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Abstract
Biofabrication allows the formation of 3D scaffolds through a precise spatial control. This is of foremost importance when
aiming to mimic heterogeneous and anisotropic architecture, such as that of the osteochondral tissue. Osteochondral defects
are a supreme challenge for tissue engineering due to the compositional and structural complexity of stratified architecture
and contrasting biomechanical properties of the cartilage-bone interface. This review highlights the advancements and
retreats witnessed by using developed bioinks for tissue regeneration, taking osteochondral tissue as a challenging example.
Methods, materials and requirements for bioprinting were discussed, highlighting the pre and post-processing factors that
researchers should consider towards the development of a clinical treatment.

Graphical Abstract

1 Introduction

Osteochondral defects that are most common in the knee
[1], may also affect other joints and usually occur in chil-
dren and young adults [2]. It may be associated with trauma
or with other causes of avascular necrosis of bone [3],
however, in the majority of cases, no clearly identifiable
cause can be found [2]. These defects, affecting both
articular cartilage and the underlying subchondral bone are

likely to induce osteoarthritic degenerative changes over
time. Aiming to restore biological and mechanical functions
to the affected joint, treatment options such as microfracture
and autologous osteochondral grafts are utilised [4–7].
However, such procedures have limitations, such as com-
promised cartilage tissue formation, donor site injury, dif-
ficulty in achieving the same shape of the injured site [8].
Engineering the optimum osteochondral construct has pro-
ven to be somewhat challenging in the past due to poor
tissue formation and problematic integration at the cartilage-
bone interface [9].

The osteochondral tissue is a difficult tissue to regenerate
naturally owing to its nanostructure of complex stratified
architecture and contrasting biomechanical properties
[10–12]. In this region, there are four distinct cartilage
zones: superficial, middle, deep and calcified. Each zone is
defined by a particular composition and organization of
cells and extracellular matrix (ECM) molecules, with dif-
ferent proportions of ECM components significantly
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influencing the mechanical properties of each zone [13, 14].
For example, the compressive modulus of superficial,
middle and deep zones is 0.079, 2.1 and 320MPa, respec-
tively, indicating the remarkable differences in stiffness of
this tissue (the cartilage zones will be discussed in more
details in a following section) [15, 16]. In comparison,
subchondral bone is a complex tissue consisting of water,
collagen type I and hydroxyapatite crystals, with the two
latter components providing the tissue’s stiffness and
compressive strength respectively [13, 17]. The compres-
sive modulus of subchondral bone is 5.7 GPa, which is
higher than that of cartilage, while the tensile modulus is ~2
GPa [16, 18, 19].

The different compositions and mechanical properties of
bone and cartilage indicate the complexity of this tissue
interface, making it challenging for the design and fabri-
cation of tissue engineering scaffolds [20]. The current
tactics have focused on repairing focal cartilage damage,
failing in the process to address the entire osteoarthritic
joint. The majority of the solutions involve scaffolds that
are mechanically inadequate to support the compressive and
shear stresses generated in the affected joint. The osteo-
chondral tissue is considered anisotropic in nature, owing to
its complicated architecture and properties, therefore any
new approach to a new scaffold design should consider this
complexity.

To better understand the designing requirements of a
scaffold, one must first closely examine the native tissue
where the scaffold will be placed. In this case, a compre-
hensive understanding of the structure and function of the
osteochondral tissue will ensure the success of the structure.
Hyaline articular cartilage sole function is to provide a

gliding low-friction surface, shock absorption and protect-
ing the underlying subchondral bone from pressure, thus
complementing its mechanical strength [11, 21–23]. The
compressive properties of the cartilage are based on its
proteoglycans. The predominant proteoglycan present in
cartilage is the large chondroitin sulphate proteoglycan
‘aggrecan’. Following its secretion, aggrecan self-assembles
into a supramolecular structure with as many as 50 mono-
mers bound to a filament of hyaluronan. Aggrecan serves a
direct, primary role providing the osmotic resistance
necessary for cartilage to resist compressive loads [24].

2 The properties of the articular cartilage

As mentioned earlier, the compositional and morphological
variations in the depth of the cartilage matrix is divided into
four distinct zones (Fig. 1) superficial, middle, deep and
calcified [11].

(1) Superficial zone consists of the thinnest densely
packed collagen fibres oriented parallel to the
articulating surface covering the joint, thus protecting
the joint by providing shear resistance and tensile
strength. It also monitors fluid permeability and
contains cells that secrete lubricants. It takes up to
20% of the total cartilage thickness.

(2) Middle or transitional zone: is the thickest layer of
cartilage, covering 40%-60% of the articular cartilage
volume. The collagen fibers in this zone are thick, less
organized, and are typically in an oblique to random
orientation to the surface. It contains highest proteo-
glycan content.

(3) Deep zone: the collagen fibrils are perpendicularly
oriented in this zone and delineates at the tidemark
thereby differentiating the deep zone from the
calcified zone. This arrangement of collagen improves
the integration of soft and hard tissues at the cartilage-
bone interface. This zone has the highest concentra-
tion of proteoglycan and the lowest concentration of
water. The collagen fibers traverse the tidemark thus
represents a relative change from the deep zone to the
zone of calcified cartilage. It covers up to 30% of the
total volume of the articular cartilage.

(4) Calcified zone: is made of collagen X for mineraliza-
tion and structural integrity. It provides a buffer with
intermediate mechanical properties between those of
the uncalcified cartilage and the underlying subchon-
dral bone [25, 26].

The deeper zones (middle, deep and calcified zones)
have relatively less cell density but thicker collagen bundles
(perpendicular to the articulating surface), in comparison to

Fig. 1 Morphology of the articular cartilage. Reproduced from [98],
with permission from MDPI
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the superficial zone. They also provide the articulating
cartilage with the strength required to resist daily com-
pressive forces. Collectively, these zones contribute to the
optimal functioning of the articular cartilage. The main-
tenance of levels and distribution of proteoglycan and col-
lagen fibres is crucially significant in maintaining the
compressive and tensile strengths respectively of the
articular cartilage. Biomechanically, the compressive mod-
ulus increases from the superficial, zone (0.079 MPa) to the
deep zone at 2.10MPa [13, 14]. On the other hand, the
tensile modulus varies in the inverse direction from 25MPa
in the superficial zone to 15MPa in the deep zone [27, 28].

However, due to the avascular nature of the articular
cartilage and the fact that it has a low number of chon-
drocytes, it has limited regenerative properties [29], which
consequently means that most articular cartilage injuries
will eventually lead to a more serious condition of
osteoarthritis.

In comparison, the subchondral bone's structure is
completely different from the cartilage in that it is highly
vascularised, thus allowing for its own nourishment as well
as the nourishment of the overlaying cartilage [21]. It is
composed of concentric lamellar layers around osteons and
flat layers representing new bone formation [30]. The per-
ipheral bone is largely avascular, while the endosteal bone
is directly adjacent to the calcified cartilage [31]. The sub-
chondral bone serves as an anchorage for the adjacent
collagen fibrils and plays an important role in the main-
tenance of the joint.

3 Biofabrication and tissue engineering

Biofabrication is the term used to describe the automated
generation of structurally organised and functional
biological constructs by combining together living cells,
bioactive molecules, biomaterials, cell aggregates such as
micro-tissue or hybrid cell-material constructs by means of
bioprinting or bioassembly, followed by tissue maturation
processes [32–34].

The recent advancements in 3D biofabrication, has per-
mitted the design and fabrication of patient-specific scaffolds
that possess structural and functional features comparable to
the native tissue. It allows for design and fabrication using
tissue images captured with commonly used medical ima-
ging techniques such as computer tomography (CT) and
magnetic resonance imaging (MRI) that are readily available
in hospitals, something that conventional fabrication tech-
niques lack. The mechanical properties of the developed
scaffolds should be directly related to their micro-
architectural topology. As such, the permeability of a porous
scaffold could be manipulated to mimic the native tissue and
to facilitate cell and nutrient movement and allow for a better

host-tissue integration as in osteointegration [35]. Addi-
tionally, such structures provide the appropriate micro-
environment for cell mechanisms as well as cell-scaffold
interaction. Therefore, pore size, porosity, substrate stiffness
and orientation are of great importance for the success of the
scaffold. Malda et al. compared an organised fibrous scaf-
fold to a random 3D sponge scaffold in cartilage tissue
engineering. Their findings demonstrated that chondrogen-
esis had in fact improved in vivo in the fibrous scaffold due
to it being less convoluted in its architecture, thus
encouraging diffusion throughout the scaffold [36]. Hedayati
et al. [37] investigated the effects of topological design and
material type on the mechanical properties of additive
manufacturing porous biomaterials. They concluded that a
topological design could cause up to 10-fold difference in
the mechanical properties of the porous biomaterials while
changing the material type had only resulted in up to 2-fold
difference. This highlights the importance of scaffold
topology on the desired mechanical properties.

As previously mentioned, biofabrication aims to generate
constructs through bioassembly or bioprinting. The process
of bioassembly refers to the fabrication of hierarchical
constructs with prescribed organization by automated
assembly [34]. Typically, cell-containing fabrication units
are generated via cell-driven self-organization or through
preparation of hybrid cell-material building blocks, which
can be achieved by enabling technologies, like micro-
fabricated moulds or microfluidics [38, 39].

Due to specific challenges imposed by using bioinks (e.g.
adequate degradation rate, toxicity of degradation products,
immunogenicity) there have been researches focused on
engineering tissues composed of only cells and the secreted
matrix. This bioassembly strategy aims to fabricate micro-
tissues with regular size and shape, which can then be
assembled in 3D porous scaffolds [40], enabling the opti-
mization and delivery of individual modules to deliver the
necessary tissue-specific organization of cells (Fig. 2).

In contrast, the principle of 3D bioprinting is the layer-
by-layer spatial designing and assembling of living cells
together with biological cues and biomaterials with a spe-
cified organization, forming a 3D living cellular scaffold
[33, 41, 42]. It is a highly complicated set-up as the living
cells must be delivered in each layer of the scaffold without
compromising their viability. It has been demonstrated that
using bioprinting methods such as extrusion, inkjet or laser-
based printing is not harmful to the viability or the long-
term performance of the printed cells [43–45].

Under the extrusion-based 3D printing umbrella are
processes such as fused deposition modelling (FDM) and
direct ink writing (DIW) that are among the most widely
popular methods for 3D scaffold fabrication in the tissue
engineering field (Table 1). The principle of extrusion-
based printing is that the ink is forced through a nozzle as a
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viscous liquid to form individual lines that solidify upon
contact with a substrate (Fig. 3). The technique was intro-
duced in the early 2000s and is the common and affordable
bioprinting technique. Accordingly, hydrogels are the most
popular ink source in extrusion bioprinting, since they
support a load of viable cells, growth factors and/ or genetic
material while being extruded from a syringe nozzle.

3.1 Natural and synthetic-based bioinks

Bioinks are materials, usually a hydrogel, that mimic an
extracellular matrix environment to support the adhesion,
proliferation, and differentiation of living cells. Hydrogels
are crosslinked 3D polymer networks that are capable of
absorbing and retaining large quantities of water. They are
divided into two categories: natural (Table 2) and synthetic
hydrogels (Table 3).

Natural hydrogels are considered ideal candidate for
tissue engineering scaffolds owing to their soft, tissue-like

properties, which permits cell growth and diffusion of
nutrients and waste products. Their advantages over other
synthetic scaffolds include the easy control of structural
parameters, high water content, biocompatibility and bio-
degradability, which is considered vital for in vivo appli-
cations. Cells can be encapsulated in 3D when the hydrogel
undergoes gelation [46, 47]. A disadvantage of hydrogels, is
however, their weak mechanical properties and their

Fig. 2 Comparison between
bottom-up modular assembly
approaches and traditional top-
down approaches to engineering
of complex 3D tissues.
Reproduced from [99] with
permission from PLOS

Table 1 Comparison of the three additive manufacturing approaches
for tissue engineering (adapted from [49])

Jet-based Extrusion-
based

Laser-induced
forward transfer

Resolution + +/− ++

Fabrication speed +/− ++ –

Hydrogel
viscosity

– + +/−

Gelation speed ++ +/− ++

Cell density – + +/−

Fig. 3 Extrusion-based bioprinting setup
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inability to maintain their designed shape (rapid degrada-
tion) [48], which consequently limit their application in load
bearing tissues. Thus, to endure the suitability of a hydrogel
for 3D printing, the rheological properties and crosslinking

method (physical or chemical) of the hydrogel must be
considered first [49].

3.2 Decellularized matrix components

These are bioinks that are based on decellularized extra-
cellular matrix (dECM). The ECM has variable protein
compositions, depending on the function it supports. The
harvested ECM can be decellularized by extensive washing
procedure then used as a bioink [50]. The dECM can be
further solubilized into the desired concentration, resulting
in a gel-like material suitable for bioprinting. Additionally,
the dECM provides a suitable micro-environment for cell
proliferation and differentiation as well as a porous structure
to maintain bioactive additives into the printed scaffold.

3.3 Microcarriers

These are structural components that provide a support
system for cell growth and expansion to form multi-cellular
aggregates when used in bioprinting. They can be made of
synthetic (such as dextran, plastic or glass) or natural (such
as cellulose, gelatin or collagen) materials with specified
properties [51].

4 Scaffold requirements

Several factors must be considered when choosing a
material and designing a scaffold for tissue regeneration in
general and in particular for osteochondral tissue

Table 2 Naturally derived hydrogels

Protein-
based

Polysaccharide-based Hybrid natural hydrogels

Collagen Hyaluronic acid (HA) Protein/Polysaccharide

Elastin Agarose Collagen/HA

Fibrin Alginate Lamin/cellulose

Gelatin Chitosan Fibrin/alginate

silk Gelatin/agarose, chitosan,
alginate, dextran

Matrigel TM

General advantages

Inherent biocompatibility

Biochemical resemblance to the ECM

Major components of the ECM, provide inherent receptors for cell
attachment

Enzymatic degradation, thus permits scaffold remodelling by cells

General disadvantages

Poor mechanical properties, making them unsuitable for load-bearing
applications

Immunogenicity

Purification

Limited availability

Batch-to-batch variability

Shear thinning

Table 3 Synthetically derived
hydrogels

Polymer type Advantages Disadvantages

Methacrylated gelatin
GelMA

High mechanical strength low cell proliferation rate

Low swelling ratio Poor bioprinting resolution

Permits mixing with other hydrogels Poor printing fidelity

to increase cell survival

Poly(ethylene glycol) PEG Tailored mechanical properties Low viscosity in the pure form

Hydrophilic » easy diffusion of
nutrients and exchange of gases

Lack of cell binding domains

Biocompatible

Non-immunogenic

PEG derivatives » incorporated into
other bioinks

as crosslinkers to enhance mechanical
properties

and printability

Pluronic acid e.g. Pluronic®
F-127

High resolution of the printed
construct

Only printable at high concentrations
of more than 25% w/v

Forms a gel at room temperature Weak mechanical integrity» must be
photo-crosslinked

Poor cell support and viability
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regeneration considering the complexity of the osteochon-
dral tissue, Fig. 4.

In general terms, biocompatility is defined as the ability
of a biomaterial to perform its desired function with
respect to a medical therapy, without eliciting any unde-
sirable or systemic effects in the recipient or beneficiary of
that therapy, but generating the most appropriate bene-
ficial cellular or tissue response in that specific situation,
and optimizing the clinically relevant performance of the
therapy [52, 53]. In tissue engineering terms, scaffold
biocompatibility refers to its ability to support the
appropriate cellular activities such as the facilitation of
molecular and mechanical signalling systems [54]. The
choice of scaffold material plays an important part in
influencing the host response at the implant site [53] as
biomimicry can be achieved by the incorporation of
bioactive features to create an environment that promotes
specific cellular response similar to that of the native
tissue [55]. In fact, cell behaviour can be influenced
simply by incorporating biological stimuli, mechanical
forces, and physicochemical material properties [56–58].
For example, hydrogels are able to mimic the native tissue
environment as they possess some ECM-like features,
allowing them to encapsulate cells in a highly hydrated
3D mechanically stable environment. Moreover, their
biocompatibility is influenced by their inherent hydration
levels as they possess highly structured polymeric struc-
ture, demonstrating up to 40-fold change in volume as
they swell or shrink in the presence or absence of water
respectively. Additionally, hydrogels can be modified to
respond to various physical and biological stimuli [59]
such as temperature, light, pH, ions and biochemical
signals [60, 61]. They are currently the most widely used
scaffold materials in 3D printing due to their easily

controlled functionality, without complex synthesis steps
to replicate the native biological tissue´s physiochemical
properties [60, 62]. Nevertheless, they must meet other
certain requirements, in addition to their cell culture
suitability, to be considered for bioprinting, such non-
immunogenic and have nontoxic byproducts upon
degradation. It is also vital that this cytocompatibility is
carried on throughout the process of bioprinting, through
to in vitro maturation and finally in vivo implantation.

In the case of the osteochondral tissue, and due to its
complex structure, a multiple biomimicry approach would
be employed in order to reproduce the bone and cartilage
phases within a single scaffold such as the use of a biphasic
or triphasic scaffold designs. In doing so, subchondral,
intermediate and cartilage zonal architecture and function
would be taking into consideration, Table 4.

Printability is another vital parameter to be considered
when choosing a bioink. It is the ability of the material,
once printed layer-by-layer, to form and maintain its
structure fidelity and integrity as initially designed. Print-
ability is still an unexplored field that very much requires
extensive research. Recently, Ribeiro et al. [63] assessed the
shape fidelity of bioinks in an attempt to predict filament
collapse directly from the shear stress in a theoretical model.
In their study they proposed two quantitative tests based on
filament deformation after printing; (i) filament collapse: to
assess the deflection and collapse of a suspended filament,
(ii) filament fusion which assesses the printed filament´s
resolution in the x-y plane.

Therefore, based on the above mentioned, two factors are
pivotal in determining the fidelity of the printed bioinks:

(i) Pre-processing factors include the rheological proper-
ties of the bioink. These rheological factors include:
viscosity, shear thinning, and yield stress,

(ii) Post-processing: this is mainly to do with the
crosslinking mechanisms.

4.1 Pre-processing: rheological properties

In materials science terms, rheology is the study of flow and
deformation of materials under applied external stresses/
forces. Rheological parameters that play an important role
in biofabrication in general and printing fidelity in particular
are the viscosity, shear thinning and yield stress. Viscosity
is the resistance of a fluid to flow upon application of
external force/stress. Hydrogels, as mentioned before, are
derived from natural or synthetic polymers and the viscosity
of a polymer fluid is dependent on its concentration,
molecular weight and temperature. So, in this respect,
higher polymer concentration and molecular weight are
naturally associated with higher viscosity.

Osteochondral
scaffold

Degradable

Biocompatible

Biomimetic

Mechanically 
stable

Clinically 
transferable

Printable

Architecturally 
viable

Fig. 4 Scaffold requirements for osteochondral tissue
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Possessing sufficient viscosity can help bioinks to avoid
surface-tension droplet formation and drive it towards
continuous strand formation, thus improved shape fidelity
and printability. This improvement in printability is due to
the fact that the dispensed continuous strands can maintain
their cylindrical shape and by doing so they avoid merging
with adjacent strands. This is why thermoplastic polymer
scaffolds enjoy higher printing accuracy than their hydrogel
counterparts. However, in biofabrication, this is a deciding
factor for cell-laden scaffolds. A bioink of high viscosity
(high polymer concentration) represents a restrictive envir-
onment for the cell proliferation, migration and subsequent
tissue growth [64], in that the shear stresses associated with
high viscosity of the bioink are harmful for the suspended
cells [65]. The solution could be the use of low con-
centrations of high molecular-weight polymers, i.e.

naturally derived hydrogels. Additionally, higher polymer
concentrations are usually an indication of superior
mechanical properties. Higher polymer densities are more
suitable for microextrusion printing since they are more
viscous and possess a higher yield stress. It should be noted
that higher viscosity inks and higher extrusion forces,
coupled with smaller diameter nozzles leads to increased
shear forces experienced by the cells during the extrusion
process and results in cell death [48, 66]. Shear stresses
greater than 60 kPa have been shown to kill greater than
35% of cells during microextrusion [67].

Shear thinning is a term used to describe the non-
Newtonian behaviour in polymer fluids, in which the visc-
osity decreases with increasing shear rate. With increased
stress, there is a reorganization of the polymer chains in
which they display a more stretched arrangement. Such

Table 4 Osteochondral defect scaffolds that reached clinical trial phase (non-3D printed)
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stretching results in less entanglement and consequently a
decreased viscosity. For hydrogels, sodium alginate is a
good example of a shear thinning behaviour.

In addition to shear thinning, the yield stress also plays
an important role in achieving good printability. The yield
stress, is the stress needed to be overcome, thus allowing the
fluid to flow. It is associated with the deformation of the
material. The interactions between the polymer chains
generally result in the formation of weak physical crosslinks
which are broken by shear forces above the yield stress,
however, once these forces are removed, the network
reforms again. In the case of high viscosity 3D scaffolds,
having a yield stress value can potentially help in prevent-
ing flow and collapse, thus improving printability. Addi-
tionally, the yield stress helps to prevent cells settling in the
hydrogel precursor reservoir. Ribeiro et al. [63] demon-
strated recently in a theoretical model the importance of the
yield stress in determining the printability of a bioink.

4.2 Post-processing: crosslinking mechanisms

An important parameter for the fidelity of the printed
scaffold is the swelling behaviour of the hydrogel. Swelling
is a physio-chemical behaviour mainly controlled by the
crosslinking mechanism and the charge density. It is con-
sidered vital in determining the final shape and size of the
printed scaffold [44]. Bencherif [68] showed that densely
cross-linked hydrogels, with a high level of methacrylation,
are more mechanically robust while maintaining their
cytocompability and cell adhesion properties.

Physical crosslinking is driven by mechanisms such as
ionic, hydrophobic and hydrogen bonding interactions,
stereo-complexation and self-assembly of polymers into
micellar structures [69]. The ionic type of crosslinking
involves the association of polymer chains by non-covalent
interactions. A crosslinked hydrogel network is formed
when molecules containing opposite charges are blended
[70]. Some hydrogels make use of hydrophobic or hydrogen

bonding interactions to crosslink. These kinds of interac-
tions are usually temperature dependant and tend to alter the
rheology of the hydrogel. On the other hand, chemical
crosslinking of hydrogels involves a covalent bonding
between polymer chains and mechanisms such as con-
densation reactions, Schiff base formation [71] and photo-
crosslinking [72]. However, it must be noted that there have
been some reports of cytotoxicity in chemically crosslinked
hydrogels [73].

All the earlier mentioned factors will eventually affect
the ‘first layer printability’. To ensure that a printed 3D
scaffold maintains its vertical shape, the first printed layer
must sustain a large contact angle with the substrate to
avoid the destruction of the printed bioink. The first printed
layer provides anchorage for the scaffold and ensures its
subsequent stability during the entire printing process. A
common problem is the use of a glass or plastic slide as a
receiving surface for the scaffold, which provides poor
contact angle with the printed bioink. To avoid this pro-
blem, Campos et al. [74] printed their bioink scaffold in a
perfluorotributylamine (C12F27N) hydrophobic high den-
sity fluid. Nikkhuh et al. [75] coated the printing surface
with a thin layer of 3-(trimethoxysilyl) propyl methacrylate
to enhance their hydrophobicity and improve printability,
while You et al. [76] used polyethylenimine to pre-treat the
culture plates, thus ensuring an electrostatic interaction
between the printed scaffold and the receiving surface.

5 3D-Bioprinting and osteochondral
scaffolds

Osteochondral tissue has a complex graded structure where
the biology, physiology and mechanics of the region vary
drastically along the depth of the tissue making it a very
difficult region to treat. Typical osteochondral defects
penetrate the entire thickness of the articular cartilage and
into the subchondral bone [77] (Fig. 5). Conventional

Fig. 5 Osteochondral defects extending deep into the subchondral bone. Reproduced from [77], with permission from Mary Ann Liebert, Inc
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scaffold fabrication routes such as solvent casting
and particle leaching, electrospinning and freeze drying
[10, 78, 79] offer limited control over scaffold geometry,
pore size and distribution, interconnectivity and internal
channel construction and as such there is a decrease in
nutrient transport, cell migration and viability particularly in
the centre of the scaffold [30]. For example, current
osteochondral grafts suffer from poor tissue formation and
compromised integration at the interface between the car-
tilage and the underlying bone layer [9, 80] and between the
osteochondral graft and the host tissue [81]. Earlier attempts
in osteochondral scaffold fabrication resulted in constructs
that were mechanically weak at the interface of cartilage-
subchondral bone as they were fabricated in 2 or sometimes
3 parts and glued or sutured together [82, 83].

Biofabrication can offer a huge benefit for the con-
struction of 3D osteochondral scaffolds as it allows for
precise mimicking of the native tissue's heterogeneous and
anisotropic architecture. This is achieved through a precise
special control of bioactive compounds and biomaterials to
mimic the biological and mechanical gradient observed in
the osteochondral tissue and consequently satisfying the
mechanical and compositional requirements of the cartilage
and bone tissues. To this end, extensive research has been
carried out to develop biphasic or triphasic scaffolds in an
effort to mimic the natural gradient of the osteochondral
tissue. Holmes et al. [79] developed a PLA biphasic scaf-
fold (with an internal structural feature crossing the length
of the scaffold) with collagen surface modification to further
enhance the cytocompatibility properties. Their results
demonstrated excellent mechanical properties similar or
exceeding cartilage (0.75–1MPa) and subchondral bone
(30–50MPa) in human osteochondral tissue [19, 84]. They
also showed that MSC proliferation was greatly enhanced
due to the incorporation of the collagen I surface treatment,
along with the biomimetically designed micro-features.

Fedorovich et al. [85] used bioplotting to replicate
osteochondral tissue by printing two types of osteogenic
progenitor cells and chondrocytes into an intricate alginate
hydrogel scaffold. Their results, both in vivo and in vitro,
revealed distinctive ECM regions formation in different
parts of the scaffold. Aiming to improve the mechanical
properties of their alginate scaffold, the authors resorted to
printing the osteoblast-chondrocyte laden hydrogel in con-
junction with a much stronger, mechanically stable poly
caprolactone (PCL) as a bone forming scaffold. Their
results showed good cellular proliferation after 7 days.
Holmes et al designed and 3D printed a series of innovative
poly-lactic acid filament with bi-phasic geometry to pro-
mote specific stem cell differentiation and improve the
mechanical strength and interfacial integration at the
osteochondral region of articulate joints. Their bi-phasic
scaffolds had enhanced mechanical characteristics in

compression (a maximum Young’s modulus of 31MPa)
and shear (a maximum fracture strength of 5768 N/mm2)
when compared with homogenous designs [79].

Nowicki et al. [86] used fused deposition modelling
(FDM) 3D bioprinter to produce a complex osteochondral
scaffold with a gradient pore distribution and tuneable nHA
to improve osteogenic and chondrogenic cell growth. Their
results demonstrated improved mechanical and biological
performance in an anisotropic pore distribution scaffolds
when compared to the homogeneous and non-porous scaf-
folds [79].

As stated earlier, hydrogels are a favourite choice in 3D
bioprinting and although there is a plethora of hydrogels
scaffolds for cartilage repair, such as for example 3D
printed sodium alginate hydrogel porous construct [87]
high-density collagen hydrogel scaffold [88], structurally
and functionally optimized silk fibroin/gelatin scaffold [89]
these hydrogels, however, seriously lack sufficient
mechanical properties and long term mechanical stability
in vivo due to the uncontrollable swelling in physiologically
aqueous settings. As a result, these hydrogels are unsuitable
candidates for load-bearing scaffolds in osteochondral tis-
sue regeneration [90, 91].

Hong and co-workers developed a 3D-printable tough
poly(ethylene glycol) (PEG)/sodium alginate hydrogel that
displayed a higher fracture toughness (1500 J m−2) than that
of articular cartilage [92]. More recently, Zhu et al. devel-
oped high strength hydrogels as 3D printed bioinks [93] and
Yang et al. developed a 3D printed sodium 2-acrylamido-2-
methylpropanesulfonate/acrylamide double network hydro-
gel which exhibited a maximum compression strength of
93.5 MPa [94]. However, these high strength hydrogels and
their printability were only made possible through the heavy
addition of tackifiers to alter their viscosity. Moreover, UV
light irradiation for post-crosslinking with the addition of a
photoinitiator was also required in these hydrogels. The
addition of the tackifier and initiator may have an adverse
effect on the biofunction of the scaffold and/ or impose a
potential risk to the patients. Hence, designing and prepar-
ing a high strength hydrogel with direct printability and thus
printing scaffolds with non-swelling/non-shrinking proper-
ties is highly desired. To achieve this, Gao et al. [95]
designed a 3D printed biohybrid hydrogel, which demon-
strated excellent tensile strength (up to 0.41MPa), high
compressive strength (up to 8.4MPa) controllable 3D
architecture, owing to shear thinning property which allows
continuous extrusion through a needle and also immediate
gelation of fluid upon deposition on the cooled substrate. In
vitro tests showed that by incorporating a transforming
growth factor beta 1 (TGF-β1) and β-tricalciumphosphate
(β-TCP) on distinct layers within the scaffold to mimic the
natural gradient of the osteochondral tissue, has facilitated
the attachment, spreading, and chondrogenic and osteogenic
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differentiation of human bone marrow stem cells
(hBMSCs). Additionally, in vivo experiments in a rat model
showed that their 3D-printed biohybrid gradient hydrogel
scaffolds significantly and simultaneously increased the
regeneration of the cartilage and subchondral bone within
the osteochondral defect.

Du et al. [96] produced a multilayer gradient osteo-
chondral scaffold by selective laser sintering (SLS) method
that consisted of poly(ε-caprolactone) (PCL) and the
hydroxyapatite (HA)/PCL microspheres. The osteochondral
zone of the scaffold was made with PCL/HA composite
with high HA concentration, whereas the intermediate zone
contained a much lower HA concentration and finally the
cartilage zone had zero HA concentration. The scaffolds
exhibited excellent biocompatibility to support cell adhe-
sion and proliferation in vitro. They also validated their
scaffolds in vivo in osteochondral defect using a rabbit
model where the acellular scaffolds demonstrated the ability
to induce articular cartilage formation by accelerating the
early subchondral bone regeneration.

Most recently, Chen et al. [97] investigated the use of
high purity bioactive Lithium calcium silicate (L2C4S4)
scaffolds fabricated by 3D-printing to simultaneously
regenerate cartilage and subchondral bone, Fig. 6. They
successfully prepared highly uniform scaffolds with excel-
lent mechanical strength. Moreover, the in vitro studies
demonstrated that at a certain concentration range, the ionic
products from their scaffolds significantly stimulated the
proliferation and maturation of chondrocytes in addition to

promoting the osteogenic differentiation of rBMSCs. In
vivo, they demonstrated that their scaffolds simultaneously
promoted the regeneration of both cartilage and subchondral
bone as compared to pure β-TCP scaffolds in rabbit
osteochondral defects.

At the present time, there are only three gradient scaf-
folds that are at the clinical trial phase, however, none of
them is produced by biofabrication. See Table 4 for scaffold
specifications and manufacturer details.

6 Conclusions

In this review we discussed the advantages of biofabrication
in general and using bioprinting in particular as a tool to
precisely mimic the heterogeneous and anisotropic nature of
the osteochondral tissue and to closely control the pattern-
ing of cells and biological materials which facilitates the
production of zonal variations observed in this complex
tissue. Some of the used approaches of recent research
works have been discussed and it can be concluded that the
highly complex native architecture of the osteochondral
tissue requires further scaffold development to match its
complexity. Future studies should put a significant con-
sideration on the pre-processing aspects, namely the rheo-
logical properties, and post-processing factors. A deeper
understanding of the mechanical and biological features will
surely contribute to important steps toward the translation
from labs to clinical settings.

Fig. 6 3D printing of a lithium-
calcium-silicate crystal
bioscaffold with dual
bioactivities for osteochondral
interface reconstruction.
Reproduced from [97] with
permission from ScienceDirect
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