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Abstract
The osteochondral (OC) tissue is one of the most hierarchical and complex structures known and
it is composed by two main compartments of hyaline articular cartilage and subchondral bone. It
exhibits unique cellular and molecular transitions from the cartilage to the bone layers. OC
diseases such as osteoarthritis and traumatic lesions may affect the articular cartilage, calcified
cartilage (interface region) and subchondral bone, thus posing great regenerative challenges. Tissue
engineering (TE) principles can offer novel technologies and combinatorial approaches that can
better recapitulate the biological OC challenges and complexity in terms of biochemical,
mechanical, structural and metabolic gradients, and ultimately can provide biofunctional 3D
scaffolds with high reproducibility, versatility and adaptability to each patient’s needs, as it occurs
in OC tissue defects. The recent reports and future directions dealing with gradient scaffolds for
OCTE strategies are overviewed herein. A special focus on clinical translation/regulatory approval
is given.

1. Introduction

The native osteochondral (OC) tissue is considered a complex system composed by a top articular cartilage
layer and an underlying subchondral bone layer interconnected by an interface region of calcified cartilage.
The OC tissue is distributed in a proportion of 90% of articular cartilage, 5% of calcified cartilage and 5% of
subchondral bone [1]. OC defects can arise from traumatic lesions or more commonly from natural causes.
Osteoarthritis (OA) has been recognized by the World Health Organization as a public health problem
affecting 240 million people globally, about 10% of men and 18.0% of women over 60 years. The main
symptoms include limitations in mobility and in extreme situations people loses their ability to perform the
major daily activities [2, 3]. OC defects have a limited self-healing capacity and articular cartilage is the main
responsible as it is an avascular tissue. Moreover, the zonal distribution of cells, extracellular matrix (ECM)
composition, mechanical properties and anisotropic structure of articular cartilage makes it even more
difficult heal and mimic when replicated in OC tissue engineering (TE) approaches [4]. Deeper OC defects
are characterized by affecting the calcified cartilage (interface region) and subchondral bone region. The
singularity of the interfacial tissue that exhibits intermediate biological, structural, and mechanical properties
of articular cartilage and subchondral bone, brings additional concerns to the medical community and tissue
engineers [5–7]. Clinical findings suggest that the currently available medication can only promote palliative
care to patients and do not ensure the complete healing of OC tissue defects that in most cases require
surgical replacement of the tissue. However, the currently available implants (metallic and synthetic) have
shown limited repair capacity, due to the lack of biological adaptive properties [8]. As alternative, autografts
and allografts have been used for severe degeneration, but their insufficient supply and potential risk of viral
transmission also limit their use as surgical options [9]. Thus, TE strategies show a great promise when
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envisioning to overcome the limitations associated with the current treatments applied in OC regeneration.
Different OCTE scaffolds have been proposed, including developed monolayered structured with the same
properties on both cartilage and subchondral bone phases [10], bilayered or biphasic scaffolds detaining two
different and yet connected phases [7, 11, 12], and more recently multilayered scaffolds designed with an
intermediate interface-like region that connects both the articular cartilage and underlying subchondral
bone-like layers [6]. An important concern for OC tissue engineers’ involves the design of scaffolds with
continuous gradients in terms of material composition, structure, mechanical properties, and
biochemical/biological features, as these can better recapitulate the structural and biological challenges of OC
tissue [13, 14]. The development of structural, mechanical and compositional gradients in OC scaffolds is
possible by using classic TE strategies and making use of processing techniques such as freeze-drying [15] and
salt-leaching [7, 11, 12]. These methods enable to obtain integrated gradients in terms of porosity and pore
size, where the delamination of the layers is less prone to occur giving a superior mechanical support and
stability to the tissue. Recently, advanced manufacturing and in particular, 3D printing methods have been
shown promising results in OC tissue scaffolds fabrication [16, 17]. A major advantage of these techniques is
related to the possibility of obtaining structures with well controlled pore geometries based on preconceived
computational designs. Moreover, the controlled incorporation of micro and nanoparticles [18], inorganic
compounds [7, 19], and nanofibers [20] also enables gradients formation for OC tissue mimicking. Thus,
the scaffolds possessing hierarchical structure may be designed to exhibit matching mechanical and
structural properties to OC tissue. Despite, these interesting developments, besides the need to control the
segmental vascularization of the OC tissue other research avenues involving the use of anti-oxidant and
anti-free radicals, and anti-microbial scaffolding approaches are also worthy of exploration in the future.

Regardless of the TE approach used for OC scaffolds development, the combination of biomaterials with
cells and other biomolecules (e.g. growth factors, cytokines, hormones, nucleic acids) is extremely important
for a more effective repair, replacement and regeneration of the damaged tissues [21, 22]. This strategy aims
to mimic the biochemical, biophysical and biomechanical environment achieved with the ECM formation
in vitro. The use of bioreactors as a tool to investigate cellular response but in dynamic culture conditions
provides additional and more realistic information about scaffolds performance in vivo [15]. More recently,
the use of computational modeling and reverse engineering have shown promising results in biomedical
engineering research [23]. In the specific case of OCTE, data from computational modeling and laboratory
experiments were combined to understand the biological processes involved in controlling osteochondral
differentiation for tissue formation [24]. The physical stimuli and cellular responses for bone and cartilage
formation have also been investigated [25].

Although the recent developments on OCTE have provided good outcomes for tissue regeneration
in vitro and in vivo, there are still many gaps to fill and a deeper understanding of the OC gradient scaffolds
long-term effects on tissue repair and regeneration is necessary.

In this review, the gradient characteristics of OC tissue are explored in terms of structural properties,
cellular distribution, biochemical and metabolic composition, and mechanical behavior. Advances in OCTE
strategies are considered, including recent developments in OC gradient scaffolds, processing technologies
and combinatorial approaches, cell-based strategies, and mechanical stimuli under different cell culture
conditions (e.g. bioreactors). We highlight the reports involving the application of computational modeling
in scaffolds structure design and to predict together with experimental results the OC regeneration process.
Finally, the recommendations for future directions in OC defects repair and regulatory aspects are also
overviewed.

2. Osteochondral tissue complexity

OC tissue is composed of two different tissues, the articular cartilage and the subchondral bone, that transit
from one layer to another by exhibiting gradient characteristics (figure 1).

The articular cartilage can be divided into non-calcified cartilage and calcified cartilage, separated by a
basophilic line ‘tidemark’ that provides a gradual shift between the unmineralized and mineralized layers.
The non-calcified cartilage consists of three zones: (a) the superficial zone, STZ (10%–20%): located in the
top of the articular cartilage and interfacing the synovial fluid and joint surface); (b) the middle zone, MZ
(40%–60%): located in the central region of the articular cartilage); and (c) the deep zone, DZ (30%–40%):
located in the bottom of the articular cartilage) [26]. Calcified cartilage is also known as ‘interface’ and is
located in the transition region between the cartilage and bony layers [27]. Below this region there is the
subchondral bone, composed of a dense subchondral bone plate and the underlying subchondral trabecular
bone [28]. The subchondral bone plate is located immediately below the calcified cartilage, followed by the
trabecular bone as the deepest zone of OC tissue.
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Figure 1. Schematic illustration of the zonal distribution and hierarchical properties of OC tissue. From the superficial zone
(STZ) of the articular cartilage to the subchondral bone the increasing trend of compressive strength, porosity, mitotic activity,
proteoglycans content, HAp amount, collagen type I content and glucose and oxygen are represented. On the opposite direction,
the decreasing trend of tensile properties, collagen type II content and water are also illustrated.

The natural OC gradients defined by changes in the structural properties, cellular density and
distribution, biochemical and metabolic composition, and mechanical behavior of the non-calcified
cartilage, calcified cartilage and subchondral bone, are summarized in table 1.

2.1. Structural organization
The structural features of OC tissue, such as, porosity, pore size and interconnectivity are different from the
surface of the articular cartilage to the bottom of subchondral bone, and are characterized by a specific
anisotropic zonal distribution influenced by the ECM components, collagen fibers orientation and degree of
mineralization [44]. The non-calcified articular cartilage has strong durable rubber-like nature, being
60%–85% porous and presenting reduced pore size (ranging from 2 to 6 nm). The hydraulic permeability of
the tissue is small (10−6–10−5m4N−1 s−1), and decreases from the STZ to the DZ ensuring resistance to high
mechanical forces [29]. Calcified cartilage has intermediate porosity and permeability to the non-calcified
cartilage and subchondral bone. In addition, it has large pores that allow nutrients flow, cytokines and other
signaling molecules to reach the upper non-calcified cartilage [27]. In the subchondral bone plate, a highly
organized porous matrix can be observed presenting low porosity (5%–10%) and pore diameter (10–50 µm)
[45]. Moreover, the bone plate also contains channels that link the articular cartilage to the trabecular bone
(100–190 µm in humans), in order to facilitate the integration and nutrients diffusion from bone to
cartilage. As for the subchondral trabecular bone, it presents an anisotropic architecture and poorly
organized porous matrix, with high porosity (75%–85%), pore diameter (300–600 µm), and a decreasing
volume fraction that comes from 85%–90% in the cortical bone to 5%–60% in the trabecular bone [45, 46].
The permeability of subchondral bone region is higher as compared to the articular cartilage and depends on
the osteocytes density in the different bony layers [47]. The porous structures of subchondral bone are filled
with blood vessels that provide nutrition and oxygen supply to trigger bone remodeling mechanisms [48].

2.2. Cellular distribution
Being a complex system, OC tissue organization also involves the distribution and density of different types
of cells responsible for triggering the biological processes of articular cartilage and subchondral bone.
Chondrocytes are present in the cartilage and it can represent about 2% of the components of the tissue [44].
The inability of cartilage tissue to regenerate is related to the very low mitotic activity of this cells, whose
density and distribution varies along the different articular cartilage zones [30] (figure 2).
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Figure 2. Schematic illustration of chondrocytes density and distribution along the different articular cartilage zones.

In the STZ, the highest number of cells (∼24× 103 cells mm−3) can be found exhibiting a flattened
morphology and being aligned parallel to the joint surface. Herein, cells are able of secreting a specialized
type of proteins that facilitate the lubrication of the tissue. The MD zone, contains chondrocytes with more
rounded shape and in a much lower number as compared to the STZ zone (∼10× 103 cells mm−3). The
fewest number of chondrocytes (∼8× 103 cells mm−3) that compose the DZ also exhibit round morphology
and are aligned in columns [31, 32]. The calcified cartilage zone is considered as a transition part between
the more flexible cartilage and the rigid subchondral bone, herein the limited amount of chondrocytes
present hypertrophic phenotype being 20 times larger than the normal chondrocytes [36, 37]. In the bottom
region of OC tissue, the subchondral bone composed by a dense subchondral bone plate and a subchondral
trabecular bone region contains four different cell types (osteoblasts, osteoclasts, osteocytes and
mesenchymal stem cells (MSCs)) responsible for ECM formation and bone regeneration. Osteoblasts are
proliferative cells with high mitotic activity and responsible for bone formation, but represent only 4%–6%
of the total cell number in bone tissue. The most abundant cells are the osteocytes (90%–95% of the total cell
number), originated as mature osteoblasts and regulators of osteoblasts and osteoclasts activity. In respect to
cell density, it is believed that the trabecular bone presents a superior cellular component as compared to that
for the dense subchondral bone plate [41].

2.3. Biochemical andmetabolic gradients
The two main compartments of OC tissue, i.e. hyaline articular cartilage and the subchondral bone, also
exhibits a transition of biochemical and metabolic gradients from one compartment to another. Articular
cartilage is mainly composed by proteoglycans (e.g. aggrecan, decorin and fibromodulin), collagen type II
and water, varying their distribution and concentration according to the cartilage zone [33]. Water and
electrolytes compose about 60%–80% of the total weight of the articular cartilage, decreasing from 80% to
65% from the STZ to the DZ. The remaining 20%–40%, are ECM components responsible for stabilizing the
collagen type II fiber network. Attached to the proteoglycans are found the glycosaminoglycans (e.g.
chondroitin and keratin sulfates) that have a high density of negative charges attracting osmotically active
cations and absorbing water [31, 49]. Being an avascular tissue with hypoxic bioenvironment, articular
cartilage can obtain their nutrients and oxygen from the synovial fluid that surrounds the cartilage surface
[34]. Thus, chondrocytes are supplied with low amounts of oxygen. These cells are considered as glycolytic
ensuring the constant supply of glucose for helping on proteoglycans synthesis and GAG’s regulation along
the different cartilage zones [50]. In the STZ, proteoglycans constitute 15% of articular cartilage dry weight
and the thin collagen fibers (30–35 nm in diameter) represent 86% of articular cartilage dry weight, being
densely packed and parallel to the cartilage surface. In the MD zone, proteoglycans are abundant (25% of
articular cartilage dry weight) and collagen fibers’ diameter increases as its amount decreases (67% of
articular cartilage dry weight), being obliquely orientated to the cartilage surface. The remaining thickness of
the tissue is taken up by the DZ, where proteoglycans are still present in high amounts (20% of articular
cartilage dry weight) but the amount of collagen fibers reduces in this region while the size of fibers is the
highest from all articular cartilage (40–80 nm in diameter), being perpendicularly orientated to the articular
surface and anchoring in the underlying subchondral bone [31, 32, 44]. Thus, the calcified cartilage zone
receives the collagen fibrils from the DZ through this area until reaching the subchondral bone. Collagen
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type X, as the main product of hypertrophic chondrocytes, and alkaline phosphatase are present in this
region, thus indicating similarities to the underlying subchondral bone tissue [38]. Since the blood vessels
are the oxygen and nutrients source of subchondral bone, both DZ and calcified cartilage will also be
provided by metabolites that come from this layer. The dense bone plate and trabecular bone of the
subchondral layer are composed of an organic phase, a mineral phase, and water. In the organic phase, it can
be found the bone tissue cells surrounded by an ECM of collagen type I and other non-collagenous proteins
(e.g. glycoproteins and proteoglycans). The inorganic phase is mainly formed by HAp deposited within the
organic phase to form bone tissue [41]. In general, HAp constitutes 60% of bone tissue dry weight, but in OC
tissue it is present in gradients:∼85.8% in the subchondral bone,∼65.1% in the calcified cartilage, and 0%
in the chondral layer. The remaining 10% of the tissue is filled with water, penetrating the porous structures
and interacting with the collagen fibrils and the mineral crystals [37].

2.4. Mechanical gradients
The mechanical properties of OC tissue vary from the surface of the articular cartilage to the subchondral
bone as a result of the heterogeneous composition and anisotropic structure of the tissue that distributes the
mechanical stresses along the different regions and interfaces. The compressive modulus of cartilage shows
depth-dependent variations due to changes in the cellular, biochemical and structural composition from the
STZ to the DZ zone. The proteoglycans content, collagen fibers orientation and diameter, as well as, the
viscoelastic nature of the tissue, or the cell density and distribution along the different zones are responsible
for this variation [35]. Thus, from a functional point of view articular cartilage is divided in two principal
zones. The STZ ensures the normal mechanical function of cartilage tissue and is responsible for the tensile
strength and compressive loads distribution. The MD and DZ are together responsible for supporting the
compressive loads of the tissue, which allows it to recover from the impacts felt in the STZ [51]. Thus, the
compressive modulus and compressive strength of articular cartilage increase from the top to the bottom,
with values ranging from 0.2–6.44 MPa to 0.005–4 MPa, respectively [26]. A gradient of elastic modulus
values ranging from 0.02 MPa in the STZ to 6.44 MPa in the calcified cartilage has also been measured [35].
The calcified cartilage zone is considered essential for the mechanical transition between the flexible cartilage
and the rigid subchondral bone, minimizing the stiffness gradient between the two tissues [39]. The elastic
modulus in the calcified cartilage can reach values of∼0.3 GPa due to the presence of minerals, absent in the
remaining cartilage zones [37]. Finally, the integrity of the whole articular cartilage and OC tissue is ensured
by the subchondral bone, namely by the bone tissue properties: i.e. porosity, collagen fibers orientation and
higher degree of mineralization [52]. The arrangement of the organic and inorganic components provides
bone tissue anisotropic properties, which in turn leads to different mechanical behavior. For instance, the
tensile and compressive strength of compact bone plate in longitudinal direction are∼135 MPa and
∼205 MPa, respectively. In the transverse direction these values change to∼53 MPa and∼131 MPa,
respectively. As for the compressive modulus, in the transverse direction the values reach∼10 GPa, whereas
in the longitudinal direction these are of∼18 GPa [42]. Trabecular bone shows superior mechanical
properties under compression than tension, with a compressive modulus of 1–900 MPa and a compressive
strength of 1–10 MPa [35, 43].

3. Advances in OCTE

The complexity of OC tissue related to the specific physiological, mechanical and structural properties of its
composing tissues (i.e. cartilage, interface and subchondral bone), enables to classify OC defects into five
different grades: (a) Grade 0, normal and healthy articular cartilage; (b) Grade I, swelling and softening of
articular cartilage surface; (c) Grade II, partial thickness articular cartilage defects; (d) Grade III, defects
cover the entire articular cartilage and interface; (e) Grade IV, defects reach the subchondral bone [53, 54]
(figure 3).

Thus, the design of novel strategies capable to respond to the different grades of OC defects has been one
of the main focus of researchers in TE and regenerative medicine (TERM). Current treatments of OC defects
can be divided into non-surgical and surgical according to the grade of the defect. Non-surgical treatments
include the use of medication (e.g. commercial chondroitin sulfate, hyaluronic acid, glucosamine) and
physiotherapy that can help to relive the pain and improve the function of tissues with small grade defects
(Grade II). Nevertheless, for defect regions of critical size (Grade III and IV) the non-surgical treatments fail,
giving way to surgical options that can be more effective for OC tissue repair/restore, i.e. arthroplasty,
chondroplasty, microfracture, ACI, bone marrow aspirate concentrate, implantation of natural/artificial
bone, osteochondral autografts and allografts transplantation [55]. Although these surgical options have
been widely applied in over than 2 million surgeries per year [56], long-term failure caused by slow
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Figure 3. Schematic illustration of the different types (grades) of OC defects.

remodeling, immune reactions and secondary traumatization, demand for advanced therapies capable of
better respond to patients needs and provide the complete healing and regeneration of OC defects.

3.1. Types of biomaterials
New TERM strategies are appealing to overcome the limitations of current surgical treatments of large OC
defects, as they might provide a faster regenerative process and fully integrated neo-tissue, avoiding
secondary reactions and failure of treatments. The type of TERM strategies will be dependent on the OC
defect category, stage, size and locations. Moreover, the combinatory effects of biomaterials, cells and
biological factors are the key for effective TERM approaches [54].

Biomaterials are considered the backbone of 3D engineered scaffolds, supporting tissue growth,
mechanical strength and structural stability for an accurate regenerative process. Moreover, biomaterials are
responsible for providing the biomimetic microenvironment recognized by cells to proliferate and produce
specific ECM. Biomaterial scaffolds can be derived from natural polymers, synthetic polymers, metallic
materials, bioceramics and decellularized ECM-based materials [1, 57]. Naturally derived polymers have
been extensively explored for bone [58], cartilage [59], and OC [7, 11, 12] TERM due to their
biocompatibility and biodegradability. They can be classified into polysaccharides (e.g. glycosaminoglycans,
cellulose or chitin) and proteins (e.g. collagen, gelatin and silk fibroin), constituting tissues ECM and benefit
microenvironment for cellular response. The binding motifs naturally present in biopolymers makes them
an eligible choice for TE strategies, supporting cell attachment, viability, proliferation, and differentiation, in
most cases at higher extent compared to synthetic polymers. Nevertheless, their rapid degradation, limited
processability and poor mechanical properties are considered important drawbacks that can limit the
processing of natural-based scaffolds [60]. Previous studies, showed that chemical backbone modifications of
naturally derived polymeric materials [61, 62], or their blending with synthetic polymers [63, 64], are
possible solutions for improving scaffolds performance in OCTE strategies. Furthermore, the mechanical
and morphological properties (e.g. porosity) of OC tissue constructs can also be tuned by adjusting the
crosslinking reactions of biopolymers, and selecting cell binding motifs (e.g. arginine-glycine-aspartic acid
sequence) and matrix metalloproteinases capable of maintaining the bioactivity of materials and improving
their structural performance [54]. On contrary to the limitations presented by natural-based polymers,
synthetic polymers have shown potential for OCTE applications due to their improved mechanical properties
and slow degradation rates. Moreover, they are easily chemically modified and engineered with specific
structural properties [65]. Among the possibilities, the resorbable synthetic polymers poly lactic-co-glycolic
acid (PLGA), poly(ethylene glycol), and polylactic acid (PLA) are the principal synthetic matrices used in OC
and cartilage TE strategies [66]. However, the lack of biologically active domains pursued for their blending
with naturally derived polymers [64], and functionalization with cell binding cues [67]. It is well known that
bioinert ceramics, bioactive ceramics (e.g. bioglasses) and bioresorbable ceramics (e.g. HAp and calcium
phosphates) are of particular interest for bone regeneration purposes, presenting excellent osteoconductive
properties and bioresorbability [1]. Over the past years, the blending or incorporation of bioceramics into
polymeric matrices have been proposed to complete the subchondral bone regeneration process, taking
advantage of ceramic compounds for bonding osteogenesis and the polymeric matrices to improve the elastic
modulus [68]. More recently, bioactive ions, such as, lithium, strontium, zinc and manganese, have shown to
be essential for OC tissue regeneration when doped into bioresorbable ceramics like β-tricalcium phosphate
[7, 11, 12]. Metallic implants remains the standard choice for more extreme situations, in which the entire
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articular cartilage or OC tissue needs to be replaced [69]. Usually, metallic implants used as bone substitutes
(e.g. titanium and cobalt-chromium) have a common feature of biological inertness. However, their
potential bioactivity and biodegradability has been explored in recent years. Bioresorbable ceramic particles
have been successfully proposed for coating metallic implants and improve apatite-like crystal formation for
implants fixation into the subchondral bone [70]. Finally, the dECM-based biomaterials derived from tissues
and cell-culture systems have recently gained attention for their proximity to the in vivo scenario, as they
reunite the entire components of tissues ECM to be repaired or mimicked. Thus, dECM’s are ideal for
controlling cell behavior and tissues homeostasis without inducing antagonist immune responses [71]. The
possibility of replicate tissues’ microenvironment through these matrices, inspired researchers to use dECM’s
from articular cartilage and demineralized bone matrix for OC tissue regeneration [72, 73]. Nevertheless, the
decellularization process and ECM preservation typically combine exhaustive protocols of mechanical,
physical and chemical manipulation that diminish the mechanical properties of the dECM-based scaffolds.
Thus, it has been common the development of biohybrid materials composed of dECM’s and synthetic
polymers that ensure superior mechanical performance [72]. Ultimately, each type of biomaterial has its own
advantages and disadvantages, but it is always necessary to find a balance between them in order to choose
the best biomaterial composition for a specific OCTE application.

3.2. Processing methods of scaffolds for osteochondral regeneration
Over the last decades, several TE processing methods have been proposed for 3D scaffolds development and
application in OC regeneration research. Simple strategies designed for individually regenerate bone or
cartilage tissues are based on methodologies such as electrospinning, phase separation, gas-foaming,
freeze-drying, solvent-casting and sol-gel methods [1]. Moreover, the combination of such methodologies
revealed to be effective in the creation of more complex structures that can simultaneously simulate the
hierarchical and gradient microstructure of articular cartilage and subchondral bone in OC tissue [8].
Electrospinning has proved to be an effective and versatile technology for creating ECM-mimicking scaffolds,
presenting randomly organized fiber networks that improve cell adhesion, proliferation and ECM formation.
However, the limited mechanical properties and low three-dimensionality of electrospinning structures are
relevant issues for OCTE purposes. Phase separation and solvent-casting methods have been successfully
proposed to produce 3D porous OC scaffolds with high mechanical properties, macro-/micro-porosity and
interconnectivity, mimicking subchondral bone architecture [7, 11, 12, 59]. Gas-foaming method has the
advantage of preparing scaffolds with controllable shape and density, but the formed pores are disconnected
and usually form a low porosity. Moreover, the mechanical properties obtained are not comparable to those
of phase separation and solvent-casting methods, which hinders their application for OCTE purposes. As for
freeze-drying, this method is extensively used for scaffolds preparation and storage, and recently it has been
shown that it can be successfully applied for the development of hierarchical structures that mimic OC tissue
[15]. Sol-gel method is applied for hydrogels formation involving gently reaction temperatures suitable for
cell-encapsulation strategies [74]. The reported scaffolding method is suitable for articular cartilage TE
owing to high hydration degree and low porosity that mimic tissue ECM and architecture [75]. Recently, 3D
printing technologies emerged as convenient and promising methods for developing OC scaffolds with
controlled architecture and pre-defined porosity. This method stands from the others as researchers can
through a single processing mimic the anisotropic and heterogenous properties of articular cartilage and
subchondral bone, recreating the different OC layers only by adjusting the printing parameters [76].
Moreover, 3D printed scaffolds can be designed according to specific OC defects envisioning patient-specific
approaches [77]. Scaffold-based 3D printing can be categorized into cellular and acellular approaches,
meaning 3D printing and 3D bioprinting, respectively. The 3D bioprinted scaffolds (cellularized) can be
developed by different methods such as: (a) extrusion-based printing, (b) laser-based printing, (c)
droplet-based printing and (d) stereolithography. The 3D printed scaffolds (acellular) are usually created
using fused deposition modelling, melt electrospinning writing and selective laser sintering [1]. Both
strategies have been used to prepare multilayered scaffolds with articular cartilage, interface and subchondral
bone-like layers, demonstrating adequate cell behavior from both seeded and encapsulated cells for
osteochondral regeneration [76, 78]. In vivo studies, showed that 3D printed OC scaffolds have potential for
OC defects regeneration on both articular cartilage and subchondral bone defect regions [79]. Over the last
years, biomaterials at nanoscale have been playing a central role in TE [53]. Nanoparticles can be
included/incorporated into 3D scaffold materials and used to target cells and better control drug release,
genes and growth factors delivery for OC regeneration. Thus, they are usually applied as an additional
strategy to complement biomaterials properties of mechanical and functional support. Previous studies,
proposed different natural and synthetic-based biomaterials, including collagen, silk fibroin, PLA and PLGA,
to be used as supporting matrices of nanoparticles aiming to stimulate articular cartilage repair and promote
subchondral bone formation [80–83]. Among the possibilities, lipids, dendrimers, silica and gold
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Figure 4. Nanoengineered OC gradient hydrogels. (A) Optical image of lyophilized hydrogel. (B) Micro-CT 3D analysis of
gradient hydrogel showing the nHA particles (red) alone distributed in gradient pattern. (C) Co-culture of primary rat
osteoblasts (red) and caprine chondrocytes (green) in the gradient hydrogel after 3 d of culture (scale bar: 250 µm). (D) Gross
appearance of defect site after 8 weeks of surgery in the nHA/ChS gradient hydrogels. Reprinted from [84], Copyright (2018),
with permission from Elsevier.

nanoparticles have been proposed for OCTE applications [18]. Previously, an alginate/PVA blend hydrogel
network containing chondroitin sulfate nanoparticles (ChS-NPs) in the chondral region and
nanohydroxyapatite in the subchondral zone, was proposed for OC regeneration [84]. The work showed that
co-cultured osteoclasts and chondrocytes in the nanoengineered gradient scaffolds were successfully retained
in the respective chondral and subchondral regions and presented cell–cell interactions at the interface.
Moreover, the gradient hydrogels showed complete closure of OC defects after 8 weeks of implantation using
a rabbit model (figure 4).

Nanoparticles loaded with bone morphogenetic protein-2 (BMP-2), BMP-7 and transforming growth
factor-β (TGF-β) have shown potential to improve OC regeneration, i.e. it supported articular cartilage
regeneration and subchondral bone formation [85, 86]. Due to the long-term expression efficiency, the
controlled delivery of therapeutic genes become a promising strategy in the use of nanobiomaterials for
articular cartilage [87, 88] and subchondral bone [89, 90] regeneration. As an example, bilayered scaffolds
composed of type I collagen in the articular cartilage-like layer and HAp nanocrystals in the subchondral
bone-like layer were incorporated with multi-shell nanoparticles (i.e. a calcium phosphate core and
DNA/calcium phosphate shells) conjugated with polyethyleneimine to delivery pDNA encoding BMP-2 and
TGF-β3, respectively [22]. Results showed that the sustained release of pDNA from matrices induced
prolonged effects on MSCs osteogenic and chondrogenic differentiation, which may enhance scaffolds
performance for accelerating OC regeneration in vivo.

3.3. Bioinspired strategies for osteochondral gradient scaffolds development
Gradients are an important feature of complex OC tissue and are imperative to recreate in scaffolds’ design
for the simultaneous reconstruction of chondral and subchondral defects. Previous section focused on the
different TE methods that can used for OC gradient scaffolds fabrication, i.e. electrospinning [91], phase
separation and solvent-casting [92], gas-foaming [93], and 3D printing [16]. Amongst the most important
strategies that can be followed to form those gradients comprehending the overviewed biomaterials, additive
manufacturing techniques are the most versatile. These can enable to fabricate 3D scaffolds with high control
over the internal architecture (e.g. porosity, pore size and volume fraction) and external shape of the
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scaffolds (macro-level). Among them, the aggregation of materials by sequential layering of solid
biomaterials is a strong possibility. As example, the use of adhesives (i.e. solvent glues) or bioadhesives (e.g.
fibrin-glue or alginate-boronic acid) has been proposed to bind different polymeric structures as a single OC
scaffold [94, 95]. However, the interface bounding’s are usually not stronger enough to preserve the required
integrity of the whole scaffold, resulting in delamination between layers. Thus, other works focus their
research on developing integrated bilayered and multilayered scaffolds without requiring the use
intermediate adhesives [11–13]. As an example, the addition of a liquid polymeric network to molded
scaffolds followed by crosslinking can be sequentially repeated to build layered structures. This approach has
been previously proposed by Ribeiro et al [7] to create structural and compositional gradients in silk
fibroin-based OC scaffolds. Researchers from the University College of London proposed a novel OC scaffold
based on titanium, PLA, and a collagen-PLGA, showing that the dense junction layer of PLA used as calcified
cartilage-like layer provided stability and a structural gradient (i.e. in terms of mechanical properties and
composition) to the multilayered scaffolds [3]. In a different approach, Canadas and coworkers reported a
freeze-drying technology using multi-steps of lyophilization and temperature gradients to create 3D OC
tissue models with gradient porosity and distribution of HAp microparticles [15]. Nevertheless, an inert
limitation dictates the application of these methods, i.e. the small size of the created interface layers that
makes them transition layers rather than gradient layers. Thus, other methods have been proposed to achieve
greater structural complexity of OC scaffolds, including 3D printing. Making use of 3D printing, the
articular cartilage, interface and subchondral layers can be structurally well-distinguished and mechanical
gradients can be assembled by simply adjusting printing parameters and inks composition [17]. Different
studies, reported the ability to create structural and compositional gradients through 3D printing
technologies and spatially modulate stem cells differentiation down chondrogenic and osteogenic lineage
[19, 96–98]. These examples focus on cell seeding strategies, but as alternative 3D bioprinting can be used
based on cell-laden bioinks [99]. That strategy has the advantage of directly create cellular gradients into the
scaffolds with spatial control that automatically generate multiple gradients within whole matrices. Hu et al
[99], prepared bioinks using different proportions of chitosan, gelatin and hyaluronic acid, inoculating bone
MSCs. Results showed that cells distribution influenced the mechanical gradients on the matrices which in
turns affect cell differentiation pattern for tissue repair.

Another approach, includes the incorporation of growth factors as gradient making systems into single
polymeric structures. Wang et al [100] used microspheres for the incorporation of insulin-like growth
factor-1 (IGF-1) and BMP-2 into single alginate and silk fibroin hydrogel scaffolds. The results showed that
scaffolds exhibited deep and linear concentration gradients induced by the factors affecting human MSCs
chondrogenic and osteogenic differentiation.

The aforementioned examples remote to the direct deposition of materials, particles, cells or biologically
active factors for creating gradient scaffolds for OC applications. Nevertheless, alternative approaches might
be used in which a starting homogeneous system is physically influenced (i.e. applied forces) to redistribute
components and form gradients [101]. Another example, the buoyancy method or spontaneous de-mixing
process was proposed for OC scaffolds fabrication in which the density differences between mixed fluids lead
to the formation of materials with tunable structural, mechanical and compositional gradients [102]. The
biochemical gradients included into cell-laden gelatin methacryloyl hydrogels, locally stimulated osteogenic
differentiation and matrix mineralization during OC tissue formation (figure 5).

Other approaches may include the use of electric or magnetic fields to direct TE components distribution
for gradients formation [103]. Xu et al [104] proposed to use an electric field to guide β-sheet silk fibroin
nanofibers migration and tune the hydrogelation rate of different hydrogel systems. With this, mechanical
and compositional gradients were formed capable of control osteogenesis and chondrogenesis in ectopic OC
tissue regeneration.

The discussed methods involve gradients formation during scaffolds processing. Nevertheless, these are
not exclusive and post modifications of pre-formed scaffolds have been explored for biochemical gradients
inclusion into OC scaffolds. Dorcemus et al [105] showed that the gradual diffusion/adsorption of BMP-2
solution component could be used to form biochemical gradients on PLGA/hyaluronic acid scaffolds. The
proposed OC structures showed spatial distribution of the growth factor throughout the scaffold along with
spatial osteogenic differentiation of human MSCs and osteogenesis by marked increase of mineralized
matrix.

3.4. Cellular-derived strategies and culturing conditions, and 3D in vitromodels
Autologous chondrocytes implantation (ACI) has been clinically applied for decades. The ACI technique
allows achieving satisfactory long-term results (84%–90%) in patients with different types of single femoral
condyle lesions, whereas patients with other types of lesions have a lower degree of success (mean of 74%)
[106].
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Figure 5. Buoyancy method used for developing OC gradient scaffolds. (A) Schematic showing the steps of gradient formation:
(i) a base layer (yellow) is added to a mold, (ii) the injection phase (purple) is introduced during a single injection at a controlled
rate, (iii) the system is allowed to equilibrate and form a material gradient, and (iv) the gradient is preserved by gelling or
polymerizing the material. (B) Biochemical gradients formation through buoyancy method in human MSCs-laden gelatin
methacryloyl hydrogels. (C) OC tissue formation stained with: (i) Alizarin Red S for observing mineralized matrix, and (ii) Alcian
Blue to visualize sulfated glycosaminoglycans distribution (scale bar: 1 mm). Reproduced from [102]. CC BY 4.0. © 2019 The
Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Other cellular derived approaches involving the use of MSCs and platelet-rich plasma (PRP) in the
treatment of OC defects have been applied mostly to small size cartilage defects and management of
symptoms in patients with OA. Despite its use in the clinics is still being controversial, the therapeutic use of
MSCs and PRP, alone or in combination, is traditionally related to both their anti-inflammatory activity and
differentiation potential. In 2020, a clinical trial has demonstrated that the intra-articular injection of bone
marrow-derived, culture-expanded MSCs with or without the addition of PRP is effective in improving
function and decreasing symptoms at 12 month follow-up [107].

The advantage of considering MSC-based therapies has been attributed to paracrine secretion. In
particular, the use of exosomes, i.e. the cell-secreted bi-lipid membrane and nano-sized extracellular vesicles
of about 50–100 nm in size, have been attracting a great deal of interest. It has been reported by Zhang et al
[108] that the intra-articular injection of human embryonic MSC-derived exosomes have a beneficial effect
in cartilage repair. That pre-clinical study approach in a rat model has demonstrated that the use of exosomes
is an appealing alternative to cell-based MSC therapy.

Cell culture conditions are important key factors for the development of effective treatment solutions for
OC regeneration. Traditional static cultures can provide an initial screening of cell behavior within proposed
scaffolds matrices. However, in OCTE strategies culture medium conditions need to be adjusted according to
the tissue layer, i.e. by means of using different medium and growth factors for bone and cartilage, and
maintained over the culture time-period in order to ensure reproducibility, standardization, and ECM
proteins formation during tissue regeneration [109]. Depending on the OC tissue layer different growth
factors are responsible for maintaining both bone and cartilage activity. In case of articular cartilage tissue
formation, the growth factors responsible for chondrogenic differentiation include transforming growth
factor (TGF-β), dexamethasone and ascorbic acid [59]. These can be applied in micromass culture models,
pellet cultures alone or included in hydrogel matrices, or in cell seeded porous scaffolds [59, 110, 111]. As for
subchondral bone formation, dexamethasone, β-glycerophosphate and ascorbic acids additives comprise the
osteoinductive medium, which in turn enhance the function of specific growth factors of bone, including
platelet-derived growth factor, fibroblast growth factor, IGF, and TGF-β [112]. Cells seeded in highly porous
and interconnected structures may receive these growth factors to activate signaling pathways that guide cells
to differentiate and produce ECM proteins necessary for bone regeneration [58]. These strategies may be
interesting to evaluate the individual behavior of cells in the separate layers of OC-based scaffolds. However,
the application of chondrogenic and osteogenic growth factors in a combined culture medium can induce
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heterogeneous cell behaviors since the requirements for bone and cartilage are different [112]. Although the
static loading of cells into the scaffolds making use of micropipetting technique is the most common for cell
seeding in static conditions, this methods usually offers a very low seeding efficiency a non-uniform cell
distribution within the structures. To overcome such limitations, bioreactors and microfluidic devices have
been designed to provide a dynamic stimulus element for cells seeding and OC tissue in vitro culture [113].
These might be used as an alternative or combined with the previously listed growth factors for the signaling
part of the TE approach. Usually, their design is based on the type of strategy, OC defect and scaffolds used.
OC defects can reach many millimeters, which makes it difficult to mimic using low size scaffolds cultured
under static conditions. For instance, the mineralized bone matrix can reach∼240 µm in depth, and in most
cases, osteoblasts cultured in subchondral bone grafts cannot reach this depth. Thus, the use of bioreactors
will provide an adequate microenvironment to mimic the entire structure of OC tissue and defects. The
designed bioreactors of OC grafts have been evolving, as well as, its complexity to recreate the OC tissue
and/or defects. The first generation bioreactors for OCTE are the spinner-flasks which consist of a container
and stirring element for the continuous stirring of the cell suspension [113]. They allow for the culture
medium to reach the entire cell volume placed in contact with large size scaffolds. However, a high amount of
medium is necessary due to the shear forces of the stirring bar. As an example, scaffolds of high porosity and
pore size have shown an uniform cell distribution when dynamically cultured in spinner-flask bioreactors
[114]. The rotating bioreactors are specially interesting as the whole container rotates instead of only the
culture medium by stirring [113]. Using that devices allows to perform chondrogenic and osteogenic
dynamic cultures with adjustable shear forces to influence cell behavior over time. For instance,
chondrocytes seeded in a rotation bioreactor with low rotation speed showed an efficient cell adhesion, and
formed large aggregates over time with the increase of rotation speed [115]. Chitosan/gelatin hybrid
hydrogels encapsulated with human adipose derived-stem cells (hASCs) and cultured under dynamic
condition in a rotation bioreactor, showed extensive expression of ECM, uniform cell distribution an full
infiltration of cells and ECM inside the porous scaffolds [116]. A different class of compression bioreactor’s
systems was designed with the purpose of exert controllable mechanical stimuli under physiological
conditions reproducing specific tissue properties. For OCTE strategies, the main applications of these
systems are in the articular cartilage region, as it is the first contact of mechanical stresses suffered in the
joints [117]. Different types of compression bioreactors have been proposed, including cyclic compression
bioreactors [118], rolling compression bioreactors [119, 120], and perfused compression bioreactors [121].
Hydrodynamic shear, mechanical compression, tension and friction, or hydrostatic pressure are some of the
mechanical forces promoted by these class of bioreactors simulating articular cartilage stimuli [122]. Another
step within the development of bioreactors was the introduction of continuous perfusion flow in the
dynamic system. The perfusion flow bioreactors provide several improvements such as stable nutrient
supply, immediate waste metabolites and control of oxygen tension distribution. Importantly, the vasculature
network is prone to be simulated by the shear stresses that affect cell morphology and gene expression [113].
Within these dynamic systems, the cyclic mechanical stresses modulate growth factors secretion and simulate
the chondrogenesis and osteogenesis promoted by cells. Moreover, cell diffusion and spreading throughout
the entire scaffolds volume is enhanced together with improved seeding efficiency. Different flow perfusion
bioreactors have been proposed for OC purposes [123–125], and the possibility of simultaneously and
independently culturing chondrocyte and osteoblasts as representatives of the articular cartilage and
subchondral bone regions, is the hallmark of these systems. As example, Canadas et al [15] fabricated 3D
porous structures of linear (anisotropic) and random (isotropic) porosity and containing a gradient of HAp
in order to simulate OC tissue formation. A dual chamber bioreactor was used to promote a gradient of
growth factors from the top to the underlying layers of the scaffolds, together with the co-differentiation of
fat pad ASCs in the respective layers of the hierarchical scaffolds (figure 6).

Results showed osteogenic and chondrogenic markers expression with spatial control, as well as, a
pre-vasculature observed in the bone-like layer induce by the perfusion flow of pro-angiogenic medium in
this region. The interface region of OC tissue was also represented by the distinct patters of osteogenic and
chondrogenic markers expressed in the intermediate region of scaffolds. In a different study [126], the
co-culture of osteoblasts and chondrocyte-like cells performed in bilayered scaffolds and using a
dual-chamber bioreactor revealed OC tissue growth induced by the different culture media perfusing the
chambers. The proposed system provided the desired microenvironment to simultaneously grow an articular
cartilage and a subchondral bone region simulating OC tissue and defects.

Microfluidic devices allow to spatially control at micrometer scale and with high resolutions and
sensitivity the dynamic fluids that contacts with cells, molecules and matrices, allowing their exploitation to
engineer complex tissues as 3D in vitromodels. In the particular case of OC tissue, the outperformance of
microfluidic models is due to the possibility of forming structural, biochemical, and even mechanical
gradients as the most relevant properties of the tissue [127]. The 3D OC implants can be integrated with
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Figure 6. Schematic representation of the 3D porous structures of linear and random porosity. (A) Flow perfusion bioreactor
device used to co-culture fat pad hASCs in the 3D anisotropic and isotropic gradient constructs combining the HAp gradient with
growth factor cues from culture media. (B) ASCs seeded in: (i) anisotropic, and (ii) isotropic structures and the resulting
constructs cultured for 21 d. [15] John Wiley & Sons. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

microfluidic devices to mimic the native tissue and providing spatial and temporal control in a much smaller
scale as compared to the bioreactors. As example, a cell-polymer solution of MSCs and agarose was cast
against a serpentine micro-mold network to produce a biphasic OC construct of two independent
microfluidic networks [128]. Constructs were fluidically connected by two controlled flow-loop but enabled
the creation of independent cell differentiation parameters for chondrogenic and osteogenic induction. It
was possible to observed different gene expression patters and protein levels (e.g. collagen I, II, X) on the
networks presenting different thicknesses. Nevertheless, the combination of bioreactors and microfluidic
devices has shown to be promising for OC tissue modeling applications, highlighting the most interesting
features of both systems. Lin et al [129], proposed a flow perfusion multi-chamber bioreactor connected to a
microfluidic base that supplied the OC constructs with both chondrogenic and osteogenic environments.
That system is composed by a removable insert placed inside a chamber of a microfluidic plate. When the
OC construct was placed inside the insert, two chambers were achieved and supplied by the corresponding
chondrogenic and osteogenic media. That system allowed to investigate the OC tissue properties in a
representative manner and with faster outcomes revealing distinct properties characteristic of the two tissues,
as well as, the networks between them creating a system adapted for the maturation of the interface region
and with spatially controlled gradients. Following such strategy, it can be stated that the concept of
organ-on-a-chip microfluidics evolved to the bioreactors reality [113].

4. Open issues and challenges

4.1. Modelling
Computational modeling has revolutionized the TE field, with the possibility of anticipating through
numerical exploitation the biological, structural and mechanical behavior of cells/tissues driven by external
stimuli or scaffolds. Before this paradigm, experimental studies were only based on previous knowledge and
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literature that not always provided the most accurate information. OCTE is one of the biomedical fields that
has evolved with these mathematical simulators [23]. As example, Zhu et al [116], used a computational fluid
dynamics (CFD) method to simulate the mass transfer of glucose and TGF-β2 in 3D cell-laden hydrogels
using a rotating wall vessel bioreactor. The hASCs encapsulated within 3D chitosan/gelatin hydrogel
constructs showed equivalent mass transfer of glucose and TGF-β2 to that observed from the mathematical
simulation, and with an efficiency superior to that observed on cultures in static conditions. In a different
study, Xue et al [126] proposed an OC culture system based on additive manufactured bilayered scaffolds and
a dual-chamber perfusion bioreactor used for co-culturing ATDC5 and MC3T3-E1 cells in dynamic
conditions. In parallel, authors developed finite element models (FEM) of the same manufactured scaffolds
based on micro-computed tomography images and computer-aided design, showing significant differences
in the internal microenvironment the two FEM with effects experienced by cells, i.e. medium flow velocity
and mixing in the bioreactor and fluid-induced shear stresses. With such system, the authors were able to
show that it is possible to create a desired microenvironment for OCTE and modeling according to
patient-specific needs and requirements. Computer modeling was recently applied for numerical simulation
of flow patterns inside microfluidic devices designed for chondrogenic applications [130]. The microfluidic
system was focused on the synthesis of alginate nanogels loaded with TGF-β3 in order to achieve an optimal
release profile of the growth factor during chondrogenic differentiation of MSCs. To better understand the
3D behavior of the medium flow inside the microchannels a CFD model was applied. By means of adjusting
the flow rate ration according to the CFD simulation, it was possible to control the physical properties of the
microfluidic synthetized nanogels affecting the release of TGF-β3. As a result, a superior chondrogenic
differentiation of MSCs was observed thus revealing the promising outcomes of this system for OCTE
applications.

In brief, modelling studies can greatly impact the future of OCTE field and help researchers to better
manufacture scaffolds (e.g. architecture) with superior cell-modulating functions (e.g. differentiation). It
also can provide in depth knowledge on the desired microenvironment and potentially be used as an
inexpensive tool for OCTE.

4.2. Clinical translation/regulatory approval
Several OC tissue engineered products were introduced in the market after revealing promising clinical
outcomes, including the TruFit® (Smith ans Nephew, USA), the Maioregen® (Finceramic, Italy), or the
Agili-C™ (CartiHeal). All of these devices are reported in the literature as being off-the-shelf OC scaffolds
composed of bilayered or trilayered polymeric phases and presenting good clinical evaluation for chondral
lesions applications. However, inconsistencies were also detected showing no improvements in in vivo
biological activity in response to some of the products that are still under evaluation [131, 132]. Other
examples of commercial products used for the repair of OC defects include the OsseoFit® plug (Cartilage
Repair Device; Kensey Nash Corp.), ChondroMimetic™ (TiGenix NV), BST-Cargel® (Piramal Life Sciences),
Bioseed®-C (Biotissue Technologies GmbH), Collagraft® (Nuecoll Inc), HYAFF® 11 (Anika Therapeutics),
and Gel-One® (Zimmer) [133–138]. Nevertheless, there is much to research and new materials with
refined features are constantly being evaluated for clinical translation. The regulatory approval of these
products involves a series of steps that may vary according to the type of product, potential risks, and
regulatory powers attributed to the agency. Thus, there is a long way until new medical devices,
technologies or therapies to be approved by the regulatory agencies and finally available for clinical
applications.

The Food and Drug Administration (FDA) agency regulates almost every steps of new drugs
development, that goes from drugs testing, manufacturing, labeling, marketing, efficiency, and safety.
Nevertheless, that agency applies different regulation steps for cosmetic products, focus on the labeling and
safety aspects. Therefore, depending on the products classification different regulation steps may be
conducted. Regarding the approval of novel bioactive scaffold materials for TERM, the first aspect to bear in
mind is the patentability of the developed product. Then, the regulation steps always start by evaluating
products’ degradation profile and safety in pre-clinical and clinical studies, which covers almost 30% of the
planned costs [139]. For that, it is necessary to ensure that the company responsible for materials production
has enough financial support to follow the regulation for good manufacturing practice (GMP) and produce
reproducible and medical grade products. Finally, a market study to evaluate the potential of the products,
possible competitors and target audience is also necessary [140, 141].

The ongoing and completed clinical trials (with and without reported results) in the United States of
America (USA) and Europe involving TE strategies and devices for OC defects repair and regeneration are
listed in table 2.
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5. Conclusions

The high level of interfacial OC tissue organization and complexity is now more well-known, as well as, the
recognition that the heterogeneous behavior of the tissue is related to gradient properties including
structural, mechanical, biochemical, and metabolic. These features are highly dependent, meaning that
changes in one of the properties may affect other aspects of tissue performance. Fortunately, the field of
OCTE is fast-evolving and researchers have been paying attention to the natural gradients that compose OC
tissue. This review aims to address the existing gradients in OC tissue and the recent developments in
generated scaffolds and approaches capable to respond to these properties. The applied areas of biomaterials
development and processing, additive manufacturing and custom-tailored bioreactors are explored. The use
of biologicals has also shown a great promise in developing gradient scaffolds for OC regeneration. Despite it
is now becoming possible to develop personalized approaches, i.e. respecting the patient anatomy, some
challenges still need to be addressed in order to better mimic the native organization of the OC complex
tissue and improve the overall biofunctionality of the newly formed tissue. Thus, further multidisciplinary
research efforts need to be performed and the development times should be shortened. In a near future, we
certainly will assist to an increasing of research efforts involving computational modelling and in vitro
models as technological platforms for the ex vivo testing of drugs and medical devices applied in the
treatment of OC lesions. These show great promise in helping translate faster the novel OC
repair/regenerative solutions to the clinics.
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[11] Ribeiro V P, Pina S C A, Gheduzzi S, Araújo A C, Reis R L and Oliveira J M 2020 Hierarchical HRP-crosslinked silk
fibroin/ZnSr-TCP scaffolds for osteochondral tissue regeneration: Assessment of the mechanical and antibacterial properties
Frontiers Mate. 7 49

[12] Ribeiro V P, Pina S C A, Canadas R F, Morais A, Vilela C, Vieira S C A, Cengiz I F, Reis R L and Oliveira J M 2019 In vivo
performance of hierarchical HRP-crosslinked silk fibroin/β-TCP scaffolds for osteochondral tissue regeneration Regenerative
Med. Frontiers 1 e190007

17

https://orcid.org/0000-0001-7052-8837
https://orcid.org/0000-0001-7052-8837
https://orcid.org/0000-0002-3679-0759
https://orcid.org/0000-0002-3679-0759
https://orcid.org/0000-0002-4295-6129
https://orcid.org/0000-0002-4295-6129
https://doi.org/10.1016/j.jot.2018.11.006
https://doi.org/10.1016/j.jot.2018.11.006
https://doi.org/10.1016/j.joca.2018.11.001
https://doi.org/10.1016/j.joca.2018.11.001
https://doi.org/10.3877/cma. j.issn.2096-112X.2020.01.002
https://doi.org/10.3877/cma. j.issn.2096-112X.2020.01.002
https://doi.org/10.1007/s00402-018-3057-z
https://doi.org/10.1007/s00402-018-3057-z
https://doi.org/10.1007/978-3-319-89542-0_4
https://doi.org/10.1021/acsami.8b03445
https://doi.org/10.1021/acsami.8b03445
https://doi.org/10.1021/acsami.8b21259
https://doi.org/10.1021/acsami.8b21259
https://doi.org/10.1002/jbm.a.35356
https://doi.org/10.1002/jbm.a.35356
https://doi.org/10.1002/jbm.a.33249
https://doi.org/10.1002/jbm.a.33249
https://doi.org/10.3389/fmats.2020.00049
https://doi.org/10.3389/fmats.2020.00049
https://doi.org/10.20900/rmf20190007
https://doi.org/10.20900/rmf20190007


Prog. Biomed. Eng. 3 (2021) 033001 J M Oliveira et al

[13] Kang H, Zeng Y and Varghese S 2018 Functionally graded multilayer scaffolds for in vivo osteochondral tissue engineering Acta
Biomater. 78 365–77

[14] Xiao H et al 2019 Osteochondral repair using scaffolds with gradient pore sizes constructed with silk fibroin, chitosan, and
nano-hydroxyapatite Int. J. Nanomed. 14 2011

[15] Canadas R F, Ren T, Marques A P, Oliveira J M, Reis R L and Demirci U 2018 Biochemical gradients to generate 3D
heterotypic-like tissues with isotropic and anisotropic architectures Adv. Funct. Mater. 28 1804148

[16] Gao F et al 2018 Direct 3D printing of high strength biohybrid gradient hydrogel scaffolds for efficient repair of osteochondral
defect Adv. Funct. Mater. 28 1706644

[17] Bittner S M, Smith B T, Diaz-Gomez L, Hudgins C D, Melchiorri A J, Scott D W, Fisher J P and Mikos A G 2019 Fabrication and
mechanical characterization of 3D printed vertical uniform and gradient scaffolds for bone and osteochondral tissue engineering
Acta Biomater. 90 37–48

[18] Oliveira I, Vieira S, Oliveira J M and Reis R L 2018 Nanoparticles-based systems for osteochondral tissue engineering
Osteochondral Tissue Engineering (Berlin: Springer) pp 209–17

[19] Trachtenberg J E, Placone J K, Smith B T, Fisher J P and Mikos A G 2017 Extrusion-based 3D printing of poly (propylene
fumarate) scaffolds with hydroxyapatite gradients J. Biomater. Sci. Polym. Ed. 28 532–54

[20] De Santis R, D’Amora U, Russo T, Ronca A, Gloria A and Ambrosio L 2015 3D fibre deposition and stereolithography techniques
for the design of multifunctional nanocomposite magnetic scaffolds J. Mater. Sci. Mater. Med. 26 250

[21] Qin Y, Li G, Wang C, Zhang D, Zhang L, Fang H, Yan S, Zhang K and Yin J 2020 Biomimetic bilayer scaffold as an incubator to
induce sequential chondrogenesis and osteogenesis of adipose derived stem cells for construction of osteochondral tissue ACS
Biomater. Sci. Eng. 6 3070–80

[22] Lee Y H, Wu H C, Yeh C W, Kuan C H, Liao H T, Hsu H C, Tsai J C, Sun J S and Wang T W 2017 Enzyme-crosslinked
gene-activated matrix for the induction of mesenchymal stem cells in osteochondral tissue regeneration Acta Biomater. 63 210–26

[23] Calignano F, Galati M, Iuliano L and Minetola P 2019 Design of additively manufactured structures for biomedical applications: a
review of the additive manufacturing processes applied to the biomedical sector J. Healthc. Eng. 2019

[24] Lesage R, Kerkhofs J and Geris L 2018 Computational modeling and reverse engineering to reveal dominant regulatory
interactions controlling osteochondral differentiation: potential for regenerative medicine Front. Bioeng. Biotechnol. 6 165

[25] Pearce D, Fischer S, Huda F and Vahdati A 2020 Applications of computer modeling and simulation in cartilage tissue
engineering Tissue Eng. Regen. Med. 17 1–13

[26] Zhang B, Huang J and Narayan R J 2020 Gradient scaffolds for osteochondral tissue engineering and regeneration J. Mater. Chem.
B 8 8149–70

[27] Silva M O, Gregory J L, Ansari N and Stok K S 2020 Molecular signaling interactions and transport at the osteochondral interface:
a review Front. Cell Dev. Biol. 8 750

[28] Stewart H L and Kawcak C E 2018 The importance of subchondral bone in the pathophysiology of osteoarthritis Front. Vet. Sci.
5 178

[29] Maleki M, Hashlamoun K, Herzog W and Federico S 2020 Effect of structural distortions on articular cartilage permeability
under large deformations Biomech. Model. Mechanobiol. 19 317–34

[30] Urbanek O, Kołbuk D and Wróbel M 2019 Articular cartilage: new directions and barriers of scaffolds development–review Int. J.
Polym. Mater. Polym. Biomater. 68 396–410

[31] Ng H Y, Lee K X A and Shen Y F 2017 Articular cartilage: structure, composition, injuries and repair JSM Bone Joint Dis. 1 1010
[32] Sutherland A J, Converse G L, Hopkins R A and Detamore M S 2015 The bioactivity of cartilage extracellular matrix in articular

cartilage regeneration Adv. Healthcare Mater. 4 29–39
[33] Yin H et al 2018 Functional tissue-engineered microtissue derived from cartilage extracellular matrix for articular cartilage

regeneration Acta Biomater. 77 127–41
[34] Mennan C, Garcia J, McCarthy H, Owen S, Perry J, Wright K, Banerjee R, Richardson J B and Roberts S 2019 Human articular

chondrocytes retain their phenotype in sustained hypoxia while normoxia promotes their immunomodulatory potential
Cartilage 10 467–79

[35] Antons J et al 2018 Zone-dependent mechanical properties of human articular cartilage obtained by indentation measurements J.
Mater. Sci. Mater. Med. 29 57
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