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ABSTRACT

Three-dimensional printing, or additive manufacturing, is an engineering process that has
been recently applied to the fabrication of tissue-engineered constructs. In comparison with
non-biological printing, 3D bioprinting (3DBP) relies on the layer-by-layer deposition of a
bioink, consisting of living cells combined with biomolecules and a biomaterial, generally a
hydrogel in its liquid phase, which turns to a solid phase when consolidated. In recent years,
cartilage 3DBP has gained interest for clinical applications of cartilage tissue engineering and
more fundamentally, for in vitro osteochondral tissue modeling. In the present review, we
address the different 3D printing methodologies available and discuss their advantages and
drawbacks. An insight on the current development of bioinks adapted to the printing
technology and to articular cartilage tissue engineering is provided. Current challenges and

future perspectives are discussed.
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1. Introduction

Hyaline cartilage is a highly specialized tissue allowing the smooth sliding of articular
surfaces with a low friction coefficient, while being strong enough to support repeated loads.
Cartilage comprises a single mature cell type, the chondrocyte, in an extracellular matrix
(ECM) mostly made of collagen (COL), proteoglycans and water [1]. It is a highly anisotropic
tissue with varying cellularity, biochemical composition and macromolecular orientation along
its depth [2]. The highly complex microarchitecture of ECM is responsible for its mechanical
properties. Cartilage is an avascular tissue with poor regenerative capacities and focal defects
often progress towards degenerative lesions leading to osteoarthritis. Various strategies for
cartilage repair, such as bone marrow stimulation, mosaicplasty, autologous chondrocyte
implantation, are used in the clinics but with limited success [3]. The absence of effective
curative treatment to regenerate or repair cartilage lesions on the long term has prompted
the development of tissue engineering (TE) approaches with the ultimate goal of repairing
defects with a newly formed cartilage.

Three-dimensional printing, also referred to as additive manufacturing, is an engineering
process that has been invented in 1984 to create objects by layering raw materials. These
objects are computationally designed in a procedure called Computer Aided Design (CAD). 3D
printing has recently been applied to the TE field, and different techniques have been used.
One of these is electrospinning in which a polymer filament is elongated under the form of
very thin fibers ranging from 10 nm to 100 um depending on the set-up parameters to build
specific patterns [4]. It has been used in cartilage TE to generate biomimicking 3D scaffolds
with specific fiber orientations and gradients along the scaffold depth using various

biomaterials (for review, see [5]). However, this technique cannot be used for the 3D



bioprinting (3DBP) of living tissues and is out of the scope of the present review. 3DBP can be
defined as a process in which cells are mixed with bioactive molecules and a carrier material,
generally a hydrogel in its liquid phase, which turns to a solid/gel phase when consolidated.
This mixture is referred to as a bioink that allows building of constructs in a layer-by-layer
fashion [6]. Since 3DBP enables the design of 3D organized constructs, it appears as an
efficient technique to engineer anisotropic constructs such as native hyaline cartilage.

For cartilage 3DBP, bioinks can incorporate differentiated mature cells, such as
chondrocytes, or undifferentiated stem cells, such as mesenchymal stromal cells (MSCs)
isolated from different tissue sources or induced Pluripotent Stem (iPS) cells. The ideal bioink
must have both a biological role in guiding cells towards/maintaining the right chondrocyte
phenotype, and a mechanical role of supporting cells during and after the printing process. By
convention, we will name the cellularized objects, “constructs”, and the acellularized ones,
“scaffolds”. Although many reviews have been published on 3DBP, few of them focused
specifically on cartilage engineering. In the present review, we aimed at describing the
different 3DBP techniques available and discussing their advantages and limitations for
cartilage TE. We therefore focus on articular cartilage 3DBP, as opposed to scaffold printing
followed by cell seeding, and a detailed review of the literature is provided from rheology

requirements to the most innovative approaches.

2. Articular cartilage structure and rheology

Articular cartilage presents a zonal structure comprising of (i) a superficial zone (10-20% of
depth) in contact with the synovial fluid, with flattened cells orientated in the direction of

shear stress within a densely packed type Il collagen (COLII) fibril network, (ii) a middle zone



(40-60%) with rounded cells in a randomly arranged collagen fiber network, which ensures the
transition between the superficial and deep zones, (iii) a deep zone with ellipsoid cells in a
radially oriented collagen fiber network and (iv) a calcified zone with cells trapped in a calcified
matrix. Within this whole structure, water and COL contents decrease through the depth of
cartilage while proteoglycan content increases from the superficial to the middle zone before
decreasing again in the deep zone.

Rheological description of scaffolds and biomaterials is mandatory to optimize 3DBP of
cartilage. The mechanical properties of 3DBP constructs should ideally match those of native
cartilage. Cartilage is made of a solid ECM phase and a liquid phase. The solid phase is mostly
made of collagen (50% to 75% of dry weight), predominantly COLII, forming a connected
network responsible for cartilage structure and strength [7]. Glycosaminoglycans (GAGs)
account for 20 to 30% of dry weight and are mainly composed of Hyaluronic Acid (HA), but
also Chondroitin Sulfate and other proteoglycans, which participate in the mechanical and
biological properties of ECM [8]. GAGs are highly hydrophilic and retain a large volume of
water, which accounts for 60 to 80 % of cartilage weight. They play a critical role in nutrient
and oxygen renewal as well as cellular signalization [9].

The force of the cartilage acting against the applied strain results both from the visco-
porosity and elasticity of the tissue. Elasticity describes the behavior of a solid, instantly
deformed by an external force, then turning back to its original shape when the force stops.
The storage modulus, abbreviated G’, represents the energy stored by the solid and is used to
describe the elastic behavior of the tissue. Permeability of the solid phase defines the
behavior of the liquid phase that leaks out under mechanical stress and is slowed by the size
and tortuosity of the tissue pores. The loss modulus, abbreviated G, describes the dissipated

lost energy during one cyclic load and is used to describe the viscous behavior of cartilage that



emanates from the liquid phase. Finally, the viscoelastic or poro-viscoelastic behavior is
defined by the complex shear modulus G*, which combines the two above mentioned notions:
G*=G'+iG” (in Pa). From a biomechanical point of view, articular cartilage possesses a
“viscoelastic” or “poro-viscoelastic” behavior (for review, see Petitjean, in revision).

The Young’s modulus E (or tensile modulus) measures the tensile stiffness of a solid, which
is calculated by dividing the tensile/compressive stress by the strain. In the case of cartilage,
the Young’s modulus varies with the applied stress. It can be measured under tension by
stretching a sample between two flat surfaces [10] or under compression, it is then called
compression modulus [11]. Finally, the shear modulus G* evaluates the shear strength when
the sample is placed between two flat surfaces moving in parallel to each other [12]. Tensile,
compression and shear moduli describe the stiffness of cartilage in the three most common
directions, which is around 240-850 kPa for human articular cartilage [13].

It has to be stressed that comparing data from different studies or from different cartilage
biopsies remains uneasy — if not impossible — due to three main reasons: (i) the mechanical
properties of native cartilage are subjected to inter-individual and inter-joint variations, (ii)
the complexity and plurality of mathematical models describing cartilage behaviors (e.g.,
poro-viscoelastic vs. viscoelastic) and (iii) the multiple experimental settings. Standardization
of experimental settings (shear rate, shear speed, strain rate, etc.) or result normalization on

healthy native cartilage samples would be needed for proper comparisons.

3. Important parameters for optimal 3D bioprinting of cartilage

Efficient chondroinductivity of the bioprinted constructs is essential for successful cartilage

TE. In this section, we would like to highlight that chondroinductivity depends on the



formulation of bioinks, the crosslinking method, the cell type and the post-printing culture
conditions rather than on the bioprinting technique itself. The bioprinting techniques will be

described in the next section.

3.1 Diversity of bioinks

Bioinks for cartilage TE can be divided in two main categories: natural and synthetic.
Natural bioinks are made of biological components and can be carbohydrate-based (e.g.,
agarose, alginate, chitosan and hyaluronan) or protein-based (e.g., COL, gelatin (Gel), fibrin,
silk). Their advantages are biocompatibility, biodegradability and high hydrophilicity with a
high swelling ratio to maintain spatial organization [14]. However, in their natural form, they
form a physical network stabilized by non-covalent bonds conferring them a weak elastic
modulus, which does not reproduce the natural cartilage strength [15]. To alleviate this
limitation, chemically crosslinkable hydrogels can be used, most of them being based on UV
crosslinking of acrylated derivatives [16]. Synthetic bioinks present the advantage to be
synthetized in a controlled manner, which allows their chemical, mechanical and biological
customization [17, 18]. A large number of these hydrogels polymerize forming strong covalent
bonds giving them a high elastic modulus, sometimes much higher than the one of native
cartilage [18]. However, they are poorly biodegradable and biocompatible. The most
commonly used for cartilage TE are polyethylene glycol (PEG) [19-22]. Thermoplastic
biomaterials can also be mentioned although they do not enter in the bioink category itself
since they cannot embed cells. Nevertheless, some of those materials are biocompatible
enough to serve as strong supports for cartilage and osteochondral TE. The most common are

polycaprolactone (PCL) and poly-alpha-hydroxy esters, in particular polylactic acid (PLA),



approved by the federal drug administration for clinical use [23, 24]. In addition to the basic
biomaterials of bioinks, numerous adjuvants can be added for functionalization. For instance,
nanofibrillated cellulose (NFC) gives shear-thinning properties to the bioink, B-tricalcium
phosphate (B-TCP) particles improve rheological specifications and enhance osteogenesis
while poly(lactic-co-glycolic acid) (PLGA) microspheres releasing Transforming Growth

Factor B (TGFP) are used for chondroinduction [25-31].

3.2. Crosslinking methods

Crosslinking methods are often used to consolidate bioprinted constructs, allowing the
switch from a printable to a stiffer but non-printable material. There are two main types of
crosslinking methods. Covalent bonds can be obtained by photopolymerization, which is the
most widely used technique that relies on free radical polymerization and Reactive Oxygen
Species (ROS) release thanks to the presence of photoinitiators (for review, see [32]). For
instance, addition of methacrylate groups on gelatin, chondroitin sulfate or HA will form
GelMA-, CSMA-and HAMA-based hydrogels that can polymerize when exposed to UV light [23,
33, 34]. Other strong covalent crosslinking methods exist such as click chemistry or enzymatic
crosslinking [31, 35]. All these methods form stiff and elastic constructs but use highly reactive
chemicals with toxic potential for cells. Non-covalent weak crosslinking methods lead to
physical hydrogels networks. Interactions include hydrogen bond formation (e.g., when
decreasing the temperature in the case of gelatin), hydrophobic interactions (e.g., when
increasing the temperature in the case of Pluronic), as well as ligand/receptor or electrostatic

interactions [36-38]. This last method is the most used as exemplified with alginate and CaCly,



where divalent Ca?* cations, or other divalent cations, can create ionic bonds between alginate

molecules (for review, see [39]).

3.3. Cell type

The choice of the cell type has to take into account the organizational structure and
anisotropy of cartilage as well as the yield of isolation and expansion while promoting
cartilage-specific ECM production (for review, see [40]). Chondrocytes from fetal and adult
cartilage are widely used for cartilage TE. Fetal chondrocytes can produce large amounts of
ECM in vitro but are not clinically relevant since they do not form a zonal architecture. Adult
chondrocytes tend to dedifferentiate with the loss of ECM protein production, notably COLII
and Superficial Zone Protein (SZP), during the expansion step needed for producing cell
amounts compatible with clinical use [41]. This results in the loss of zonal structure required
for joint function. Moreover, chondrocyte isolation has other drawbacks, including invasive
process to recover cartilage biopsies leading to morbidity at the donor site, low yield of cell
isolation and a short lifespan once implanted [20, 42, 43].

MSCs are also widely investigated for cartilage TE. They can be isolated from different
tissue sources, and are characterized by a trilineage differentiation potential leading to
cartilage, bone and adipose tissue [44]. Bone-marrow MSCs (BM-MSCs) present a high
proliferative capacity and possess the higher chondrogenic potential compared to other
sources [45]. However, the use of MSCs requires a differentiation step after 3DBP with a
potential risk to generate fibrocartilage or hypertrophic cartilage that both exhibit lower and
inappropriate mechanical properties once the construct is implanted. Nevertheless, to

overcome these limitations, strategies for enhancing the chondrogenic differentiation are



investigated [46, 47]. Both chondrocytes and MSCs are suitable and used in cartilage 3DBP
strategies as proof-of-concepts. However, it might be anticipated that the use of MSCs will
generalize for translational applications due to higher accessibility and availability after in vitro
expansion. The use of MSCs will make feasible to have sufficient numbers of cells with low
immunogenicity that can be used in allogenic settings thereby decreasing the cost of

production since one batch can be used for several donors.

3.4. Chondroinductivity

Chondroinductivity of a bioink, defined as its capacity to provide a support for the growth
of cartilage, is analyzed post-printing notably by evaluating the expression of typical markers
of cartilage. The expression of markers specific for mature chondrocytes (Aggrecan (ACAN),
COLIl, SOX9), fibrochondrocytes (COLI) and hypertrophic chondrocytes (COLX, RUNX2,
vascular endothelial growth factor (VEGF)) can be measured [33, 48, 49]. Production of ECM
components can be quantified using biochemical assays for total GAGs and COL content [19,
49]. GAG and collagen contents are normalized to the cell number as quantified by
proliferation assays. Besides, production of total proteoglycans and COL can be visualized by
histochemical staining (e.g., Safranin O, Sirius Red) and specific proteins (COLI, COLII, COLX,

ACAN) can be analyzed by specific immunohistochemical tests [25, 50].

4. Generalities on 3D bioprinting techniques

In the field of cartilage 3DBP, most studies focus either on the development of

chondroinductive bioinks, whose rheological parameters dictate the printing technique, or on
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the printing technique improvement, which dictates the choice of bioinks. Different types of
3DBP technologies, including inkjet printing, extrusion and light-assisted printing, have been
developed (Figure 1). From a mechanical standpoint, the success of printing depends on the
combination of technique/biomaterial/settings. As such, there are three major issues to solve:
(i) printability, defined by the ease and fidelity of the print, (ii) biocompatibility, defined by cell
viability right after printing and overtime, and (iii) chondroinduction, defined by the ability to
induce ECM production. Printability depends mostly on the technique requirements and on
the rheology of the bioink [51]. Biocompatibility depends on the printing settings, the
mechanical stress applied to cells (e.g., extrusion pressure, printing speed) and the biological
specifications of the bioink, including polymerization-associated toxicity [27]. It has to be
emphasized that cell mortality induced by shear stress during printing is primarily due to the
nozzle design, including shape and diameter [52]. Ideally, viability should be tested 24h after
printing since it was demonstrated that no significant recovery process occurs after this period
of time [53]. Notably, printing constructs using conical nozzles with diameters > 260 um allows
a viability similar to that of casted bioinks [21, 29]. In most published studies, viability ranges
from 70% to 95% [19, 48, 54, 55]. Finally, chondroinduction mostly depends on the biological

specifications of the bioink [34].

5. Extrusion-based bioprinting

5.1. Principle

Extrusion bioprinting describes the generation of continuous filaments of biomaterial
through a thin tip — might it be a nozzle or a needle — that are then deposited onto a support.
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It is by far the most used 3DBP technique. This might be explained by the fact that most of the
commercially available bioprinters are extrusion-based or include extrusion-based printheads.
An extrusion-based bioprinter includes (i) a cartridge system containing the bioink, (ii) an
extruding mechanism, (iii) a printhead to load the cartridge and (iv) a controller for printing
launch from the CAD file. Extrusion pressure can be applied pneumatically (air pressure), by a
piston — allowing higher extrusion pressure for highly viscous bioinks — or using a screw
system, which allocates the pressure in a more equal way (Figure 1). The extruder head
deposits the bioink onto a support (e.g., culture plate, Petri dish, glass slide) placed on the
printbed and the designed shape is printed in the three dimensions (x, y, z) either by moving

only the printhead, only the printbed or both.

5.2.  Printing settings

Numerous settings impact the printing outcome, especially the triptych printhead/printing
speed/extrusion pressure. The printhead can adopt different configurations and different
cartridge sizes equipped with tips that have an inner diameter ranging from 150 um to 800 um
with @ minimum filament diameter of 100 um [23, 56, 57]. However, the minimal filament
diameter can be inferior to the tip diameter when playing with the printing speed, i.e.,
increasing the speed can result in smaller filament diameters. This printing speed must be
adapted to the bioink formulation: if it is too slow, the bioink can clog the tip; on the contrary
if too fast, the bioink filament can break over its course. The printhead, just like the printbed,
can be thermoregulated in order to optimize the rheology of the bioink and cell viability. The
extrusion pressure, which generally ranges from 5 to 200 kPa in case of hydrogels, also

influences the bioink flow [26, 58]. For the same speed and viscosity, the thinner the tip
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diameter, the higher the extrusion pressure must be [29]. Finally, the ability of the bioink to
quickly and strongly solidify in order to maintain a stable printed shape is another key
printability factor. Filament deformation, as measured by the filament spreading ratio (width
by height), should ideally be 1 [30]. High viscosity of the bioink allows shape accuracy but
requires high extrusion pressure, inducing high cellular stress [51]. A majority of approaches
for cartilage 3DBP uses polymerizable bioinks, which can be printed in their fluidic state
(G’<G”) and can then solidify (G’>G"’) after the polymerization process. Therefore, there is a
critical window between printing and polymerization where the printed construct is
vulnerable to distortions, impacting its shape fidelity. This is of particular importance for
cartilage 3DBP that must generate large 3D constructs to fill and sustain in vivo defects of

accurate complex geometries.

5.3. Technical improvement

A first strategy aims at improving construct shape fidelity by shortening the time between
printing and polymerization. To this end, the most largely used innovation for chemically
polymerizable bioinks is the use of a coaxial printhead, which can add the crosslinker during
printing [21, 26, 34, 59]. For photopolymerizable bioinks, an option is to have them flowed
through a transparent capillary that is exposed to a UV or visible light source allowing
simultaneous filament crosslinking and printing [56]. Finally, some thermosensitive bioinks
such as gelatin, which is liquid at 37°C but jellifies under 20°C, can be printed on a
thermoregulated printbed, resulting in an increased viscosity and better shape conservation

[60]. Use of shear-thinning materials (e.g., NFC, Gellan gum, Xanthan gum) added to bioinks
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can benefit from reduced mechanical stress suffered by cells during printing and shape fidelity
while they recover their initial viscosity once extruded.

Fused deposition modelling (FDM) printing is a commonly used extrusion-based technique
for large construct printing. It consists in printing biocompatible thermoplastic scaffolds (e.g.,
PCL, PLA) and then print or mold cells-embedding hydrogels within the scaffold, acting as a
strong frame for the bioink [21, 48, 54, 61-63]. Thermoplastic biomaterials and bioinks are
printed in distinct steps because printing thermoplastic biomaterials requires high
temperatures, generally >100°C. However, the surface temperature of the filament being
greatly lower than the melting temperature, it is possible to co-print thermoplastic
biomaterials and bioinks with high cell viability (>70°C) [42].

Freeform reversible embedding hydrogel (FRESH) printing is another extrusion-based
technique that allows printing of complex structures from low viscosity bioinks. Using this
technique, a cells-embedding alginate bioink was printed using a nozzle immersed in a gelatin
bath containing CaCl;, which acted both as a support to build a complex shape and as an
alginate crosslinker [64]. Once the construct printed, gelatin could be eluted by heating, which
allows to retrieve the polymerized alginate-based construct. In analogous approaches,
sacrificial bioinks (e.g., Pluronic) can be designed to support constructs during printing, and
then eluted by lowering the temperature, notably to create porous or vascularized-like

structures [65, 66].

5.4. Advantages and limitations of extrusion-based 3DBP

Extrusion-based 3DBP is the good compromise between cell viability and shape fidelity

while it can adapt to a wide variety of bioinks with various viscosities and polymerization
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processes (UV, thermic, chemical, etc.). The ability to co-print highly viscous bioinks and
biocompatible thermoplastic materials makes extrusion-based 3DBP suited for large size
constructs with cell densities going up to 1x102 cells/mL [67]. Moreover, extrusion bioprinters
benefit from constant research, improvement and scale effect cost lowering of FDM, which is
by far the most used technique for mass market 3D printing [25, 67]. It is the best technology
to print well-defined scaffolds with clinically relevant size within a realistic time frame.

The main drawback of extrusion-based 3DBP is the mechanical stress experienced by cells
during printing, which supports that bioink specifications are more restrictive than those used
for other techniques. Printing speeds are intermediate compared to other techniques, ranging
from 30 to 2400 mm/min, and, with a median resolution of 400 um, extrusion-based 3DBP is
the less accurate printing method compared to the other existing ones [21, 23, 37, 60]. Finally,
specialized bioprinter models featuring multiple printheads and clean printing chambers can

reach high prices.

5.5. Bioinks applied to extrusion-based 3DBP of cartilage

Gelatin is found among the most used bioink base for cartilage 3DBP using extrusion owing
to its thermally reversible gelation particularly suitable to form hydrogels (from liquid at 37°C
to solid below 25°C). Moreover, gelatin, that arises from collagen denaturation and partial
hydrolysis, is translucent and soluble in aqueous solution, and presents a high cell adhesion
potential through the conservation of binding peptide sequences present in collagen. In its
unmodified form, gelatin is usually mixed with other compounds. Indeed, BM-MSCs loaded
within a mix of gelatin, fibrinogen and alginate displayed high cell viability (>90%) and the

production of a thick ECM with significant secretion of COLIl and GAGs in vitro after 28 days
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[36]. In another study, a composite scaffold made of PCL polymer and a hydrogel of gelatin,
fibrinogen, HA mixed with rabbit BM-MSCs and PLGA microparticles encapsulating growth
differentiation factor 5 (GDF5) was created [38]. Up to 95% of cells remained viable in vitro
for 21 days. Implantation of the composite scaffold in full-thickness cartilage defects created
in rabbit knees showed a good potential for recreating hyaline cartilage similar in appearance
to normal cartilage at week 24. Strong ACAN and COLII staining validated ECM deposition. A
hydrogel made of 5-9% gelatin and 1-2% silk fibroin showed good viability of embedded
chondrocytes over a period of 14 days, with significant increase of DNA, GAGs and total
collagens [37]. Chondrogenic genes (COLIl, ACAN, SOX9) increased on day 14, while COLX
remained low. In a more recent study from the same group, a photocrosslinkable composite
bioink made of Gelatin/silk methacrylate/PEGDA (SiIMA/PEGDA) has been optimized to
provide the mechanical properties adapted to the maintenance of chondrocyte phenotype
with good results even though longer term and in vivo data would add stronger conclusions
[68]. Of interest, sulfated alginate in a GeIMA-based bioprinted cartilage substitute containing
MSCs was used for its high affinity with TGF-R3 in a so-called “single-stage” strategy [69]. The
capacity of the sulfated bioink to deliver TGF-R3 in a sustained manner allowed to trigger MSCs
differentiation towards the chondrogenic lineage and ECM deposition over 21 days.

In its methacrylated form GelMA, gelatin has also found its success in bioprinting since it
can form a hydrogel that can be (i) easily mixed with cells in physiological conditions in its
liquid state, (ii) bioprinted at a temperature close to its gelation point and (iii) quickly
consolidated using UV-photopolymerization for long-term in vitro culture. Here again, GelMA
is rarely used as the sole component. Indeed, a great proportion of GelMA-based bioinks also
contain alginate or HA or chondroitin sulfate [23, 33, 34]. This mix promotes high cell viability,

as well as ACAN and COLIl induction. When TCP particles were added to the mix, the
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upregulation of COLX as well as alkaline phosphatase (ALPL) was observed, which can be
beneficial to replicate the calcified zone of cartilage [34]. Another common association with
GelMA is HAMA. 3DBP of MSCs in GelMA-HAMA constructs allowed chondrogenic
differentiation and neocartilage formation in vitro after 8 weeks [70]. In situ 3DBP of MSCs-
laden GeIMA/HAMA-based constructs in full-thickness chondral defects created in sheep knee
joints resulted in the formation of a neocartilage tissue expressing COLII and proteoglycans
[71]. An interesting strategy has been devoted to develop a bioink capable of recruiting MSCs
at the cartilage defect site [72]. A GelMA/dECM-based bioink comprising of a 66-based DNA
aptamer HM69 that recruits MSCs and supplemented with TGF-B3 formed a bifunctional
bioink system capable of both recruiting MSCs and promote their differentiation. Co-printed
with PCL to enhance the mechanical strength of the whole construct, the mix led higher
upregulation of chondrogenic markers compared to unfunctionalized or monofunctionalized
constructs both in vitro and in vivo. Importantly, cartilage defects were almost completely
filled 6 months after surgery with the formation of a hyaline cartilage-like neotissue and good
integration with the native surrounding tissue. Nonetheless, improvement of the neotissue
formed, in terms of structure and mechanical properties, still need to be obtained to

reproduce the native cartilage structure.

Alginate is also widely used for cartilage TE applications, and notably in bioprinting due to
its ability to ionically crosslink with divalent cations such as Ca?*. It is isolated from the cell wall
of brown algae and, just like gelatin, it is translucent and presents a high aqueous solubility.
Another major key advantage of this material is that it is an FDA-approved material for
regenerative medicine. Alginate is relatively bioinert and is thus rarely used alone, and when

it is the case, it is usually co-printed with a thermoplastic material, such as PLA or PCL, as a
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reinforcing frame [42, 54]. In both cases, high cell viability was maintained. High production
of COLIl in the ECM was promoted [42]. An association that has shown promising results is a
mix of alginate with HA — alginate serving for printability and HA for cell adhesion through its
CD44 receptors while maintaining multipotency — co-printed with a PLA frame to resist
mechanical stress [48]. This association promotes production of high levels of COLII, ACAN,
SOX9 compared to alginate alone while maintaining COLI and COLX levels low or even
undetectable.

Alginate is frequently used in combination with nanocellulose isolated from wood fibers
for application in cartilage bioprinting [28, 29, 58, 73, 74]. Nanocellulose is biocompatible,
stable for long periods and presents a shear-thinning behavior particularly adapted to
extrusion bioprinting since it ensures cell protection during the printing process. In an effort
to move closer to clinics, the behavior of 3D bioprinted cartilage constructs was analyzed in
vivo over a period of ten months [75]. A commercial bioink of nanocellulose and alginate
containing a 20:80 ratio of human chondrocytes and human BM-MSCs or stem cells from the
stromal vascular fraction (SVF) was bioprinted. The constructs were implanted on the back of
nude Balb/C mice divided into 3 groups: (i) cell-free constructs, (ii) constructs with a mix of
chondrocytes/BM-MSCs and (iii) constructs with a mix of chondrocytes/stem cells from SVF.
Better stability and mechanical properties of cellularized constructs compared to acellular
constructs were observed, with no significant difference in the two cellularized sub-groups.
Cartilage-like tissue was formed with no ossification, necrosis or neoplasms detected after ten
months. With the objective to better control possible adverse effects associated to the
implantation of 3D bioprinted constructs in vivo, the possibility to tune the degradation rate
of an alginate-based bioink loaded with BM-MSCs was evaluated using partially oxidized

alginate [76]. Because the oxidation strongly impaired the viscosity of the mix, gelatin was
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added to ensure extrudability while preserving cell viability. The results indicated faster
degradation rate with higher proportions of oxidized alginate while a 25:75 ratio of
alginate:oxidized alginate promoted sGAG and collagen deposition. Another recent study used
an alginate-based bioink to promote long-term stability while maintaining good mechanical
properties [77]. Other combinations of alginate with native ECM or Pluronic are found [25,
30]. Finally, a study evaluated the effect of electromagnetic field frequency on a 3D-printed
PCL and chondrocyte-laden alginate construct [78]. A slight increase of SOX9, ACAN and COLII
expression was observed after 7 days when using the highest frequency of 45 Hz compared to

7.5 Hz.

Collagen is a structural protein formed by the supramolecular assembly of peptide chains
mainly organized in triple helixes. It is essentially extracted from tendons, which appears as a
good candidate for cartilage 3DBP owing to its irreversible thermal gelation at 37°C. It
promotes adhesion, growth and signaling of cells forming a fibrous network that resembles
their native ECM. High cell viability of bovine chondrocytes as well as increase in GAGs and
ECM components have been reported in some studies using COLII- or COLI-based biomaterials
[67, 79]. COL mixed with alginate has proven to be more efficient to upregulate chondrocyte
gene expression than alginate or alginate/agarose hydrogels [80]. More complex
osteochondral tissue can be fabricated using a PCL framework filled with MSC-laden BMP-2-
containing atelocollagen in the bottom part of the construct and with MSC-laden TGFpB-
containing HA in the upper part [61]. Interestingly, high upregulation of chondrogenic genes
(ACAN, COLII, SOX9) was detected in the upper cartilage compartment. Upregulation of

osteogenic genes (ALPL, COLI, Osterix) was detected in the two compartments, even though
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at lower levels in the upper cartilage compartment, which suggested hypertrophic

differentiation.

Hyaluronic acid is a linear polysaccharide composed of glucuronic acid and N-
acetylglucosamine. It provides its viscosity to the synovial fluid and is one of the main
components of cartilage, able to stimulate the growth of chondrocytes. HA has the double
role of improving printability and cartilage matrix production favoring the formation of hyaline
cartilage rather than fibrocartilage. HA-based bioink with tethered TGFB1 has been shown to
yield chondrogenic differentiation of MSCs in vitro compared to constructs with non-
covalently incorporated TGFB1 or without TG-B1 [81]. HA can be biotinylated and combined
with streptavidin and alginate to form a double cross-linked hydrogel allowing ASCs to
differentiate into chondrocytes [82]. HAMA or HA modified by addition of norbornene have
been used alone or co-printed with PCL to stimulate the production of chondrocyte markers
and cartilage formation [21, 56]. Similar findings have been obtained with thiolated HA
combined with acrylated- and allylated-PEGs [83]. Nevertheless, HA is most commonly
associated with other components such as GelMA as previously indicated. Oxidized HA has
also been combined with glycol chitosan and adipic acid dihydrazide to generate self-healing
hydrogels that can be 3D bioprinted by extrusion and can sustain the chondrogenic
differentiation of chondroprogenitor cells [84]. In a recent study, Manuka Honey (MH) was
added to methacrylated gellan gum (GGMA) to form a composite bioink and promote higher
printability and stability of constructs loaded with MSCs [85]. MSCs tended to form aggregates
with a greater production of ECM compounds and higher expression of chondrogenic markers.
However, the constructs were limited to 4 layers in height to reduce the exposure of cells to

UV photocrosslinking necessary to maintain the constructs overtime. A wide variety of bioinks
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has therefore been developed for extrusion-based 3DBP, which is by far the most used

technique for cartilage tissue engineering (Table 1; Figure 2).

A decellularized ECM (dECM) of articular cartilage can be used for 3DBP, considering that
ECM structure and composition are tissue-specific and retain the components of natural
cartilage (type Il collagen, proteoglycans,...) [86]. cell viability,
growth and metabolism, it appears as a promising TE strategy to better mimic this specific
tissue. dECM has the advantage of presenting lower immune response risks since those are
usually associated to cellular DNA, but great care must be taken in the decellularization
process since damage to ECM must be limited to preserve its bioactivity. Decellularization can
be obtained by a physical, chemical, enzymatic technique or a combination of them and is
considered successful when the remaining amount of DNA is <50 ng per mg of ECM dry weight
and no nuclear material is seen after histological staining [84, 87]. The resulting dECM can
then be used as a direct scaffold to preserve the native architecture of the tissue or solubilized
as (i) a thermally responsive hydrogel for the delivery of cells, drugs and other bioactive
molecules or as (ii) cell-laden bioinks. They can be formulated as shear-thinning gels at
temperatures below 15°C before gelation at physiological temperatures preserving the 3D
printed shape. It is noteworthy that the rheological behavior of such bioinks is strongly
correlated with their protein content, that can itself be linked to the decellularization process
[87]. They can be extruded under a filament form to generate 3D structures that can replicate
the morphologies and functions of native articular cartilage. A strategy to optimize the
rheological behavior of dECM-based bioinks is to design composite bioinks. A formulation
based on 2.5% dECM-5% silk fibroin (w/v) loaded with BM-MSCs allowed to get higher

expression of chondrogenic markers compared to silk fibroin bioinks alone, higher protein
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levels and better in vivo differentiation [86]. Methacrylation of cartilage ECM-based bioink
promoted chondrogenesis of BM-MSCs as denoted by deposition of sGAGs in the construct
after a 21-day culture period and increased staining for type Il collagen with increased
percentage of cECM in the bioink [88]. In another approach, the use of dECM granules in a
collagen-based bioink loaded with MSCs allowed chondrogenesis in vivo without addition of
any growth factor [89]. Interestingly, they showed that even in absence of MSCs, the dECM
itself was sufficient to induce neocartilage formation. Nevertheless, dECM-based bioinks
generally lack the mechanical properties of native cartilage since the solubilization process
that follows decellularization leads to the loss of cartilage structure. The crosslinking of dECM-
based bioinks to polymer frameworks may generate constructs that are better adapted to
mimic load-bearing tissues [87, 90]. Such combinations have notably shown their superiority
in promoting human MSC differentiation towards the chondrogenic lineage in comparison to

collagen-based constructs.

6. Inkjet 3D bioprinting

6.1. Principle

Inkjet printing, also known as drop-on-demand, is a non-contact printing technology that
was the first developed 3D printing method (for review, see [91]). The procedure precisely
deposits droplets of bioink onto a support under control of a dedicated CAD program. The
bioink inside the printhead is dropped either by heated vaporization, microvalve control or
vibration (Figure 1). Heated vaporization results from the heating of a small volume of bioink

at 300°C during few microseconds within the printhead, resulting in an expanding gas pocket
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ejecting a drop [19]. The microvalve-controlled printing technique allows quick opening and
closing of a valve resulting in drop ejection of the over-pressured bioink in the cartridge [92,
93]. Vibration printing relies on a piezoelectric-based printhead to form a vibration current
creating a mechanical pressure that ejects a drop of bioink [94]. The voltage-dependent

vibration frequency influences the size of the drop [95].

6.2. Printing settings and technical improvement

Inkjet printing is subjected to superficial tension of the drop that influences the construct
shape. Therefore, bioinks with high superficial tension are easier and quicker to eject [96].
CAD settings must take into account drop flattening that occurs following drop propelling at
high speeds (e.g., about 8 m/s) and crashing onto the printing support (e.g., a drop of 30 um
in diameter can flatten to reach 18 um high) [20, 97]. To overcome this limitation, an inkjet
bioprinter with a resolution similar to existing traditional inkjet printers but with enhanced
resolution compared to current inkjet bioprinters has been developed [49]. It allows to eject
droplets within oil that prevents cell flattening since oil acts as a structural support during the
printing process. Interestingly, this bioprinter also allows to print a number of cells relevant to
tissue engineering applications, i.e., 3 x 107 cells/mL. The only limitation of this bioprinter up

to date is that it can only print two cell types at a time.

6.3. Advantages and limitations of inkjet printing

Inkjet bioprinting is a cost-effective technique because it can be adapted from classic 2D

inkjet printers and printheads [98]. It provides high cell viability with an average around 90%
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[99]. Besides, printing resolution is excellent with precise cell and material deposition within
drops smaller than 30 um, even though resolution depends on the size of the drops and the
shape stability of the bioink [19]. Finally, with its high printing speed, inkjet printing is suited
for high throughput printing.

The main limitations of inkjet bioprinting are the poor printing quality when using bioinks
with viscosities above 3 mPa and when cellularity exceeds a threshold of around 107 cells/mL,
triggering frequent clogging of the printhead. This greatly reduces the range of compatible
bioinks [49]. Notably, using the microvalve-based technique, high viscosity bioinks can be
printed but this requires the use of high diameter nozzles that decrease printing resolution
and induce shear stress on cells [100]. Regarding piezoelectric-based printheads, the vibration
duration (pulse-width) and amplitude (voltage) can impact cell survival and thus needs to be
optimized. For instance, a bioink made of agarose and COLI was printed using a 50-350 ps
pulse-width and a 40-63V amplitude in order to obtain single uniform sized drops of 130 um
diameter in a reproducible manner [49]. Finally, thermal inkjet printing uses high
temperatures to vaporize the bioink, but this process is so quick that only cells close to the
resistance increase their temperature by 4 to 10°C for 2 us, which is negligible and does not
significantly affect cell viability [99]. In addition, thermic printheads are frequently subjected
to satellite droplet ejection following the main drop ejection, impairing the printing accuracy
[97]. Finally, the low viscosity of printed bioinks makes it harder to print large size constructs

when not combined with a supporting frame [65].

6.4. Inkjet-based 3DBP applied to cartilage
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Compared to extrusion-based bioprinting, inkjet bioprinting shows less applications in
cartilage TE engineering. A set of different base components is used as building blocks of the
bioinks: GelMA [93], Alginate/nanocellulose [51] and COL/agarose [49, 50] (Table 2;
Figure 2). Other studies have used the synthetic polymer PEGDMA alone or mixed with GelMA
or acrylated peptides [19, 20, 98, 101, 102]. A bioink made of PEG-GelMA allowed the
differentiation of BM-MSCs along the chondrocytic lineage [19]. PEGDMA-based bioinks
showed excellent cell viability of BM-MSCs after printing and high production of GAG, SOX9,
COLII and proteoglycans was observed when GRGDS- and MMP-sensitive peptides were added
to PEGDMA [20]. It was associated with lower COLX expression compared to PEGDMA alone
showing a positive chondrogenic effect with low hypertrophic differentiation. Another study
from the same group using MSCs overexpressing Nuclear Receptor subfamily 2 group F
member 2 (NR2F2), which display higher chondrogenic potential than naive MSCs, reported
the formation of a neocartilage tissue after in vivo implantation of the 3D bioprinted scaffolds
made of GRGDS- and MMP-sensitive peptides associated to PEGDA [103]. Finally, inkjet
printing was also used to print graphene oxide-supplemented COLI/chitosan hydrogel
containing chondrocytes that generated in vivo a cartilage matrix rich in aggrecan and COLI

[104].

7. Light-assisted 3D bioprinting

7.1. Principle

Light-assisted 3DBP (LA3DBP) relies on two major techniques: (i) Stereolithography (SLA)

and (ii) Digital Light Processing (DLP). They have in common the use of a non-polymerized
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bioink bath in which the printing platform is diving (Figure 1). The platform is isolated from
the bath surface in SLA (bottom-down approach) or from the bottom window in DLP (bottom-
up approach) by a thin layer of bioink that will be photopolymerized. SLA uses a unique UV
laser that is projected point-by-point on the bioink following the designed pattern. DLP, also
known as mask-Projection Stereolithography (PSL), uses a light source that projects the
pattern of the entire layer and polymerizes the bioink film at once. In both techniques, the
platform then moves, up or down, to print a new layer of bioink and the process is repeated

until the whole construct is printed.

7.2. Printing settings

Bioinks used in LA3DBP must be photocurable and transparent, at least in the wavelength
used for photopolymerization, which is initiated by a photoinitiator. The photoinitiator
present in the bioink absorbs the light and releases ROS that are responsible for the chemical
reaction based on covalent bond formation. Accuracy of printing depends on the efficacy of
the photoinitiator to absorb light and therefore the thickness of the light beam [55]. It also
depends on the light intensity to efficaciously polymerize the bioink, as referred to as the
working curve. Exposure must be set to allow the polymerizing layer to be in contact with the
previously polymerized layer [105]. As such, a key property of bioinks used in LA3DBP is that
they should display a Newtonian behavior (displaying a linear relationship between viscosity
and shear stress) to ensure successive polymerization of the different layers. This fluid
property might be associated with cell sedimentation, notably when printing large constructs
but can be counterbalanced by having a smooth movement of the SLA/DLP printing platform

between each polymerization step.
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7.3. Advantages and limitations

The main advantage of LA3DBP is the high resolution even at high speed, both with SLA
(10 um) and DLP (25-50 um), that allows bioprinting of porous constructs and complex shapes
such as gyroids or braces, recreating the micro-architecture of cartilage tissue [6, 55, 106].
Resolution is strongly dependent on numerous factors: energy of the laser, printing speed,
rheology and thickness of the bioink layer, shape of the 3D model, substrate wettability. In
addition, LA3DBP permits to print bioinks containing high cell densities (up to 25x108/mL) with
excellent global viability since few mechanical stresses are applied to cells [107]. It appears as
a good intermediate to print bioinks that are too viscous to be inkjet-printed or not viscous
enough to be extruded with great potential in mimicking the microenvironment (for review,
see [108]).

The main disadvantage of this technique is the high cost of printers compared to extrusion
or inkjet bioprinters. Besides, LA3DBP is not suitable to print large constructs since it requires
large amounts of bioinks and cells, which are generally the limiting factor when using bioink
baths. Cells printed with the LA3DBP technique are subjected to chemical stress due to ROS
exposure, and to a lesser extent, to UVs. Stress can be limited by the use of compatible
photoinitiator, such as Ru/SPS (tris-bipyridylruthenium(ll) hexahydrate/sodium persulfate),
which can efficiently absorb in visible light instead of UV [55]. Use of visible light decreases
cell stress but does not reduce ROS production [106]. Nevertheless, impact of ROS can be
reduced by adding an antioxidant, such as N-acetyl cysteine or catalase in the bioink, which

both improve cell survival [109, 110]. For these reasons, LA3DBP suffers from a lack of diversity
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in adapted bioinks at the moment, further limited by the choice of photoinitiator since the

final mix needs to be water-soluble.

7.4. Laser-based 3DBP applied to cartilage

Laser-based bioprinting is the technique that benefits from the least improvements up
to date. This is in line with few studies applied to cartilage TE (Table 3). GelMA is again found
to be used for its biocompatibility, with high COLIl and AGG expressions obtained with
chondrocytes cultured for 14 days after bioprinting and HAMA-based bioinks induced similarly
high expression levels of these ECM components [107]. In a recent study, stratified constructs
with different ratios of GelMA and HAMA containing porcine chondrocytes were generated
to mimic the zonal structure of cartilage [111]. Over 14 days, maintenance of the stratification
associated with high expression of type Il collagen and proteoglycans was observed compared
to single blends constructs. Interestingly, the construct stiffness can be tuned by modulating
the content of GelMA and HAMA; constructs with more HAMA having a higher Young’s
modulus. The addition of PEGDA to GelMA hydrogels greatly improved printing resolution
while TGFB1 embedded in nanospheres enhanced the chondrogenic differentiation of MSCs
[112]. GelMA combined with decellularized ECM and MSC-derived extracellular vesicles was
successfully fabricated using SLA technology and shown to facilitate cartilage repair in vivo
[113]. Polyvinyl alcohol (PVA) alone or in association with GelMA revealed that GelMA was
essential for long-term cell survival [55]. Poly(DL-lactide) (PDLLA)-PEG in association with HA
allowed MSC differentiation in chondrogenic medium with elevated COLIl and ACAN
expression, GAG and proteoglycan production confirming formation of cartilage ECM [106].

Interesting results were also obtained using silk fibroin that was methacrylated to adapt it to
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the technique [114]. By doing so, constructs promoting great cell viability over 14 days were
obtained, with the formation of neocartilage as denoted by an increased GAG content as well
as expression of cartilage-specific genes: COLIl, COLX, SOX9 and ACAN at week 4.
Subcutaneous implantation of the constructs in nude mice revealed production of cartilage
ECM and COL matrix formation at week 8. Homogenous cell distribution within the implant
was observed, which is of importance since the absence of infiltration by endogenous cells
needs to be counterbalanced by a fully cellularized implant. Interesting results were also

obtained using synthetic polymers.

8. Multitool and zonal approach 3D bioprinting for complex cartilaginous

construct engineering

In order to add a level of complexity in the bioprinted constructs to ensure more
physiological applications, some authors have developed techniques to either print multi-
materials and/or different cell types and/or different cell concentrations within the same
constructs. The three previously described methods can be merged to benefit from the
advantages of each when combined. This can be done using some bioprinters that include
multiple printheads or can receive custom-made printheads. To build stratified osteochondral
implants, an interesting approach was to reinforce MSC-laden alginate hydrogels with a 3D
printed polymer network made of PCL, PLA or PLGA and form biphasic cartilaginous constructs
with higher potential to generate cartilage in vivo [115]. Another strategy was the use of FDM
to pre-print PCL microchambers, allowing the subsequent deposit of MSC and chondrocyte

suspensions by inkjet printing [65]. After FDM printing of the PCL framework, microextrusion
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was used to fill alternating pores of the PCL framework with MSC-loaded GelMA, with the aim
of mimicking subchondral bone, or acellular Pluronic, which was then eluted to form channels
allowing medium circulation. Finally, bioink-free chondrocyte/MSC suspensions were inkjet
bioprinted on top of the chambers to let them aggregate and form a homogenous
cartilaginous surface. This multitool fabrication allowed to generate a human sized tibial
plateau with a collagen fibers-rich surface, which were oriented similarly to native cartilage
(i.e., parallel to the top at the surface while turning perpendicular in the bottom). The large
size and robustness of this construct, made possible by the PCL scaffold, allowed authors to
apply cyclic mechanical stimuli, which resulted in enhanced GAG deposition compared to non-
stimulated constructs. This is an interesting example of merging the previously discussed
bioprinting techniques while combining more classic methods such as pellet aggregation with
the aim to get closer to a structurally organized cartilage tissue.

Hybrid constructs based on inkjet printing and electrospinning can be printed to generate
complex structures with controlled architecture and higher mechanical properties [116].
Alternative layers of electrospinned PCL-based fibers and jet-printed chondrocytes-laden
fibrin/collagen hydrogels can form cartilage-like tissues in vitro and in vivo that displayed
enhanced mechanical properties compared to fibrin/collagen hydrogels alone.

Printing of constructs featuring a cell density, an ECM composition and gradients able to
mimic the anisotropy of articular cartilage and even osteochondral regeneration has been
investigated. For instance, GelMA-based bioinks have been used to improve chondrogenesis
and zonal differentiation of a biphasic construct comprising of (i) a top phase made of articular
cartilage-derived chondroprogenitors-laden GelMA/Gellan gum/HAMA gel to replicate the
superficial zone of cartilage and (ii) a bottom phase made of MSCs-laden GelMA/Gellan gum-

based gel to mimic the middle/deep zone of cartilage [117]. The biphasic construct revealed
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an increased content of PRG4 in the bottom zone of the printed construct compared to mono-
composition constructs. Compared to casted biphasic constructs, lower levels of articular
cartilage markers (GAG, ACAN, COLII) and higher levels of COLI were observed. This correlated
with the potential effect of the printing process on cell biological functions, notably a possible
delay in matrix production compared to cells undergoing casting. The authors thus failed to
obtain proper zonal differentiation of cartilage, but their study highlighted the need of better
analyzing the biological consequences of the printing process, apart from viability.

Shim et al. described another interesting osteochondral application with the printing of a
PCL biphasic construct with lower layers printed with an atelocollagen-based bioink
embedding human MSCs and Bone Morphogenetic Protein 2 (BMP-2) covered by superior
layers made of a HA-based bioink embedding MSCs and TGFB [61]. They first confirmed the
potential of such constructs in vitro, i.e., cytocompatibility, cell proliferation, cell morphology
and differentiation in the two zones, before implanting them in rabbits with knee defects. The
in vivo analysis showed a remarkable osteochondral regeneration at week 8 with no
degeneration of the adjacent cartilage. Formation of integrated thick neocartilage tissue at
the center of the osteochondral defect and formation of the lacuna structure — a typical
cellular morphology of cartilage — were confirmed. Moreover, they found expression of COLII
and COLX throughout the articular cartilage and in the bone/cartilage interface respectively,
confirming zonal cartilage regeneration. Regarding the bone layer, the authors observed new
bone formation at the subchondral site but the study lack of quantitative analysis, since only
histological analysis was performed at this stage.

Finally, another approach chose to print COLII-based bioinks with chondrocyte density
gradients to assess the formation of zonal cartilage with distinct superficial, middle and deep

zones [79]. They used three concentrations of (i) 2x107 cells/mL (high cell density), (ii) 1 x107
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cells/mL (biomimetic cell density) and (iii) 0.5 x107 cells/mL (low cell density) that they
individually printed to create a gradient of high cell density in the superficial zone to low cell
density in the deep zone. They showed concentrations of COLIl, PRG4 and GAGs in the
superficial zones regardless of the initial cell concentration, with a decreased concentration
of these markers with depth. This demonstrated the possibility to print zonal cartilage with
ECM production correlating cell density gradients. Nevertheless, this model presents a certain
number of limitations, notably the fact that those results were obtained in static conditions
while we know that articular cartilage produces specific ECM in accordance with the
mechanical stimuli it receives. Besides, in vivo testing is necessary to confirm proper
integration of the bioprinted construct in the surrounding tissues of a cartilage defect.
Altogether, these studies highlighted the interest to combine multiple printing
technologies and to generate multiphasic constructs to best reproduce the complexity of

native articular cartilage.

9. Insitu printing

If most of cartilage bioprinting studies try to replicate cartilage in vitro, O’Connel et al.
designed the Biopen, a handheld device to be surgically used to fill cartilaginous defects in situ
[118]. Improved in further publications, the Biopen is a pen including two different cartridges,
the first one being loaded with an acellular GelMA hydrogel containing a photoinitiator and
the second one being loaded with GeIMA embedding MSCs without photoinitiator [59, 70,
71]. When the operator turns on the pen, both materials are extruded, the first one forming
the shell of the filament and the second one forming its core. By doing so, when the defect is

filled and the filament is photopolymerized, MSCs in the inner core are protected from the UV
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and ROS emitted by the photoinitiator. This method has proven its superiority compared to a
monoaxial extruder [59]. Robotic-assisted 3DBP approaches were also evaluated where
cartilage defects are scanned for the modeling of the replacement construct through CAD and
then filled by direct printing in the defect with the perfect filling shape [119]. A robotic arm
was conceptualized to be theoretically able to print a construct in situ in a micro-
invasivefashion since all its movements go through a unique point named the Remote Center
of Motion. This robotic arm comprises three printheads including (i) a probe head to build the
3D model of the defect, (ii) a drilling head to excise defect margins and (iii) an extruder head

to print in the defect and that can also photopolymerize the bioink.

10. Summary and perspectives

3D printing technologies have rapidly evolved and the commercialization of better suitable
3D printers has accelerated the development of 3DBP technologies that are still in the early
stages of progress. The choice of the printing technology can be dictated by the rheological
specifications of studied bioinks, or it can be chosen first for its advantages in terms of printing
resolution and construct volume to print that will dictate the bioink choice (Fig. 3 and Table
4). Even though LA3DBP methods look promising because of their rapidity and accuracy of
printing, extrusion-based 3DBP is the most suited method to print large constructs, but it has
a few technological and biological drawbacks to overcome before large scale applications in
the regenerative medicine field.

Challenges remain in the development of bioinks with improved properties for cartilage TE,
including biocompatibility and chondroinductivity, mechanical stiffness, biodegradability

compatible with ECM production and integration within host tissue after implantation.
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Printing performance of bioinks can be optimized by defining appropriate parameters for
printing. One critical issue is to reduce the mechanical forces that induce shear stress on cells
during printing and impact cell viability. Computational Fluid Dynamics (CFD) stimulation can
help optimizing printing parameters by analyzing the material flow in the printing head. The
material flow can be simulated to interconnect biomaterial properties (rheology, density),
printing parameters (speed, temperature), needle geometry and length, extrusion-related
mechanical forces and predict the mechanical stress applied on the cells during printing [120].
Simulation results have been validated with experimental results in a study using a cell-
imprinted-based microfluidic device [121]. The study shows that parameters such as injection
speed, size and number of cells, notably MSCs and chondrocytes, as well as channel
dimensions can be selected to define the experimental conditions without wasting time and
materials. However, most CFD studies are limited by the fact that they are specific of a bioink
and nozzle characteristics [52, 122]. Machine learning can also be used to validate the
computational model and find out the parameters influencing the shear stress and cell viability
[123].

The ultimate goal is to develop a biomimetic osteochondral tissue reproducing the complex
zonal architecture of native articular cartilage in contact with the subchondral bone for
optimal repair of articular osteochondral lesions. Future 3DBP strategies should therefore take
into account the possibility of including a gradient structure and the release of different
growth factors to increase cartilage formation and in vivo repair. This might be completed with
the emergence of 4DBP approaches that rely on improvement of bioinks and technologies,
including time-dependent changes, dynamic culture or electrostimulation. Indeed, bioinks
should be responsive to different environmental stimuli. As an example, growth factors could

be encapsulated within nanostructures with different release kinetics and combined with the
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bioink for the spatio-temporal control of cell differentiation or chondrocyte phenotype
stability (for review, see Salvador, in revision). Dynamic culture is of particular interest for
cartilage TE since it allows compressive/tensile loads on the bioprinted constructs, which are
known to increase the production of ECM components and promote the formation of cartilage
[65]. Interestingly, recent studies also indicate that additional functions can be added to the
bioink, which can be of particular interest for cartilage reconstruction in an inflammatory
environment. Indeed, development of bioinks with innate antioxidant or anti-inflammatory
properties have shown promising results [124, 125]. Finally, the proof-of-concept has been
provided that magnetism-based alignment of collagen fibers during printing or
electromagnetic field exposure after printing allowed to generate constructs with increased
expression of COLII [50, 78]. Further development of dynamic culture within bioreactors and
biophysical stimulation of constructs should therefore be envisaged for improved cartilage

repair strategies.
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Legends to figures

Fig. 1. The different types of 3DBP. (A) Three main types of mechanisms for extrusion printing:
mechanical (piston or screw) or pneumatic (air pressure) dispensing systems. (B) Jetting
mechanisms used for inkjet printing: heated vaporization, piezoelectric-based vibration or
microvalve controlling. (C) Two main types of light-assisted printing: stereolithography (laser) or

digital light processing (projector).

Fig. 2: Main types of bioinks used for cartilage 3DBP relative to the printing technology.
Alginate, collagen, gelatin and hyaluronic acid (HA) are the foremost base components as
indicated in upper case and shared by two or three 3DBP techniques: extrusion, inkjet and
laser-based. The additional components that can be mixed to these base components are
listed above or below. Bioinks in boxes can be used independently of the base components.
dECM: decellularized extracellular matrix, PCL: polycaprolactone, PEG: polyethylene glycol,

PLA: polylactic acid, PLGA: poly(lactic-co-glycolic acid), PVA: poly(vinyl) alcohol.

Fig. 3. Schematic summary of limits relative to printing resolution and printing volume using

the three main 3DBP techniques
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Table 1 : Types of bioinks used in extrusion-based bioprinting for cartilage tissue engineering applications.

Bioink base Other Crosllinking Polymer
Cell source References
component components method scaffold
Alginate Ca*t / MSCs Barcelo, 2022 [76]
Alginate
Sulfated alginate UV + Ca%* / MSCs Wang, 2021 [69]
Alginate
Fibrinogen Ca* + thrombin / MSCs Henrionnet, 2020 [36]
Alginate
CS-AEMA Costantini, 2016 [33]
HAMA Ca** MSCs Kosik-Kozio, 2019 [23]
TCP uv / Chondrocytes Idaszek, 2019 [34]
Fibrinogen
GELATIN HA
Glycerol Thrombin PCL MSCs Sun, 2019 [38]
Di Bella, 2017 [71]
HAMA uv / MSCs Onofrillo, 2018 [70]
Silk fibroin Self-gelation / Chondrocytes Singh, 2019 [37]
Silk methacrylate
PEGDA uv / Chondrocytes Bandyopadhyah, 2021 [68]
Yang, 2021 [72]
dECM uv PCL MSCs Behan, 2022 [88]
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Izadifar, 2016 [42]

MSCs Yi, 2016 [78]
Ca%t PLA C20A4 cells Baena, 2019 [54]
/ Ca?*+ UV PCL Chondrocytes Chu, 2021 [21]
HA Ca** PLA Chondrocytes Antich, 2020 [48]
ECM Ca* PCL MSCs Rathan, 2019 [30]
Agarose
Collagen Ca%*+ FBS / Chondrocytes Yang, 2018 [80]
CaZ+
Pluronic F127 Low temperature / MSCs Armstrong, 2016 [25]
Moller, 2017 [28]
Miiller, 2017 [29]
Nguyen, 2017 [73]
Nanocellulose MSCs Gatenholm, 2021 [58]
Chondroitin sulfate Chondrocytes Lafuente-Merchan, 2022
ALGINATE Dermatan sulfate Ca** / iPSCs [74]
Chondrocytes +
Nanocellulose Ca* / MSCs Apelgren, 2021 [75]
Ren, 2016 [79]
/ Gelation at 37°C / Chondrocytes Diamantides, 2019 [67]
BMP2
DAH HA + TGF-R Gelation at 37°C PCL MSCs Shim, 2016 [61]
COLLAGEN
dECM granules Gelation at 37°C / MSCs Isaeva, 2022 [89]
Alginate Streptavidin + Ca?* / MSCs Nedunchezian, 2021 [82]
/ Thiol-ene reaction / MSCs Galarraga, 2019 [56]
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Glycol chitosan

Adipic acid
HYALURONIC ACID dihydrazide Self-gelation / ATDC5 Kim, 2019 [84]
PEG-acryl Thiol-ene reaction Hauptstein, 2022 [81]
PEG-allyl uv / MSCs Hauptstein, 2022 [83]
PEG
pHPMA-lac uv PCL Chondrocytes Mouser, 2017 [21]
dECM L .
Silk fibroin Physical / MSCs Zhang, 2021 [86]
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Table 2 : Types of bioinks used in inkjet-based bioprinting for cartilage tissue engineering applications.

Bioink base Other Crosllinking Polymer
Cell source References
component components method scaffold
GELATIN Gurkan, 2014 [76]
Nanofibrillated
ALGINATE cellulose CaCl2 / Chondrocytes Markstedt, 2015 [47]
Temperature HEK-293T Graham, 2017 [45]
Agarose Fmoc-based gelation / Chondrocytes Betsch, 2018 [46]
Chitosan
COLLAGEN Graphene oxide / / Chondrocytes Cheng, 2020 [87]
Cui, 2012 [84]
/ uv / Chondrocytes Cui, 2012 [85]
GelMA uv / MSCs Gao, 2015 [15]
Gao, 2015 [16]
PEGDMA Acrylated peptides uv / MSCs Gao, 2017 [86]
PEGDA / uv / MSCs Gao, 2017 [81]
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Table 3 : Types of bioinks used in laser-based bioprinting for cartilage tissue engineering applications.

Bioink base Other Crosllinking Polymer
Cell source Reference
component components method scaffold
/ uv / Chondrocytes Lam, 2019 [90]
HA uv / Chondrocytes | Shopperly, 2022 [111]
GELATIN PEGDA
TGFR1-containing
PLGA nanospheres uv / MSCs Zhu, 2018 [94]
ECM
Exosome uv MSCs Chen, 2019 [95]
MSCs
PVA-MA uv / APCP Lim, 2018 [50]
/ uv / Chondrocytes Lam, 2019 [90]
HYALURONIC ACID PDLLA-PEG uv / MSCs Sun, 2015 [89]
SILK FIBROIN / uv / Chondrocytes Hong, 2020 [96]
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Table 4: Advantages and Limitations of the different 3D Bioprinting Techniques

Extrusion-based Bioprinting

Inkjet Bioprinting

Light-assisted Bioprinting

Median resolution of 400um

Drops as small as 30um

Cell viability Good High High
40-80% >85% 85-95%
Printing resolution Moderate Excellent Excellent

10um in SLA, 25-50um in DLP

Variety of bioinks available Wide Limited Limited
Printing speed Intermediate Fast Fast
Cell density Intermediate Low High
Up to 10 cells/mL Up to 107 cells/mL Up to 25x10° cells/mL
Large-size construct printing Yes No No
Co-printing possibility Yes Yes No

Affordability

Intermediate

Cost-effective

Highly expensive
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