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Chapter 10
Preparation of Polymeric and Composite
Scaffolds by 3D Bioprinting

Ana Mora-Boza and Maria Luisa Lopez-Donaire

Abstract Over the recent years, the advent of 3D bioprinting technology has
marked a milestone in osteochondral tissue engineering (TE) research. Nowadays,
the traditional used techniques for osteochondral regeneration remain to be ineffi-
cient since they cannot mimic the complexity of joint anatomy and tissue heteroge-
neity of articular cartilage. These limitations seem to be solved with the use of 3D
bioprinting which can reproduce the anisotropic extracellular matrix (ECM) and
heterogeneity of this tissue. In this chapter, we present the most commonly used 3D
bioprinting approaches and then discuss the main criteria that biomaterials must
meet to be used as suitable bioinks, in terms of mechanical and biological proper-
ties. Finally, we highlight some of the challenges that this technology must over-
come related to osteochondral bioprinting before its clinical implementation.

Keywords 3D bioprinting - Cellular bioprinting - Acellular bioprinting - Bioink -
Extracellular matrix

10.1 Introduction

Bioprinting has emerged over the recent years as a promising technique for osteo-
chondral TE applications. Bioinks (biomaterials and bioactive cues) via 3D bio-
printing can be deposited in a spatiotemporally accurate layer-by-layer manner,
allowing for high cell seeding density and strong cell—cell interactions [1—4]. This
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technology can be classified into two different categories based on whether the bio-
ink contains living cells (cellular 3D bioprinting) or not (acellular 3D bioprinting).
Although to date, applications of 3D bioprinting have been focused on cardiovascu-
lar, skin regeneration, tracheal splints, cartilaginous structures, and hard tissues like
bon, among others. The uniquely capacity of this technique to mimic heterogeneous
and anisotropic properties of ECM has attracted much attention to osteochondral
tissues [2, 5-9]. In this perspective, 3D fabrication techniques have raised as an
alternative for grafting methodologies, which remain as the common gold standard
treatment for joint degenerative diseases such as osteoarthritis (OA) or trauma [7].
Osteochondral grafts exhibit low integration at the bone—cartilage interface and
poor tissue formation de novo [5, 8]. For its part, 3D bioprinting provides the fabri-
cation of scaffolds with interconnected macroporosity and microporosity which
improves nutrient diffusion and removal of waste products, and facilitates the ECM
deposition and ingrowth of blood vessels [10, 11]. In the case of osteochondral tis-
sue, considerations regarding to heterogeneity and anisotropy are of special impor-
tance due to mechanical and composition requirements, which differ from cartilage
to bone tissues. Thus, 3D bioprinting can be advantageous.

To obtain effective and biologically relevant tissue constructions that mimic the
native microenvironment, several specifications must be considered (Fig. 10.1).
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Fig. 10.1 3D bioprinting considerations regarding structural, physical, biological, and economical
specifications
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Among these essential aspects, structural and physical specifications such as bulk
properties and surface topography play a key role in the development of bioactive
tissue constructs. 3D bioprinting is an appropriate fabrication technique with high
spatial resolution by which achieves these aspects. However, appropriate bioma-
terials (bioinks) should be developed with optimal rheological and biological
properties, since this is the main limitation of the technique as it will be exposed
in this chapter [12—-15]. Material viscosity, gelation method, and speed must be
optimized to obtain 3D architectures with enough structural integrity and mechan-
ical properties that allow for not only interactions with the materials but also cell
communication [2, 12, 16-19]. In addition, many manufacturing techniques can
also be employed to improve the relatively weak mechanical properties of soft
hydrogels, such as ultraviolet (UV) curing [20, 21], pre-cross-linking procedures,
or the incorporation of additional elements and materials such as poly
(e-caprolactone) (PCL) [22] or graphene oxide (GO) elements [23, 24]. Some of
these elements can be sacrificial since they will not form part of the final
constructs.

Moreover, the 3D bioprinting processes must ensure compliance with some
biological specifications. Certainly, biocompatibility and absence of cytotoxicity
are essential requisites, but the considerable efforts made over the recent decades
on the TE field have demonstrated that bioactive constructs are indispensable. By
this way, the need for vascularization remains one of the most daunting challenges
in the development of 3D complexes. Molecular diffusion limilations make neces-
sary a minimun distance (= 100 pm) between cells and the nearest capillary to
facilitate the exchange of nutrients and oxygen, which would be impossible with-
out an adequate vascular network [12, 25, 26]. Finally, for a succeed integration
with surrounding environment, degradation and absorption kinetics of the con-
structs must be fast to avoid side effects. 3D bioprinting provides some advantages
regarding to these biological aspects among other biofabrication techniques, since
it can facilitate a controlled deposition of cells, maintaining their viability during
the process [12, 27].

Finally, economic issues regarding manufacturing requirements, overall cost of
materials and fabrication devices, and necessary production time are crucial aspects
for successful clinical translation of 3D bioprinting in osteochondral restoration
applications. Although the cost of specialized equipment and experienced personnel
could be high, there are progressively more affordable 3D fabrication systems with
intuitive interfaces for inexperienced users [5, 7, 12].

In this chapter, we discuss how the advent of 3D bioprinting has provided new
opportunities for osteochondral TE, and the current advances and challenges that
must be addressed by current 3D bioprinting approaches and bioinks for the prepa-
ration of polymeric and composited scaffolds.
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10.2 3D Bioprinting Fabrication Strategies
for Osteochondral TE

As explained in the introduction, 3D bioprinting techniques have attracted much
attention to the treatment of osteochondral degeneration and diseases such as osteo-
arthritis through osteochondral tissue regeneration. Currently, autografts and
allografts are being applied to reduce donor site morbidity and matching mainly in
young patients. However, the research is moving towards developing de novo tissue
constructions to improve integration with host tissue and nutrient diffusion in larger
macroporous scaffolds through cell-based repairs such as autologous chondrocyte
implantation [5, 7, 12, 28, 29].

Recently, bioprinting has been subclassified into two categories: scaffold-based
and scaffold-free bioprinting. While scaffold-based bioprinting implies the genera-
tion of scaffolding materials by 3D printing where cells can be seeded during or
post-fabrication, scaffold-free bioprinting is based on the self-assembly of cellular
components mimicking embryonic development [30-32]. This chapter focuses only
on the description of the scaffold-based bioprinting techniques for the development
of osteochondral complex tissue. We have made a subdivision between cellular and
acellular scaffold-based bioprinting depending on if their bioink formulation con-
tains living cells or not.

10.2.1 Cellular Bioprinting

In this first paragraph, the most commonly used cellular 3D bioprinting processes
will be presented, namely, extrusion-based bioprinting, droplet-based bioprinting,
laser-based bioprinting, and stereolithography, [5, 7, 9, 33, 34]. An illustration of
these 3D bioprinting processes with its main components is shown in Fig. 10.2.
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Fig. 10.2 Schemes of 3D bioprinting process and its main components [35]. Adapted from
Biomaterials 83, D. Tang. et al., Biofabrication of bone tissue: approaches, challenges and transla-
tion for bone regeneration, pp. 363—382, Copyright 2016, with permission from Elsevier
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10.2.1.1 Extrusion-Based Bioprinting

The extrusion-based bioprinting (EBB) consists of the dispensation of bioinks using
an air-force pump, solenoid or mechanical screw plunger. EBB addresses the chal-
lenges of droplet bioprinting process, which cannot deposit very viscous materials
or high cell density solutions [1, 12, 33]. As discussed later in the chapter, high
viscosity values of the bioinks are desirable to obtain high shape fidelity of the tis-
sue constructs but in some cases, high concentration of the components of the bio-
inks can result in less cell viability due to cytotoxicity [36]. Nevertheless, EBB is
the most used technique for TE applications due to its moderate cost in comparison
to the good resolution it provides, as well as, the high cellular concentrated bioinks
that can be printed [1]. In addition, good-shaped fidelity can be obtained through a
fast phase change from a liquid bioink to a more solid network by different cross-
linking procedures, that can be classified into chemical (reversible) and physical
(irreversible) cross-linkings. Among all chemical cross-linkings processes photo-
initiated free radical polymerization reaction is a commonly used alternative for
rapid cross-linking despite its cytotoxicity. This process is widely accepted due to
its effectiveness, efficiency, and controllability. Duchi and collaborators developed
a coaxial core—shell system for EBB to avoid the cytotoxicity that can trigger UV
photocuring due to the generation of free radicals and exposure of the cells to
UV. They demonstrated that these problems can be addressed with an accurate con-
trol of the deposition parameters [37]. In another work, O’Connell et al. developed
an easy-to-handle device for medical surgery, named “biopen,” in an attempt of
bringing together 3D printing technology and surgical processes. The tool could
print gelatin methacrylamide (GelMA) and hyaluronic acid methacrylate (HAMA)
hydrogels, which were photocrosslinked. The process was compatible with the
deposition of adipose stem cells at chondral wound side protocol [38].

Many authors have used of EBB for the development of multilayered compound
scaffolds in the context of cartilage and osteochondral regeneration [10, 37, 39—-41].
For example, Bartnikowski and collaborators developed a 3D plotted scaffold com-
posed of alginate and hydroxyapatite (HAp), mixed with GelMA, or GeIMA with
HAMA for the regeneration of a zone of calcified cartilage, concluding that the
incorporation of HAMA in these hydrogels improved chondrogenesis [11].
T. Ahlfeld and coworkers used EBB to obtain 3D constructs by printing alginate and
methylcellulose with clinically relevant dimensions thanks to the addition of lapo-
nite, a nanosilicate clay that improves mechanical properties of the matrices. The
cellular viability was maintained for 21 days, making this approach as a promising
alternative for 3D bioprinting materials [39].

Another important aspect to consider in EBB is the geometry of the needle,
which can play a crucial role in cellular viability, since the shear stress under the
extrusion can affect cellular behavior and well-being. Muller et al. developed an
interesting study where they used different needle geometries and sizes to print algi-
nate and nanocellulose bioinks for cartilage applications. The computational fluid
dynamic analysis of different needle geometries is shown in Fig. 10.3. In conclu-
sion, they demonstrated that the appropriate selection of the needle geometry is as
important as bioink optimization for high printing resolution and cell viability [13].
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Fig. 10.3 Computational fluid dynamic analysis for a straight and a conical needle, respectively.
Regions of high shear stress are indicated in red/orange colors. Clear differences can be observed
between the two geometries [13]. Reproduced from “Alginate Sulfate—-Nanocellulose Bioinks for
Cartilage Bioprinting Applications”, Annals of Biomedical Engineering, Vol. 45, No. 1, January
2017, pp. 210-223, Muller et al. with permission of Springer

10.2.1.2 Laser-Based Bioprinting and Stereolithography

Laser-based bioprinting (LBB) is implemented by laser-induced forward transfer
(LIFT), which is a method to deposit inorganic materials onto a platform construction
through a patterned substrate. Odde and Renn used this technique for the first time in
19909 for the deposition of biological materials and cell patterning into clusters to obtain
2D and 3D structures [12, 34, 42, 43]. LIFT uses very high-powered pulsed laser, and a
glass or quartz print ribbon is coated with a thin film of metal or other laser-absorbing
material to protect the cells from the laser power. Then, a cell suspension is spread onto
the bottom of the ribbon. This suspension is vaporized with a laser pulse focused onto
the metal layer, which propels the cell suspension from the ribbon to a receiving plat-
form construction [44]. LBB is very useful for bioinks with very low viscosity, allowing
for microscale resolution. However, it is restricted only to very thin structures and pres-
ents a high cost and complex manufacturing [12, 45]. Gruene and collaborators demon-
strated in their work that LBB is suitable for 3D scaffold-free autologous tissue grafts
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Fig. 10.4 Illustration of 3D printed GO scaffolds for enhancing chondrogenesis of hMSCs
through SLA approach [24]. Reprinted from 3D bioprinted graphene oxide-incorporated matrix
for promoting chondrogenic differentiation of human bone marrow MSCs, Zhou et al., Carbon,
volume 116, pp. 615-624, Copyright 2017, with permission from Elsevier

with high cell density enough to promote chondrogenesis. In addition, the printed mes-
enchymal stem cells (MSCs) tolerated the complete process maintaining their function-
ality [46]. Other similar techniques to LIFT are used in LBB approaches. For example,
absorbing film-assisted laser-induced forward transfer (AFA-LIFT) uses a 100 nm sac-
rificial metal layer to interact with the laser. There is also a version of AFA-LIFT, known
as biological laser processing (BioLP), which uses motorized receiving stages and a
charge-coupled device (CCD) camera to focus the laser. The sacrificial metallic layer
allows having a rapid thermal expansion, to reduce the heating of the small cell suspen-
sion volume that is propel from the ribbon to the substrate. Finally, matrix-assisted
pulsed laser evaporation direct writing (MAPLE DW) is similar to AFA-LIFT, but it
uses a low powered laser operating in the UV or near-UV region. In addition, the ribbon
is coated with a sacrificial biological layer to allow the initial cell attachment [44].

On the other hand, stereolithography (SLA) consists of the irradiation of a pho-
topolymerizable macromer solution with a laser to cross-link patterns with high
resolution in the polymerization plane. This technique allows the fabrication of
accurate microstructured scaffolds [1]. Thus, this technique is only valid for
photopolymerizable materials, exhibiting high microscale resolution and printing
speed [12]. X. Zhou et al. used SLA to produce GelMA, poly(ethylene glycol) diac-
rylate (PEGDA) and GO scaffolds that induced chondrogenic differentiation of
human MSCs (hMSCs) by promotion of glycosaminoglycan (GAG) and collagen
levels. A scheme of the scaffold fabrication is showed in Fig. 10.4 [24].
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10.2.1.3 Droplet-Based Bioprinting

Droplet-based bioprinting (DBB) is a deposition method were prepolymer solution
droplets are jetted onto a platform in a predefined pattern. It could be performed by
the aid of piezoelectric or thermal actuators (Fig. 10.2). The polymerization takes
place after deposition by UV light, ionic, thermal or chemical cross-linking pro-
cesses. The main advantages of this bioprinting technique are its low cost and the
wide range of polymers that can be used. However, the viscosity range of this solu-
tion is very limited and cell density cannot be very high [12].

In addition, the bioprinting process can make a negative impact on cellular via-
bility. Regarding to this and in order to understand better the process that can affect
them, Hendriks et al. have developed an analytical model with which they can relate
the cell survival to the cell membrane elongation and this last one, with the size and
speed of the droplet, as well as, substrates characteristics [47]. Another interesting
work is the one carried out by Graham et al., where they developed high-resolution
3D geometries by DBB, which consisted of the 3D printing of aqueous droplets
containing Human Embryonic Kidney (HEK) cells and ovine MSCs (oMSCs).
These platforms included arborized cell junctions and osteochondral interfaces,
exhibiting high viability. In addition, oMSCs showed a chondrogenic differentiation
to cartilage-like structures after 5 weeks of culture [48].

10.2.2 Acellular Bioprinting Techniques

Acellular bioprinting covers the generation of nonliving material constructs based
on the pattern and assembly of materials and the successively cell post-printing
seeding [3]. This strategy offers several advantages over printed cellular constructs
such as higher resolution and greater shape complexity due to the manufacturing
conditions in which is avoided the printing of either cells or heat-sensitive biologi-
cal cues [49]. Acellular tissue scaffolds, alone or in combination with cellular
techniques, have shown promising results for bone (BTE) and cartilage (CTE) TE.

10.2.2.1 Fused Deposition Modeling (FDM)

FDM, also known as fused filament fabrication (FFF), is based on extrusion, through
a computer-guided nozzle, of melting or semimolten thermoplastic filaments which
are finally deposited onto a platform where its solidification takes place in a layer-
by-layer fashion [23]. Thus, this printing technique, which later helps in the devel-
opment of other bioprinting techniques, concretely extrusion based bioprinting [3],
has been widely applied in the synthesis of acellular porous scaffolds for osteochon-
dral TE due to the fact that the final construct provides a mechanical properties in a
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closer magnitude to articular cartilage and cancellous bone [50-52]. Strengths such
as its rapid printing capability, the ability to obtain large construct with good
mechanical integrity, easy scalability, and the no need of solvent and support struc-
ture has made this technique widely explored, especially for bone tissue. However
several disadvantages should be mentioned such as the reduce number of filament
materials that can be used, or the high temperature required to melt the filament
which limits the printability with cells or temperature sensitive biological cues. In
addition, it is very complicated the fabrication of constructs with small pore size
while maintaining the porosity (100 pm) [53-55] .Thermoplastic polymers such as
PCL, poly-lactic acid (PLA) and poly(lactic-co-glycolic acid) (PLGA) [52, 56, 57],
which are the most common biodegradable synthetic polymers used in this manu-
facturing process, are the main responsible for this mechanical properties, espe-
cially in the case of PCL [55].

The replacement of the hot rollers system of FDM by a pressurized syringe with
a thermostatically controlled heating jacket, defined as extrusion printing, has
increased the number of synthetic materials used for 3D biofabrication [58]. For
example, Woodfield et al. have shown the success bioprinting of an amphiphilic
biodegradable poly(ether ester) multiblock copolymers as carrier materials for artic-
ular cartilage repair based on hydrophilic poly(ethylene glycol)-terephthalate
(PEGT) and hydrophobic poly(butylene terephthalate) (PBT) (PEGT/PBT).
Furthermore, constructs with a gradient in pore-size trying to mimic the complex
zonal structure of cartilage were designed showing an efficiency inhomogeneous
chondrocyte distribution but no differences in cartilage-like tissue formation related
to cell density were observed [58]. More recently, Schuurman et al. have demon-
strated the production of highly cartilage-like tissue abundance by improving the
efficiency of cell seeding by distributing the cells along the PEGT/PBT scaffolds in
form of pellets. However, additional options should be explored in order to generate
de novo cartilage zonally organized [59].

The presence of nanoscale features in the constructs plays an important role in
the generation of TE by affecting cell attachment, proliferation and cytoskeletal
assembly. However, FDM, as well as other AM techniques, have not fulfilled this
biomimetic nano-resolution. In this sense and in order to overcome this limitation,
recent strategies have been proposed for the post-fabrication functionalization with
techniques such as layer-by-layer deposition (LbL) [60], plasma deposition [61],
and the attachment based on mussel-inspired materials [62]. These strategies include
not only the change of topography surface, also the incorporation of some thermal
labile biological cues which should be incorporated afterwards. Regarding to this,
dexamethasone which is an osteoinductive drug has been incorporated in 3D PCL/
poloxamer scaffold during FDM without affecting its properties [63]. However,
some labile compounds require their incorporation using the post-fabrication treat-
ment mentioned before or be printed by other bioprinting techniques. Examples of
the last one are described in Sect. 10.3.1.
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10.2.2.2 Melt Electrospinning Writing

Melt-electrospinning writing (MEW) is an emerging manufacturing approach
wherein major principles of melt extrusion-based additive manufacturing (AM) and
electrospinning are combined. A melt polymer is extruded through a nozzle and
beginning electrically charged due to the application of a high voltage between the
nozzle tip and the collected platform where fiber are deposited upon each other [64].
The main different in comparison with electrospinning is the lack of organic solvent
as in MEW the polymer is melted. This fact allows to improve cell viability and to
obtain 3D structures with well-orientated fibers by avoiding both their mechanical
and electrical coiling [65]. On the other hand, this fibrous construct can be based on
fibers with diameters down to 1 pm [66, 67], far away from the >200 um provided
by FDM manufacture technique [65]. All these aspects provide a really well orga-
nized network construct that can be built to millimeters thickness with a conve-
nience pore size for allowing the cell invasion and vascularization of de novo tissue
[65, 68]. The potential of this technique for the reinforcement of soft hydrogel
matrices has been recently published because it is well known that the actual TE
scaffolds based on hydrogels are unable to reach the stiffness and therefore the bio-
logical requirements to promote the neotissue. Concretely, electrospun PCL fibers
obtained by MEW are infused with GeIMA, providing a scaffold with mechanical
properties in the range of articular cartilage [66]. More recently, and following the
same strategy, constructs based on highly negatively charged star-shaped
poly(ethylene glycol)-heparin hydrogel (sSPEG/Hep) reinforced with medical grade
PCL (mPCL) fibers by MEW were also obtained for articulate CTE. Despite the
fact that the fibers provide an outstanding increase in mechanical properties such as
anisotropy and viscoelasticity, the system does not meet the expectation under sim-
ulated dynamic load-bearing conditions, the necessity to explore different compos-
ite material soft fiber-reinforced hydrogels [69]. In this sense, it is interesting to
mention the importance of trying to mimic the natural fiber structure in natural soft
tissue which is mainly based on collagen. Thus, Bas et al. have compared the behav-
ior of soft network composites reinforced with either stretchable curvy or straight
mPCL fibers presenting the curvy fibers the more similar behavior to natural soft
tissue [70].

10.2.2.3 Selective Lase Sintering (SLS)

SLS, which was developed at the University of Texas [71], is an AM technique
where a construct is obtained by sequential deposition of biopolymers, bioceramics,
or biocomposites powders which are spread in the bed with a roller following by
their fusion via the increase in temperature coming from a computer controlled
high-power carbon dioxide laser. Thus, a first thing layer (100200 nm) is formed
and the process is repeated layer-by-layer. Features of the powder such as particle
size and shape can affect the SLS process [72]. In comparison with FDM, it might
be easy to incorporate composite materials such as polymers-bioceramics as there
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is no requirement of the materials to be in filament form [73]. Other advantages are
the high precision, nonrequirement of solvent or porogens, and the manufacturing
of mimetic scaffolds with complicated geometries [74]. Therefore, SLS has found
its potential application for BTE and more concretely in bone complex structure and
intricate shapes such as maxillofacial and craniofacial [75]. Materials that do not
decompose under the laser beam [73, 74] can be used for SLS. Thereby, apart from
the metallic devices which are the most common one fabricated by SLS, it has also
been explored for BTE using biodegradable polymers such as PCL [74], PLA [76],
and polyvinyl alcohol (PVA) [77], polymer—ceramics composites such as nano-
HAp-PCL [78], aliphatic polycarbonate-HAp [79], PLA-HAp [80], PLA-carbonated
HAp microsphere [24],calcium phosphate (Ca-P)/poly(hydroxybutyrate-co-
hydroxyvalerate (PHBV) [75], polyamide-HAp [81], GO reinforced PVA [82],
PLA-(Ca-P) [83], and PLGA/HAp and Beta tricalcium phosphate (f-TCP) [84].
Nevertheless, this technique has hardly been applied for CTE but it is worth to men-
tion the modification of SLS defined as microsphere-based SLS technique [85]
where the powder used has a spherical shape in the microscale. This version has led
to the subsequent application in the manufacturing of scaffolds that mimic the com-
plex multiple tissue structure of osteochondral defects (subchondral bone, interme-
diate calcified cartilage and the superficial cartilage region) [28, 86]. Pointedly, an
approach trying to obtain HAp gradient scaffolds has been built by sintering PCL
and PCL-HAp microparticles by SLS. The potential of SLS in the regeneration of
osteochondral tissue was showed in vivo” experiments in a rabbit model by forming
new tissue with both, articular cartilage and subchondral bone regions [87].

10.2.2.4 Cellular/Acellular Bioprinting Techniques

Cellular/acellular bioprinting techniques arise from the need to overcome the actual
limitation of both main types of bioinks, natural and synthetic polymers. Hydrogel-
based bioprinting constructs are restricted in term of mechanical strength especially
when their applications rely on the treatment of load-bearing tissue such as osteo-
chondral tissue. On the other hand, synthetic polymers present limited cell affinity
due to the lack of surface cell recognition sites [88, 89]. Furthermore, a common
disadvantage for both of them is the inefficiency of in vivo hydrolytic and enzy-
matic degradation which should match the speed of tissue in-growth. For example,
PCL presents a very low degradation rate (1.5-2 years) [90] while natural polymers
such as Chitosan shown a variable enzymatic degradation depending of the host
response [91].

At this point, both the concept of substrate support and sacrificial templates are
introduced due to the important role that they play in these hybrid bioprinting strate-
gies. Sacrificial templates are usually synthetic polymers that are used during the
manufacturing process of hydrogel-based bioink to provide to each layer with the
requirement mechanical properties during the layer by layer deposition and they are
removed in a second step [1]. Alternatively, they have found a great application
when trying to obtain vascularized tissue such as BTE because the vascular chan-
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nels in the scaffolds are printing with these sacrificial materials and subsequently
removed [1, 3]. On the other hand, substrate support includes the pre-printing of
templates that are not removed after hydrogel addition. Thus, the hybrid system can
encompass the advantages of both systems, the good mechanical properties of the
thermoplastic polymers and the good cells adhesion of natural polymers [92].
Examples of hybrid techniques for the development of these systems are described
below.

MHDS is a solid free-form fabrication which allows for obtaining hybrid con-
structs with more than one bioinks. Concretely, those bioinks (thermoplastic poly-
mers, natural polymers) are loaded in different thermostatically controlled syringes
and parameters such as temperature, pneumatic pressure and motion are stabilized
independently for each syringe. Thus, alternant layers of different bioinks either
loaded or unloaded with cells, some reinforce additives and biological cues can be
co-printed [93, 94]. Several works have been developed based on MHDS for bone
and cartilage tissue regeneration based on the hybrid system PCL-alginate [92, 94,
95]. Although, initial thought about MHDS techniques point to a possible reduction
of cell viability when alternating thermoplastic polymer-natural polymer loaded
with cells layer are deposited. Recent study based on the system PCL-Alginate
loaded with primary chondrocytes isolated from chick embryos have demonstrated
the high cell vitality after deposition (higher than 80%). The melting PCL cool
down faster enough to minimize the effect on cell viability [95]. Furthermore, the
mechanical stability conferred by the thermoplastic polymer allows for the printing
of hydrogels with lower cross-linking density which could be beneficial for cell
viability [92].

Template-Fused Deposition Modelling (t-FDM) has been used to create sacrifi-
cial templates. The template is printed by FDM and a cross-linkable material is
poured onto the template where the polymerization takes places [96]. The template
whether is removed or not should have biocompatible properties. An example of
sacrificial template can be found in Guo et al. where a polyurethane construct was
obtained with well-defined topological properties (in the range of trabecular bone)
after its cross-linking polymerization on a PLA template [97]. An example where
the template is not removed is described by Dong et al. where hybrid chitosan—PCL
scaffolds have been described for their application in BTE. In vitro results of these
systems when encapsulating rabbit bone marrow mesenchymal stem cells
(BMMSCs) in the chitosan matrix have shown an improvement of osteogenesis dif-
ferentiation compared to PCL control scaffolds alone [98]. However, this hybrid
system can fail under mechanical stresses due to an inefficient thermoplastic—natu-
ral hydrogel interface adhesion. In this sense, a covalent attachment between both
materials has been proposed for the hybrid system based on GelMa and
poly(hydroxymethylglycolide-co-g-caprolactone)/poly(e-caprolactone)
(pHMGCL/PCL), showing an increase of mechanical integrity while also keeping
their ability to promote ECM formation [99]. Additional strategies to increase the
mechanical properties are described in Sect. 10.3.1.
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10.3 3D Printing Polymeric and Composited Materials
for Osteochondral Tissue Engineering

Biomaterials used for 3D printing fabrication must meet different criteria to suc-
cessful development of the scaffolds. The first requisite is having good rheological
properties, which means that bioinks must be mechanically suitable for printing
depending on the used bioprinting technique, and provide an appropriate environ-
ment to the cells after bioprinting to promote adhesion, proliferation and differentia-
tion. Secondly, it is essential that the material maintains its structural integrity, in
other words, high shape fidelity after the deposition process. This is directly related
to printability, which refers to the relationship between the substrates and the bio-
inks. The bioprinting solutions should maintain vertical tension having a high con-
tact angle with the substrate surface, and it normally depends on how fast is the
cross-linking process. Finally, the bioinks must provide a biocompatible and not
cytotoxic environment for cell encapsulation and deposition. However, many mate-
rials usually meet one or two requisites, being necessary the development of bioinks
which present all these criteria. Usually, materials that are printable and maintain
their structure after bioprinting through a rapid cross-linking, make necessary the
use of high temperature for thermal curing or UV light for photopolymerization,
which compromise the encapsulation of cells in the bioinks. In addition, the most
biocompatible materials do not exhibit good rheological properties for extrusion or
bioprinting deposition, like for example hydrogels [1, 21, 100]. Hydrogels are
highly appropriate biomaterials for 3D bioprinted scaffolds for osteochondral TE
due to its high biocompatibility, which make them suitable for cell encapsulation,
and biodegradability properties [101]. Hydrogels are networks of 3D cross-linked
polymers that able to uptake huge amount of water due to their inherent hydrophilic
properties. This capability can be modulate depending on the biological tissue of
interest. In addition, hydrogels pose injectability properties for minimally invasive
therapies of cartilaginous-like tissues [8, 11, 101, 102]. One approach to improve
mechanical properties of hydrogel bioinks is to increase the concentration of the
components, obtaining highly viscous solutions with suitable printability. However,
cell viability is usually decreased in high concentrated bioinks due to higher stress
must be applied to the solution [6, 13, 36, 103].

Among all biomaterials explored for 3D bioprinting technology, we can distin-
guish between those derived from natural polymers, such as collagen, gelatin, algi-
nate, chitosan, and hyaluronic acid (HA), or synthetic-derived polymers, such as
PCL, PLGA, PLA, PEG, and PEGDA. As it has been explained, synthetic materials
exhibit robust mechanical properties, but poor biocompatibility and toxic degrada-
tion products. For these reasons, the use of composites is more widespread.
Composites are a combination of two or more than three individual materials. They
are used for enhancing mechanical strength and fabrication of more intricately
designed constructs, as well as improving their long-term stability. Thanks to this
combination, the suitable strength and mechanical properties of the scaffold can be
suitably modulated depending on the properties of the native tissue [1, 8, 101].
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Nanoclays and PEGDA, for example, have been incorporated into some hydrogels
solutions to control their viscosity [101]. One interesting example is the work devel-
oped by Yang et al., who synthesized a biphasic graft consisting of cartilage and
subchondral bone, using synthetic (PLGA) and natural (alginate) polymers and a
multi-nozzle deposition system [14]. Over the recent years the use of decellularized
extracellular matrix ({ECM) has been investigated for osteochondral regeneration.
dECM consists of a complex of GAGs, collagen, and elastin that mimics the native
tissue environment. In addition, the ECM can lead and mediate the differentiation
of stem cells [101].

HA is a naturally derived polysaccharide that has been amply used in osteochon-
dral tissue regenerative therapies. It is an anionic, GAG distributed widely through-
out connective, epithelial, and neural tissues. As itis also one of the main components
of the ECM, contributing significantly to cell proliferation and migration. All these
properties make to HA a suitable material for 3D bioprinting application [11, 21,
38, 40, 104-106]. For example, Shaoquan et al. developed a semi-interpenetrating
polymer network (semi-IPN) based on HA and hydroxyethylmethacrylate-
derivatized dextran (dex-HEMA), which showed shear thinning rheology and
mechanical strength. The scaffolds exhibited high porous structure, supporting the
viability of encapsulated chondrocytes [107]. Ju Young and coworkers used HA
with alginate and chondrocytes in Dulbecco’s Modified Eagle Medium (DMEM)
for chondral section, while collagen-I in DMEM constituted the osteo-section.
Thus, they fabricated a two-compartment scaffold for osteochondral tissue mimetic
structures [105].

Gelatin is a naturally derived polysaccharide widely used in bioprinting tech-
niques due to its thermosensitive properties which eases the development of shaped
fidelity structures [20, 21, 38, 104]. Gelatin is the denatured form of collagen, which
resembles the ECM environments providing key biological motifs for cell adhesion
and proliferation [102]. An example within numerous studies developed with gela-
tin or its methacrylate form, is the one carried out by Levato et al., who developed
novel constructs consisting of GeIMA and gellan gum for osteogenic and chondro-
genic differentiation of MSCs [100, 108]. Gelatin has been also found to participate
in some regulation ways for chondrogenesis. For example, Chameettachal et al.
developed tyrosinase cross-linked silk—gelatin bioinks and demonstrated that these
bioinks could upregulate the expression of hypoxia markers such as hypoxia
inducible factor 1 alpha (HIF1A) which positively regulated also the expression of
chondrogenic markers such as aggrecan or cartilage oligomeric matrix protein 1
(COMP1). The gelatin, particularly, showed the induction of matrix metalloprotein-
ase 2 (MMP2) activity, which is known to promote the creation of a pericellular
zone for the accumulation of growth factors and de novo matrix [109]. Costantini
and collaborators also used GeIMA for the development of 3D bioprinted constructs
through a coaxial needle system. The bioinks, composed of GeIMA, chondroitin
sulfate amino ethyl methacrylate (CS-AEMA), and HAMA, showed the upregu-
lated expression of chondrogenic markers, like COL2A1 and aggrecan, as well as
osteogenic markers like COL1A1. Thus, the presented approach demonstrated to be
a suitable candidate for 3D bioprinted applications for cartilage TE field [40]. In
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addition, gelatin is usually combined with HA since it is known not only for pro-
moting chondrogenesis in the 3D constructs but also for improving mechanical
properties of the constructs during the bioprinting process [59, 106, 110].

Apart from bioink design, cross-linking mechanisms are another aspect to be
optimized in order to obtain more complex constructs reducing undesirable side
effects. Cross-linking procedures in bioprinting need to be secure for cell encapsu-
lation and fast, promoting a state change from liquid (viscous) to almost solid net-
work. The cross-linking can be physical, chemical, or a combination of both, but it
must maintain native cell adhesion properties of the biomaterial [8]. Chemical
cross-linking processes are the most accepted due to its effectiveness, efficiency and
controllability, being able to synthetize handle scaffolds with good mechanical
properties and stiffness. Photopolymerization is one of the most commonly approach
used for the development of 3D bioprinted scaffolds. The chemical reaction can be
triggered by the irradiation of a photoinitiator (PI) containing-hydrogel at a specific
wavelength. However, photocuring also shows some drawbacks due mainly to the
cytotoxicity and inflammation reactions that are provoked by the generation of free
radicals by UV exposure that can damage DNA and cellular components [20, 111,
112]. For this reason, activated PIs under visible or A-UV light are being exten-
sively used during the last years [20, 113]. However, many authors have demon-
strated in their studies that a proper adjustment of the UV irradiation time, intensity,
and wavelength could ensure cell viability [37, 38, 104, 106, 110, 114, 115].

10.3.1 Incorporation of Additives for Enhancing Mechanical
Properties

In order to achieve 3D bioprinted scaffolds with clinical relevant dimensions, there
are two main strategies without using a bath as supporting medium. The first one
consisted of the improvement of mechanical properties of the solution through a
rapid cross-linking process, as it has been discussed in the previous section. The
second one is the incorporation of support materials, such as PCL, which can confer
space and structural integrity to low viscous bioinks [5, 39, 116, 117]. Daly and
coworkers developed a study to compare the printability of different bioinks for 3D
bioprinting of hyaline and fibrocartilage, using the most common hydrogels: aga-
rose, GelMA, alginate and BioINK™, which consists of a poly(ethylene glycol)
methacrylate (PEGMA) based hydrogel. The tissue staining for type II collagen
revealed that alginate and agarose based bioinks supported properly the develop-
ment of hyaline-like cartilage, while GelMA and BioINK™ supported the growth
of fibrocartilage. They used PCL filaments to reinforce the mechanical properties of
the hydrogels, being able to synthesized constructs with a compressive moduli simi-
lar to articular cartilage [22].

In another interesting work, Ahlfeld et al. used Laponite, a synthetic nanosilicate
clay which is known for its drug delivery properties. They combined alginate and
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methylcellulose with Laponite to develop constructs with high printing fidelity as
well as, controlled released of active compounds [39]. Co-printing approaches with
PLGA or nanocellulose rather than PCL as supporting materials have also been
boarded [118]. Nanocellulose, for example, is able to increase the viscosity of an
alginate solution bioink up to sevenfold, improving therefore the bioprintability [5].
In a work by Markstedt and collaborators, a bioink composed of nanofibrillate cel-
lulose and alginate was developed to a patterned meniscus cartilage in a single-step
bioprinting process [119, 120]. Miiller et al. also developed a sulfate alginate-based
bioink in combination with nanocellulose to make it printable. This mix was photo-
curable, arising as a good alternative for cartilage tissue regeneration applications
[13]. In addition, to avoid the limitations of PCL as a reinforcing material, the
increasing of porosity of the reinforcing phase can be also an alternative approach
[9, 14].

10.3.2 Incorporation of Bioactive Compounds

The incorporation of active compounds such as growth factors and inorganic com-
pounds is a very common approach to enhance cell adhesion and proliferation, as
well as, differentiation to a specific tissue. Bartnikowski et al. incorporated a paste
of HAp to a GeIMA, and GelMA-HAMA bioink for the development of a zone of
calcified cartilage, as well as improvement of bioinks printability. They concluded
that the incorporation of HAMA enhanced chondrogenesis and the bioprinted scaf-
folds showed good cell culture viability for 28 days [11]. In another interesting
work, Wang et al. studied the effect of HAp in an HA-based bioink. They demon-
strated that a small amount of HAp enhanced chondrogenesis and hypertrophic dif-
ferentiation of adipose derived MSCs. In addition, they were able to develop
stratified scaffolds with mineralized and nonmineralized layers (HA-HAp based
and HA-based) [121]. In another work, Zhou and coworkers incorporated GO to
their gelatin-based 3D bioprinted scaffolds to promote chondrogenic differentia-
tion, demonstrating that multifunctional carbon-based nanomaterials can be a suit-
able additive for osteochondral TE approaches [24].

Traditionally, several growth factors including transforming growth factors
(TGFs), insulin-like growth factors (IGFs) and bone morphogenetic protein (BMPs)
have been incorporated to osteochondral TE scaffolds to promote chondrogenic or
osteogenic stem cells differentiation as it has been reviewed recently [122]. Similar
approach has been also used in AM scaffolds. Until now, TGF-f has been incorpo-
rated either directly to the cell culture media [41, 123, 124] or by physical encapsu-
lation in the hydrogel [94, 125, 126]. An example of TGF-f physical encapsulation
has been reported by Kundu et al. where an alginate-TGF-p—-BMMSCs printed
scaffold reinforced with PCL has been manufactured by MHDS. Scaffolds loaded
with TGF-p produced higher GAGs content after 4 weeks compared to the unloaded
ones [94]. However, recent studies focusing on silk—gelatin constructs incubated
with TGF-fB1 have shown hypertrophy instead of articular cartilage MSC differenti-
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ation. This evidence has led to an increasing need to find new strategies which could
avoid the hypertrophic differentiation. In this sense, the overexpression of nuclear
receptor subfamily 2 group F member 2 (NR2F2) in MSCs was promoted previ-
ous to scaffold cell implantation. This overexpression has provided the generation
of abundant cartilage matrix [127]. Another strategy focused on the 3D bioprint-
ing encapsulation of bioactive drug Y27632 [(+)-(R)-trans-4-(1-aminoethyl)-N-
(4-pyridyl)cyclohexanecarboxamide dihydrochloride] which has been shown to
reduce the hypertrophic market collagen X (Col X) in comparison with TGF-f3 when
MSCs were seeded on polyurethane (PU)-HA constructs [126]. BMPs are another
group of growth factors widely applied for promoting osteogenic differentiation.
In a recent work the surface of PLA constructs has been modified by the assem-
bly of multilayer nanocoating based on gelatin (Gel) and poly-lysine (PLL) finally
cross-linked with genipin (GnP). An increase cell adhesion of both human umbili-
cal vein endothelial cells (HUVECs) and hMSCs respect to the control (unmodi-
fied PLA construct was reported. More interesting, this approach allowed for the
smart release of growth factors such as recombinant human bone morphogenetic
protein (thBMP-2) and recombinant human vascular endothelial (rhVEGF) by pro-
moting osteogenic differentiation of hMSCs and .proliferation and differentiation
of HUVECS Thus, it has been possible the generation of vascularized bone grafts
[60]. In order to avoid undesirable growth factors degradation when adding directly
to the cell culture media, Dong et al. have developed hybrid chitosan—PCL scaf-
folds loaded with BMP-2. A sustained in vitro release of BMP-2 promoted BMMSC
osteogenic differentiation [98].

10.4 Conclusion and Future Perspectives

In general, the arrival and development of 3D bioprinting has made a huge impact
on tissue regeneration field. Its implementation in osteochondral TE field is highly
appropriate owing to the particular heterogeneity and anisotropy that the osteochon-
dral tissue exhibits. 3D bioprinting allows for fabricating very intricate heteroge-
neous 3D constructs by an accurate spatiotemporal positioning of cells and
biomolecules, controlling the structure, size, shape, pore, and orientation of each
component with micrometer precision. In addition, the porosity and gradient cre-
ated in the scaffolds by 3D bioprinting ensures a good cell-cell communication and
vascularization of the construct, which is essential for an appropriate distribution of
oxygen and nutrients, and thus for long-term stability.

However, despite all the advantages that this technology holds in the field, some
challenging aspects have to be solved before translation of the technology to the
clinic occurs. It cannot be denied that 3D bioprinting will be responsible for a new
generation of personalized therapeutic approach, but the materials and technology
should be meticulously chosen when aiming for translation to the clinic. Currently,
the most daunting challenges that restrict the clinical translation of this technology
are the capacity for large-scale fabrication, sterilization process, stringent quality
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control for 3D scaffolds for human trials, and the affordability of the medical expen-
diture. Although numerous preclinical studies are being developed, clinical trials
are very limited due to regulatory issues, differences in patient responses, as well as
implantation constraints. In addition, the necessity of skilled experts and cost effi-
cacy of the fabrication devices are still bottlenecks for the clinical translation of the
technology.

In conclusion, the emergence of printing technologies for the construction of
mimetic scaffolds for the regeneration of osteochondral tissue seems to be a signifi-
cant milestone. As all novel technologies, 3D bioprinting should face regulatory
hurdles for clinical translation that must be solved in the following years, as these
technologies provide real benefits and advantages to really complicated osteochon-
dral diseases and lesions.
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