Aljiqelp  Adodsouidads ‘uonepelbap ‘NS [BUIOAS PaALIRP 3sodipe ueuwny ausodwod sse|b 91e10q,/710d Aydinpyy
JUBWISSISSE
eixodAy ‘Abojoisiy ‘Aasiwayd
[ogtl -01q ‘A113WO01Ad Moy} ‘Aljigein IN3S ‘ABojoaYY  S|[92 [elj2YIopuUS 1R SOSIN UeWINH 31eulble pue asojn|R3IAYIBN Elele]I]
AN ‘W3S ‘Buljjams ‘Abojo [9601pAY 3s0jNn|[92 [Ay1aw
6zl AujIgeIn -2yl ‘sisAjeue diawiAeibouaY | SOSIN Uewny |AdoidAxoipAy plgAy paie|A|is [IBYIUON
#J9Y Kesse OAIA U] $159) OJ}A U] uoneziidldeIRY) [RLIdIRY s|1® sjenalepy Joyine 1sii4

(panunuod) z 9jqeyL



Pan et al. Journal of Experimental Orthopaedics (2022) 9:95 Page 16 of 34
a Bioink Properties Bioprinting b - c =
~ y
YY) |
A
a-Peptide Hydrogel (2 Qa A5
* Cell Viability
Rheology
Amorphous Magnesium Phosphate u . Lﬂby = e
Bioink N\ o A\ =
o’ Y f ECM/1.0AMP
(1] H o In Vitro Studies Eee
Chemical CI izati (Gene i : s
Dental Pulp Stem Cells 3
Printability Calvarial Bone Defect

Microvalve Bioprinting

[55]. Copyright 2020 American Chemical Society

Fig. 7 Print process and in vivo calvarial defect evaluation of peptide/magnesium/cell construct

Graphical description of hydrogel preparation (a). Evaluation in critical-sized bilateral defect procedure on rats. Bioprinted construct on the PTFE
membrane (b), prepared defect after irrigation (c), implantation (d), suture (e), and uCT evaluation at 4 weeks (f). Reprinted with permission from

1980s [6]. In general, the same factors that make a mate-
rial ideal for bone make it difficult to 3D bioprint. The
primary obstacle in 3D bioprinting of bone is the need
to maintain both cell viability and provide mechanical
support. Osteoinduction is the process by which osteo-
genesis is induced by exogenous factors, while osteocon-
duction is how conducive the implant itself is to bone
formation [157]. Effective osteoinduction was achieved
after heterotopic implantation was induced by BMPs,
a bioactive group of molecules [18]. The ideal 3D bio-
printed bone construct would provide an environment
with regenerative capacity that mimics the body’s natural
healing process by promoting osteogenesis while having
sufficient mechanical strength and osseointegration into
host tissues [159].

Materials used in 3D bioprinting of bone

Extrusion based 3D bioprinted bone was by far the most
common method (81%). Out of 36 articles in this section,
natural polymer hydrogels were the most widely used
materials for bioprinting of bone. Like cartilage, algi-
nate, was used most often, (38%; Table 2). It is also suit-
able for bone defect repair and can form highly hydrated
three-dimensional structures mimicking features of bone
extracellular matrix (water content of bone ECM is close
to 25%) [19, 73]. Alginate is commonly combined with
materials such as hydroxyapatite or “bioactive glass”
to generate osteoconductive scaffolds [73, 192]. Bioac-
tive glasses are an inorganic component which promote
osteoconductivity due to the formation of hydroxyapa-
tite [50]. Five studies (14%) used alginate in conjunction
with gelatin. Alginate/gelatin combinations improve cell
metabolic activity and can be used to tune the mechani-
cal properties to facilitate bone bioprinting [79, 83, 114,
192, 205, 206]. In one study by Ahlfeld et al., a tripartite

mix was used blending alginate with methylcellulose and
laponite [3]. This synthetic clay augmented cell spread-
ing and osteogenesis in tissue-engineered constructs.
Following extrusion, 70-75% of printed immortalized
human mesenchymal stem cells survived, and cell viabil-
ity was maintained over 21 days.

Zhang et al. made different composites with graphene
oxide (GO) with 0.5-2 mg/ml (0.5GO, 1GO, 2GO) [205].
Composites were mixed with hMSCs in an alginate/gela-
tin (0.8%/4.1%, w/v) solution [205]. GO bioinks improved
printability, scaffold fidelity, compressive modulus
cell viability and upregulated osteogenic genes (ALPL,
BGLAP, PHEX) over 42 days.

Cunniffe et al. produced gene-activated bio-ink by add-
ing nano-sized particles of hydroxyapatite/DNA to RGD-
y-irradiated alginate [43]. Delivery of a combination of
therapeutic genes encoding for BMP2 and transforming
growth factor (TGF-B3) promoted robust osteogenesis
of encapsulated MSCs in vitro, with enhanced levels of
matrix deposition and mineralization.

GelMA was the second-most popular material and
featured in 25% of the studies included in this sec-
tion (Table 2 and Supplemental Data). GelMA has been
used due to its water solubility, natural cell-binding
motifs, gradual degradability, and its relative similar-
ity to ECM [96]. Amler et al. highlighted the ease of use
as one of GelMA’s advantages as a bioink material [7].
Sun et al. mixed 5% GelMA/ 3% gelatin/ 0.2% lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and
2% PEG acrylate with 0%, 0.4%, 0.8% of mesoporous
silica nanoparticles [178]. Mesoporous silica nanopar-
ticles (MSN) enhanced the shear-thinning behavior of
GelMA/gelatin/PEG bioinks, and the high viscosity after
printing enabled the scaffold to maintain its structures
with high resolution. They also were able to improve the
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compressive strength of scaffolds by 1.6-fold with 0.4%
MSN (194.63+9.58 kPa) and 1.92-fold with 0.8% MSN
(233.06 +8.35 kPa) respectively [178]. In another study,
Dubey et al. incorporated amorphous magnesium phos-
phate into a hydrogel to trigger osteogenic differentiation
of dental pulp stem cells without using growth factors in
order to stimulate bone regeneration in vivo (Fig. 7; [55]).

Other materials used include: hyaluronic acid or its
derivatives (11%), silk/PEG bioink (3%), PCL with borate
glass composite (3%), nanocellulose/chitosan-based
bioink (3%), silylated hybrid hydroxypropyl methyl cel-
lulose hydrogel (3%) and commercial collagen-based
hydrogel (3%; Table 2). Zhai et al. fabricated constructs
using rat osteoblasts encapsulated in 20% hyaluronic acid
solution in PEG-clay bioink [204]. These scaffolds showed
excellent osteogenic potential due to the release of bioac-
tive ions, including magnesium and silicon, from the sur-
rounding PEG-clay microenvironment. Maturavongsadit
et al. added chitosan (a natural polysaccharide derived
from chitin extracted from shells of crustaceans, mainly
crabs and shrimps [92]) [123]. Wang et al. combined a
mixture of PCL/mesoporous bioactive glass/doxycycline
to a bioink with BMP2-transfected cells [191]. They 3D
bioprinted scaffolds with good mechanical properties
containing living cells capable of controlled expression
and release of BMP2 to promote bone formation (further
explained in Section 3.3.3).

Bioink and bone construct initial characterization

A major challenge in orthopedics is to develop implants
that overcome current postoperative problems such as
osseointegration, proper load bearing, and stress shield-
ing [77]. To this end, the mechanical properties, strength,
and modulus of elasticity/stiffness of a bone scaffold
material are of particular importance [182, 185]. Since
bone is exposed to complex non-uniform mechanical
stress, and to various nutritional and vascular needs, con-
structs must possess physical properties providing aid for
cell differentiation by ensuring a favorable 3D microen-
vironment [30]. To address this vital issue, twelve stud-
ies (33%) incorporated compression testing [3, 12, 19, 20,
123, 147, 178, 191, 199, 204—-206]. While a common test
of bone properties, 3-point bending was not used in any
of the studies found.

Out of the papers included in this section, three dif-
ferent moduli were reported for mechanical characteri-
zation including Young’s modulus [3, 12, 123, 147, 199],
dynamic modulus [3, 19], and compressive modulus
[178, 191, 204—-206]. As stated in Section 3.2, this vari-
ety of testing and analysis leads to difficulty in com-
parison between different studies. Establishing a more
standardized approach is especially important for bone
scaffold testing, as mechanical strength is an important
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characteristic of bone. Again, in the absence of a stand-
ardized test, we would recommend that all studies test a
piece of native bone in parallel to their constructs.

GO in gelatin-alginate enhanced the biomechanical
strength of bone constructs [34, 156]. The compressive
moduli of the 1GO and 2GO scaffolds were~1.58 kPa
and~1.63 kPa, respectively, which were significantly
higher than that of 0GO ~0.69 kPa on day 1. Wang et al.
incorporated PCL/mesoporous bioactive glass/doxy-
cycline and cell-loaded bioink (5% GelMA, 1% HAMA,
and 0.5% LAP) mixtures together and printed scaffold
containing cell-loaded bioink [191]. Their construct had
a compressive modulus of 82.5+18.9 MPa which falls
within the suggested compressive modulus range for
“optimal bone tissue regeneration (10-1500 MPa)” sug-
gesting this construct may be helpful in the process of
large bone defect healing.

Twenty-one (58%) studies used rheological assess-
ment as one of the main ways to assess their bioinks (see
Table 2 and Supplemental Data). Section (3.2.2), defines
and highlights the advantages of using rheological assess-
ment for bioink characterization. Five (13%) studies used
spectroscopic methods to quantify and characterize their
bioinks (such as evaluation of type I collagen fibrillation)
[12, 55, 134, 167, 211]. Swelling analyses were also per-
formed and Maturavongsadit et al., determined that the
presence of cells did not have a significant impact on the
degree of shrinkage of the fabricated scaffolds [3, 20, 123,
129].

In 44% of the studies included, scaffold microstructures
were analyzed using electron microscopy, mostly scan-
ning electron microscopy (77%, SEM; Table 2). Two stud-
ies (11%) used transmission electron microscopy (TEM)
[73, 205] and two more used both SEM and TEM to char-
acterize their microstructures [178, 191]. These assess-
ments help visualize the constructs’ shape and compare
their fidelity to native bone microstructure.

Cells used in bioprinting of bone
Primary cells from human donors were the most fre-
quently used cell types (69%) in 3D bioprinted bone (see
Table 2 and Supplemental Data). The main animal cell
types used were mouse osteoblasts in 19% of studies [19,
20, 29, 106, 114, 123, 199]. Two studies (5%) used rat
chondrocytes [11, 204]. Twenty-two (61%) of the stud-
ies used MSCs, mostly drawn from human bone marrow,
while two used human adipose stromal cells (5%) [134,
163] and three studies (8%) [3, 57, 73] used immortalized
human mesenchymal stem cell line expressing human
telomerase reverse transcriptase (NTERT-MSCs; Table 2).
Multipotent cell lines were selected mostly due to their
differentiation potential. Three studies mixed primary
MSCs with endothelial cells (e.g., HUVECs) to make
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vascularized bone ([27, 130, 163] see also section 3.6).
Amler et al. demonstrated that periosteum-derived mes-
enchymal progenitor cells are another osteogenic cell
source [7]. This was based on microscopic observations,
viability, mineralization capacity, and gene expression
analyses of cells obtained via periosteal shaving which
demonstrated high proliferation rates for 3D bioprinting
of bone.

Rukavina et al. printed human adipose-derived mes-
enchymal stromal cells in osteo-hydrogel to produce
complex prevascularized bone constructs [163]. They
produced a calcified ECM in vivo and demonstrated
ossification, making them promising for bone bio-
printing. Wang et al. genetically engineered fibroblasts
(C3H10T1/2) to release BMP2 in response to doxycycline
for the dual function of osteo-induction and bacterial
inhibition [191]. Although a variety of different cells were
used, articles reviewed in this section show that human
MSCs are promising cell source for bone tissue engineer-
ing as they have demonstrated osteogenic and regenera-
tive potential in 3DBP bone constructs.

Cellular function in 3D bioprinted bone
Bioprinted bone constructs are characterized by several
methods to assess osteogenesis. RT-qPCR analysis was
performed in 43% of papers included in this section.
The top three genes measured using qPCR were alkaline
phosphatase, type I collagen, and RUNX2. Alkaline phos-
phatase is a cell-surface enzyme that increases inorganic
phosphate promoting bone mineralization [144, 187].
Type I collagen is the principal component of pre-bone
ECM, forms the basis for mineralization, and thus can
be used as an early marker for osteogenic differentiation
[98]. RUNX2, or Runt-related transcription factor 2, is a
regulator of osteogenic differentiation [98]. Histology was
also commonly used to visually assess osteogenesis of
printed constructs. Thirty-six percent of studies related
to bone bioprinting used some form of histology, the
majority of which used hematoxylin and eosin staining.
Other notable methods include the alkaline phosphatase
activity biochemical assay, which was used in 23% of
bone studies, and alizarin red staining, which was used
in 20%. One study also used cytochemistry to determine
mineralization by evaluating the expression of osteocyte
biomarkers (Connexin43 and E11/Podoplanin) [199].
The process of high-pressure extrusion of dense liquid
or semi-solid bioinks used in bioprinting of bone tis-
sue can lead to cell death [145]. Thus, most bone stud-
ies (86%) employed some form of viability assay (live/
dead, cytotoxicity, or DNA quantification). In these stud-
ies, cell viability varied widely from 20 to 90% depend-
ing on needle diameter, printing pressure, and the type
of hydrogel employed [57, 110]. Bioink composition can
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be used to improve the viability of the construct and add
beneficial characteristics such as antimicrobials. Choe
et al. reduced oxidative stress through the addition of
GO, protecting against H,0, challenge, suggesting 3DBP
constructs may be capable of withstanding stress which
would otherwise lead to apoptosis and prevent proper
bone growth [34].

Many in vitro studies have shown significant promise
in the field of bone 3DBP, almost a quarter (23%) dem-
onstrated translation into an in vivo study. Dubey et al.
created an extracellular matrix/amorphous magnesium
phosphate (ECM/AMP) bioink to print structures later
implanted into rat calvarial defects [55]. They demon-
strated that ECM/AMP bioink improved osteogenic
differentiation without the use of additional chemical
inducers, and significantly increased bone formation,
quantified as percent of tissue volume (BV/TV) using
microCT, in vivo. The ECM/AMP bioink construct
group produced approximately 17% BT/TV regenera-
tion at 8 weeks vs.<5% in control. While these results
are promising, it is worth noting that the results were not
significantly greater than those for the pure ECM bioink
scaffold.

Almost a quarter (23%) of studies included an in vivo
model. Of those, mouse (63%) and rat models (37%) were
investigated (Table 2). Subcutaneous implantation was
most common [43, 163, 191, 211], then calvarial [55, 96,
178] or tibial implant models [204].

Bioprinted bone conclusion

This section highlighted how the field of 3DBP-based
bone tissue engineering has focused on developing
novel bioinks, finding the optimum bioink composi-
tion for bone, and characterization of materials either by
assessing their osteogenesis or mechanical properties.
Given the role of bone in weight-bearing and gait, stand-
ardization of methods used to characterize constructs,
especially mechanical testing, will be important in the
translation of this technology into the clinic. Of the bio-
printed bone constructs, 20-90% cell viability was dem-
onstrated in vitro which was heavily dependent on bioink
additives. As the field advances, it is crucial to emphasize
animal studies to address tissue integration and viability
of the constructs.

3D bioprinting of vasculature

Bone is a highly vascularized tissue and receives about
10% of cardiac output. In long bones, blood flow typi-
cally comes from three main sources: the nutrient artery
system, periosteal system, and metaphyseal-epiphyseal
system [25, 120]. Nutrient arteries sustain high blood
pressure and are composed of a single endothelial cell
layer wrapped by smooth muscle and mesenchymal cells.
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Within the bone marrow, sinusoidal capillaries lack a
basement membrane and are composed of a single layer
of endothelial cells (ECs) which contain large gaps to
allow movement of leukocytes and hematopoietic cells
between the bone marrow and vasculature [158].
Occlusion of certain vessels can prove fatal, and
thus several techniques to replace vessels have been
created [187]. Conventional repair involves autolo-
gous transplant of blood vessels harvested from a
patient’s artery or vein. However, grafting autologous
vasculature is limited by poor availability, require-
ment for additional surgeries, and a failure rate as
high as 45% [13, 188]. When autologous grafts are
unavailable, grafts made from synthetic polymers are
used but they only function in larger vessels and often
lead to occlusion in small-diameter (<6 mm) grafts
[152]. In conventional bone repair strategies, surgeons
typically use non-viable, sterilized bone, grafts [115,
186]. Novel techniques to bioengineer vessels with
integrated meso- and micro-vasculature aim to solve
challenges posed by large synthetic grafts. Alternative
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methods include sacrificial electrospinning, sacrificial
molding, cell sheet stacking, and decellularization but
they all have drawbacks such as limited scalability, the
potential for rupture under high shear stress, and lim-
ited nutrient diffusion [193]. For a general overview
of these non-3D bioprinting methods, see Wang et al.
(2019).

Major advantages of 3D bioprinting vasculature
include: reduced operative time; no graft harvest require-
ment; closer mimicking of in vivo conditions compared
to polymer grafts; and improved perfusion and perme-
ability [213]. Current 3D bioprinting methods used to
directly fabricate vasculature include extrusion bioprint-
ing, inkjet bioprinting, and light-assisted bioprinting
which offer options to directly print a cell-laden bioink
in a continuous fashion as opposed to sacrificial molding
and cell sheet stacking [213]. This portion of the review
will focus on extrusion-based bioprinting of vascular
constructs that are not printed simultaneously with bone
or cartilage. Composite tissues are covered in sections 3.5
and 3.6.

Table 3 Vasculature 3D bioprinting: materials, cells and characterizations

First author Materials Cells Material In vitro tests In vivo assay Ref #
Characterization
Akkineni Sodium alginate, Human dermal micro- Mechanical Viability, mechanical [5]
chitosan, gelatin, gellan vascular endothelial cells (after in vitro culture)
gum, collagen (HDMECQ)
Attalla Alginate, collagen, HUVECs, fibroblasts Mechanical Mechanical [16]
fibrinogen
Byambaa GelMA, silicate nano- Human MSCs, HUVECs Mechanical, degradation  Viability, proliferation, [27]
platelets vasculogenic potential,
gPCR, Alizarin red, immu-
nohistochemistry
Colosi Alginate, GelMA HUVECs, human MSCs Viability [37]
De Moor GelMA HUVECs, human foreskin Viability, gPCR Chick chorioal- [49]
fibroblasts, adipose lantoic mem-
derived stromal cells branes
Gao Hollow alginate filaments  Fibroblasts, human Mechanical Viability, mechanical [68]
smooth muscle cells (after in vitro culture)
Jia GelMA, sodium alginate, ~ HUVECs, human MSCs Mechanical Viability, mechanical [86]
PEGTA (after in vitro culture)
Muthusamy  Type | Collagen, Xanthan  Endothelial cells and Viability [135]
Gum fibroblasts derived from
human embryonic stem
cells
Shanjani PEGDA, type | collagen HUVECs, human MSCs Nutrient diffusion test, Viability Nutrient diffu- [168]
mechanical, perfusion sion test, mechanical
test compression testing
(after in vitro culture),
perfusion test
Sun GelMA HUVECs, Human MSCs Viability [182]
Xu GelMA, hyaluronic acid, HUVECs, human smooth  Rheological testing, Viability [195]

glycerol, gelatin

muscle cells

mechanical, graft sutur-
ability test
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Materials used in 3D bioprinting of vasculature

In extrusion-based bioprinting of vasculature, materials
must be carefully chosen to stimulate EC proliferation
but be permeable enough to allow for diffusion of nutri-
ents through the construct [32]. Of the articles reviewed,
91% used a hollow, co-axial nozzle to directly extrude
hydrogel into perfusable channels which were then stabi-
lized via ionic-, photo-, or thermal-crosslinking methods
(Table 3). The addition of growth factors such as vascu-
lar endothelial growth factor (VEGF; 1 pug/ml) and basic
fibroblast growth factor (FGF-2; 1 ug/ml) into the bioink
has also been used and shown to enhance vasculogenesis
[163].

Out of all reported materials, GelMA was the most
common hydrogel (55%), while sodium alginate was used
in 45% of studies (Table 3 and Supplemental Data). How-
ever, most studies employed a mixture of the two-plus
other materials [5, 37, 86, 135, 168, 195]. Other materials
used include collagen (27%) [5, 135, 168], xanthan gum
(9%) [135], glycerol (9%) [195], hyaluronic acid (9%) [195],
gelatin (18%) [5, 195], and gellan gum (9%) [5]. GelMA
is a popular choice due to its ability to support cellular
proliferation and maintain structural integrity [213].
Though GelMA can be used on its own, it has also been
combined with sodium alginate or gelatin to improve the
mechanical properties and biocompatibility of the hydro-
gel [111]. For example, Xu et al. used a blended bioink
composed of GelMA supplemented with hyaluronic acid,
glycerol, and gelatin to improve printability and physical
stability [195].

Cells used in 3D bioprinting of vasculature
ECs are the primary cell type that constitutes the inter-
nal lining of blood vessels and are thus crucial for vascu-
lature bioprinting. For use in 3D bioprinting, these cells
are typically obtained from the human umbilical vein
and are known as human umbilical vein endothelial cells
(HUVECs; 73% of studies; Table 3). Other types of ECs
have also been used, such as human dermal microvascu-
lar endothelial cells [5]. Thus, every construct reviewed
utilized ECs, but the source of cells (i.e. human dermal
microvascular or umbilical vein) differed between studies.
Supportive cells are also frequently incorporated into
vascular bioinks. MSCs promote the growth and prolif-
eration of ECs and can differentiate into vascular smooth
muscle cells (SMCs), forming the tunica media of larger
vessels [27, 86, 182]. MSCs were present in 45% of the
constructs reviewed [27, 37, 86, 168, 182]. SMCs are also
used to form the muscular tunica media of larger vessels
[68, 195], but constructs did not combine both SMCs
and MSCs. Some groups also utilized fibroblast cells in
bioink preparation, which can further aid in angiogen-
esis through the production of VEGF and other growth
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factors [16, 49, 68, 135]. Fibroblasts were present in 36%
of articles reviewed, however, much like ECs, they were
derived from different sources, resulting in the lack of
a uniform standard by which to evaluate construct suc-
cess. For example, De Moor et al. utilized human foreskin
fibroblast cells in culture [49], while Attalla et al. utilized
mouse 3T3 fibroblast cells [16], however, neither of these
are endogenous vascular fibroblasts [9].

Vasculature construct testing

Once the vascular construct has been printed, a live/dead
viability assay is typically performed to determine the
viability of the printed cells. Out of all papers reviewed
in this section, 82% utilized a live/dead viability assay to
assess the cell survival of the printed construct [5, 27, 37,
49, 68, 86, 182]. Some groups also performed IHC and
RT-qPCR to determine gene expression levels of angio-
genesis and vascular-related proteins such as CD31 or
VEGF [27, 49]. Tensile and perfusion testing was also
done to determine the durability of the vasculature. Of
the studies reviewed, 55% performed compressive and
tensile mechanical testing to ensure the durability of their
vascular grafts to lateral strain.

A few groups have developed novel testing methods.
For example, Xu et al. (2020) demonstrated the flexibility
and strength of their bioprinted construct by cutting and
suturing them together [195]. They also printed ECs and
SMCs that were separately pre-labelled with green and
red fluorescent dyes and used fluorescence microscopy
to demonstrate their ability to maintain layer specificity
in culture [195]. This demonstrated the creation of multi-
layered vascular channels that, in the future, can also
be potentially cut and sutured in vivo to repair a defect
which is critical for implementing 3D printing in a surgi-
cal setting. Shanjani et al. constructed a nutrient diffusion
test using food coloring to demonstrate the functionality
of their construct to perfuse nutrients across the vascular
channel by measuring change in color of the fluid outside
of the vessel over time [168]. De Moor et al. performed
IHC staining for Ki67, type IV collagen, and VEGF which
stain for cell proliferation and vascular components [49].

Notable bioprinted vascular constructs

Jia et al., used a bioink blend containing GelM A, sodium
alginate, and polyethylene glycol tetra-acrylate (PEGTA)
laden with HUVECs and MSCs and a multilayered coax-
ial extrusion system to directly bioprint perfusable vessels
(burst pressure not tested) of different sizes [86]. By vary-
ing the composition of the hydrogel and with the addition
of PEGTA, they measured the viscosity and rheological
properties using a rotational rheometer to choose an
ideal mix depending on printability. They chose a blend
composed of 7% GelMA, 3% alginate, and 2% PEGTA
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Fig. 8 Functional evaluation of prevascularized spheroid-laden bioprinted scaffolds by a CAM-assay

+ spheroids
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a Overview of bioprinted sample on the CAM, scale bar=5 mm. b Macroscopic and stereomicroscopic images of empty scaffolds and
spheroid-laden scaffolds on the CAM. Overview scale bars=5 mm and magnification scale bars =500 um. ¢ Details of spheroid-laden scaffolds
on the CAM. Branching of CAM microvessels and inosculation of CAM microvasculature with the spheroids (indicated by the black arrows). Scale

which provided good printability and cell adhesion con-
ditions given the intrinsic properties of GelMA. Given
that thicker vessel walls may block transport of nutrients,
they chose an extrusion nozzle made of a 20G internal
needle and a 30G external needle. Given these param-
eters, they were able to directly print viable vasculature
in one step, tested via live/dead® viability assay. Cells
survived in vitro and proliferated up to 21 days, but the
overall construct declined in compressive function due to
degradation of GelMA within the vessel [86].

Only one study implanted a 3D bioprinted vessel into
living tissue [49]. De Moor et al. bioprinted pre-vascu-
larized spheroids that could be fused together to create
larger vascularized capillary networks. Spheroids were
then implanted into chicken chorioallantoic membranes
and then incubated (Fig. 8; [49]). After 8 days of incuba-
tion, there was evidence of branching of the microves-
sels within the chorioallantoic membranes towards the
prevascularized spheroids and a higher degree of vascu-
larization compared to similarly implanted control, non-
vascularized spheroids. This is an innovative example of
purely vascular bioprinting that has demonstrated inte-
gration with living animal tissue.

3D bioprinted vessels conclusion

3D bioprinting of free-standing vascular constructs is still
in its infancy. Most constructs are still being optimized
and are not ready to be implanted in vivo simply because
they have not been tested for long enough in vitro with

optimized materials and printing methods. More care
must be taken to ensure durability and perfusion of these
constructs before they progress to animal models. With
long-term testing, researchers should also explore test-
ing physiological responses such as vasoconstriction in
response to pharmacologic agents or ability to carry out
immunological function. Nonetheless, it is important to
select materials and cells that support angiogenesis and
vasculogenesis in creating vascularized osteochondral
models, as vasculature allows for larger-scale osteochon-
dral implants. Considerations should be made to ensure
that materials are compatible and that vasculature can
penetrate through cortical bone. Since there have been
so few in vivo studies utilizing bioprinted vasculature,
this needs to be greatly expanded and animal studies on
long-term ramifications of bioprinted vasculature must
be conducted in order to perfect this crucial portion in
orthoregeneration.

3D bioprinting of composite tissues

Bone and cartilage - osteochondral tissue

An osteochondral structure includes a cartilage phase
overlying a bony phase with an interface between the
two. Osteochondral defects are notably difficult to heal
due partly to the difference in the healing ability of sub-
chondral bone and cartilage as well as the complex nature
of the bone-cartilage interface [52]. Such composite tis-
sues present unique challenges to tissue engineers who
must seek to replicate this interface as well as develop
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Table 4 Osteochondral 3D bioprinting: materials, cells and characterizations
First author Materials Cells Material In vitro tests In vivo assay Ref #
Characterization
Ahlfeld Calcium phosphate Human MSCs SEM, mechanical Viability, microscopy [4]
cement, alginate-
methylcellulose
Critchley PCL, PLA, PLGA, alginate, Porcine or goat BMSCs,  Mechanical Histology, immunohis-  Subcutaneous in nude  [39]
agarose chondrocytes, adipose tochemistry mice
derived stromal cells
Deng Silk fibroin-methacrylic ~ Rabbit articular chon- Rheology, mechanical,  Immunofluorescence, Osteochondral defect [51]
anhydride, GelMA, LAP  drocytes, rabbit BMSCs  degradation, micros- viability, gPCR, bio- in rabbit
copy chemistry
Fedorovich  Alginate, calcium phos-  Human MSCs, human Rheology, mechanical  Viability, fluorescence,  Subcutaneous in nude  [60]
phate particles articular chondrocytes immunohistochemistry — mice
Kang PCL, pluronic f127, trical- Human adipose derived Viability, histology (89]
cium phosphate stromal cells
Kilian Calcium phosphate Human articular chon- Viability, immuno- [95]
cement (CPQ), alginate-  drocytes fluorescence, gPCR,
methylcellulose, medium composition
analysis
Levato PLA, GelMA, type | Rat MSCs Mechanical Biochemistry, viability, [109]
collagen histology, immunofluo-
rescence
Moses Silk fibroin, hydroxyapa-  Pig adipose derived Rheology, light scatter-  Viability, biochemistry,  Implanted using insulin -~ [131]
tite, polyvinylpyrro- stromal cells ing, XRD immunohistochemistry, —syringe, not bioprinted
lidone tube formation assay sub-cutaneous implant
Schuurman  PCL, alginate Human articular chon-  Mechanical Viability [165]
drocytes
Shim Hyaluronic acid, atelo- Human turbinate- SEM Viability, immuno- Patellar defect in rabbits  [169]

collagen, PCL derived MSCs

fluorescence, qPCR,
histology

complex tissues with varied zonal architecture and cell
signaling gradients [10] which could be addressed with
3D bioprinting [165].

When selecting bioink materials for heterogeneous
constructs, it is important to consider the native (ECM)
composition of each selected cell type. Of the 10 primary
articles describing the development of an osteochondral
structure, all employed extrusion-based hydrogel bio-
printing. Natural biomaterials included silk fibroin, an
animal polymer with modifiable side chains to increase
stiffness or enhance biocompatibility [125]. Alginate and
gelatin derivatives were used in 70% of included osteo-
chondral papers as they aid in cell encapsulation, which
facilitates the development of distinct tissue phases [4,
39, 51, 60, 95, 109, 165]. However, they are suboptimal
for supporting human cell proliferation and function
and have unpredictable mechanical properties [45, 190]
(Table 4).

Hybrid biomaterials combining natural, synthetic,
and ceramic materials were featured in 70% of osteo-
chondral composite articles and present unique oppor-
tunities to engineer constructs with a wide range of
modifiable attributes, including stiffness and con-
struct geometry. Natural polymers provide optimal

environments for cell attachment and growth while syn-
thetic substrates, including PCL and PLA featured in
50% of papers, can lend mechanical durability [39, 89,
109, 165, 169]. Ceramic biomaterials, such as calcium
phosphate cement, were used in 50% of articles and were
mostly selected for their mechanical rigidity [51, 60,
89, 95, 131]. However, it is important to note that com-
pression measurements varied between 260 kPa and
7.17 MPa and were not assessed in comparison to native
tissue [39, 60].

Bioink and osteochondral construct characterization

Selecting robust, load-bearing materials is a priority in
developing implants with near-native mechanical proper-
ties, thus 80% of articles included mechanical assessment
[4, 39, 51, 60, 109, 131, 165, 169] and the remaining 20%
referenced physical characterization data from previ-
ously performed experiments [89, 95]. Bioink rheology
was studied in 30% of articles [51, 60, 131] while degra-
dation and rheology were mentioned in 20% of papers
[39, 51]. Compression was the most commonly used
method of mechanical characterization at 60% [4, 39,
51, 60, 109, 165]. It was found that encapsulating MSC-
laden PCL microcarriers in GelMA-gellan gum bioinks
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significantly improved the compressive modulus from
27 kPa in the bone compartment of osteochondral con-
structs with 0 mg/mL microcarriers compared to over
50 kPa in constructs with maximum concentration,
50 mg/mL, of microcarriers [109]. Meanwhile, incorpo-
rating 5% silk fibroin in GelMA ink yields a compressive
strength up to 260 kPa, over three times greater than that
of GelMA alone [51]. We found a large degree of overlap
between the methods used to characterize osteochondral
constructs and those used for both bone and cartilage
constructs, described previously (sections 3.2 and 3.3,
respectively).

Cells used in 3D bioprinting osteochondral structures
Much like in the engineering strategies utilized to bio-
print individual bone and cartilage, MSCs were the most
commonly used cell type for osteochondral structures
(Table 4). Cell origins included humans (60%) [4, 60, 89,
95, 165, 169] and mammals, including rats (10%)[109],
rabbits (10%) [51], goats (10%) [39], and pigs (20%) [39,
131]. While all but one paper utilized a single cell type,
Deng et al. developed a biphasic scaffold with an upper
layer of rabbit chondrocytes and lower layer of rabbit
bone marrow-derived MSCs and grown in static culture
in single media formulation [51]. Interestingly, no papers
reported the use of bioreactors for construct culture.
Researchers tended to select non-human cells for
in vivo studies, likely to avoid graft rejection and the use
of costlier humanized or immune deficient animal mod-
els. A greater proportion of papers using non-human
animal cells reported implanting constructs into animal
joints [39, 51, 131] compared to papers using hMSCs [60,
169]. Interestingly, human constructs implanted in knee
joints of New Zealand white rabbits, an immune-com-
petent model, did not elicit any observable inflammatory
response, which is consistent with the immunoprivileged
nature of cartilage [14, 169].

Testing of 3D bioprinted osteochondral structures

The viability of cells after being extruded from a noz-
zle is a priority to tissue engineers as cell death can ulti-
mately lead to the failure of a construct. Thus, 90% of
papers described viability testing, including live/dead
staining (80%) [4, 51, 60, 89, 95, 109, 165, 169] and DNA
quantification (10%) [131]. To confirm the development
of distinct bone and cartilage tissue, histology was per-
formed in 40% of articles [89, 95, 109, 169]. After 3 weeks
in culture, alginate-methylcellulose-encapsulated cells
underwent differentiation into respective lineages and
secreted appropriate ECM components in a biphasic
structure with distinct articular cartilage and subchon-
dral bone layers as measured by the relative expression
(qPCR) of type II collagen (COL2A1I), aggrecan (ACN),
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cartilage oligomeric matrix protein (COMP), type I col-
lagen (COLIAI), and type X collagen (COLI0AI) [95].
Bioinks were further refined by modifying calcium and
phosphorus concentrations, which resulted in a third cal-
cified cartilage region with similar mineral content to a
native osteochondral interface [95].

Other in vitro assessments include microscopy to
evaluate cell morphology via cytoskeletal staining (20%)
[4, 95], and immunohistochemistry to measure type
X collagen, type II collagen, osteocalcin, osteonectin,
and hypoxia inducible factor la expression (40%) [39,
60, 131, 169]. An example of the variety of in vitro test-
ing methods for osteochondral structures is the work by
Moses and colleagues, they constructed implants using
silk-based nanocomposite bioinks in both the bone and
cartilage phases [131]. They demonstrated a heterog-
enous, well-demarcated osteochondral interface via IHC
for type X collagen, and biochemical analyses quantify-
ing alkaline phosphatase activity indicative of osteoblast
activity in the bone phase, total collagen content, and
total s-glycosaminoglycan activity [131]. Further, doping
nano-apatites with strontium, activated hypoxia-induci-
ble factor la-related gene expression in hypoxia-primed
porcine MSCs and suppressed prostaglandin synthe-
sis, which biased the immune response toward a more
graft-tolerant M2 macrophage lineage. After 14 days
post-implantation, sections stained positively for CD206,
an M2 macrophage lineage marker. Stimulation using
murine macrophages in vitro showed a decrease in IL-1
release in strontium-containing constructs compared to
those without [131].

In vivo studies were featured in 40% of osteochon-
dral articles [39, 51, 60, 169]. Most in vivo studies
(75%) involved implanting the construct into a defect
in a rodent knee [39, 51, 169]. For example, constructs
engineered using bioinks supplemented with TGFp1
and BMP2 to encourage chondrogenesis and osteo-
genesis, respectively, were implanted into a rabbit knee
defect model and demonstrated smoothly integrated
neo-cartilage production [169]. This integrated neo-
cartilage was demonstrated by distinct lacuna struc-
tures beneath the cartilage phase, and a thin layer of
COL-X-staining calcified cartilage defined the inter-
face between cartilage and bone [169]. After 6 months
of implantation into 6 mm x 6 mm critically-sized
adult goat medial femoral condyle defects, biphasic
constructs composed of alginate, agarose, bone mar-
row MSCs, and infrapatellar fat pad-derived stem
cells reinforced with PCL fibers promoted hyaline-like
cartilage repair. However, it is important to note that
there was significant variability between constructs
with matrix staining and ICRS scores deviating up to
28% from the mean [39].
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After 6 and 12 weeks of implantation in rabbit knees,
Deng and colleagues observed no observable eleva-
tions in pro-inflammatory cytokines TNFa and IL-1B
in peripheral blood using standard ELISAs, a promising
sign that constructs developed with patient-specific cells
will be well-tolerated [52]. While implants have not dem-
onstrated immunogenicity or inflammatory responses in
immune-deficient animal models, immune tolerance is
worth further investigation and will likely be a key con-
sideration in regulatory approval as 3D bioprinting tech-
nology moves closer to the clinic [56].

Bone and cartilage composite conclusion

Together, these studies suggest clinical feasibility and cel-
lular integration of constructs are possible on a small-
scale, approximately 5cm?, though challenges remain in
developing larger constructs intended for human clinical
application. Multiple groups have noted a lack of abun-
dant osteogenic tissue formation and ECM at the center
of constructs, which has been attributed to lack of nutri-
ent and gas perfusion at these sites, highlighting a need
for graft vascularization in order to reach clinical scale
[4, 60, 89]. Because future osteochondral prostheses may
potentially be used in the replacement of large, load-
bearing joints, the same concerns over standardization
of mechanical characterization of both materials and bio-
prints raised earlier in section 3.2.2 apply.

Bone and vasculature

An integrated vasculature is essential for large segment
bone regeneration and survival as blood vessels function
as a conduit of oxygen, nutrients, and waste. Cells in the
innermost zones of 3D bioprinted bone constructs often
undergo rapid necrosis as there is limited diffusion of
nutrients from the surrounding medium beyond 400 pum
[63]. A successful 3D bioprinted vasculature is one that
not only allows for transfer of materials through a tis-
sue but also stimulates integration of host tissues via cell
signaling and the generation of a pro-osteogenic micro-
environment. All vascular bone articles included in this
review utilized extrusion-based bioprinting [27, 33, 35,
46, 64, 102, 106, 108, 141, 148, 151, 199], likely due to the
large degree of control it provides over cell distribution
and vascular networks within a construct as well as the
structural complexity it allows. Thus, the development of
a highly complex integrated vasculature in a bony struc-
ture is perhaps the greatest obstacle to overcome in bone
tissue engineering.

Materials used in 3D bioprinting of vascular bone

Cell differentiation into either osteogenic or angiogenic
lineages depends on a variety of pathways and highlights
the synergistic relationship between regenerating bone
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and vascular tissue. 3D bioprinting allows engineers to
leverage the integral role the tissue microenvironment
plays in determining cell fate as extracellular matrix
materials enable the controlled release of growth factors
via encapsulation or chemical conjugation [31, 116, 153].

Much like reports of 3D bioprinted bone, vascular
bone articles also commonly included synthetic mate-
rials aimed at enhancing mineral deposition and osteo-
genesis, such as laponite [35], hydroxyapatite [106, 141]
and modified silicate [27, 33] (Table 5). However, no
articles evaluated the relationship between mechani-
cal stiffness and vascular proliferation. Hybrid materi-
als were used in 58% of papers [27, 33, 35, 64, 102, 106,
141]. In particular, constructs printed using polydo-
pamine-modified calcium silicate, laponite, PCL, and
hydrogels such as GelMA, alginate, and gelatin showed
Young’s modulus up to 20 kPa, an order of magnitude
softer than bone, and enhanced osteogenesis as seen
by microscopy [35]. Fibrin, a fibrous protein which
promotes endothelial cell proliferation and angiogen-
esis, was used in two articles (17%) [141, 151]. Growth
factors such as BMP-2 [148] and VEGF [27, 64] were
separately added to inks in 25% of articles to enhance
cell differentiation into osteogenic or vasculogenic cell
phenotypes, respectively. Growth factor release profiles
were designed through selection of ink materials and
modification of support material concentration. In one
study, sustained release of BMP2 was achieved from a
boney phase of 2% w/v type I collagen hydrogel while
burst release of VEGF was accomplished using 10% w/v
alginate 10% gelatin hydrogel [148].

Bioink and vascular bone construct characterization
Seventy-five percent of vascular bone papers performed
experiments to characterize constructs’ mechanical
properties [33, 35, 46, 64, 106, 108, 141, 151]. Rheology
was the most frequently used bioink characterization
technique with 42% of studies describing viscoelastic
behavior and print fidelity, which are particularly impor-
tant in the maintenance of tube-like vessels within larger
bone structures [35, 64, 108, 151]. Scanning electron
microscopy was performed in 17% of papers to charac-
terize print fidelity and construct architecture by pore
size and strand diameter [141, 151]. Only one article
described constructs’ ability to release molecules (VEGF)
into surrounding media in a controlled fashion over at
least 14 days after printing [64].

An integrated vasculature which facilitates a steady
flow of nutrients, growth factors, oxygen, and removal
of waste through a construct should promote cell
growth and viability and, therefore, potentially greater
mechanical strength [105]. However, mechanical test-
ing was only performed in 17% of vascular bone
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articles [46, 151]. Piard and colleagues developed a
fibrin-poly(caprolactone) bioink with a compressive
modulus of 131+ 23 MPa, which is comparable to that of
cortical bone [151]. Daly et al. reported a Young’s mod-
ulus in compression of 69+15 kPa in microchanneled
MSC-laden methacrylated hydrogel constructs but did
not compare it to native bone structures or compare their
structure to a similar avascular structure [46].

Cells used in 3D bioprinting of vascular bone

One-third of studies leveraged the common mesoder-
mal origin of vasculature and bone by using a single cell
type, MSCs, in bioinks [35, 46, 64, 102] (Table 5). The
remaining articles printed constructs with two or three
cell types, opting to utilize co-axial printing systems and
multiple inks [27, 33, 106, 108, 141, 148, 151, 196]. Non-
human cells were derived from rats and pigs and included
MSCs and adipose stromal vascular fraction cells [46, 64,
102]. Human cells were used most frequently (75%) [27,
33, 35,108, 141, 148, 151, 196]. Notably, human umbilical
vein endothelial cells were the only endothelial cell type
found in composite constructs and featured in 42% of
articles [27, 33, 108, 141, 151].

While not all constructs were made from bioinks con-
taining endothelial cells, each construct was made using
at least one mesodermal cell type. Some groups encap-
sulated mesodermally-derived cells in pro-osteogenic
nanoclay laponite [35] or added them to inks with pro-
osteogenic or pro-angiogenic growth factors [27, 64, 148].
This highlights the ability of 3D bioprinting to create spa-
tiotemporal environments which promote differentiation
into tissue-appropriate lineages. Interestingly, there were
few, if any, mentions of cell selection based on intercellu-
lar signaling between vessel and bone phases, despite an
understanding of the role of signaling in the proliferation
of both tissues in native joints [172]. Further, no signifi-
cant modifications to the composition of culture medium
were made nor were bioreactors used despite aiming to
support a more biologically complex structure.

In vivo testing of 3D bioprinted vascular bone

Among the six articles which reported findings from
in vivo studies, half assessed vascularization follow-
ing subcutaneous implantation in rodents [148, 151]
or a chick chorioallantoic membrane model [35]. The
remaining half involved implanting constructs into
full-thickness bone defects [46, 64, 141]. Piard and col-
leagues printed hMSC- and HUVEC-laden hydrogels in
biomimetic osteon-like patterns which showed neovas-
cularization after 7- and 14-days post-implantation into
subdermal spaces in Sprague Dawley rats [151]. They
believe that engineering a construct with a microarchi-
tecture similar to that of native bone osteons improves
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paracrine signaling between MSCs, resulting in greater
endothelial cell infiltration [151]. While the authors
showed a marked increase in endothelial proliferation in
osteon-like constructs, the exact role of geometric design
was not elucidated.

Park et al. engineered a 176 mm? structure using two
bioinks: one containing human dental pulp stem cells
combined with BMP-2 to drive bone regeneration in the
periphery and another containing dental pulp stem cells
combined with VEGF in the hypoxic center to induce
angiogenesis [148]. This design effectively induced vascu-
logenic and osteogenic differentiation as seen by micros-
copy, which showed filopodia- and tube-like structures
indicative of growing vascular networks [148]. When
implanted in a rat with a critical-size cranial defect and
harvested after 28 days, dual-BMP-2 and VEGF con-
structs developed microvessels in the hypoxic area as well
as vessel invasion from surrounding native tissue [148].

Kuss et al. demonstrated the benefit of short-term
hypoxic pre-conditioning of heterogeneous stromal vas-
cular fraction cell-laden constructs on vascular integra-
tion into existing subdermal murine vasculature without
negatively affecting osteogenesis [102]. While hypoxic
pre-conditioning demonstrated enhanced vascular inte-
gration by upregulating VEGF and hypoxia-inducible
factor 1o gene expression, subjecting mesenchymal cells
to hypoxia had a variable effect on osteogenic differentia-
tion which should be further explored [102, 131].

Further proof-of-concept studies were performed
using models of full-thickness segmental bone defects.
HUVECs and human bone marrow-derived MSCs
were combined in a fibrin-based hydrogel, bioprinted
and subsequently allowed to pre-vascularize in vitro
for 7-days [141]. Constructs were then press-fitted
into critically-sized (5 mm long) femoral defects in
rats and demonstrated increased neovascularization
measured via microCT angiography which in turn
supported new bone formation [141] (Fig. 9). Free-
man and colleagues added nanoparticles to bioinks to
establish spatiotemporal growth factor release gradi-
ents within constructs then performed similar in vivo
studies which demonstrated increased vessel volume,
thickness, and connectivity within defect sites two
weeks post-implantation [64].

Vascularized bone conclusion

As is the case for any implant, immunogenicity and host
tolerance must be established before clinical use. Among
the papers reviewed, only a single group assessed host
immune cell invasion into a construct, via tartrate resist-
ant acid phosphatase staining of constructs 8 weeks
after implantation [46]. They suggested it supported
bone healing while limiting heterotopic bone formation.
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Fig. 9 PCL/hydroxyapatite prevascularized femoral defect study

a Porous PCL scaffold design. Two PCL scaffolds were bioprinted; both were 4 mm in diameter and 5 mm high and coated with
nano-hydroxyapatite. One scaffold was left empty whilst the other was filled with prevascularized scaffold bioink. b SEM images depicting nHA
coating and confocal image of microvessels within scaffolds. Scale bar in images i, i, il and iv 100 um, 2 um, 200 nm and 50 um, respectively.
Images highlighting rat femoral defect location and X-ray and uCT images showing defect dimensions. d Schematic outlining surgical procedure.
Reprinted with permission from [141]

However, the tartrate resistant acid phosphatase assay is  between the laboratory and clinic. 3D bioprinting lends
commonly used to determine osteoclast activity [197].  a high degree of control over vascular network patterning
Future studies may benefit from determining the extent  during the design and initial building of the construct. To
to which an integrated vasculature facilitates immune date, there have been no reports on the use of extrusion
system-driven bone healing and remodeling in the con-  bioprinting to generate capillary networks due to their
text of a bone lesion, particularly one with integrated small size. The generation of capillary networks for the
conduits through which immune cells can travel to bone.  gas and nutrient exchange on a microscopic scale would
Growth factors or pro-differentiation small molecules, rely on de novo angiogenesis post-implantation. Impor-
which may themselves exert their effects via immune tantly, no studies have evaluated how vascular networks
modulation, were used in 25% of publications reviewed  within the construct change after implantation into an
in this section [35, 64, 148]. animal. Because these structures demonstrate a capacity

While significant steps have been made toward devel-  for vascular proliferation, attributes such as vessel wall
oping vascularized bone, notable obstacles remain integrity and rate of angiogenesis should be determined
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over time to ensure there is no aberrant vessel growth or
fistula formation which could lead to unintended hema-
tological consequences. Overall, the literature suggests
that incorporating a vascular network in bony constructs
is beneficial not only in maintaining cell survival at the
center of constructs by delivering nutrients and exchang-
ing gasses but also enhancing osteogenic differentiation
and integration into native tissue.

Overall conclusion

At almost 20 years old, bioprinting is a young field which
is fast becoming a nascent area of research. While a
number of successful efforts toward generating indi-
vidual joint components have been demonstrated, the
road toward engineering complex tissues and composite
implants for clinical use in articular joint or bone regen-
eration is not without obstacles to overcome. To facilitate
translation to the clinic, standardized quality control met-
rics such as cell survival and construct stiffness should be
established. Artificial intelligence- and machine learning-
based methods have been used to determine the relation-
ship between atelocollagen ink elastic modulus and yield
stress to create a bioink library for optimizing mechani-
cal and rheological properties for improved printability
[107]. Environmental conditions such as temperature and
humidity can affect the printing process and the integra-
tion of machine learning algorithms can detect and adapt
to changes in printing parameters such as fiber spacing
and extrusion pressure in real time, enabling large-scale
adaptive, quality-controlled manufacturing processes can
be enabled [216].

Customized 3D printed functional living constructs
will likely have spatiotemporally defined patterns of
ECM, growth factors, and cells and must be tested for
long-term viability (months to years) in large non-human
animal models. While new biologics are already subject
to close regulatory scrutiny [154], it is unclear how regu-
latory bodies will apply or adapt existing laws to additive
manufacturing technologies that are patient-specific and
may even be manufactured in situ. Further, existing legis-
lation, including the 2016 21* Century Cures Act in the
United States [23], has little coverage over product man-
ufacturing processes with large computer-aided design
software components and must address construct valida-
tion and reliability.

To facilitate translation to clinical use, critical meas-
ures such as long-term tissue viability and biologi-
cally equivalent construct biomechanical properties
have yet to be definitively demonstrated in the field
of bioprinting. Human scale vascularized osteochon-
dral constructs with defect-matching geometry should
have integrative material properties to enable repair
and regeneration. This strategy would forgo donor
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site morbidity and provide a patient specific recon-
structive option, representing the holy grail of tissue
engineering.

To date, bioprinted structures have only been trans-
planted into a small number of patients and, at the time
of writing, there is only one active clinical trial examin-
ing the safety and efficacy of a 3DBP graft [1, 183]. In
order to meet the growing demand for novel joint regen-
eration methods, key players in research and develop-
ment must frequently interface with regulators to close
policy gaps before large-scale trials can proceed in
humans. It appears likely that patient-specific grafts will
be generated using autologous cells. The potential use of
cells from other sources e.g. porcine with HLA markers
genetically removed as we’ve seen in organ transplants
is exciting [103]. Such grafts must demonstrate clear
benefit, both medically and economically, over existing
arthroplasty methods. Challenges identified include:
manufacturing — producing a reproducible but custom-
izable tissue; regulatory framework needs to be clearly
delineated and openly discussed; funding — musculo-
skeletal disease is critically underfunded, additionally
long term and orphan research trials and translation
will need significant support; clinician support/inter-
est, clinical stakeholders need to be actively engaged in
these efforts. While there is much work to be done, 3D
bioprinted implants have great clinical potential to treat
trauma and degenerative joint diseases thereby provid-
ing benefit to patients globally.
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