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Abstract

Objective. Treatment of chondral injury is clinically challenging. Available chondral repair/regeneration techniques have
significant shortcomings. A viable and durable tissue engineering strategy for articular cartilage repair remains an unmet
need. Our objective was to systematically evaluate the published data on bioprinted articular cartilage with regards to
scaffold-based, scaffold-free and in situ cartilage bioprinting. Design. We performed a systematic review of studies using
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. PubMed and ScienceDirect
databases were searched and all articles evaluating the use of 3-dimensional (3D) bioprinting in articular cartilage were
included. Inclusion criteria included studies written in or translated to English, published in a peer-reviewed journal, and
specifically discussing bioinks and/or bioprinting of living cells related to articular cartilage applications. Review papers,
articles in a foreign language, and studies not involving bioprinting of living cells related to articular cartilage applications
were excluded. Results. Twenty-seven studies for articular cartilage bioprinting were identified that met inclusion and
exclusion criteria. The technologies, materials, cell types used in these studies, and the biological and physical properties
of the created constructs have been demonstrated. Conclusion. These 27 studies have demonstrated 3D bioprinting of
articular cartilage to be a tissue engineering strategy that has tremendous potential translational value. The unique abilities
of the varied techniques allow replication of mechanical properties and advances toward zonal differentiation. This review

demonstrates that bioprinting has great capacity for clinical cartilage reconstruction and future in vivo implantation.
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Introduction

Clinical treatment of articular cartilage lesions remains a
challenge. Several operative techniques exist for manage-
ment of appropriate lesions including debridement, fixa-
tion, marrow stimulating techniques, cell-based techniques,
and osteochondral auto and allografting.* Despite clinical
success obtained with each of these procedures, only osteo-
chondral autograft and allograft recreate the architecture
and composition of the native, mature, and architecturally
formed articular hyaline cartilage. Osteochondral grafts
have limitations particularly with regard to graft availabil-
ity, donor site morbidity for autograft, and biological risks
with allograft. A seminal study has shown that injection of
cultured autologous chondrocytes was able to repair articu-
lar cartilage defects indicated by the formation of hyaline-
like cartilage,® and a long-term follow-up study for more
than 10 years has indicated that this method was effective
and durable for the treatment of large cartilage and osteo-
chondral lesions of the knee joint.* However, current clini-
cal restorative technologies, as well as tissue engineering
strategies, have been unable to recapitulate the structure of

native hyaline cartilage, which is both heterogeneous and
anisotropic, and composed of anatomic zones with specific
mechanical and biologic properties.
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The emergence of 3-dimensional (3D) printing, and spe-
cifically 3D bioprinting, presents an opportunity to address
numerous tissue engineering (TE) challenges from the abil-
ity to print complex tissues using additive manufacturing
techniques. This technique has been used for the fabrication
of blood vessels, heart, liver, neural tissue, and cartilage.s’6
The self-assembly and self-organizing capabilities of cells
have been delivered through applications of distinct bio-
printing techniques (e.g., laser, droplet, and extrusion
based).”'* Bioprinting may provide a means for implanta-
tion of stem cells into host tissue in a very organized and
complex manner."!

Given the emergence of 3D bioprinting and its possible
applications in articular cartilage restoration, we performed
a systematic review of the literature to assess (1) the status of
research in this emerging field with regard to scaffold-based
bioprinting, scaffold-free bioprinting and in sifu bioprinting
and (2) how the existing bioprinted constructs address the
current challenges in cartilage TE, specifically with regard
to recapitulation of the zonal microarchitecture, mechani-
cal enhancement, cell types and density, and mechanical
stimuli. We hypothesized that the collective literature will
demonstrate that the morphological, compositional and bio-
mechanical biomimicry of the bioprinted cartilage con-
structs result in fabricated tissue grafts that demonstrate
immunohistologic, microarchitectural, and biomechanical
properties that closely resemble hyaline cartilage.

Selection of Studies

A written protocol was developed in adherence with the
Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) guidelines to conduct a system-
atic review of the available literature. PubMed and
ScienceDirect electronic databases were searched on June
21, 2018 using the primary search terms “bioprinting”
AND “cartilage.” Articles were assessed with the follow-
ing inclusion criteria: (1) written in or translated to English,
(2) published in a peer-reviewed journal, and (3) specifi-
cally discussing bioinks and/or bioprinting of living cells
related to articular cartilage applications. Review papers,
articles in a foreign language, and studies not involving
bioprinting of living cells related to articular cartilage
applications were excluded. The references of each
included article were also cross referenced to ensure that
potential studies were not missed.

After the initial search was performed, duplicates were
removed from the results of the searches and the titles and
abstracts were then screened by the senior authors (AD and
10) and the aforementioned inclusion and exclusion criteria
applied. Further screening was performed using the full text
of each relevant study if inclusion/exclusion criteria could
not be applied by the title and abstract. A diagram of the
search methodology can be found in Figure 1.

The State-of-the-Art Techniques for
Cartilage Bioprinting

The results of our primary search yielded 360 articles.
Removal of duplicates and screening of titles and abstracts
with the inclusion and exclusion criteria to include rele-
vance to the study objectives resulted in 50 articles. Further
screening of these 50 full text studies with application of
inclusion and exclusion criteria resulted in 27 studies that
were included in this review and are listed in Table 1. We
categorized them into 3 sections based on the bioprinting
techniques, namely scaffold-based bioprinting, scaffold-
free bioprinting, and in situ bioprinting. In the cases of scaf-
fold-based bioprinting, studies were further classified into
extrusion-based bioprinting (EBB), droplet-based bioprint-
ing (DBB), laser-based bioprinting (LBB), and bioprinting
for zonally stratified arrangement.

Scaffold-Based Bioprinting

Cartilage bioprinting is currently dominated by scaffold-
based techniques, and 23 out of the 27 included studies
belong to this category.

Extrusion-Based Bioprinting. Among scaffold-based approaches,
EBB has been the most popular one since its high economic
efficiency, ease of operation and flexibility to a wide range of
materials.'”"> EBB takes advantages of automated robotic
system for continuous extrusion of bioinks in a filament form,
in which pneumatic- or mechanical-driven dispensing sys-
tems are mostly employed (Fig. 2A). Daly ef al.'* evaluated
the effects of various bioinks (i.e., agarose, alginate, GelMA,
and BioINK) to induce mesenchymal stem cell (MSC)-laden
filaments, finding that alginate and agarose bioinks supported
more hyaline-like cartilage tissues while gelatin-metacryloyl
(GelMA)- and poly(ethylene glycol) methyl ether methacry-
late (PEGMA)-based bioinks supported more fibrocartilagi-
nous tissue. With the assistance of polycaprolactone (PCL)
filaments, mechanically reinforced scaffold with cell-laden
hydrogels was obtained with bulk compressive moduli com-
parable to articular cartilage (2-3 MPa).

Constantini ef al."” assessed 3 different formulations of
hydrogel for scaffold-based bioprinting of cartilage tissue,
which were (1) GeIMA, (2) GelMA and chondroitin sulfate
amino ethyl methacrylate (CS-AEMA), and (3) GelMA,
CS-AEMA, and HAMA. Each bioink also contained algi-
nate to aid in stable fiber formation during bioprinting and
was loaded with bone marrow—derived MSCs (BM-MSCs)
(Fig. 2B). The bioink composed of alginate, GeIMA, and
CS-AEMA has been observed to be the best in chondro-
genic formation with the highest COL-II versus COL-I and
COL-X ratios. The deposition method also showed main-
tained shape fidelity with a layer thickness of 100 um and
interfiber distance of 300 pum.
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Figure |. Search methodology for selection of studies.

In a more recent study, Mouser ef al.'® investigated the
effect of gellan gum (GG) on GelMA bioink systematically.
Various concentrations (i.e., 3%-20% GelMA with 0%-1.5%
GG) were evaluated to define a bioprinting window. They
found a concentration of 10/0.5% GelMA/GG balanced the
bioprintability and construct stiffness that impacted cell
incorporation. From the same research group, Abbadessa
et al.'” designed a hydrogel system based on triblock copo-
lymers of polyethylene glycol (PEG, 10 kDa in molecular
weight) and poly(N-(2-hydroxypropyl) methacrylamide
mono/dilactate) (i.e., polyHPMA-lac-PEG) with degree of
methacrylation of 15%, as bioink (i.e., M P ) for cartilage
bioprinting. With the mixture of methacrylated chondroitin
sulfate (CSMA), M15P10 exhibited superior mechanical and
thermal properties compared to M, P alone, and was able
to maintain cell viability of embedded chondrogenic ATDCS
cells for 6 days in a preliminary in vitro test. In a follow-up
study, Abbadessa ef al.'® blended the M P with methacry-
lated polysaccharides including chondroitin sulfate (CS) or
hyaluronic acid (HAMA) (Fig. 2C). The bioink with incor-
poration of polysaccharides exhibited increased storage
modulus and decreased degradation kinetics in crosslinked
hydrogels, while the inclusion of HAMA improved print-
ability versus M, P and yielded in 3D constructs with
excellent cell viability (>90%) of equine chondrocytes at 42
days of culture. Most recently, they further explored the
printability of polyHPMA-lac-PEG with HAMA to optimize

cartilage-like tissue formation by embedded chondrocytes."
On being seeded with equine chondrocytes, it has been
found that intermediate HAMA concentrations (0.25%-
0.5%) increased cartilage-like matrix production including
collagen type II (COL-II), VI and IV, and sulphated glycos-
aminoglycans (GAG) compared to HAMA-free hydrogels,
while higher concentrations (~1%) resulted in undesirable
fibrocartilage formation with the presence of collagen type I
(COL-I). Similar to Daly’s study, PCL was incorporated
with the hydrogels in various construct designs in order to
obtain mechanical reinforcement, with Young’s moduli
ranging from 3.5 and 4.6 MPa.

To exploit the cellulose in terms of mechanical strength
and rheology, Markstedt er al.”® evaluated the printability
and cytotoxicity of nanofibrillated cellulose (NFC) and algi-
nate bioink (Fig. 2D). The combination was utilized due to
favorable shear thinning properties of the NFC with the fast
crosslinking ability of alginate. Specifically, with regard to
articular cartilage, human chondrocytes were bioprinted
using this noncytotoxic bioink in gridded constructs.
Viability was demonstrated at 86% after seven days of cul-
ture. Successful mixing of the cells in the bioink was also
shown via a homogenous cell distribution. Decrease in cell
viability was observed, which was attributed to the shear
stress in the mixing process. In another study, Nguyen et al.”'
compared NFC/alginate and NFC/hyaluronic acid (NFC/
HA) composites for cartilage bioprinting. Human-derived
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Figure 2. Bioprinted constructs using EBB, DBB, and LBB. (A) Three-dimensional illustration of hydrogel fibers deposition in

EBB (adapted with permission from [ref 15])."* (B) Three-dimensional printed construct using alginate with GeIMA (adapted with
permission from [ref 15])." (C) Three-dimensional printed porous constructs based on M, P, blended with HAMA (adapted with
permission from [ref 17])."” (D) Three-dimensional printed sheep meniscus with bioink of nanofibrillated cellulose and alginate (scale
bar = 2 mm) (adapted with permission from [ref 20]).%° (E) Three-dimensional bioprinted hybrid constructs with PCL supporting
structure and the cell-laden alginate hydrogel (adapted with permission from [ref 22]).2 (F) A schematic of DBB with simultaneous
photopolymerization process (adapted with permission from [ref 27]).27 (G) A printed PEG hydrogel construct with 4 mm in diameter
and 4 mm in height (scale bar = 2 mm) (adapted with permission from [ref 27]).?” (H) Multiple-layered printed construct which was
composed of layers of electrospun PCL fibers and layers of cell-laden fibrin-collagen matrix printed by DBB (scale bar = 100 pm)
(adapted with permission from [ref 317).3' (I) A schematic illustration of LBB for cartilage (adapted from [ref 68]).%® (J) Live-dead
staining of MSCs within 5% PEGDA/GelMA bioprinted construct after culturing (adapted with permission from [ref 32]).2

EBB = extrusion-based bioprinting; DBB = droplet-based bioprinting; LBB = laser-based bioprinting; MSCs = mesenchymal stem cells; GelMA = gelatin-
metacryloyl methacrylate; PEGMA = poly(ethylene glycol) methyl ether methacrylate; HAMA = hyaluronic acid methacrylate; PCL = polycaprolactone.
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induced pluripotent stem cells (iPSCs) were co-printed with
irradiated human chondrocytes, and low proliferation and
phenotypic changes away from pluripotency were seen in
NFC/HA bioink. On the contrary, pluripotency in the bio-
printed NFC/alginate constructs was maintained, and hya-
line-like cartilaginous tissue with COL-II expression
was observed without any presence of tumorigenic Oct4
expression. Moreover, a remarkable increase in cell number
within the cartilaginous tissue was detected in co-cultured
constructs.

Kundu et al.” used a layer-by-layer deposition of PCL
and chondrocyte-laden alginate hydrogel (Fig. 2E). The in
vitro assessment indicated that the structure of 4% alginate
with the addition of transforming growth factor-g (TGF-B)
produced more GAG, DNA and cartilaginous extracellular
matrix (ECM) than those of other groups. In a mouse model,
scaffolds with the addition of TGF-f also resulted in more
cartilage formation and COL-II fibril after 4 weeks of
implantation, without any adverse tissue response.

Izadifar er al.*® cultured 2 distinct cell populations
from embryonic chick cartilage (i.e., rounded and fibro-
blastic), and have eclucidated that printed hybrid con-
structs of melted PCL and cell-impregnated alginate with
fibroblastic cells showing higher cell numbers than the
rounded cells at 14 days. Rounded cells had a signifi-
cantly higher expression of COL-II, while fibroblastic
cells expressed significantly higher levels of COL-I and
GAG matrix. A scale-up printing has also been performed
using the ATDCS5 chondrogenic cell line to create six-
layer constructs which demonstrated good biofunctional-
ity. In their in vivo study,** bioprinted cartilage constructs
with ATDCS cells were implanted subcutaneously in mice
over 21 days. The implants were characterized both non-
invasively using a synchrotron radiation inline phase con-
trast imaging computed tomography (SR-inline-PCI-CT)
approach and invasively to evaluate their cell viability
(>70%) and seccretion of cartilage-specific ECM.
Secretion of GAG and COL-II increased progressively
over time. Also, SR-inline-PCI-CT enabled visualization
of the individual components of the 3D printed hybrid
constructs (PCL and hydrogel), their time-dependent
structural changes after implantation and their connection
to surrounding host tissues in situ.

In another recently published study, Yang ez al.*> mixed
COL-I or agarose (AG) with sodium alginate (SA) as bio-
inks. The in vitro results using chondrocytes showed that
the mechanical strength was improved in both SA/COL and
SA/AG groups compared with SA alone. Among the 3 scaf-
folds, SA/COL could distinctly facilitate cell adhesion,
accelerated cell proliferation and enhanced the expression
of cartilage specific genes such as aggrecan, COL-II and
Sox9 than the other two groups. Lower expression of COL-I
was present in SA/COL group than that in both of SA and
SA/AG groups. The results indicated that SA/COL

1'22

effectively suppressed dedifferentiation of chondrocytes
and preserved the phenotype.

Droplet-Based Bioprinting. In DBB, the bioink made up of
living cells and other biological materials (e.g., hydrogels)
is deposited in a droplet form with precise noncontact posi-
tioning (Fig. 2F)."* The droplets are generated by one of
thermal, piezoelectric, or electrostatic drop-on-demand
technologies. For cartilage TE applications, Cui et al.*
have demonstrated the bioprinting with thermal inkjet-
based technology utilizing a bioink composed of
Poly(ethylene glycol) dimethacrylate (PEGDMA)-laden
with human chondrocytes along with the addition of fibro-
blast growth factor—2 (FGF-2) and/or TGF-B1 (Fig. 2G)
and found that the cell proliferation and chondrocyte phe-
notype were optimized with a combination of the factors
versus TGF-B1 only group. In another study, Cui et al.”’
used the same technique and materials to repair defects in
osteochondral plugs. The printed construct exhibited the
compressive modulus of 0.4 MPa, and bioprinted human
chondrocytes were able to maintain the initial positions due
to simultaneous photopolymerization of surrounded bioma-
terial. In an in vitro implantation using an osteochondral
plug, the printed cartilage implant obtained a firm attach-
ment with surrounding tissue, and greater proteoglycan
deposition was observed at the interface of implant and
native cartilage. In the follow-up studies from the same
group, Gao et al.*** extended the cell source to MSC and
added other components (e.g., peptitede or GeIMA) to opti-
mize MSC differentiation. Their results showed successful
printing of a layered structure that developed a higher mod-
ulus than PEG scaffolds after osteogenic and chondrogenic
differentiation, which was also improved over PEG alone
evidenced by gene and protein expression analysis.

In a mouse model, Gao ez al.*® implanted bioprinted con-
structs with nuclear receptor subfamily 2 group F member 2
(NR2F2) overexpressed MSCs for 21 days. Vascularized
tissue membranes were found to grow around the implanted
constructs in vivo. The compressive modulus of scaffolds
with NR2F2 were significantly stiffer than controls with
more proteoglycan growth. Observations among gene
expression, biochemical analysis, histological assay, and
biomechanical evaluation were consistent to indicate that
NR2F2 over-expressed MSCs had enhanced chondrogenic
potential for cartilage regeneration.

By combining inkjet printing and electrospinning tech-
niques, Xu er al.*' created 5-layered constructs that con-
sisted of alternating layers of electrospun PCL/F-127 fibers
(3 layers) and inkjet-printed chondrocytes/fibrin/collagen
hydrogel (2 layers) (Fig. 2H). After culturing in vitro for 2
weeks, the hybrid constructs were implanted in mice subcu-
taneously for 8 weeks. The chondrocytes showed > 80%
viability one week after printing. The fabricated constructs
formed cartilage-like tissues both in vitro and in vivo as
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evidenced by the deposition of type II collagen and GAG.
Moreover, the bioprinted hybrid scaffolds demonstrated
enhanced mechanical properties compared to printed algi-
nate or fibrin/collagen gels alone.

Laser-Based Bioprinting. LBB was operated based on the
principle of a laser energy beam used for precise pattern-
ing of biomaterials.'? Laser energy can be used in 2 differ-
ent modalities, one of which involves photopolymerization
(e.g., stereolithography or 2-photon polymerization) (Fig.
21), and the other modality is based on cell transfer (e.g.
laser guided direct writing and laser induced forward
transfer). As the only one study using LBB for cartilage
TE, Zhu et al.** have reported the utilization of a tabletop
stereolithography-based bioprinter for cell-laden carti-
lage fabrication very recently. The bioresin was com-
posed of 10% GelMA base, various concentrations of
polyethylene glycol diacrylate (PEGDA), a biocompati-
ble photoinitiator, and TGF-B1 embedded nanospheres
fabricated by the electrospraying technique, and MSCs
were then mixed with the resin at density of 2 X 10° cells/
mL. The addition of PEGDA into GelMA hydrogel greatly
improved the printing resolution and modulus of the bio-
printed scaffolds as compared with GeIMA only. Impor-
tantly, cell viability and the bioactivity of growth factors
were maintained after UV photopolymerization. TGF-1
embedded in nanospheres kept a sustained release up to
21 days and improved the chondrogenic differentiation of
encapsulated MSCs (Fig. 2J).

Bioprinting for Zonally Stratified Arrangement. To gener-
ate a bilayered osteochondral model, Levato er al.*
used microcarriers of polylactic acid (PLA) to load
MSCs via static culture or spinner flask expansion, fol-
lowed by encapsulating the cell-laden microcarriers in
GelMA/GG. The cartilage region was printed with
GelMA-GG and the bone region was represented by
GelMA-GG with encapsulated microcarriers. The appli-
cation of microcarriers allowed for extensive expansion
of cells within the hydrogel, resulting in a higher com-
pressive modulus of the construct and improved cell
adhesion. In 2017, Levato et al.** reported another strat-
egy for zonal-like structure fabrication using a recently
identified articular cartilage—resident chondroprogeni-
tor cells (ACPCs). GelMA-based hydrogels were used
to culture ACPCs, MSCs and chondrocytes as bioinks,
in which ACPCs outperformed chondrocytes in terms of
neo-cartilage production. Even though ACPC-laden
hydrogels showed a lower production of ECM compo-
nents compared with MSC-laden ones, ACPCs dis-
played alow expression of COL-X and a high expression
of proteoglycan 4 (PRG4), suggesting a phenotype sim-
ilar to superficial zone of cartilage. By bioprinting
ACPC- and MSC-laden bioinks with a density of 2 X

107 and Pluronic as a sacrificial ink, a bioprinted model
of articular cartilage was generated, consisting of
defined superficial and deep regions with distinct cel-
lular and ECM composition (Fig. 3A).

Ren et al.* used bioprinted COL-II hydrogel scaffolds to
create a biomimetic cell density gradient. A construct with a
6-mm height and a 4-mm radius was bioprinted containing
three layers (deep, middle, and superficial zones) with cell
density gradient to imitate distribution of cell densities in
native cartilage. The gradient in cell density resulted in a
gradient of ECM, which further affected the biosynthetic
ability of the chondrocytes.

Targeting at reconstruction of an osteochondral tissue
in the knee joint, Shim ez al.*® used PCL as supporting for
multilayered hydrogel extrusion with human MSCs. The
construct (5 mm in height) was divided into 2 distinct lay-
ers, which were subchondral bone layer printed using
atelocollagen with MSCs and recombinant human bone
morphogenic protein (rhBMP)-2, and superficial carti-
lage layer comprised of Cucurbit[6]uril-conjugated hyal-
uronic acid (CB[6]-HA), 1,6-diaminohexane-conjugated
HA (DAH-HA), MSCs and TGF-B. Cell viability of
~90% were observed in both layers with increased prolif-
eration over time. The cells in the CB[6]/DAH-HA hydro-
gel exhibited upregulation in the expression of
cartilage-related genes (aggrecan, COL-II, and SOX9)
and deposition of GAG compared with those in the atelo-
collagen hydrogel layer, whereas atelocollagen hydrogels
showed strong calcium deposition. Through implanting
the bioprinted scaffold into New Zealand white rabbit
knee joints, the newly regenerated cartilage tissues were
smoothly integrated with ends of the host cartilage tissue
at 8 weeks of implantation. They also found the lacuna
structure to be similar to that of native cartilage.
Immunochemical analysis also showed zonal cartilage
regeneration, although COL-X was seen in the superficial
layer which is abnormal in comparison to normal
cartilage.

Scaffold-Free Bioprinting

Among these studies, only one pioneer study has evaluated
scaffold-free bioprinting of articular cartilage. Yu et al.’’
fabricated tissue strands of bovine chondrocytes by spin-
ning the cells down into a cell mass, and then transferred
them into an alginate capsules for incubation (Fig. 3B).
Using an extrusion apparatus, the tissue strands were able to
be directly bioprinted while maintaining the shape in cul-
ture. The printed construct maintained their fidelity for 10
days, with the observation of ECM deposition and cell-cell
adhesion. Mechanical strength of the strands also exhibited
increase from 28 kPa at 1 week to 3.4 MPa at 3 weeks for
ultimate strength, and from 1 MPa to 5.3 MPa for the
Young’s modulus, which approached the native values.
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Figure 3. (A) Bioprinted cartilage constructs with the Pluronic frame (A1), which was bioprinted with MSCs in the middle/deep
layer and ACPC:s in the superficial layer. Histological staining after 56 days of culture for (A2) sulfated GAGs and (A3) collagen type Il
(scale bar = | mm) (adapted with permission from [ref 34]).* (B) Bioprinting setup with detachable nozzle assembly for tissue strand
bioprinting (B1). Positive COL Il (B2), aggrecan (B3), and safranin-O staining (B4) was obtained in tissue strands. (B5) A bioprinted
cartilage tissue patch showed sulphated GAG deposition throughout the entire construct (adapted from [ref 37]).”” (C) The biopen
with 2 separate chambers. Insert showed that 2 chambers are connected to the printing nozzle (insert), which allows the coaxial
printing of the 2 different bioinks in a core/shell distribution (C1). (C2) Intraoperative bioprinting using the biopen for treatment of

a full-thickness chondral defect in a sheep. (C€3) Macroscopic appearance of the treated defect at 8 weeks after implantation (adapted

with permission from [ref 40]).*

Chondrocyte phenotype maintained evidenced by expres-
sion of COL-II and aggrecan markers and the upregulated
COL-II and aggrecan gene expression. Multilayer tissue
strands were able to be 3D bioprinted into tight layers and
ultimately fused into a single unit as early as 12 hours after
incubation. Implanted tissue into in vitro defects also dem-
onstrated proteoglycan rich ECM at 4 weeks.

In Situ Bioprinting

Among the included studies, a promising handheld device
has been developed for in situ cartilage repair. O’Connell
et al*® aimed to translate freeform biofabrication into the
surgical field, and hence come up with a handheld biofabri-
cation tool, named the “biopen,” in which GeIMA/HAMA
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hydrogel was manually extruded and ultraviolet ()UV
crosslinked during the deposition process to generate surgi-
cally sculpted 3D structures (Fig. 3C). To progress toward
translating this technique into clinical practice, Duchi
et al.* further determined the ideal bioprinting conditions,
which allowed the generation of core/shell GeIMA/HAMA
scaffolds with stiffness of 200 kPa, obtained after 10 sec-
onds of exposure to 700 mW/cm? of 365 nm UV. The incor-
porated adipose-derived stem cells (ADSCs) retained >
90% viable with proliferative capacity. In their latest
updated in vivo work,*’ full-thickness chondral defects were
created in a large animal (i.e., sheep) model, which were
treated with the hand-held in situ bioprinted scaffold. The
regenerated cartilage at 8 weeks after surgery showed better
overall macroscopic and microscopic scores, and higher
amount of neo-cartilage evidenced by COL-II expression,
when compared with control groups (preconstructed 3D
bioscaffolds, microfractures, and untreated controls).

Table 1 summarizes properties and biological outcomes
of the fabricated constructs in these 27 presented studies.

Considerations for Cartilage
Bioprinting and Future Perspectives

Cartilage is a tissue that exhibits great heterogeneity and
complex microarchitecture. Articular cartilage is com-
prised of three anatomic zones, namely the superficial
zone, the middle zone and the deep zone.*' The thin
superficial zone occupies approximately 10% to 20% of
articular cartilage thickness. The middle zone lies deep to
the superficial zone, composing 40% to 60% of the total
cartilage thickness, which contains proteoglycans and
thicker collagen fibrils. The deep zone makes up approxi-
mately 30% of articular cartilage volume, in which col-
lagen fibrils are arranged perpendicular to the articular
surface. Separated by the tide mark, the deep zone is dis-
tinguished from the calcified cartilage, which plays an
important role in transmitting from soft cartilage to
bone.*” Current clinical restorative technologies as well
as TE strategies have been unable to recapitulate this
complex microarchitecture and the resultant disorganized
repair tissue is a major reason for failure of current basic
science and clinical strategies.’ Three-dimensional bio-
printing has demonstrated the ability to reproduce chon-
dral tissue with appropriate zonal structure owing to its
capability of precise deposition of cells, biomaterials,
growth factors, and other bioactive reagents to build cell-
laden constructs.*> This shows promise moving forward
in clinical application of these 3D bioprinted constructs
for in vivo articular cartilage restoration. Several of the
studies included in this review demonstrate the ability to
recapitulate the complex zonal microarchitecture of
native hyaline cartilage as discussed in the “Bioprinting
for Zonally Stratified Arrangement” section.

One of the principal functions of cartilage is to facilitate
the transmission of loads. Engineered cartilage tissue ide-
ally exhibits mechanical compressive strength which
approaches to the value of native cartilage (e.g., compres-
sive modulus: ~1.5 MPa®"). Bioprinted cartilage tissue con-
structs have fallen short, demonstrating compressive moduli
usually less than 100 kPa.'>'820%%3 Researchers have
strived to increase the mechanical properties by adjusting
the concentration or chemical structure of the printed mate-
rials. Cui et al’’ have doubled the concentration of
PEGDMA (from 10% to 20%) to increase the compressive
modulus nearly 10-fold (from ~40 to 400 kPa). Nevertheless,
the enhanced mechanical properties remained insufficient
for cartilage tissue engineering. In addition, there were con-
cerns that the increased hydrogel concentration may hinder
the cell proliferation and ECM formation.

Reinforcing the hydrogel carriers with synthetic poly-
mers may serve as a method to reinforce their mechanical
strength. PCL is one of the most popular biopolymers for
engineering tissues due to its good elastomeric properties
and high elasticity.***® In addition to mechanical enhance-
ment, it allows for the production of large constructs with
high fidelity and fiber resolution.*”** Daly et al."* co-depos-
ited hydrogel bioinks with fused PCL fibers. As compared
to the hydrogel constructs with insufficient mechanical
strength (~5-35 kPa), the PCL-reinforced hydrogel gener-
ated scaffolds had compressive moduli (~2 MPa) similar to
that seen with native articular cartilage. PCL has shown to
be a successful substrate in various heat distributions and
concentrations while also having increased mechanical sta-
bility in highly stacked hydrogels.”***° One major concern
of printing fused PCL fibers concurrently with cell-loaded
hydrogel was that high temperature (e.g., 65°C to 80°C)
was required to melt the PCL, which may decrease cell via-
bility. Izadifar e al.** has monitored the surface tempera-
ture of the printed PCL fibers, and found that temperature
dropped significantly once printed, and reached the values
(e.g., 34°C to 39°C) that were suitable for cell survival.
Other strategies to reinforce the constructs have been also
proposed, such as employing electrospun PCL layers®' or
imbedding PLA microcarries™ in conjunction with cell-
laden hydrogel.

Hydrogels have traditionally been used as a scaffold in
bioprinting for a number of reasons including a decrease
in the toxicity to the bioprinted cells as well as the increase
in the biocompatibility of the constructs.”’ Scaffold-free
bioprinting is a novel technique that may eliminate that
need, which has been highlighted here.’’ Scaffold-free
bioprinting offers relatively high initial cell density with-
out the inclusion of biomaterials. This results in more
space for ECM deposition, facilitates better cell-to-cell
interactions, generates tissues with biomimicry, and pre-
serves cell functionality with elimination of biodegrada-
tion issues.’”"
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Chondrocytes and MSCs were the most common cell
types used in the 27 studies. Chondrocytes are often diffi-
cult to obtain, whereas MSCs, which are more easily
obtained, are capable of differentiating into both bone and
cartilage cells.*? It is well known that chondrocytes in dif-
ferent zones show distinct morphologies. The typical
rounded shape of chondrocytes is found in the middle and
deep zones, while the chondrocytes are more spread in the
superficial zone.”' Such morphological difference results in
varied cellular activity in different zones of cartilage (e.g.,
ECM productions). Izadifar et al.*® isolated chondrocytes
with rounded and fibroblastic morphologies. A significantly
higher expression of COL-II was observed within the
rounded cells, while higher level of COL-I was found in the
fibroblastic cells. Fibroblastic cells were similar to chon-
droprogenitors and act functionally like stem cells where
rounded cells expressed prototypical chondrocyte morphol-
ogy. These findings provide promising strategies for future
bioprinted cartilage TE, which could incorporate multiple
cell types into a zonal/stratified construct or guide the cells
to generate proper morphologies and ECM productions.
Steadily decrease of chondrocytes’ redifferentiation capac-
ity after several passages constrains their efficacy for TE of
larger defects.** To overcome this limitation, multipotent
progenitor cells, such as MSC and ADSCs have also been
applied for various TE applications.*>* However, their ten-
dency to undergo hypertrophic differentiation and trigger
endochondral ossification remains a major concern.”
Particularly, ACPCs were used in one of the abovemen-
tioned study,* which are capable of in vitro self-renewal,
and can be expanded to > 60 passages while maintaining
their potential in multilineage differentiation.® Moreover,
different from MSCs, ACPCs showed resistance to forma-
tion of calcified tissue and hypertrophy, and maintained
consistent production of hyaline-like cartilage.””®

In addition to the selection of cell type, cell seeding den-
sity must also be taken into account. Ren er al.*® printed
hydrogels with different total cell density (i.e., 2, 1, and 0.5
X 107 cells/mL). The group with cell density of 1 X 10’
cells/mL, which had a biomimetic cell density similar to
native cartilage (10 million cells/mL*’), demonstrated
upregulated total GAG production and biosynthetic ability
for single cell. Similarly, Cui e al.* used a low cell density
of 0.8 X 107 cells/mL and a high cell density of 2 X 10’
cells/mL. They found that ECM expression for single chon-
drocyte in low cell density was significantly greater than
that in high cell density. Higher cell density demonstrated a
more robust production of ECM. However, when evaluat-
ing the comparative ECM from individual chondrocytes,
they produced more total ECM in lower density scenarios.
This supports utilizing moderate cell density to maximize
cell number and ECM production for an effectively engi-
neered cartilage.”>*’ Constructs with elevated cell density
may become metabolically quiescent due to limited nutrient

supply while those with low cell density may have limita-
tions in cell-cell interactions. Manipulation of the cell den-
sity and distribution does provide a potential outlet for the
generation of the zonal distribution of cells seen in native
articular cartilage.”>*’

During daily activity, articular cartilage is repeatedly
subjected to forces generated by joint loading with varying
frequencies between 0.1 and 10 Hz.***' The transduction of
mechanical signals stimulate changes in chondrocyte activ-
ity, such as metabolic events and structural adaptations.**®
The mechanical forces applied in the knee distribute stress
within the articular zones in an asymmetrical pattern (e.g.,
high strain and shear stress in the superficial zone, small
strain in lower and deep zones). Different ways of providing
mechanical stresses have been reported, including uncon-
fined uniaxial compression,64 direct shear stress,” and
hydrostatic pressure.’® In development of bioprinted con-
structs, semi-confined compression, in which load was
applied axially and rest of the construct is constrained is
ideal, since it could closely mimic the native mechanical
environment and resemble a gradient of the zones.*” In
future studies, this could be investigated with modulated
mechanical environments into the culture, to give insights
of how mechanical stimuli regulate the cell activities in the
bioprinted constructs. Limitations of our study include the
heterogeneous nature of the selected articles. Since carti-
lage bioprinting is still a novel topic, innovative studies are
being produced every few years with new advances. Finally,
the clinical translation is not yet clear and significantly
more research is warranted before the techniques can be
applied in clinics.

Conclusion

Recent advances in bioprinting have granted cartilage TE
the ability to assemble bioinks, cells, and signaling mole-
cules into biologically relevant functional tissues. On
screening the 360 articles based on PRISMA guidelines, the
selected 27 studies have demonstrated 3D bioprinting of
articular cartilage to be a TE strategy that has tremendous
potential translational value. The unique abilities of the var-
ied techniques including scaffold-based, scaffold-free and
in situ bioprinting, have allowed replication of anatomical
structure, biological function, and mechanical properties of
the native articular cartilage, and particularly enabled the
advances toward zonal differentiation, which have been
proved by relatively comprehensive in vitro and in vivo
studies. This review demonstrates that bioprinting has
potential capacity for clinical cartilage reconstruction and
future in vivo implantation as techniques are advanced.
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