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Abstract: Due to the extremely high incidence of lesions and diseases in aging population, it is critical
to put all efforts into developing a successful implant for osteochondral tissue regeneration. Many of
the patients undergoing surgery present osteochondral fissure extending until the subchondral bone
(corresponding to a IV grade according to the conventional radiographic classification by Berndt
and Harty). Therefore, strategies for functional tissue regeneration should also aim at healing the
subchondral bone and joint interface, besides hyaline cartilage. With the ambition of contributing to
solving this problem, several research groups have been working intensively on the development of
tailored implants that could promote that complex osteochondral regeneration. These implants may
be manufactured through a wide variety of processes and use a wide variety of (bio)materials. This
review aimed to examine the state of the art regarding the challenges, advantages, and drawbacks
of the current strategies for osteochondral regeneration. One of the most promising approaches
relies on the principles of additive manufacturing, where technologies are used that allow for the
production of complex 3D structures with a high level of control, intended and predefined geometry,
size, and interconnected pores, in a reproducible way. However, not all materials are suitable for
these processes, and their features should be examined, targeting a successful regeneration.

Keywords: hyaline cartilage; subchondral bone; tissue engineering; regenerative medicine; biomate-
rials; additive manufacturing

1. Introduction

In the last years, the world has been witnessing the progressive increase in the preva-
lence of debilitating disorders affecting osteochondral tissues, leading to the functional
impairment of synovial joints and severe pain [1]. In particular, osteoarthritis (OA) repre-
sents a significant health burden in developed and developing countries, mostly due to
aging and to the increase of risk factors, including obesity and sedentary lifestyle, along
with intervening joint injuries [2,3]. OA is a chronic and etiologically heterogeneous joint
disorder, which represents the most prevalent musculoskeletal disorder worldwide. In OA,
the progressive degeneration of the hyaline cartilage that lines the surfaces of bones artic-
ulating through synovial (i.e., moving) joints causes direct bone-to-bone attrition during
movements throughout the body [4,5].

The joint degenerative process in OA is characterized by an activation of maladaptive
repair responses including pro-inflammatory pathways of innate immunity, commonly
initiated by micro-and macro-injuries that induce cell stress and extracellular matrix (ECM)
degradation [6]. This disease is on the World Health Organization’s top list of concerns,
as the breakdown of articular cartilage is a major health matter to which there are few
effective solutions, at least with guaranteed success [7]. Direct trauma, chronic degener-
ation (i.e., mechanical overload), or an abnormality of the underlying subchondral bone
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are the main detailed factors to produce articular cartilage lesions [8,9]. OA is typically
associated with risk factors that reflect lifestyle attitudes, such as aging, obesity, nutritional
deficiencies, and physical (in)activity, along with joint-related co-morbidities, including
intervening traumas and/or ischemic injuries, malalignment, and abnormal mechanical
load [2], interacting in a complex pathophysiology, and causing over 250 million individuals
to be affected worldwide. This prevalence justifies the need to improve and boost research
efforts that contribute to the development of novel treatments, leveraging integrated and
multidisciplinary approaches.

Overall, the osteochondral tissue is an integrated load-bearing structure that represents
a significant challenge in regenerative medicine, owing to its nanostructural complexity,
stratified architecture, and crucial biomechanical properties [10-12]. Hence, engineering
the optimum osteochondral construct has been somewhat hampered due to poor tissue
formation and problematic integration at the cartilage-bone interface [13].

This review aimed to provide an up-to-date overview of the challenges posed by osteo-
chondral regeneration and an updated categorization of the tissue engineering strategies
described in the extant scientific literature.

2. Overview of the Joint Surface Structure

The anatomical and histological architecture of bone and (hyaline) cartilage, and the
resulting bone-cartilage boundary in long bones, underlies the complexity of this tissue
microenvironment and its developmental paths.

2.1. Cartilage Structure and Functional Properties

Cartilage is found in the human body in three different tissue subtypes: hyaline
cartilage, fibrous cartilage, and elastic cartilage. The hyaline cartilage (also known as
articular cartilage) is a flexible connective tissue that aligns the surface of the bones in
the synovial joints throughout the body, allowing a movement with almost zero friction
on its surface. It has extraordinary mechanical properties (elastic modulus of ~123 MPa;
mechanical tensile strength of 17 MPa; compressive modulus between 0.53-1.82 MPa;
compressive stress between 14-59 MPa) [14-16] and lasting durability, despite having
a thickness of only a few millimeters.

The cartilage tissue is poorly cellularized, comprising only one cell type (chondro-
cytes), which makes up around 2% of the entire volume. In hyaline cartilage, the chon-
drocytes are clustered in “cell-nests” or “isogenous groups”, submerged in an abundant
ECM enriched in water (see Figure 1) [17-20]. The hyaline cartilage ECM is stratified into
four distinct (architecturally and biochemically) zones, namely, the surface zone, the mid
zone, the deep zone, and the calcified zone, all contributing to the viscoelastic properties
(see Figure 1) [21]. This unique structure and composition provide joints with a surface
that combines low friction with high lubrication, shock absorption, and wear resistance
while bearing large repetitive loads throughout a person’s lifetime [4,22,23]. The ECM is
mostly composed of collagens (mostly type II) and negatively charged proteoglycans, plus
“adhesive” glycoproteins and elastin fibers in minor proportions [5,22]. Collagens make
up 60% of the dry weight of the cartilage, forming fibrils crosslinked in fibers, interwoven
with proteoglycans. The proteoglycans featured in the articular cartilage include aggrecans
as the most abundant, and, due to their high affinity with water, they confer resistance to
compressional forces by a swelling pressure across the articular joint. This biochemical
composition combines tensile strength, provided by collagen fibers, with deformability;,
provided by aggrecan that binds with water. Hence, cartilage may act as a sponge, releasing
water when bearing a mechanical load and resorbing it when the load is reduced. Despite
the low metabolic activity, the relatively poor self-healing properties of chondrocytes, and
the absent vascularization of the tissue, articular cartilage is considered a dynamic and
responsive tissue, in which the contribution of cell-produced ECM components has a
noteworthy role [9,23-26].
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Figure 1. Structural view of the osteochondral boundary. The figure of the left represents a schematic view of the knee
joint through a coronal section; the magnification on the right shows an ideal bone-cartilage interface at the femur condyle.
Bone tissue is vascularized and houses a wide variety of cells, including perivascular mesenchymal stromal cells (MSCs)
that provide mesodermal osteoprogenitors. Osteoblasts are involved in bone matrix deposition and new bone formation;
once the process is complete, they rest entrapped within the mineralized matrix and undergo terminal differentiation into
osteocytes. Multinucleated osteoclasts, deriving from the blood monocyte lineage, are involved in matrix remodeling, and
hence macrophages remove organic matrix debris. The hyaline cartilage features exclusively differentiated chondrocytes,
clustered in isogenous groups within ECM lacunae. The cartilage ECM is stratified into layers according to the different
orientations of the collagen fibers: in the superficial zone, the fibers run parallel to the articular surface; in the transition
zone, the fibers are randomly oriented; in the deep zone, the fibers are perpendicular to the articular surface. The cartilage
layer is tightly attached to the bone through its calcified zone. The figure is based on illustrations available at, and modified
from, “SMART, Servier Medical Art” (https://smart.servier.com/ (accessed on 4 February 2021)).

The cartilage tissue is devoid of any vascular support (either blood or lymphatic)
and of innervation, which explains the very low endogenous regenerative capacity [27].
Chondrocytes are indeed extremely specialized cells that have the unique property of
surviving in the low oxygen tension environment of avascular tissue—extreme conditions
that are not tolerated by any other cell type in the body. The needed oxygen and nutrients
are supplied by a combination of diffusion and fluid flow through the ECM, which is
dynamically sustained by joint loading during movements [15]. Chondrogenic precursors
are believed to be present exclusively in the perichondrium, i.e., the layer of dense irregular
connective tissue that surrounds the cartilage of developing bones. Hence, hyaline cartilage
is defined as a terminally differentiated tissue, which lacks any intrinsic plasticity and
regenerative capacity, as it cannot replace its cells upon tissue loss or damage. Nonetheless,
cartilage may seem a suitable target for regenerative strategies, owing to the capacity to
survive without the need to support neo-angiogenesis and to the relative simplicity of its
cytological architecture (i.e., a single differentiated cell type).

Taken together, the lack of blood combined with the limited proliferation potential of
chondrocytes limit the intrinsic healing process, by inhibiting the transport of inflammatory
mediators (both molecules and cells) to the defect site. Although the synthesis rate of
glycosaminoglycan (GAG) and collagen (primarily type II) in a developing tissue ex
vivo depends on gas exchange, cells remain viable under hypoxic conditions, which are
inherent for adult cartilage in an articular joint [28]. Collagen fibrils combined with GAGs
provide tensile strength, load-bearing capabilities, and resilience [5]. Either way, their
structure and mechanical properties allow them to handle repetitive load forces over
decades. Thus, damage caused to the joints by trauma or disease usually requires an
exogenous intervention to stimulate regeneration [1,29].
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2.2. Bone Structure and Functional Properties

The subchondral bone structure is completely different, composed of concentric lamel-
lar layers around osteons and flat layers representing new bone formation [30]. Mature
bone is vascularized and houses a complex stem cell niche within the bone marrow cavities,
comprising the multipotent “mesengenic” stem cell population (namely, mesenchymal
stromal cells, MSCs, according to currently approved nomenclature) (see Figure 1). MSCs
are located around vessels in the stroma and the endosteal cambium layer and maintain
an intense crosstalk with hematopoietic cells [31]. MSCs are naturally able to differentiate
toward mesodermal lineages found within a skeletal segment (bone, cartilage, fat, vessels),
and are naturally prone to commit toward the osteoblast/chondroblast lineages [32]. Os-
teogenic precursors are then also found in the inner layer of the periosteum [31]. These
properties make the bone naturally capable to regenerate following traumatic injury.

The bone matrix is mineralized due to the unique ECM-production activity of os-
teoblasts. Mature osteoblasts secrete an organic matrix, comprising dense collagen layers
(mostly made up of type I collagen) that alternate in opposite directions that depend upon
the stress loading axis. Thereafter, osteoblasts deposit the mineral compound, mainly
formed by calcium and phosphate combined in hydroxyapatite (Ca1o(PO4)s(OH);) mi-
crocrystals (HA). HA then undergoes nucleation and becomes deeply incorporated into
the collagen layers [33]. This structure makes the bone matrix stiff and dense to sustain
tensile and compression forces; nonetheless, the entire architecture remains extremely
plastic. As the bone grows, osteoblasts remain incorporated into the mineralized ECM as
osteocytes, while new osteoblasts are recruited from MSCs. Despite appearing functionally
quiescent, osteocytes are still active in signaling and govern bone homeostasis, by exerting
endocrine functions, sensing chemical and mechanical stimuli, and communicating with
each other and with the surface through cell processes that run within canaliculi through
the mineralized matrix [34,35]. Finally, osteoclasts, large multinucleated cells originating
from the bone marrow monocyte lineage, are involved in bone resorption by lowering the
pH through proton pump activation and by secreting acidic hydrolases that disrupt the
organic matrix [36].

The vascularized nature of bone allows for the direct nourishment of resident cells
(i.e., osteocytes, osteoblasts, and osteoclasts), as well as the indirect nourishment of the
overlying cartilage layer through paracrine diffusion through the ECM [37]. In particular,
the peripheral bone facing the joint cartilage is relatively avascular, as it lacks the perios-
teum that lines the remainder bony surfaces. The subchondral bone hence serves as an
anchorage for the adjacent cartilage collagen fibrils and plays an important role in the
maintenance of the joint.

2.3. Osteochondral Developmental Insights

Both cartilage and bone originate from the mesoderm germ layer of the embryo (apart
from selected skull bone regions that originate from the neural crest), starting at the end of
the fourth week of embryo development. At this stage, multipotent stem cells residing in
the mesenchyme (mesenchymal stem cells, MSCs) either merge to organize membranes
around newly formed visceral cavities or start committing into chondrocytes, forming the
early skeletal buds of membranous flat bones and endochondral long and short bones,
respectively.

In membranous bones, MSC condenses and differentiates into osteoblasts, without
any cartilage intermediate; osteoblasts start organizing osteoid lamellae and depositing a
mineralized matrix comprising hydroxyapatite, type-I collagen, and other bone-specific
ECM compounds (see, for a detailed review, [38]). In endochondral bones, MSC condenses
and differentiates into chondrocytes that start producing their specific ECM. Subsequently,
chondrocytes undergo terminal differentiation to hypertrophic chondrocytes that can
mineralize the ECM [39]. The degenerating calcified cartilage is progressively replaced by
bone tissue, starting at the fifth week of embryo development, through a process known as
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“endochondral ossification”, which includes vascular invasion of the cartilage bud and the
consequent colonization and repopulation by osteogenic precursors and osteoblasts.

In long bones (taken as best explicative examples) the process of endochondral ossifi-
cation occurs first in the primary ossification centers in the diaphysis, then in the secondary
ossification centers in the epiphyses. The cartilage will persist after birth and until puberty
in the epiphyseal plates of long bones to enable bone elongation. After puberty, the process
achieves its completion, and the epiphyseal plates are completely ossified, turning into
epiphyseal lines. In the adult post-pubertal skeleton, hyaline cartilage remains exclusively
in selected regions: articular surfaces in synovial joints, synchondroses, skull base, and
sternal ends of ribs.

2.4. Key Molecular Signaling in Osteochondral Development and Growth

The correct and chronologically organized fulfillment of these events is determined
by a finely tuned molecular control, whose key actors are quite well characterized. The
sex-determining region Y (SRY)-box 9 (SOX9) transcription factor is the key player in the
initiation stage of cartilage formation, regulating MSC commitment into chondrocytes;
Sox9 knockout mice are indeed unable to form cartilage [40]. SOX5 and SOX6 contribute
to the further stages, enhancing SOX9 efficacy and specificity, while other molecular
mediators contribute to the progression of the entire process [41]. SOX9 is also needed
to prevent the conversion of proliferating chondrocytes into hypertrophic chondrocytes,
which would then lead to endochondral ossification [40]. The Runt-related transcription
factor 2 (RUNX2), also known as core-binding factor subunit alpha-1 (CBFal), is instead
considered the master bone transcription factor, being the very first molecule required for
the determination of the osteogenic lineage. RUNX2 suppresses the proliferation of MSCs
and induces their differentiation into immature osteoblasts by triggering the expression of
major bone matrix genes (osteopontin, osteocalcin, alkaline phosphatase, etc.). Conversely,
Runx2, per se, inhibits further osteoblast maturation and mature bone formation, and it
is not required for maintaining bone genes’ expression in later stages [42]. Furthermore,
the TGF3 /BMP and WNT signaling pathways are the main contributors in the osteogenic
gene network of signaling cascades (for more details, see [43—46]).

The alternative molecular paths governing the osteogenic and chondrogenic fates
of MSC reflect the inherent differences between these two specialized connective tissues,
which can be schematized into three main features: nature of the ECM, vascularization,
and cellular composition.

3. Tissue Engineering for Osteochondral Regeneration

The regeneration of articular cartilage resulting from degenerative joint disease is
an exciting area under investigation using Tissue Engineering (TE) approaches, which
have been yielding promising experimental regenerative strategies [47,48]. TE approaches
involve the combination of three main components, i.e., scaffold, biomolecules (e.g., growth
factors and bone-inducing agents, drugs, such as antimicrobials, etc.), and cells.

Currently, there are several available strategies for treating a joint cartilage lesion,
including some already on the market (palliative; microfraction; grafts; cell-based; whole
tissue transplantation; scaffold-based) and others that are still under investigation (cell
plus scaffold-based; and hydrogels-based or cell plus hydrogel-based). Accordingly, we
might question why OA is a burden for health systems. Most of the existing procedures
show significant drawbacks and need to be improved to achieve functional osteochondral
regeneration. In this regard, most of the available studies test cartilage regeneration under
static conditions.

Not long ago, it was reported that the most commonly used 3D scaffold architectures
in cartilage TE were porous 3D sponges [49]. This non-conventional procedure does not
allow control over the inner architecture, thus not guaranteeing the desired interconnec-
tivity between pores. Embracing technology advancements, TE overcomes some of the
mentioned drawbacks, in particular providing a customized design [50]. Recently, hydrogel
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scaffolds have been tried [51]. These hydrogels are designed to provide cells with a fully
hydrated 3D environment, comparable to the native tissue ECM. However, hydrogels have
inadequate mechanical properties that are unfavorable for embedded cells or become too
weak for application to the musculoskeletal system. Currently, the 3D hydrogel-enhanced
approach provides a foundation to produce biologically and mechanically compatible
fabric constructions. Thus, understanding the approaches to make 3D scaffolds (discussed
in Section 4) is critical, as they must provide the proper structure to promote homogeneous
cell proliferation and/or cell differentiation and, after implantation, host tissue growth.
It is important to consider the pore architecture—mechanical and biological properties—
strengthening the cellular interconnection. This must be limited within an established
design to allow the development of the tissues.

Before the existence of osteochondral TE and the development of centrifugal technol-
ogy, few artificial materials offered dual bioactivity both for cartilage regeneration and
subchondral regeneration [52,53]. As previously mentioned, currently there are several
treatments for osteochondral defects (e.g., palliative, restorative, abrasion arthroplasty,
chondroplasty, and arthroscopic debridement). Still, they all have limitations, including
slower remodeling, the need for post-operation rehabilitation, the possibility of disease
transmission, and the possibility of immune reactions. Another strategy that has been
used is the transplantation of bioactive materials, such as autologous chondrocytes or
cartilaginous tissue, to create defective regions for the osteochondral zone. Several limita-
tions restrict its use, such as the slow maturation of the tissue and long-term recovery [54].
Therefore, it is safe to state that the successful treatment of osteochondral tissue is still
a paramount challenge.

In TE, “biomimetics” applies when defining the design and manufacture of scaffolds
capable of imitating biological tissue, providing better integration with cartilage and sur-
rounding bone tissue. Osteochondral regeneration, due to the different cartilages and
subchondral bone composition, together with biochemical, biomechanical, and biological
properties, becomes a big challenge [55]. Therefore, to obtain a biomimetic scaffold it is nec-
essary to provide the different mechanical and biological signals necessary and appropriate
to allow the osteochondral regeneration [56]. Over the past decades, there has been a wide
variety of technologies for manufacturing 3D scaffolds for osteochondral TE. However,
these methods, called traditional methods, are still complex and of low efficiency, since
they cannot biologically imitate the native microstructure. To solve these problems, the
implementation of AM 3D scaffolds has emerged, which can imitate as closely as possible
the anisotropic nature of the ECM and the heterogeneity of the osteochondral tissue [52].

Scaffolds for osteochondral regeneration have several requirements, such as being
degradable, biocompatible, as biomimetic as possible, mechanically stable, clinically trans-
ferable, and able to be printed and having a viable architecture [57].

3.1. Biomaterials

When osteochondral tissue is formed, the subchondral bone acts as a barrier that
maintains the integrity of the neocartilage and prevents bone growth in that area, relating
to the good regeneration of joint cartilage [58,59]. This interface has been approached
in scaffolds through additional layers or phases with different materials and properties.
In scaffolds, these phases (between bone and cartilage) have been treated with various
porosities [60-62], modulus [63-66], and compositions with materials [67,68] to create the
transition between cartilage and subchondral bone [69].

Several designs of scaffolds using synthetic materials have been approached. Given
the morphological characteristics in cellular behavior [69-74], scaffolds with controlled
morphology and chemic should improve osteochondral regeneration, in combination with
materials whose properties are known as instructive beings. Accordingly, as demonstrated
in Table 1, several types of biocompatible materials have been used to build scaffolds
for the osteochondral tissue, including natural polymers, synthetic polymers, metallic
polymers, and inorganic polymers [75]. The natural polymers frequently employed are
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collagen, gelatin, chitosan, alginate, and silk [57]. These have been used in scaffolds for
osteochondral regeneration due to their capacity for biomimesis with the ECM structure
and good biocompatibility [76-78]. The biomaterials that have been exploited for the
production of scaffolds are collagen and hyaluronan, among others. Collagen is clearly
a natural choice for regenerative medicine or osteochondral TE, since it is the most common
protein found in ECM, making up about 90% of the dry weight of articular cartilage [79,80].

Table 1. Examples of biomaterials used in osteochondral regeneration.

Biomaterial

In Vitro Studies

In Vivo Studies

Main Results Ref.

Bacterial cellulose
(BC-HA and BC-GAG)

Collagen matrix with
a gradient distribution
of low-crystalline

HA particles

Poli(N-acriloil
2-glycine) (PACG)
and methacrylate
gelatin (GelMA)
(PACG-GelMA)

Two regions:
chitosan-hyaluronic
acid (cartilage) and
chitosan-alginate

(bone)

Alginate-based
biphasic scaffold

Horseradish
peroxidase
(HRP)-cross-linked
silk fibroin (SF)
cartilage-like layer
(HRP-SF layer) +
HRP-SF/ZnSr-doped
B-tricalcium
phosphate (3-TCP)
subchondral
bone-like layer
(HRP-SF/dTCP layer)

Support attachment and in vitro
proliferation of osteoblasts and hACs

Ability of cells to be directed by

the chondrogenic or osteogenic
environment created by the gradient
material composition and stiffness in
the different regions of the

gradient scaffold

High compressive strength (up to
12.4 MPa), and compressive modulus
(up to 837 kPa); Incorporating BG
could improve the proliferation, ALP
activities, and differentiation of
hBMSCs, and loading Mn2+
facilitated chondrogenic
differentiation of the hBMSCs.
Supports cell attachment and
spreading, enhances gene expression
of chondrogenic-related and
osteogenic-related differentiation of
human bone marrow stem cells.
Co-culture with chondrocyte-like
(SW-1353 or mesenchymal stem cells)
and osteoblast-like cells (MG63), cell
proliferation and migration to the
interface along with increased gene
expression associated with relevant
markers of osteogenesis and
chondrogenesis

Good biocompatibility profile

Adequate structure, as well as
controllable porosity and TCP
distribution; Co-culturing of human
osteoblasts and human articular
chondrocytes showed cell adhesion,
proliferation, and ECM production

Tissue ingrowth and induced
no inflammation or
immunological reactions after
subcutaneous implantation
in rats

Biocompatibility of the
gradient scaffold was
confirmed by its subcutaneous
implantation in rats minimal
inflammatory response
observed and evidence of
cellular differentiation;
Scaffold has the potential to
selectively differentiate
recruited cells

Facilitates concurrent
regeneration of cartilage

and subchondral bone in

a rat model.

Partial osteochondral
regeneration in the rabbit;
No evidence of adverse or
inflammatory reactions

BC could be modified to mimic two [81]
structurally different tissues, and BC
exhibited highly desirable

biodegradative resorption capability;

data presented warrant further

extensive and long-term evaluation

of BC nanocomposite scaffolds in

other animals as well as humans for

the eventual translation into

clinical practice.

Successful fabrication of a novel [82]
composite gradient scaffold with
appropriate biomimetic

physicochemical and biological

properties, for potential application

in osteochondral regeneration; Good
biocompatibility;

Superior performance for [83]
accelerating cartilage and

subchondral bone repair

simultaneously in rat knee

osteochondral defect

Bilayer scaffold for osteochondral [84]
tissue regeneration.

Limited subchondral bone formation  [85]
was present, together with a slow

scaffold resorption time; Further

studies are necessary.

Complementary in vivo evaluation [86]
is necessary to fully validate these
structures and confirm the welfare of

the ion presence; These hierarchical
scaffolds make these constructs
encouraging candidates for OC

defect regeneration.
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Table 1. Cont.

Biomaterial In Vitro Studies In Vivo Studies Main Results Ref.
Poly(e-caprolactone; Transwell in vitro culture system of Implantation in rat showed PCL scaffolds support cellularization ~ [87]
PCL) MSC-based constructs enabled the that it could significantly shift  as well as extracellular matrix

study of soluble biological cues the phenotype of MSCs froma  synthesis, accumulation, and
without the influences of mechanical ~ chondrogenic phenotype to a remodeling in vivo, regardless of
forces, host systemic responses, or hypertrophic, osteogenic one. ~ whether or not MSCs were
animal-to-animal variability that can preseeded or precultured;
result in difficulties in interpreting
in vivo studies.
Bilayered Introduction of the extra cellsled to  Exhibited satisfactory in vivo Potentiality for osteochondral TE, [88]
PLGA/PLGA-HAp better results efficacy after implanted into or in situ tissue induction, probably
the rabbit knee joints for by recruiting the local cells toward
16 weeks chondrogenic and osteogenic
differentiation in the porous
biomaterials.
PEGylated PEGS-12h with low crosslinking Exhibited extraordinary [89]
poly(glycerol sebacate)  degree, hierarchical regenerative efficiency in an
(PEGS) macro-/micro-porosities, and articular osteochondral defect
viscoelasticity significantly enhanced = model in vivo; Bilayer scaffold
chondrogenic differentiation and reconstructed successfully
cartilage matrix secretion compared  integrated articular hyaline
to that with high crosslinking degree.  cartilage and its subchondral
bone in 12 weeks
Silver nanorods Cytocompatible, interconnected Healthier substitute for bone tissue [90]

(Ag-nr) incorporated
wollastonite (CaSiO3)

porous structure and bioactivity of
the scaffold.

engineering compared to other
similar materials

The synthetic polymers commonly used for the production of scaffolds for osteochon-
dral regeneration are poly (e-caprolactone) (PCL), poly(lactic acid-coglycolic) (PLGA), poly
(ethylene oxide) (PEO), polyglycolic acid, poly (lactic acid) (PLA), PEG, polyactic acid,
polydioxanone, and poly(propylene fumarate) [75,91]. These polymers are hydrophobic
and can manipulate the properties of the material to achieve the appropriate mechanical
behavior. They feature design, 3D composition, and active molecular reactivity groups,
at a micro-scale. They have rigidity, elasticity, and porosity, at a macro scale [92]. It is
possible to improve hydrophilicity and promote cell fixation by mixing hydrophobic and
hydrophilic polymers [75,93,94].

Another type of materials that can be utilized are bioceramics, such as HA and
tricalcium phosphate (TCP), and bioglass. These are able to stimulate biomineralization
for bone regeneration, and the biodegradability of calcium phosphate-based materials
can be controlled by changing the calcium/phosphate ratio [75,95,96]. Scaffolds based
on bioceramics are bioactive, fragile, and do not resist mechanical stresses. However,
they can be packed including natural or synthetic polymers aiming to improve their
properties [75,96,97].

Nanoparticles of metals have been extensively studied due to their chemical, physical,
and biological properties [96,98]. The unique characteristics of this type of materials are
the atoms with high energy that are located in the surface area of the particles [99], the
existence of a high relationship between surface area and volume, the high surface energy,
and the capacity to store electrons [100]. The metals that have been used are in TE: silver
(Ag), gold (Au), iron oxide (IONPs), titanium oxide (TiO;), and zinc oxide (ZnO) [101-107].
In this type of materials, there are several possible applications, such as direct addition
of nanoparticles in culture media, use of nanoparticles as a coating, and incorporation of
nanoparticles with other materials, such as composites. It all depends on how one intends
to develop the materials. Silver nanoparticles show antimicrobial properties, and gold
nanoparticles, besides being biocompatible, rarely induce some kind of allergic response.
Both can be considered good candidates for biomedical applications. Still, it is necessary
to take into consideration their size, shape, stiffness, and surface properties, which are
essential for their incorporation into cells [96].
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3.2. Cell Types for Osteochondral Regeneration

Upon in vivo implantation, MSCs isolated from the bone marrow may form a com-
pletely functional bone piece, which provides effective stimuli to attract and allow colo-
nization by hematopoietic precursors [108]. Based on this original premise, MSCs, also
from other tissue sources, have been successfully employed in bone regenerative applica-
tions. However, experimental findings have documented that very few transplanted MSCs
survive following transplantation [109].

In the attempt to regenerate the damaged articular cartilage, a crucial challenge is
to achieve the morpho-functional regeneration of chondrocytes. The vast majority of
approaches to repair or regenerate the articular cartilage are cell-based, aiming to replace
functional cells at the injured site. To this aim, either autologous chondrocytes, isolated
from unaffected areas, or chondrogenic precursors (mostly MSCs) have been tested.

Chondrocytes, the only resident cells in the articular cartilage, are metabolically
active in charge of ECM production and turnover, by secreting collagens, glycoproteins,
proteoglycans, and hyaluronan [110]. Chondrocytes from the different layers of the articular
cartilage differ in morphology and size, and, most importantly, in the variety of collagen
types, they secrete in the ECM [110,111]. In particular, chondrocytes found in the superficial
and mid-zone synthesize ECM components and seem to retain their proliferative capacity,
while those of the deep zone are terminally differentiated and exclusively produce ECM.
Being entrapped within a dense pericellular matrix and surrounded by an ECM subjected
to pressure, chondrocytes retain very limited motility in vivo, even though few studies
suggested that chondrocytes can migrate to the site of injury and repair the tissue by
synthesizing new ECM [110].

Although current protocols for improved autologous chondrocyte implantation achieve
satisfactory clinical outcomes, the extremely low yield of chondrocyte available for the
procedure, along with their tendency to dedifferentiate upon in vitro culture amplification,
limit the effective utilization of this technique. Besides, long-term studies on chondrocyte
implantations reported abnormalities in the histological architecture of the newly formed
tissue, showing calcification and irregular fibril bonding in the ECM [112].

As the avascular nature of cartilage tissue hampers the physiological recruitment
of stem cells to the site of the lesion, it seemed reasonable to rely on stem cells to aid
cartilage regeneration. Various techniques have been developed to heal articular cartilage
defects (e.g., drilling, abrasion, microfracture), aimed at enabling new blood supply and
forming a path for MSC from the underlying bone niches. MSC expresses a trilineage
(osteogenic, chondrogenic, and adipogenic) potential in vitro [113,114]. Culture-expanded
MSCs can indeed be induced in vitro toward the chondrogenic lineage and express the
morphology and gene signature of chondrocytes [115]. Based on such observations, MSCs
have long been considered suitable stem cell sources for cartilage repair and regenera-
tion, also in light of their anti-inflammatory and immunomodulatory effects, potentially
beneficial in osteoarthritis-induced degeneration. Nonetheless, it seems that MSCs do
not have an effective capability of engrafting upon transplantation and of regenerating a
functional hyaline cartilage tissue after articular cartilage has progressed to fibrotic dam-
age [116,117]. MSC progenitors have also been reported to reside within the synovial
tissues, but their contribution to cartilage regeneration following disease/damage appears
insufficient [117,118]. Other tissue sources for MSC-like progenitors (i.e., adipose tissue
and perinatal tissues) have also been successfully differentiated in vitro into chondrocytes.
However, MSC transplantation in an experimental protocol of articular cartilage regenera-
tion never proved functionally effective, as, in most cases, fibrocartilage rather than hyaline
cartilage is produced in vivo [119].

The rationale for most of the regenerative effects of transplanted MSC appears to
reside mostly in the secretion of paracrine factors. Indeed, in early-phase clinical trials, the
intra-articular MSC administration induced successful healing and a partial resurfacing of
the damaged cartilage, even in the absence of engraftment [120]. The cocktail of bioactive
molecules comprised in the MSC secretome includes different growth factors with trophic
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properties and cytokines that can modulate the inflammatory cascade. This immunomod-
ulatory property makes MSCs able to escape rejection mechanisms long enough to exert
their therapeutic action, suggesting their suitability in transplantation [121]. Moreover,
they are particularly suitable for treating OA, being able to modulate the inflammatory
insult to the synovial membrane, and hence hampering the progression toward fibrosis and
osteochondral tissue degeneration [122]. The anti-inflammatory and chondroprotective
effects of MSCs from different sources and/or of the secretome derived therefrom, have
been proved in several experimental osteoarthritis models and ongoing clinical trials (for
a detailed review, see [120]). Of note, MSCs derived from perinatal tissues, such as the
human term placenta, exert impressive immunomodulatory properties, including inhi-
bition of T and B cell proliferation and suppression of the inflammatory properties of
other immune cells (monocytes, macrophages, dendritic cells, neutrophils, and natural
killer cells), along with the induction of immune-regulatory cells (regulatory T lympho-
cytes and anti-inflammatory M2 macrophages) [123,124]. These properties have laid the
foundation for their use for the treatment of inflammatory-based diseases, such as OA.
A recent study tested a tissue engineering strategy based on a hybrid scaffold (made of
porous polyurethane foam coated under vacuum with calcium phosphates) seeded with
human amniotic mesenchymal stromal cells, for osteochondral defect regeneration in a
rabbit model. Osteochondral regeneration was partially achieved, especially for the bone
component, in the absence of any inflammatory reaction [125].

3.3. Additive Manufacturing

The additive manufacturing (AM) processes have overcome certain problems of con-
ventional methods, such as proper pore size control, design, and interconnectivity. It has
enormous potential and exceeds the capabilities of conventional technologies to produce
scaffolds with a complex architecture and to achieve an adequate mechanical response to
the intended application. The main approaches are fused filament manufacturing (FFD)
or fused filament fabrication (FFF), three-dimensional printing (3DP), stereolithography
(SLA), and selective laser sintering (SLS). Each process goes through several stages: (i) de-
velopment of the 3D model through computer drawing (CAD); (ii) the files are stored in
standard triangular language (STL), which is a CAD file format that supports 3D printing
and computer-aided manufacturing (CAM); and (iii) these files are inserted into the input
devices to create 3D models in a layer-by-layer process [92,126].

Recently, scaffolds for osteochondral regeneration have used three main types of
3D printing, including SLA, FFF, and SLS [69,127]. Studies have shown that scaffolds
with uniform pores for cartilaginous and subchondral regeneration, printed in 3D, with
the junction of MSCs demonstrated a chondrogenic and osteogenic differentiation to
osteochondral structures [128-130]. Table 2 presents the advantages and disadvantages of
using these techniques in osteochondral regeneration. It is necessary to decide initially the
type of material to be used, since, according to the material, the techniques will be limited.

Table 2. Advantages and disadvantages of additive manufacturing (AM) processes for osteochondral scaffolds, adapted
from references [69,92,131-134].

Technique Materials Advantages Disadvantages
Ceramics; Polymers; Speed; Low Cost; Simplicity; Poor surface quality; Need for heating
Thermoplastic. Flexibility. in the molding process.
Fast processing times; Good surface ~ Very few materials; Requires support
SLA Resins photocurable. finish; Geometrical accuracy; structures; Unable to process functional

Polymers; Metals; Alloys;
SLS Particles in powder; Ceramics;
Stainless steel.

Higher resolution. materials (like metals).

No support structures are required  Post-processing phase and good
during processing. surface; Poor mechanical properties.
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4. Strategies for Osteochondral Regeneration

As already mentioned, it is important to develop a biomimetic scaffold to imitate
the gradient of cartilage, calcified cartilage, and bone. Two categories of scaffolds have
been developed: biphasic and tri/multiphase [69,75]. Biphasic scaffolds for osteochondral
regeneration can be joined by a bone scaffold with a cartilage scaffold [75]. Tri/multi-phase
scaffolds demonstrate the ability to biomimic, as closely as possible, the cartilage, bone, and
transition zone of the calcified cartilage, constituted in a natural osteochondral bone [135].
Longley et al. [67] demonstrate that while the three-phase approach offers promising
results, they need to improve the mechanical properties to withstand biomechanical forces
in vivo.

To mimic the characteristics of the osteochondral tissue, it is necessary to produce
scaffolds with continuous gradients to induce a smooth transition between the cartilage
and the bone component, avoiding instability at the interface [75]. When proposing a
scaffold design for osteochondral regeneration, it is important to have a porous structure
with a gradient but also with appropriate mechanical properties to match the native tissue.
When thinking about the cells, the pore size must be larger, so that they can migrate easily
(but not much larger, so that the cells can feel the 3D structure); and the pore size and
porosity have significant effects on chondrogenesis and osteogenesis [75]. It is argued that
a scaffold to achieve osteogenesis with an improved vascularization requires a porosity of
more than 50% and pores slightly larger than 300 um [136]. To promote chondrogenesis,
pores between 90 um and 120 um are proposed [137]. This difference in pore size is due to
the fact that bone and cartilaginous tissues exhibit different levels of metabolic activity. The
oxygen in the cartilage is supplied by the synovial fluid, where chondrocytes consume less
oxygen than other cell types. In the subchondral bone, oxygen is supplied by the blood
vessels, so the pore size should allow the growth of the blood vessels to exchange nutrients,
oxygen, and metabolic waste [138].

O'Reilly et al. [139] developed a computational model to understand the mechanisms
by which different TE strategies could improve osteochondral regeneration. They demon-
strated that the incorporation of a compact layer in a multiphase scaffold acts as a barrier
to angiogenesis, which will provide conditions for the formation of stable cartilage in
the defect region. They also point out the importance of angiogenesis control for osteo-
chondral treatment, highlighting that it is important to include MSCs to be successful in
osteochondral TE. Finally, they demonstrate the benefit of cell seeding, where only the
scaffold was not enough to promote a significantly improved regeneration of the damaged
native joint. They concluded that the cell-laden scaffold improves cartilage formation,
confining angiogenesis to the bone phase, providing sufficient time for the formation of an
overlying layer of stable joint cartilage.

Recently, Nowicki et al. [140] developed a new multiphase scaffold, with different
layer geometries and by FFF, to improve the functions of human MSCs from bone marrow
(hMSC). They were the first to use a PCL-based form memory material, composed of:
PCL-triol, castor oil, and poly(hexamethylene diisocyanate), as osteochondral matrix
material. In these layers, nHAs were added, synthesized, and printed. For the cartilaginous
layer, chondrogenic growth factors were also manufactured. The results showed better
mechanical properties and improved adhesion, growth, and cellular differentiation. These
results together with the favorable response of the form memory polymer showed great
promise for osteochondral regeneration.

5. Conclusions and Future Work

TE offers the possibility of a sustainable and effective treatment against osteochondral
defects, where the damaged tissue is replaced by a bi-manufactured long-term replacement
tissue. It should be noted that scientists have started to use the biomimetic approach for
osteochondral TE, regarding technological, morphological, and structural advances in
scaffolds design. Another priority that has been considered is the importance of building a
scaffold that mimics ECM at the molecular level.
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AM has demonstrated the potential to control several parameters in the design of a
scaffold, and consistent production of scaffolds can adapt to each patient. To overcome all
the existing gaps that prevent scaffolds for osteochondral regeneration from being optimal,
a constant collaborative effort is required among scientists, biologists, biomedical engineers,
materials specialists, medical specialists, and clinicians.

In summary, the main challenges are the development of biomimetic and bioactive
scaffolds or advanced strategies, which could replicate the native architecture completely
and the function of the osteochondral tissue. Thus, a promising scaffold will not only
biologically regenerate the osteochondral tissue but also provide a satisfactory postop-
erative follow-up. Overall, the strategies of structural and biological biomimetism and
functionalization will become a deserved focus in osteochondral TE.

Author Contributions: Conceptualization, PM. and W.L.; writing—original draft preparation, PM.,
C.F, and W.L.; writing—review and editing, PM., C.F,, and W.L.; supervision, PM. and W.L.; project
administration, PM. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by COMPETE2020 under the PT2020 program, and supported
by FEDER, grant number POCI-01-0145-FEDER-023423.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Brody, L.T. Knee osteoarthritis: Clinical connections to articular cartilage structure and function. Phys. Ther. Sport 2015, 16,
301-316. [CrossRef] [PubMed]

2. Palazzo, C.; Nguyen, C.; Lefevre-Colau, M.-M.; Rannou, F,; Poiraudeau, S. Risk factors and burden of osteoarthritis. Ann. Phys.
Rehabil. Med. 2016, 59, 134-138. [CrossRef]

3. O'Neill, TW,; McCabe, PS.; McBeth, J. Update on the epidemiology, risk factors and disease outcomes of osteoarthritis. Best Pract.
Res. Clin. Rheumatol. 2018, 32, 312-326. [CrossRef]

4. Toh, WS.; Lee, E.-H.; Cao, T. Potential of human embryonic stem cells in cartilage tissue engineering and regenerative medicine.
Stem Cell Rev. Rep. 2011, 7, 544-559. [CrossRef]

5. Bryant, S.J.; Davis-Arehart, K.A.; Luo, N.; Shoemaker, R.K.; Arthur, J.A.; Anseth, K.S. Synthesis and characterization of pho-
topolymerized multifunctional hydrogels: Water-soluble poly (vinyl alcohol) and chondroitin sulfate macromers for chondrocyte
encapsulation. Macromolecules 2004, 37, 6726—6733. [CrossRef]

6.  Sokolove, J.; Lepus, C.M. Role of inflammation in the pathogenesis of osteoarthritis: Latest findings and interpretations. Ther.
Adv. Musculoskelet. Dis. 2013, 5, 77-94. [CrossRef]

7. Thomas, B.H.; Fryman, J.C.; Liu, K.; Mason, ]. Hydrophilic-hydrophobic hydrogels for cartilage replacement. J. Mech. Behav.
Biomed. Mater. 2009, 2, 588-595. [CrossRef]

8.  Janjanin, S.; Li, W.-].; Morgan, M.T.; Shanti, R.M.; Tuan, R.S. Mold-shaped, nanofiber scaffold-based cartilage engineering using
human mesenchymal stem cells and bioreactor. J. Surg. Res. 2008, 149, 47-56. [CrossRef] [PubMed]

9.  Williams, R.J.; Brophy, R.H. Decision making in cartilage repair procedures. In Cartilage Repair Strategies; Humana Press Inc.:
Totowa, NJ, USA, 2007; pp. 37-53.

10. Castro, N.J.; Hacking, S.A.; Zhang, L.G. Recent progress in interfacial tissue engineering approaches for osteochondral defects.
Ann. Biomed. Eng. 2012, 40, 1628-1640. [CrossRef] [PubMed]

11.  Zhang, L.; Hu, J.; Athanasiou, K.A. The role of tissue engineering in articular cartilage repair and regeneration. Crit. Rev. Biomed.
Eng. 2009, 37, 1-57. [CrossRef] [PubMed]

12.  Zhang, L.; Webster, T.]. Nanotechnology and nanomaterials: Promises for improved tissue regeneration. Nano Today 2009, 4, 66-80.
[CrossRef]

13.  Schaefer, D.; Martin, I.; Shastri, P; Padera, R.E; Langer, R.; Freed, L.E.; Vunjak-Novakovic, G. In vitro generation of osteochondral
composites. Biomaterials 2000, 21, 2599-2606. [CrossRef]

14. Sargeant, T.D.; Desai, A.P,; Banerjee, S.; Agawu, A.; Stopek, ].B. An in situ forming collagen-PEG hydrogel for tissue regeneration.
Acta Biomater. 2012, 8, 124-132. [CrossRef]

15. Bhosale, A.M.; Richardson, J.B. Articular cartilage: Structure, injuries and review of management. Br. Med. Bull. 2008, 87, 77-95.

[CrossRef] [PubMed]


http://doi.org/10.1016/j.ptsp.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25783021
http://doi.org/10.1016/j.rehab.2016.01.006
http://doi.org/10.1016/j.berh.2018.10.007
http://doi.org/10.1007/s12015-010-9222-6
http://doi.org/10.1021/ma0499324
http://doi.org/10.1177/1759720X12467868
http://doi.org/10.1016/j.jmbbm.2008.08.001
http://doi.org/10.1016/j.jss.2007.12.788
http://www.ncbi.nlm.nih.gov/pubmed/18316094
http://doi.org/10.1007/s10439-012-0605-5
http://www.ncbi.nlm.nih.gov/pubmed/22677924
http://doi.org/10.1615/CritRevBiomedEng.v37.i1-2.10
http://www.ncbi.nlm.nih.gov/pubmed/20201770
http://doi.org/10.1016/j.nantod.2008.10.014
http://doi.org/10.1016/S0142-9612(00)00127-7
http://doi.org/10.1016/j.actbio.2011.07.028
http://doi.org/10.1093/bmb/ldn025
http://www.ncbi.nlm.nih.gov/pubmed/18676397

J. Funct. Biomater. 2021, 12,17 13 of 17

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

Shin, H.; Olsen, B.D.; Khademhosseini, A. The mechanical properties and cytotoxicity of cell-laden double-network hydrogels
based on photocrosslinkable gelatin and gellan gum biomacromolecules. Biomaterials 2012, 33, 3143-3152. [CrossRef]

Jeffrey, D.R.; Watt, . Imaging hyaline cartilage. Br. |. Radiol. 2003, 76, 777-787. [CrossRef]

Bosnakovski, D.; Mizuno, M.; Kim, G.; Takagi, S.; Okumura, M.; Fujinaga, T. Chondrogenic differentiation of bovine bone marrow
mesenchymal stem cells (MSCs) in different hydrogels: Influence of collagen type II extracellular matrix on MSC chondrogenesis.
Biotechnol. Bioeng. 2006, 93, 1152-1163. [CrossRef]

Oliveira, ].T.; Santos, T.C.; Martins, L.; Picciochi, R.; Marques, A.P,; Castro, A.G.; Neves, N.M.; Mano, J.F; Reis, R.L. Gellan gum
injectable hydrogels for cartilage tissue engineering applications: In vitro studies and preliminary in vivo evaluation. Tissue Eng.
Part A 2009, 16, 343-353. [CrossRef]

Zhu, ]. Bioactive modification of poly (ethylene glycol) hydrogels for tissue engineering. Biomaterials 2010, 31, 4639—4656.
[CrossRef]

Sophia Fox, A.].; Bedi, A.; Rodeo, S.A. The basic science of articular cartilage: Structure, composition, and function. Sports Health
2009, 1, 461-468. [CrossRef]

Muzzarelli, R.A.A.; Greco, E; Busilacchi, A.; Sollazzo, V.; Gigante, A. Chitosan, hyaluronan and chondroitin sulfate in tissue
engineering for cartilage regeneration: A review. Carbohydr. Polym. 2012, 89, 723-739. [CrossRef] [PubMed]

Jones, D.G.; Peterson, L. Autologous chondrocyte implantation. In Cartilage Repair Strategies; Humana Press Inc.: Totowa, NJ,
USA, 2007; pp. 137-165.

Schrobback, K.; Klein, T.J.; Crawford, R.; Upton, Z.; Malda, J.; Leavesley, D.I. Effects of oxygen and culture system on in vitro
propagation and redifferentiation of osteoarthritic human articular chondrocytes. Cell Tissue Res. 2012, 347, 649-663. [CrossRef]
Baker, M.I.; Walsh, S.P.; Schwartz, Z.; Boyan, B.D. A review of polyvinyl alcohol and its uses in cartilage and orthopedic
applications. J. Biomed. Mater. Res. Part B Appl. Biomater. 2012, 100, 1451-1457. [CrossRef]

Chang, C.-H,; Liu, H.-C,; Lin, C.-C.; Chou, C.-H.; Lin, F.-H. Gelatin—chondroitin-hyaluronan tri-copolymer scaffold for cartilage
tissue engineering. Biomaterials 2003, 24, 4853-4858. [CrossRef]

Natoli, R.M.; Revell, C.M.; Athanasiou, K.A. Chondroitinase ABC treatment results in greater tensile properties of self-assembled
tissue-engineered articular cartilage. Tissue Eng. Part A 2009, 15, 3119-3128. [CrossRef]

Vunjak-Novakovic, G.; Radisic, M. Cell seeding of polymer scaffolds. In Biopolymer Methods in Tissue Engineering; Humana Press
Inc.: Totowa, NJ, USA, 2004; pp. 131-145.

Lam, J.; Lee, E.J; Clark, E.C.; Mikos, A.G. Honing Cell and Tissue Culture Conditions for Bone and Cartilage Tissue Engineering.
Cold Spring Harb. Perspect. Med. 2017, 7, a025734. [CrossRef] [PubMed]

Ozbolat, I.T. Bioprinting of osteochondral tissues: A perspective on current gaps and future trends. Int. . Bioprinting 2017, 3, 1-12.
[CrossRef]

Lattanzi, W.; Parolisi, R.; Barba, M.; Bonfanti, L. Osteogenic and Neurogenic Stem Cells in Their Own Place: Unraveling
Differences and Similarities between Niches. Front. Cell. Neurosci. 2015, 9, 455. [CrossRef]

Bianco, P; Robey, P.G. Skeletal stem cells. Development 2015, 142, 1023-1027. [CrossRef]

Tzaphlidou, M. Bone architecture: Collagen structure and calcium/phosphorus maps. J. Biol. Phys. 2008, 34, 39—-49. [CrossRef]
[PubMed]

Lerner, U.H. Osteoblasts, osteoclasts, and osteocytes: Unveiling their intimate-associated responses to applied orthodontic force.
Semin. Orthod. 2012, 18, 237-248. [CrossRef]

Blair, H.C.; Larrouture, Q.C.; Li, Y,; Lin, H.; Beer-Stoltz, D.; Liu, L.; Tuan, R.S.; Robinson, L.J.; Schlesinger, P.H.; Nelson, D.J.
Osteoblast differentiation and bone matrix formation in vivo and in vitro. Tissue Eng. Part B Rev. 2017, 23, 268-280. [CrossRef]
[PubMed]

Teitelbaum, S.L. Osteoclasts: What do they do and how do they do it? Am. |. Pathol. 2007, 170, 427-435. [CrossRef]
Nukavarapu, S.P.; Dorcemus, D.L. Osteochondral tissue engineering: Current strategies and challenges. Biotechnol. Adv. 2013,
31, 706-721. [CrossRef] [PubMed]

Alford, A.IL; Kozloff, K.M.; Hankenson, K.D. Extracellular matrix networks in bone remodeling. Int. J. Biochem. Cell Biol. 2015,
65,20-31. [CrossRef]

Hollander, A.P,; Dickinson, S.C.; Kafienah, W. Stem cells and cartilage development: Complexities of a simple tissue. Stem Cells
2010, 28, 1992-1996. [CrossRef]

Akiyama, H.; Chaboissier, M.-C.; Martin, J.F.; Schedl, A.; de Crombrugghe, B. The transcription factor Sox9 has essential roles in
successive steps of the chondrocyte differentiation pathway and is required for expression of Sox5 and Sox6. Genes Dev. 2002, 16,
2813-2828. [CrossRef]

Nishimura, R.; Hata, K; Takahata, Y.; Murakami, T.; Nakamura, E.; Yagi, H. Regulation of cartilage development and diseases by
transcription factors. J. Bone Metab. 2017, 24, 147-153. [CrossRef]

Komori, T. Regulation of osteoblast differentiation by Runx2. In Osteoimmunology; Springer: Boston, MA, USA, 2009; pp. 43—49.
Lattanzi, W.; Bernardini, C. Genes and molecular pathways of the osteogenic process. In Osteogenesis; IntechOpen: Rijeka, Croatia,
2012.

Liu, TM.; Lee, E.H. Transcriptional regulatory cascades in Runx2-dependent bone development. Tissue Eng. Part B Rev. 2012,
19, 254-263. [CrossRef]


http://doi.org/10.1016/j.biomaterials.2011.12.050
http://doi.org/10.1259/bjr/51504520
http://doi.org/10.1002/bit.20828
http://doi.org/10.1089/ten.tea.2009.0117
http://doi.org/10.1016/j.biomaterials.2010.02.044
http://doi.org/10.1177/1941738109350438
http://doi.org/10.1016/j.carbpol.2012.04.057
http://www.ncbi.nlm.nih.gov/pubmed/24750856
http://doi.org/10.1007/s00441-011-1193-7
http://doi.org/10.1002/jbm.b.32694
http://doi.org/10.1016/S0142-9612(03)00383-1
http://doi.org/10.1089/ten.tea.2008.0478
http://doi.org/10.1101/cshperspect.a025734
http://www.ncbi.nlm.nih.gov/pubmed/28348176
http://doi.org/10.18063/IJB.2017.02.007
http://doi.org/10.3389/fncel.2015.00455
http://doi.org/10.1242/dev.102210
http://doi.org/10.1007/s10867-008-9115-y
http://www.ncbi.nlm.nih.gov/pubmed/19669491
http://doi.org/10.1053/j.sodo.2012.06.002
http://doi.org/10.1089/ten.teb.2016.0454
http://www.ncbi.nlm.nih.gov/pubmed/27846781
http://doi.org/10.2353/ajpath.2007.060834
http://doi.org/10.1016/j.biotechadv.2012.11.004
http://www.ncbi.nlm.nih.gov/pubmed/23174560
http://doi.org/10.1016/j.biocel.2015.05.008
http://doi.org/10.1002/stem.534
http://doi.org/10.1101/gad.1017802
http://doi.org/10.11005/jbm.2017.24.3.147
http://doi.org/10.1089/ten.teb.2012.0527

J. Funct. Biomater. 2021, 12,17 14 of 17

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

Omatsu, Y.; Nagasawa, T. The critical and specific transcriptional regulator of the microenvironmental niche for hematopoietic
stem and progenitor cells. Curr. Opin. Hematol. 2015, 22, 330-336. [CrossRef] [PubMed]

Yuan, Z.; Li, Q.; Luo, S,; Liu, Z; Luo, D.; Zhang, B.; Zhang, D.; Rao, P;; Xiao, ]. PPARy and Wnt signaling in adipogenic and
osteogenic differentiation of mesenchymal stem cells. Curr. Stem Cell Res. Ther. 2016, 11, 216-225. [CrossRef]

Levato, R.; Webb, W.R; Otto, I.A.; Mensinga, A.; Zhang, Y.; van Rijen, M.; van Weeren, R.; Khan, .M.; Malda, J. The bio in the ink:
Cartilage regeneration with bioprintable hydrogels and articular cartilage-derived progenitor cells. Acta Biomater. 2017, 61, 41-53.
[CrossRef]

Fahy, N.; Alini, M.; Stoddart, M.]. Mechanical stimulation of mesenchymal stem cells: Implications for cartilage tissue engineering.
J. Orthop. Res. 2017. [CrossRef]

Izadifar, Z.; Chen, X.; Kulyk, W. Strategic design and fabrication of engineered scaffolds for articular cartilage repair. J. Funct.
Biomater. 2012, 3, 799-838. [CrossRef] [PubMed]

Melchels, EP.W.; Domingos, M.A.N.; Klein, T.J.; Malda, J.; Bartolo, PJ.; Hutmacher, D.W. Additive manufacturing of tissues and
organs. Prog. Polym. Sci. 2012, 37, 1079-1104. [CrossRef]

Cao, Y.; Xiong, D.; Wang, K.; Niu, Y. Semi-degradable porous poly (vinyl alcohol) hydrogel scaffold for cartilage repair: Evaluation
of the initial and cell-cultured tribological properties. . Mech. Behav. Biomed. Mater. 2017, 68, 163-172. [CrossRef] [PubMed]
Deng, C.; Chang, J.; Wu, C. Bioactive scaffolds for osteochondral regeneration. J. Orthop. Transl. 2019, 17, 15-25. [CrossRef]
Vacanti, ].P,; Langer, R. Tissue engineering: The design and fabrication of living replacement devices for surgical reconstruction
and transplantation. Lancet 1999, 354, S32-S34. [CrossRef]

Deng, C.; Chang, ].; Wu, C.T. Trace element-based biomaterials for osteochondral regeneration. In Bioactive Materials for Bone
Regeneration; Chang, J., Zhang, X., Dai, K., Eds.; Academic Press: London, UK, 2020.

Sartori, M.; Pagani, S.; Ferrari, A.; Costa, V.; Carina, V.; Figallo, E.; Maltarello, M.C.; Martini, L.; Fini, M.; Giavaresi, G. A new
bi-layered scaffold for osteochondral tissue regeneration: In vitro and in vivo preclinical investigations. Mater. Sci. Eng. C 2017,
70,101-111. [CrossRef]

Kim, S.H.; Kim, S.H.; Jung, Y. Bi-layered PLCL/(PLGA/3-TCP) composite scaffold for osteochondral tissue engineering. J. Bioact.
Compat. Polym. 2015, 30, 178-187. [CrossRef]

Abdulghani, S.; Morougo, P.G. Biofabrication for osteochondral tissue regeneration: Bioink printability requirements. J. Mater. Sci.
Mater. Med. 2019, 30, 20. [CrossRef]

Gomoll, A.H.; Madry, H.; Knutsen, G.; van Dijk, N.; Seil, R.; Brittberg, M.; Kon, E. The subchondral bone in articular cartilage
repair: Current problems in the surgical management. Knee Surgery Sport. Traumatol. Arthrosc. 2010, 18, 434-447. [CrossRef]
[PubMed]

Madry, H.; Orth, P; Cucchiarini, M. Role of the Subchondral Bone in Articular Cartilage Degeneration and Repair. J. Am. Acad.
Orthop. Surg. 2016, 24, e45-e46. [CrossRef] [PubMed]

Hu, J.; Feng, K; Liu, X.; Ma, PX. Chondrogenic and osteogenic differentiations of human bone marrow-derived mesenchymal
stem cells on a nanofibrous scaffold with designed pore network. Biomaterials 2009, 30, 5061-5067. [CrossRef] [PubMed]
Murphy, C.M.; Haugh, M.G.; O’Brien, EJ. The effect of mean pore size on cell attachment, proliferation and migration in
collagen-glycosaminoglycan scaffolds for bone tissue engineering. Biomaterials 2010, 31, 461-466. [CrossRef] [PubMed]

Oh, S.H,; Kim, T.H.; Im, G.I; Lee, ].H. Investigation of Pore Size Effect on Chondrogenic Differentiation of Adipose Stem Cells
Using a Pore Size Gradient Scaffold. Biomacromolecules 2010, 11, 1948-1955. [CrossRef]

Armiento, A.R.; Stoddart, M.].; Alini, M.; Eglin, D. Biomaterials for articular cartilage tissue engineering: Learning from biology.
Acta Biomater. 2018, 65, 1-20. [CrossRef]

Discher, D.E. Tissue Cells Feel and Respond to the Stiffness of Their Substrate. Science 2005, 310, 1139-1143. [CrossRef]
Huebsch, N.; Arany, PR.; Mao, A.S.; Shvartsman, D.; Ali, O.A.; Bencherif, S.A.; Rivera-Feliciano, J.; Mooney, D.]. Harnessing
traction-mediated manipulation of the cell/matrix interface to control stem-cell fate. Nat. Mater. 2010, 9, 518-526. [CrossRef]
Tse, ].R; Engler, A.]. Stiffness Gradients Mimicking In Vivo Tissue Variation Regulate Mesenchymal Stem Cell Fate. PLoS ONE
2011, 6, €15978. [CrossRef]

Longley, R.; Ferreira, A.M.; Gentile, P. Recent approaches to the manufacturing of biomimetic multi-phasic scaffolds for
osteochondral regeneration. Int. . Mol. Sci. 2018, 19, 1755. [CrossRef] [PubMed]

Di Luca, A.; Van Blitterswijk, C.; Moroni, L. The osteochondral interface as a gradient tissue: From development to the fabrication
of gradient scaffolds for regenerative medicine. Birth Defects Res. Part C Embryo Today Rev. 2015, 105, 34-52. [CrossRef]

Frassica, M.T.; Grunlan, M. A. Perspectives on Synthetic Materials to Guide Tissue Regeneration for Osteochondral Defect Repair.
ACS Biomater. Sci. Eng. 2020, 6, 4324-4336. [CrossRef]

Khademhosseini, A.; Langer, R. Microengineered hydrogels for tissue engineering. Biomaterials 2007, 28, 5087-5092. [CrossRef]
[PubMed]

McGlohorn, J.B.; Holder, W.D.; Grimes, L.W.; Thomas, C.B.; Burg, K.J.L. Evaluation of Smooth Muscle Cell Response Using Two
Types of Porous Polylactide Scaffolds with Differing Pore Topography. Tissue Eng. 2004, 10, 505-514. [CrossRef]

Woodfield, T.; Moroni, L.; Malda, J. Combinatorial Approaches to Controlling Cell Behaviour and Tissue Formation in 3D via
Rapid-Prototyping and Smart Scaffold Design. Comb. Chem. High Throughput Screen 2009, 12, 562-579. [CrossRef]

Khetan, S.; Burdick, J.A. Patterning hydrogels in three dimensions towards controlling cellular interactions. Soft Matter. 2011,
7, 830-838. [CrossRef]


http://doi.org/10.1097/MOH.0000000000000153
http://www.ncbi.nlm.nih.gov/pubmed/26049754
http://doi.org/10.2174/1574888X10666150519093429
http://doi.org/10.1016/j.actbio.2017.08.005
http://doi.org/10.1002/jor.23670
http://doi.org/10.3390/jfb3040799
http://www.ncbi.nlm.nih.gov/pubmed/24955748
http://doi.org/10.1016/j.progpolymsci.2011.11.007
http://doi.org/10.1016/j.jmbbm.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28183011
http://doi.org/10.1016/j.jot.2018.11.006
http://doi.org/10.1016/S0140-6736(99)90247-7
http://doi.org/10.1016/j.msec.2016.08.027
http://doi.org/10.1177/0883911514566015
http://doi.org/10.1007/s10856-019-6218-x
http://doi.org/10.1007/s00167-010-1072-x
http://www.ncbi.nlm.nih.gov/pubmed/20130833
http://doi.org/10.5435/JAAOS-D-16-00096
http://www.ncbi.nlm.nih.gov/pubmed/26990714
http://doi.org/10.1016/j.biomaterials.2009.06.013
http://www.ncbi.nlm.nih.gov/pubmed/19564041
http://doi.org/10.1016/j.biomaterials.2009.09.063
http://www.ncbi.nlm.nih.gov/pubmed/19819008
http://doi.org/10.1021/bm100199m
http://doi.org/10.1016/j.actbio.2017.11.021
http://doi.org/10.1126/science.1116995
http://doi.org/10.1038/nmat2732
http://doi.org/10.1371/journal.pone.0015978
http://doi.org/10.3390/ijms19061755
http://www.ncbi.nlm.nih.gov/pubmed/29899285
http://doi.org/10.1002/bdrc.21092
http://doi.org/10.1021/acsbiomaterials.0c00753
http://doi.org/10.1016/j.biomaterials.2007.07.021
http://www.ncbi.nlm.nih.gov/pubmed/17707502
http://doi.org/10.1089/107632704323061861
http://doi.org/10.2174/138620709788681899
http://doi.org/10.1039/C0SM00852D

J. Funct. Biomater. 2021, 12,17 15 0f 17

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

Nichol, ].W.; Khademhosseini, A. Modular tissue engineering: Engineering biological tissues from the bottom up. Soft Matter.
2009, 5, 1312. [CrossRef]

Zhang, B.; Huang, J.; Narayan, R.J. Gradient scaffolds for osteochondral tissue engineering and regeneration. J. Mater. Chem. B
2020, 8, 8149-8170. [CrossRef]

Dash, M.; Chiellini, F.; Ottenbrite, R.M.; Chiellini, E. Chitosan—A versatile semi-synthetic polymer in biomedical applications.
Prog. Polym. Sci. 2011, 36, 981-1014. [CrossRef]

Abarrategi, A.; Lopiz-Morales, Y.; Ramos, V.; Civantos, A.; Lépez-Duran, L.; Marco, F.; Lopez-Lacomba, J.L. Chitosan scaffolds for
osteochondral tissue regeneration. . Biomed. Mater. Res. Part A 2010, 95, 1132-1141. [CrossRef]

Liao, C.-T.; Ho, M.-H. The Fabrication of Biomimetic Chitosan Scaffolds by Using SBF Treatment with Different Crosslinking
Agents. Membranes 2010, 1, 3-12. [CrossRef]

Maia, ER.; Carvalho, M.R,; Oliveira, ].M.; Reis, R.L. Tissue Engineering Strategies for Osteochondral Repair. In Advances in
Experimental Medicine and Biology; Springer: Cham, Switzerland, 2018; pp. 353-371.

Yang, J.; Zhang, Y.S.; Yue, K.; Khademhosseini, A. Cell-laden hydrogels for osteochondral and cartilage tissue engineering. Acta
Biomater. 2017, 57, 1-25. [CrossRef] [PubMed]

Kumbhar, J.; Jadhav, S.; Bodas, D.; Barhanpurkar-Naik, A.; Wani, M.; Paknikar, K.; Rajwade, J. In vitro and in vivo studies
of a novel bacterial cellulose-based acellular bilayer nanocomposite scaffold for the repair of osteochondral defects. Int. |.
Nanomedicine 2017, 12, 6437-6459. [CrossRef] [PubMed]

Parisi, C.; Salvatore, L.; Veschini, L.; Serra, M.P.; Hobbs, C.; Madaghiele, M.; Sannino, A.; Di Silvio, L. Biomimetic gradient scaffold
of collagen-hydroxyapatite for osteochondral regeneration. J. Tissue Eng. 2020, 11, 204173141989606. [CrossRef]

Gao, F; Xu, Z,; Liang, Q.; Li, H,; Peng, L.; Wu, M.; Zhao, X.; Cui, X.; Ruan, C.; Liu, W. Osteochondral Regeneration with
3D-Printed Biodegradable High-Strength Supramolecular Polymer Reinforced-Gelatin Hydrogel Scaffolds. Adv. Sci. 2019, 6,
1900867. [CrossRef] [PubMed]

Erickson, A.E.; Sun, J.; Lan Levengood, S.K.; Swanson, S.; Chang, F-C.; Tsao, C.T.; Zhang, M. Chitosan-based composite bilayer
scaffold as an in vitro osteochondral defect regeneration model. Biomed. Microdevices 2019, 21, 34. [CrossRef]

Filardo, G.; Perdisa, F.; Gelinsky, M.; Despang, F.; Fini, M.; Marcacci, M.; Parrilli, A.P,; Roffi, A.; Salamanna, F.; Sartori, M.; et al.
Novel alginate biphasic scaffold for osteochondral regeneration: An in vivo evaluation in rabbit and sheep models. J. Mater. Sci.
Mater. Med. 2018, 29. [CrossRef]

Ribeiro, V.P; Pina, S.; Costa, ].B.; Cengiz, L.E; Garcia-Fernandez, L.; Fernandez-Gutiérrez, M.D.M.; Paiva, O.C.; Oliveira, A.L.;
San-Roman, J.; Oliveira, ].M.; et al. Enzymatically Cross-Linked Silk Fibroin-Based Hierarchical Scaffolds for Osteochondral
Regeneration. ACS Appl. Mater. Interfaces 2019, 11, 3781-3799. [CrossRef]

Larson, B.L.; Yu, S.N.; Park, H.; Estes, B.T.; Moutos, ET.; Bloomquist, C.J.; Wu, P.B.; Welter, ].E.,; Langer, R.; Guilak, E; et al.
Chondrogenic, hypertrophic, and osteochondral differentiation of human mesenchymal stem cells on three-dimensionally woven
scaffolds. J. Tissue Eng. Regen. Med. 2019, 13, 1453-1465. [CrossRef] [PubMed]

Liang, X.; Duan, P; Gao, J.; Guo, R.; Qu, Z.; Li, X.; He, Y.; Yao, H.; Ding, J. Bilayered PLGA /PLGA-HAp Composite Scaffold for
Osteochondral Tissue Engineering and Tissue Regeneration. ACS Biomater. Sci. Eng. 2018, 4, 3506-3521. [CrossRef] [PubMed]
Lin, D; Cai, B.; Wang, L.; Cai, L.; Wang, Z; Xie, J.; Lv, Q.; Yuan, Y,; Liu, C.; Shen, S.G. A viscoelastic PEGylated poly(glycerol
sebacate)-based bilayer scaffold for cartilage regeneration in full-thickness osteochondral defect. Biomaterials 2020, 253, 120095.
[CrossRef] [PubMed]

Kumar, P,; Dehiya, B.S.; Sindhu, A.; Kumar, R.; Pruncu, C.I; Yadav, A. Fabrication and characterization of silver nanorods
incorporated calcium silicate scaffold using polymeric sponge replica technique. Mater. Des. 2020, 195, 109026. [CrossRef]
Rezwan, K.; Chen, Q.Z.; Blaker, ].J.; Boccaccini, A.R. Biodegradable and bioactive porous polymer/inorganic composite scaffolds
for bone tissue engineering. Biomaterials 2006, 27, 3413-3431. [CrossRef]

Fernandes, C.; Moura, C.; Ascenso, RM.T.; Amado, S.; Alves, N.; Pascoal-Faria, P. Comprehensive Review on Full Bone
Regeneration through 3D Printing Approaches. In Design and Mnufacturing; IntechOpen: Rijeka, Croatia, 2020.

Baker, B.M.; Shah, R.P; Silverstein, A.M.; Esterhai, J.L.; Burdick, J.A.; Mauck, R.L. Sacrificial nanofibrous composites provide
instruction without impediment and enable functional tissue formation. Proc. Natl. Acad. Sci. USA 2012, 109, 14176-14181.
[CrossRef] [PubMed]

Park, S.A.; Lee, S.J.; Seok, ].M.; Lee, ].H.; Kim, W.D.; Kwon, LK. Fabrication of 3D Printed PCL/PEG Polyblend Scaffold Using
Rapid Prototyping System for Bone Tissue Engineering Application. J. Bionic Eng. 2018, 15, 435-442. [CrossRef]

Hench, L.L. The story of Bioglass®. J. Mater. Sci. Mater. Med. 2006, 17, 967-978. [CrossRef]

Zhang, B.; Huang, J.; Narayan, R. Nanostructured biomaterials for regenerative medicine: Clinical perspectives. In Nanostructured
Biomaterials for Regenerative Medicine; Elsevier: London, UK, 2020; pp. 47-80.

Liu, J.; Li, L.; Suo, H.; Yan, M.; Yin, J.; Fu, J. 3D printing of biomimetic multi-layered GelMA /nHA scaffold for osteochondral
defect repair. Mater. Des. 2019, 171, 107708. [CrossRef]

Panyala, N.R.; Pefia-Méndez, E.M.; Havel, J. Gold and nano-gold in medicine: Overview, toxicology and perspectives. J. Appl.
Biomed. 2009, 7, 75-91. [CrossRef]

El-Sayed, M.A. Some interesting properties of metals confined in time and nanometer space of different shapes. Acc. Chem. Res.
2001, 34, 257-264. [CrossRef]


http://doi.org/10.1039/b814285h
http://doi.org/10.1039/D0TB00688B
http://doi.org/10.1016/j.progpolymsci.2011.02.001
http://doi.org/10.1002/jbm.a.32912
http://doi.org/10.3390/membranes1010003
http://doi.org/10.1016/j.actbio.2017.01.036
http://www.ncbi.nlm.nih.gov/pubmed/28088667
http://doi.org/10.2147/IJN.S137361
http://www.ncbi.nlm.nih.gov/pubmed/28919746
http://doi.org/10.1177/2041731419896068
http://doi.org/10.1002/advs.201900867
http://www.ncbi.nlm.nih.gov/pubmed/31406678
http://doi.org/10.1007/s10544-019-0373-1
http://doi.org/10.1007/s10856-018-6074-0
http://doi.org/10.1021/acsami.8b21259
http://doi.org/10.1002/term.2899
http://www.ncbi.nlm.nih.gov/pubmed/31115161
http://doi.org/10.1021/acsbiomaterials.8b00552
http://www.ncbi.nlm.nih.gov/pubmed/33465902
http://doi.org/10.1016/j.biomaterials.2020.120095
http://www.ncbi.nlm.nih.gov/pubmed/32445809
http://doi.org/10.1016/j.matdes.2020.109026
http://doi.org/10.1016/j.biomaterials.2006.01.039
http://doi.org/10.1073/pnas.1206962109
http://www.ncbi.nlm.nih.gov/pubmed/22872864
http://doi.org/10.1007/s42235-018-0034-8
http://doi.org/10.1007/s10856-006-0432-z
http://doi.org/10.1016/j.matdes.2019.107708
http://doi.org/10.32725/jab.2009.008
http://doi.org/10.1021/ar960016n

J. Funct. Biomater. 2021, 12,17 16 of 17

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.
112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Abdal Dayem, A.; Lee, S.B.; Cho, S.G. The impact of metallic nanoparticles on stem cell proliferation and differentiation.
Nanomaterials 2018, 8, 761. [CrossRef] [PubMed]

Armentano, I.; Dottori, M.; Fortunati, E.; Mattioli, S.; Kenny, ]. M. Biodegradable polymer matrix nanocomposites for tissue
engineering: A review. Polym. Degrad. Stab. 2010, 95, 2126-2146. [CrossRef]

Augustine, R.; Dominic, E.A.; Reju, I.; Kaimal, B.; Kalarikkal, N.; Thomas, S. Investigation of angiogenesis and its mechanism
using zinc oxide nanoparticle-loaded electrospun tissue engineering scaffolds. RSC Adv. 2014, 4, 51528-51536. [CrossRef]
Buzarovska, A.; Gualandi, C.; Parrilli, A.; Scandola, M. Effect of TiO2 nanoparticle loading on Poly(I-lactic acid) porous scaffolds
fabricated by TIPS. Compos. Part B Eng. 2015, 81, 189-195. [CrossRef]

Gupta, A K,; Naregalkar, RR.; Vaidya, V.D.; Gupta, M. Recent advances on surface engineering of magnetic iron oxide nanoparti-
cles and their biomedical applications. Future Med. 2007, 2, 23-39. [CrossRef] [PubMed]

Ko, WK.; Heo, D.N.; Moon, H.J.; Lee, S.J.; Bae, M.S,; Lee, ].B.; Sun, I.C.; Jeon, H.B.; Park, H.K.; Kwon, LK. The effect of gold
nanoparticle size on osteogenic differentiation of adipose-derived stem cells. J. Colloid Interface Sci. 2015, 438, 68-76. [CrossRef]
Li, J.; Zhang, J.; Wang, X.; Kawazoe, N.; Chen, G. Gold nanoparticle size and shape influence on osteogenesis of mesenchymal
stem cells. Nanoscale 2016, 8, 7992-8007. [CrossRef]

Zhang, R; Lee, P; Lui, V.C.H.; Chen, Y,; Liu, X,; Lok, C.N.; To, M.; Yeung, K W.K.; Wong, K.K.Y. Silver nanoparticles promote
osteogenesis of mesenchymal stem cells and improve bone fracture healing in osteogenesis mechanism mouse model. Nanomed.
Nanotechnol. Biol. Med. 2015, 11, 1949-1959. [CrossRef]

Bianco, P.; Cao, X.; Frenette, P.S.; Mao, ].].; Robey, P.G.; Simmons, PJ.; Wang, C.-Y. The meaning, the sense and the significance:
Translating the science of mesenchymal stem cells into medicine. Nat. Med. 2013, 19, 35. [CrossRef]

Dupont, K.M.; Sharma, K.; Stevens, H.Y.; Boerckel, ].D.; Garcia, A.].; Guldberg, R.E. Human stem cell delivery for treatment of
large segmental bone defects. Proc. Natl. Acad. Sci. USA 2010, 107, 3305-3310. [CrossRef] [PubMed]

Akkiraju, H.; Nohe, A. Role of chondrocytes in cartilage formation, progression of osteoarthritis and cartilage regeneration. J. Dev.
Biol. 2015, 3, 177-192. [CrossRef]

Eyre, D. Articular cartilage and changes in arthritis: Collagen of articular cartilage. Arthritis Res. Ther. 2001, 4, 30. [CrossRef]
Kalamegam, G.; Memic, A.; Budd, E.; Abbas, M.; Mobasheri, A. A comprehensive review of stem cells for cartilage regeneration
in osteoarthritis. Cell Biol. Transl. Med. 2018, 2, 23-36.

Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K.; Douglas, R.; Mosca, ].D.; Moorman, M.A.; Simonetti, D.W.; Craig, S.;
Marshak, D.R. Multilineage potential of adult human mesenchymal stem cells. Science 1999, 284, 143-147. [CrossRef] [PubMed]
Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, E.C.; Krause, D.S.; Deans, R.J.; Keating, A.; Prockop, D.J.;
Horwitz, E.M. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular
Therapy position statement. Cytotherapy 2006, 8, 315-317. [CrossRef]

Mackay, A.M.; Beck, S.C.; Murphy, ].M.; Barry, EP,; Chichester, C.O.; Pittenger, M.F. Chondrogenic differentiation of cultured
human mesenchymal stem cells from marrow. Tissue Eng. 1998, 4, 415-428. [CrossRef] [PubMed]

Kristjansson, B.; Honsawek, S. Mesenchymal stem cells for cartilage regeneration in osteoarthritis. World J. Orthop. 2017, 8, 674.
[CrossRef] [PubMed]

Huang, Y.-Z.; Xie, H.-Q.; Silini, A.; Parolini, O.; Zhang, Y.; Deng, L.; Huang, Y.-C. Mesenchymal stem/progenitor cells derived
from articular cartilage, synovial membrane and synovial fluid for cartilage regeneration: Current status and future perspectives.
Stem Cell Rev. Rep. 2017, 13, 575-586. [CrossRef]

Mizuno, M.; Katano, H.; Mabuchi, Y.; Ogata, Y.; Ichinose, S.; Fujii, S.; Otabe, K.; Komori, K.; Ozeki, N.; Koga, H. Specific markers
and properties of synovial mesenchymal stem cells in the surface, stromal, and perivascular regions. Stem Cell Res. Ther. 2018,
9, 123. [CrossRef]

Correa, D.; Lietman, S.A. Articular cartilage repair: Current needs, methods and research directions. In Seminars in Cell &
Developmental Biology; Elsevier: London, UK, 2017; pp. 67-77.

Mancuso, P; Raman, S.; Glynn, A.; Barry, F.; Murphy, ]. M. Mesenchymal stem cell therapy for osteoarthritis: The critical role of
the cell secretome. Front. Bioeng. Biotechnol. 2019, 7, 9. [CrossRef]

Grayson, W.L.; Bunnell, B.A.; Martin, E.; Frazier, T.; Hung, B.P.; Gimble, ].M. Stromal cells and stem cells in clinical bone
regeneration. Nat. Rev. Endocrinol. 2015, 11, 140. [CrossRef] [PubMed]

Van Buul, G.M,; Villafuertes, E.; Bos, PK.; Waarsing, ].H.; Kops, N.; Narcisi, R.; Weinans, H.; Verhaar, ].A.N.; Bernsen, M.R.; Van
Osch, G. Mesenchymal stem cells secrete factors that inhibit inflammatory processes in short-term osteoarthritic synovium and
cartilage explant culture. Osteoarthr. Cartil. 2012, 20, 1186-1196. [CrossRef] [PubMed]

Magatti, M.; Vertua, E.; Cargnoni, A ; Silini, A.; Parolini, O. The immunomodulatory properties of amniotic cells: The two sides of
the coin. Cell Transplant 2018, 27, 31-44. [CrossRef] [PubMed]

Silini, A.R.; Magatti, M.; Cargnoni, A.; Parolini, O. Is immune modulation the mechanism underlying the beneficial effects of
amniotic cells and their derivatives in regenerative medicine? Cell Transpl. 2017, 26, 531-539. [CrossRef]

Tschon, M.; Brogini, S.; Parrilli, A.; Bertoldi, S.; Silini, A.; Parolini, O.; Faré, S.; Martini, L.; Veronesi, F.; Fini, M. Assessment of
the in vivo biofunctionality of a biomimetic hybrid scaffold for osteochondral tissue regeneration. Biotechnol. Bioeng. 2021, 118,
465-480. [CrossRef]

Yuan, L.; Ding, S.; Wen, C. Additive manufacturing technology for porous metal implant applications and triple minimal surface
structures: A review. Bioact. Mater. 2019, 4, 56-70. [CrossRef]


http://doi.org/10.3390/nano8100761
http://www.ncbi.nlm.nih.gov/pubmed/30261637
http://doi.org/10.1016/j.polymdegradstab.2010.06.007
http://doi.org/10.1039/C4RA07361D
http://doi.org/10.1016/j.compositesb.2015.07.016
http://doi.org/10.2217/17435889.2.1.23
http://www.ncbi.nlm.nih.gov/pubmed/17716188
http://doi.org/10.1016/j.jcis.2014.08.058
http://doi.org/10.1039/C5NR08808A
http://doi.org/10.1016/j.nano.2015.07.016
http://doi.org/10.1038/nm.3028
http://doi.org/10.1073/pnas.0905444107
http://www.ncbi.nlm.nih.gov/pubmed/20133731
http://doi.org/10.3390/jdb3040177
http://doi.org/10.1186/ar380
http://doi.org/10.1126/science.284.5411.143
http://www.ncbi.nlm.nih.gov/pubmed/10102814
http://doi.org/10.1080/14653240600855905
http://doi.org/10.1089/ten.1998.4.415
http://www.ncbi.nlm.nih.gov/pubmed/9916173
http://doi.org/10.5312/wjo.v8.i9.674
http://www.ncbi.nlm.nih.gov/pubmed/28979850
http://doi.org/10.1007/s12015-017-9753-1
http://doi.org/10.1186/s13287-018-0870-9
http://doi.org/10.3389/fbioe.2019.00009
http://doi.org/10.1038/nrendo.2014.234
http://www.ncbi.nlm.nih.gov/pubmed/25560703
http://doi.org/10.1016/j.joca.2012.06.003
http://www.ncbi.nlm.nih.gov/pubmed/22771777
http://doi.org/10.1177/0963689717742819
http://www.ncbi.nlm.nih.gov/pubmed/29562786
http://doi.org/10.3727/096368916X693699
http://doi.org/10.1002/bit.27584
http://doi.org/10.1016/j.bioactmat.2018.12.003

J. Funct. Biomater. 2021, 12,17 17 of 17

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

An, ].; Teoh, ].E.M.; Suntornnond, R.; Chua, C.K. Design and 3D Printing of Scaffolds and Tissues. Engineering 2015, 1, 261-268.
[CrossRef]

Zhou, X.; Nowicki, M.; Cui, H.; Zhu, W.; Fang, X.; Miao, S.; Lee, S.; Keidar, M.; Grace, L. 3D bioprinted graphene oxide-
incorporated matrix for promoting chondrogenic differentiation of human bone marrow mesenchymal stem cells. Carbon N. Y.
2017, 116, 615-624. [CrossRef]

Graham, A.D.; Olof, S.N.; Burke, M.].; Armstrong, ]. PX.; Mikhailova, E.A.; Nicholson, ].G.; Box, S.J.; Szele, EG.; Perriman, A.W.,;
Bayley, H. High-resolution patterned cellular constructs by droplet-based 3D printing. Sci. Rep. 2017, 7, 1-11.

Fedorovich, N.E.; Schuurman, W.; Wijnberg, H.M.; Prins, H.-].; Van Weeren, P.R.; Malda, J.; Alblas, J.; Dhert, W.J.A. Biofabrication
of osteochondral tissue equivalents by printing topologically defined, cell-laden hydrogel scaffolds. Tissue Eng. Part C Methods
2012, 18, 33—-44. [CrossRef]

Kumar, S.; Choudhary, A.K.S; Singh, A K.; Gupta, A.K. A Comparison of Additive Manufacturing Technologies. Int. J. Innov. Res.
Sci. Technol. 2016, 3, 147-152.

Wang, X; Jiang, M.; Zhou, Z.; Gou, J.; Hui, D. 3D printing of polymer matrix composites: A review and prospective. Compos. Part
B Eng. 2017, 110, 442-458. [CrossRef]

Daly, A.C.; Freeman, EE.; Gonzalez-Fernandez, T.; Critchley, S.E.; Nulty, J.; Kelly, D.J. 3D Bioprinting for Cartilage and
Osteochondral Tissue Engineering. Adv. Healthc. Mater. 2017, 6, 1-20. [CrossRef] [PubMed]

Abdelaal, O.; Darwish, S.M. Fabrication of Tissue Engineering Scaffolds Using Rapid Prototyping Techniques. Int. . Mech.
Aerospace Ind. Mechatron. Manuf. Eng. 2011, 5, 2317-2325. [CrossRef]

Zhao, C.; Zhang, H.; Cai, B.; Wang, G.; Fan, H.; Zhang, X. Preparation of porous PLGA /Ti biphasic scaffold and osteochondral
defect repair. Biomater. Sci. 2013, 1, 703. [CrossRef]

Karageorgiou, V.; Kaplan, D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 2005, 26, 5474-5491. [CrossRef]
[PubMed]

Kim, K; Yeatts, A.; Dean, D.; Fisher, ].P. Stereolithographic Bone Scaffold Design Parameters: Osteogenic Differentiation and
Signal Expression. Tissue Eng. Part B Rev. 2010, 16, 523-539. [CrossRef]

Marrella, A.; Lee, T.Y.; Lee, D.H.; Karuthedom, S.; Syla, D.; Chawla, A.; Khademhosseini, A.; Jang, H.L. Engineering vascularized
and innervated bone biomaterials for improved skeletal tissue regeneration. Mater. Today 2018, 21, 362-376. [CrossRef]
O'Reilly, A.; Kelly, D.J. A Computational Model of Osteochondral Defect Repair Following Implantation of Stem Cell-Laden
Multiphase Scaffolds. Tissue Eng. Part A 2017, 23, 30—42. [CrossRef] [PubMed]

Nowicki, M.; Zhu, W,; Sarkar, K.; Rao, R.; Zhang, L.G. 3D printing multiphasic osteochondral tissue constructs with nano to
micro features via PCL based bioink. Bioprinting 2020, 17, e00066. [CrossRef]


http://doi.org/10.15302/J-ENG-2015061
http://doi.org/10.1016/j.carbon.2017.02.049
http://doi.org/10.1089/ten.tec.2011.0060
http://doi.org/10.1016/j.compositesb.2016.11.034
http://doi.org/10.1002/adhm.201700298
http://www.ncbi.nlm.nih.gov/pubmed/28804984
http://doi.org/10.1007/978-3-642-31470-4_3
http://doi.org/10.1039/c3bm00199g
http://doi.org/10.1016/j.biomaterials.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15860204
http://doi.org/10.1089/ten.teb.2010.0171
http://doi.org/10.1016/j.mattod.2017.10.005
http://doi.org/10.1089/ten.tea.2016.0175
http://www.ncbi.nlm.nih.gov/pubmed/27712189
http://doi.org/10.1016/j.bprint.2019.e00066

	Introduction 
	Overview of the Joint Surface Structure 
	Cartilage Structure and Functional Properties 
	Bone Structure and Functional Properties 
	Osteochondral Developmental Insights 
	Key Molecular Signaling in Osteochondral Development and Growth 

	Tissue Engineering for Osteochondral Regeneration 
	Biomaterials 
	Cell Types for Osteochondral Regeneration 
	Additive Manufacturing 

	Strategies for Osteochondral Regeneration 
	Conclusions and Future Work 
	References

