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Abstract: The degeneration of osteochondral tissue represents one of the major causes of disability
in modern society and it is expected to fuel the demand for new solutions to repair and regenerate
the damaged articular joints. In particular, osteoarthritis (OA) is the most common complication
in articular diseases and a leading cause of chronic disability affecting a steady increasing number
of people. The regeneration of osteochondral (OC) defects is one of the most challenging tasks in
orthopedics since this anatomical region is composed of different tissues, characterized by antithetic
features and functionalities, in tight connection to work together as a joint. The altered structural and
mechanical joint environment impairs the natural tissue metabolism, thus making OC regeneration
even more challenging. In this scenario, marine-derived ingredients elicit ever-increased interest for
biomedical applications as a result of their outstanding mechanical and multiple biologic properties.
The review highlights the possibility to exploit such unique features using a combination of bio-
inspired synthesis process and 3D manufacturing technologies, relevant to generate compositionally
and structurally graded hybrid constructs reproducing the smart architecture and biomechanical
functions of natural OC regions.

Keywords: osteochondral scaffold; hybrid materials; marine-derived ingredients; fucoidans; mutable
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1. State of the Art

The aging population, increasing obesity, and a surge in the number of sports-related
injuries are the main drivers for the worldwide rising prevalence of bone and osteochon-
dral (OC) diseases. Osteoarthritis (OA) refers to a rheumatic musculoskeletal disorder
characterized by the progressive deterioration of the articular cartilage and sclerosis of
the subchondral bone, together with changes in the synovial tissues, as a result of me-
chanical and biological processes that modify the cartilage homeostasis [1,2]. Injuries or
repeated misaligned loading cause cartilage and subchondral bone damages, potentially
contributing to the development of OA. An uncontrolled inflammatory response related
to OA causes severe tissue damage and premature failure of any therapy. OA represents
the most common complication in joint diseases and a leading cause of chronic disability,
accounting for more than 25% of all new disability claims [3]. It was reported that 43% of
people with OA are 65 or older and 88% of people with OA are 45 or older [4].

For several decades, both scientists and clinicians have been actively searching for
an ideal cartilage implant that can reproduce the mechanical and biological properties
of healthy, native cartilage. The inhibitory potential of some sulphated polysaccharides
against various catabolic enzymes involved in joint degradation, such as hyaluronidases,
elastases and matrix metalloproteases, was reported [5] and proposed as a new tool to
prevent disease progression.
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The altered joint environment and regenerative capacities make osteochondral re-
generation even more challenging since this complex biologic process has to be sustained
by a combination of mechanical and biological stimuli. Osteochondral defects affecting
most of the condyle surface cannot yet be regenerated nor treated except using highly
invasive approaches. Indeed, the implantation of metallic prosthesis is highly invasive
and implies the ablation of a large amount of bone to assure the fixation. On the other
hand, the existing regenerative devices have inadequate mechanical performance and
insufficient bioactivity, hampering the re-growth of articular cartilage with a sliding surface
and shock-absorption ability.

To overcome these bottlenecks, new approaches should be pursued that might be
powered using novel smart materials and innovative engineering methods. In this respect,
marine-derived materials are eliciting great interest as bioactive molecules or to develop
scaffolds for biomedical applications such as wound healing and as drug delivery systems.
Such an interest is raised by the outstanding performance of marine-derived tissues in terms
of mechanical responsiveness and of multiple biologic abilities including anti-inflammatory,
anticancer and antioxidant properties [5-8].

Boosted by such an interest, marine biomaterials experienced various stages of de-
velopment, starting from coralline bone grafts and then moving to polysaccharide and
protein-based biomaterials [9]. Relevant examples are sulphated polysaccharides such
as glycosaminoglycans (GAGs), ulvan, carrageenan and fucoidan, showing outstanding
biological properties and ability to activate biomineralization processes through interaction
with proteins [10-12] as mediated by the degree of sulfation and negative charges [13].

Among proteins, collagen extracted from marine sources elicits great interest since it
has an amino acid composition that is similar to human type I collagen [14]; in addition,
its use can prevent cultural and sanitary concerns related to the use of terrestrial-derived
collagen. For these reasons, the extraction of collagen from marine organisms such as
sponges [15-17], fishes [18,19], squids [20] and echinoderms [21] is now regarded as the
safest approach for large-scale collagen acquisition [22]. Similar to other natural polymers,
marine-derived collagen can be processed using various forming technologies including
3D manufacturing and bioprinting to develop 2D and 3D constructs showing enhanced
mechanical properties in association with a thinner fibrous structure compared to terrestrial
animal-derived collagen [23,24]. In addition, marine-derived collagen can be conjugated
with inorganic materials to obtain 3D multiphasic scaffolds with excellent osteogenesis
ability [25].

Such considerations suggest that marine-derived materials are very promising com-
pounds to be investigated for the development of multi-layered scaffolds for osteochondral
regeneration. In this respect, the present review describes in more details the unique me-
chanical performance of the natural osteochondral unit and the relevance in reproducing
such a performance to obtain effective osteochondral regeneration using scaffolds exhibiting
high compositional and structural biomimicry. To this end, the development of multiphasic
scaffolds is highlighted, as these are uniquely able to reproduce compositional and struc-
tural gradients typical of the different bony and cartilaginous compartments. On the other
hand, the review focuses on the combination of bio-inspired mineralization processes and
3D manufacturing as promising technologies which might be synergistically combined to
generate biomimetic multiphasic nanofibrillar structures, hierarchically organized from the
nano to the macroscopic scale, as exhibited by the natural osteochondral unit.

2. Regenerative Approach: Effect of Mechanical Performance

Therapeutic interventions on damaged osteochondral regions should not only tackle
cartilaginous damage, but the overall joint environment: indeed, the subchondral bone is
always damaged in advanced OA and it may be further compromised by osteoporotic or
inflammatory conditions, greatly influencing the course of the disease and treatment suc-
cess. Until now, most attempts to regenerate osteochondral defects, particularly if affected
by OA, have not resulted in a stable and reproducible restoration of joint function [26-28].
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Various cell- and scaffold-based therapies are already available but only for focal cartilage
and osteochondral defects [29-31]; however, cell therapies proved quite ineffective because,
although there is evidence of transient chondrocyte proliferation at wound sites, there
is little or no cellular migration into the injured sites to repair the defect [32,33]. On the
other hand, most of the tested scaffolds showed insufficient bioactivity, resorption profile
and timing not compliant with the rate of the regenerative process and, most importantly,
ineffective mechanical performance to manage ever-changing, multi-axial forces [34-36].
Indeed, none of the present therapeutic approaches can consistently or completely restore
the biomechanical properties of the complex osteochondral anatomical region [37]. Current
surgical treatments for a full OC defect are limited and include microfracture or transplan-
tation of OC tissue (allograft or autograft) [38,39]. While these treatments can provide some
initial relief from pain, they have shown significant limitations, thus motivating research
on regenerative approaches targeting full restoration of the damaged tissues as a long-term
solution [40,41]. Similarly, mosaicplasty involves the transfer of OC cylindrical plugs from
a non-load-bearing region of the patient’s joint to the defect [42-46]. While this treatment
can relieve pain in many patients [47], the results are considerably less satisfactory when
the defect is outside of a specified size range (typically 1-4 cm? is recommended) or for
patients over 35 [48-52]. Tissue engineering strategies aim to restore tissue function using
methods which combine cells, tissue-inducing agents (such as growth factors) and scaffolds
designed to guide regeneration [53].

To date, current cartilage scaffolds do not replicate the biomechanical performance of
the natural osteochondral unit but mainly the ability to withstand compressive forces and
to ensure sliding effects at the articular surface. These aspects are key in OC regeneration;
however, most of the efforts in OC scaffold development have been focused only on the
biological performance, leading to articular mechanical instability and failure.

The articular cartilage and its supporting subchondral bone represent a functional unit
which is of paramount relevance for the joint mechanical performance [54]: the dynamic
mechanical environment within the joint includes multi-axial compressive and shear strains
as well as hydrostatic and osmotic pressures. The outstanding mechanical performance of
the articular cartilage is given by both compositional and structural factors. In particular,
the (hyaline) cartilage layer is prevalently composed of extracellular matrix consisting in
water (70-80%), collagen (20-25%) and proteoglycans (PG), particularly aggrecans [55]. The
latter act to collect and entrap water molecules inside the dense fiber network of the carti-
lage and have the function of expanding pressure, crucial for load distribution throughout
its unique hierarchical structure and as a result of complex poro-viscoelastic properties.
The smooth, lubricated cartilage surface (lamina splendens) accounts for extremely low
friction and allows the transfer of multi-axial loads to the underlying subchondral bone,
with the thin tidemark layer minimizing the stiffness gradient between the rigid bone
and the more pliable cartilage [56]. Going from the surface to bone, the collagen fiber
orientation progressively changes with depth from parallel to the surface towards perpen-
dicular orientation, thus enabling proper anchoring to the underlying subchondral bone.
In the same way, the concentration of proteoglycan aggregates (PG) increases with depth
from the articular surface. This causes PG compaction under compressive strains of the
cartilage, which increases the fixed charge density and water molecules’ linking. Therefore,
the tissue permeability decreases, resulting in higher swelling pressures [57,58]. Such a
phenomenon, known as fluid pressurization effect, is responsible for the high resistance to
loading and excellent shock-absorption ability of the articular cartilage, thus being respon-
sible for maintaining the integrity of the articular cartilage and protecting the underlying
subchondral bone. The presence of the superficial cartilage layer known as lamina splendens
represents a crucial element in the maintenance of virtually null friction conditions due to
its unique ultrastructure and the constant production of molecules exerting a lubrication
effect. Changes in the cartilage surface lead to the increase in the friction and result in
the transformation of orthogonal into tangential forces with progressive deformation of
the tissue architecture. In this respect, a major limitation in the existing cartilage repair
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devices is their inability to reproduce such a surface structure giving low friction conditions
and correct load-dependent behavior, thus resulting in the progressive degeneration of the
surrounding cartilage with time. The ensemble of the self-lubricating ability of the cartilage
surface and the dynamically adaptive mechanisms, such as the fluid pressurization effect,
are believed to be at the base of the unique shock-absorption properties of the articular
cartilage and the key for the health of the entire osteochondral unit.

With this concept in mind, a general design that may drive the development of effective
osteochondral scaffolds should recapitulate the composition and mechanically functional
architecture of bony and cartilaginous tissues. This implies the realization of bioactive
multiphase scaffolds, i.e., including both inorganic and organic compounds, engineered in
such a way to reproduce the hybrid porous structure of the subchondral bone and the active
mechanical responsiveness to multi-axial mechanical forces typical of the surmounting
articular cartilage. In this respect, the outstanding physico-chemical, mechanical and
biological properties of marine-derived compounds are very promising.

3. Multiphase Scaffolds

While there is no single material or fabrication method that has proven to be superior
in developing an OC scaffold, a multiphase scaffold seems to be the best approach to
creating tailored environments to regrow each of the tissue elements within the complex
OC unit.

To date, one of the most promising strategies to develop osteochondral substitutes
comprises the generation of heterogeneous scaffolds that are obtained through the combina-
tion of distinct but integrated layers corresponding to the cartilage and bony regions. Such
a design should be based on the recognition of the different requirements to regenerate the
cartilaginous and bony parts of an osteochondral defect, and simultaneously prevent the
risk of delamination of different components if these are adjacent but physically separated.
To overcome this problem, a biomineralization process was previously developed, focusing
on obtaining hybrid constructs through supramolecular assembling and mineralization
of collagenous proteins, inspired by the natural phenomena occurring in the formation of
several biologic structures such as shells, exoskeletons of marine animals and including
bone and osteochondral regions [59]. The process, driven by appropriate temperature
and pH conditions, was able to generate chemically and morphologically graded hybrid
constructs mimicking the multi-tissue osteochondral region (Figure 1).

In detail, such a scaffold was built by stacking a bone-like mineralized layer pro-
duced according to the newly developed technique, an intermediate layer with a reduced
amount of mineral phase to mimic the tidemark and an upper layer formed by collagen
and hyaluronic acid, thus reproducing the cartilaginous environmental cues [59]. The
biomineralization process was carried out in the presence of calcium, phosphate and other
bioactive ions such as Mg?* and CO32~ to induce the heterogeneous nucleation of the
apatitic phase on the collagen fibers during their assembling [60]. The resulting gel is subse-
quently treated via freeze-drying, forming the Mg-HA /Coll hybrid. From a bio-mechanical
perspective, the final hybrid exhibited pseudo-plastic behavior, akin to bone tissue, and
mechanical properties close to the values found for trabecular bone at corresponding values
of porosity. Particularly, for porosity = 60%, Young modulus = 1.5-2 GPa and bending
strength = 2-3 MPa; for scaffold porosity = 40%, Young modulus = 5-6 GPa and bending
strength = 15 MPa [61].

In parallel, additive fabrication technologies have emerged in recent years, providing
new tools for engineering living tissues, including bone and cartilage [62,63]. However, to
date, these techniques have mainly been applied in the repair/regeneration of the cartilage,
while defects greater than 6-8 mm in depth (OC defects) require the addition of a bone
graft [38]. In this respect, approaches to obtain 3D printed multiphasic scaffold offer
the potential to achieve improved results by repairing each of the native tissues in the
OC unit. In fact, composition and structural gradients can be obtained using layer-by-
layer fabrication processes, which also permit the deposition of polymeric and composite



Mar. Drugs 2023, 21, 212

50f16

materials along organized 3D structures, attempting to mimic the osteochondral regions. A
relevant advantage of 3D manufacturing is that these processes are guided by computer-
aided design models, which can be directly obtained from CT scans of patient; thus,
these approaches can drive the production of personalized scaffolds. 3D manufacturing
also offers the possibility to precisely incorporate living cells, growth factors or other
nanostructured components in well-defined geometries. It was shown, in this respect, that
stem cells’ proliferation and differentiation can increase when in the presence of structurally
anisotropic scaffolds [64].

Freeze-dried
porous scaffold

1340cm Collagen HA/Coll 80/20wt%

Composition
analogous to
biological apatite

\ 874cm!

HA carbonation band (874 cm):

Absorbance

- B type preferential carbonation

- Carbonation in A position is not evident

V..

1500 1000 500

Wavenumbers (cm™?)

Figure 1. OC scaffold obtained via supramolecular organization and mineralization of collagen
fibrils. (Top): macroscopic view of the scaffold (left) and microstructural details (right). (Bottom):
TEM image showing the disordered state of the mineralizing apatitic phase (left) and FTIR spectrum
showing the interaction between collagen and apatite related to heterogeneous nucleation (right).

Various 3D printing technologies are currently in development, and their full capa-
bilities are an area for potential improvement in the design of biomimetic OC scaffolds
(see Tables 1 and 2). However, the selection of a fabrication method and the choice of
suitable materials are interconnected and co-dependent steps within the OC scaffold design.
For example, when selecting a material, its capability and compatibility in respect to the
fabrication method should be taken into consideration (and vice versa).

Table 1. Marine-derived bio-inks for bone tissue engineering (extrusion bioprinting technology).

Marine-Derived Biomaterial/Marine Resource Bioink Composites References
Alginate/multipotent stromal cells [65]
Alginate/Brown Algae Alginate/silica/biosilica/Sa0S-2 cells [66]
Wood-based cellulose nanofibrils/bioactive [67]
glass/gelatin/alginate /Saos-2 cells/hMSCs
Carrageenan/Red Algae k-Carrageenan/CaP pastes [68]

Chitosan/Shell Chitosan/hydroxyapatite/MC3T3 mouse preosteoblasts [69]
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Table 2. Marine-derived bio-inks for cartilage tissue engineering (extrusion bioprinting technology).

Marine-Derived Biomaterial/Marine Resource Bioink Composites References
Alginate/osteoblasts/chondrocytes [70]
. Alginate/CPCs [71]
Alginate/Brown Algae Cartilage decellularized extracellular matrix/alginate/hMSCs [72]
Hydroxyapatite/alginate/chondrocyte [73]
MA-k-carrageenan/2D nanosilicates/hMSC [74]
Carrageenan/Red Algae k-Carrageenan/Nanosilicates (k-CAR/nSi) [75]
Methacrylamide-modified gelatin (GELMA)/methacrylated k-CAR (CARMA) [76]
Chit /Shell Chitosan/oxidized chondroitin sulfate/hADMSCs [77]
tosan/ohe Hyaluronate/chitosan/adipic acid dihydrazide/ ATDC5 chondrocyte [78]

In the native tissue, the articular cartilage is continuous, with an average pore size of
only 6 nm; calcified cartilage has pores within the unmineralized areas which accounted
for ~22% of the tissue; and subchondral bone has an overall porosity of 64-94% [79-81].
A single fabrication method or a combination of different methods can be used to create
the entire OC scaffold. The most widely used additive manufacturing techniques for
creating 3D printed OC scaffolds include melt electro-writing (MEW), electrospinning
(ESP), stereolithography and digital light processing (DLP) [82]. Recently emerged 3D
printing processes include cryogenic 3D printing [83], powder-based printing [84,85],
indirect printing [86-88], phase separation [89] and the use of custom-built printers [90].
Using a combination of 3D printing methods is a strategy that permits the combination of
advantages and drawbacks of different techniques in order to better capture the varying
tissue regions, especially in terms of mechanical functionality [91]. A smart example of
processes combination was realized by H. Chen et al. [92] using direct writing (DW) and ESP
to fabricate cartilage scaffolds that support cell seeding and proliferation. They fabricated a
scaffold that recapitulates an arch-like structure, characterized by three of the four main
zones of native cartilage: (i) the superficial zone, denoted by tangentially oriented collagen
fibrils, was represented by two parallel electrospun layers with an average distance of about
200-300 pm; (ii) to reproduce the oblique collagen structure of the middle zone, crossed
diagonal layers were created; finally, (iii) the deep zone was formed by parallel layers,
radially oriented to the top structure. The reproduction of the natural lamina splendens with
its sliding surface is relevant to achieve resistance to shear forces, a key aspect to improving
the biomechanical performance of the scaffold under loading [93,94].

From the material perspective in OC scaffold development, natural polymers are
commonly used in hydrogel form where their polymer networks are capable of holding a
large amount of water, thereby creating a fully hydrated 3D environment comparable to
that of the natural ECM [95,96]. This environment can support cell adhesion, proliferation
of various cells and stimulate stem cell differentiation [97] (Figure 2).

On the other hand, natural polymers typically possess weak mechanical properties,
which can lead to deformation in load-bearing areas [98]. Noticeably, these natural materials
are commonly modified, especially using crosslinking (e.g., gelatin to gelatin methacryloyl
(GelMA, hyaluronic acid to hyaluronic acid methacrylate) [99,100]. Conversely, the key ad-
vantages of synthetic polymers are enhanced mechanical properties (strength and stiffness)
as well as their controllable biodegradability and processability [101]. The most commonly
used polymers in OC scaffold manufacturing are based on polycaprolactone (PCL) due
to its tunable biodegradability and approval by regulatory bodies [91,102-110], polylactic
acid (PLA) and poly(L-lactic-co-glycolic acid) (PLGA) [89,106,111-113]. However, synthetic
polymers, offering no specific biological signaling to cells [114], give rise to non-metabolic
dissolution and negatively affect the regenerative cascade. A relevant example of such a
drawback refers to previous experiments where mechanically reinforcing the spongy-like
biomineralized Mg-HA /Coll hybrid (Mg-HA nucleated on collagen as above described)
was attempted using a 3D printed network of PCL, in turn loaded with 30% of HA phase
(Figure 3).
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Figure 2. Human mesenchymal stem cells grown on a scaffold made of collagen fibrils; the cells
exhibit excellent affinity with the substrate, as supported by their spread morphology and the
presence of several arm-like cell projections, or pseudopodia, linking the cell to the substrate.
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Figure 3. Scheme of the PCL scaffold filled with collagen in the cartilage-like part and with the
collagen/apatite hybrid in the bone-like part. (Left): a pictorial image showing the implantation of
the scaffold in the OC defect. Middle-up: the PCL matrix, as 3D printed (left) and filled with the
hybrid (right): the dashed line highlights the interface between the bony and the cartilage-like layers.
(Right): SEM images showing details of the scaffold with the filler.

The surface wettability of the polymeric network is strongly increased by the pres-
ence of biomimetic HA powder inside and on the surface of PCL pillars, thus favoring
cell adhesion and colonization. The final scaffold was obtained by mimicking the three
osteochondral layers as above described and infiltrating them inside the macro-porous
PCL structure. The final scaffolds were implanted in critical knee osteochondral defects
created in a group of 6 sheep. In spite of the presence of the Mg-HA /Col hybrid filling all
the space inside the polymeric network, very promising to enhancing the bioactivity of the
scaffold [115], abundant amount of fibrous tissue was generated after 3 months (Figure 4),
thus confirming the adverse effects caused by the dissolution of the synthetic polymer,
affecting cells differentiation particularly in closed defects characterized by low levels of
fluids exchange. A complete absence of bone and cartilage regeneration was observed in
all implants. Despite the lack of regeneration and presence of fibrous tissue, there were no
osteolytic changes around the implant, which are frequently observed with PCL implants,
probably due to the presence of biomimetic HA coating.
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Figure 4. Bone sheep knee explants at 3 months after implantation of PCL scaffolds filled with

collagen/apatite hybrid matrix. The picture clearly shows the presence of fibrous tissue in the OC
defects, attributed to the presence of extensive amount of PCL in the scaffold.

Additionally relevant is polyethylene glycol (PEG), which is primarily used in the
cartilage region of the scaffold [109,116-118]. Hydroxyapatite and tricalcium phosphate in
form of cements, pastes or 3D scaffold are the most commonly used bioceramics for the
subchondral bone regeneration [110,116,119-123]. However, these materials naturally exist
as brittle powders, thereby limiting their ability to form free-standing porous structures on
their own [124].

4. Marine Ingredients in the Development of OC Scaffolds: Future Perspectives

In recent decades, the extrusion technology has been widely implemented to develop
solutions for tissue engineering [125,126].

Considering the advantages and drawbacks related to different elective approaches
for OC scaffold development, the association of bio-inspired assembling /mineralization
processes and 3D fabrication techniques is a promising approach for a leap forward in the
development of multi-layered scaffolds suitable for OC tissue regeneration.

It is well-known that porosity, particularly when organized in hierarchical architec-
tures, greatly influences the mechanical properties with reference to viscoelastic defor-
mation in hybrid scaffolds. However, to achieve the cell chemotaxis and thus activate
appropriate cell behavior yielding regeneration of healthy OC region with its outstanding
mechanical performance, the chemical composition and scaffold biomimicry are also a key
aspect. In fact, the appropriate choice of materials for OC scaffold permits the tuning of the
bioactivity by exploiting biomolecular recognition by stem cells and chondrocytes; at the
same time, however, the functional structural arrangement of constituting elements is a
major aspect determining the mechanical performance of the regenerated OC region. To
implement an appropriate synergy between chemistry and 3D architecture in OC scaffolds,
marine-derived materials can be a relevant source of inspiration, particularly echinoderms
endowed with smart connective tissues made of mutable collagenous proteins (MCP) able
to dynamically modify the stiffness of the extracellular matrix. The biomimetic compo-
sition and structure could provide the OC scaffold with a high regenerative ability and
mechanical competence as a result of the activation of chemical mechanisms modulating
the interfibrillar cohesion and the elastic-plastic stress transfer dependent on the strength
of the applied load [127,128]. As a result of the inherent bioactivity of marine-derived
compounds, their use as base materials for OC scaffold can be opened up to unprece-
dented biologic performances, as these are able to elicit and sustain the regeneration of
both articular cartilage and the underlying bony tissues, in addition to being promising
in the presence of impairing physio-pathological conditions such as osteoporosis, low
endogenous potential—typical of the elderly—chronic inflammatory states, or metabolic
syndrome-associated osteoarthritis. Inspired by previous results, hybrid bony layers may
be obtained through the mineralization of MCP with biomimetic mineral phases such as
ion-doped nano-hydroxyapatite. As a result of their similarity with the natural mineral
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bone, apatites can assure osteoblastic differentiation; the presence of Mg2+, substituting
Ca?* in dynamic equilibrium with the physiological environment, is known to stimulate the
regenerative process, while the presence of Sr>* affects the osteoblast-osteoclast cross-talk
favoring the osteoblast activity, chiefly relevant to contrast osteoporosis [129,130]. Besides
the chemical mimesis with natural tissues, the use of fibrous hybrid constructs as scaffolds
for bone regeneration is interesting as they can increase bio-stimulating piezoelectric cur-
rents during the natural body movement, as occurring in the natural bone [131], due to the
different stiffness of the mineral phases and collagen fibrils forming the hybrid, as well as
their mutual sliding.

For the cartilaginous layer, the use of MCP, prevalently formed of marine-derived
mutable collagen, can be effective to achieve an enhanced mechanical performance. Indeed,
contrary to mammalian-derived collagen, MCP does not require harsh processes for the
extraction and purification of fibrils [132]. In fact, it is relatively easy to obtain a high amount
of native collagen fibrils from echinoderms using non-denaturating chemical processes as a
result of the relatively weak nature of the interactions that maintain interfibrillar cohesion
in MCP. This allows the retention of the original fibril ultrastructure, tensile strength and
stiffness, thus facilitating the assembly of MCP fibrils into 3D cartilage-like structures with
enhanced mechanical performance. In fact, echinoderm-derived collagen is characterized
by thinner fibrils, organized in a random fashion and as forming a more compact structure
in comparison with bovine collagen [23]. This is associated with significantly higher
stiffness and tensile strength (~20 folds), particularly collagen derived from sea cucumber.
Previous investigation demonstrated that the beaded micro-fibrils are ubiquitous in MCP
and consists at least partly of fibrillin-like protein. These micro-fibrils may facilitate slippage
between adjacent fibrils bundles during MCP deformation and contribute to passive elastic
recoil after the removal of external forces [133]. To further increase the fibration ability
and mechanical performance, MCP can be intercalated with animal-derived collagen
characterized by long-chain molecules, such as type I collagen derived from equine tendon.
Equine tendons possess a hierarchical organization in comparison with other collagen
sources [134]. Further, its peculiar amino acid composition and stronger fibers packing
make native horse tendon collagen intrinsically more resistant to degradation [135,136].

In association with MCP, marine-derived polysaccharides such as fucoidan (FUC)
elicit great interest as a result of their excellent bioactivity and unique structure. Given
the presence of negatively charged functional groups, FUC can be chemically linked to
MCP by activating reactions between the sulfate group and free amines; this is suitable
to achieve stronger inter-fibrillary interactions and marked increase in the compressive
strength. This can be relevant to dynamically regulate interfibrillar shear stress and the
fibril-fibril sliding under loading, in turn affecting the elastic—plastic stress transfer [7].
As FUC has also great affinity with water and proteins, the extent of crosslinking is also
relevant to tune the water adsorption ability [137], in turn influencing the extent of water
exudation and the derived fluid pressurization effect under compressive loading. FUC
also plays a relevant role in bone morphogenesis since it has been demonstrated to interact
with transforming growth factor (TGF)-31, facilitating bone-like apatite formation and the
expression of osteocalcin, whilst supporting human bone marrow stromal cells (hBMSC)
growth and chondrocytic differentiation. In this respect, it was found that fucoidan stim-
ulates the production of GAGs as a marker of mature chondrocyte phenotype [138]. In
addition to tissue-specific effects, FUC plays an important role also in several biological
functions including immunomodulatory, antibacterial, anti-inflammatory and antioxidant
effects [6]. Indeed, recent studies demonstrated that fucoidans are capable of inhibiting
histamine release, protein kinases and COX-2 [139]. In particular, the enzyme inhibitory po-
tential of fucoidans against hyaluronidases, elastases and matrix metalloproteases (MMPs)
has been well-documented [5] and can be used to contrast the inflammation of matri-
ces mainly composed of collagens and hyaluronan such as cartilage. Indeed, MMPs are
associated with the degradation and remodeling of extracellular matrix components, as
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documented in experiments with human primary chondrocytes and primary culture of
bovine chondrocytes [8,140].

In consideration of the above-reported, an interesting future perspective in the devel-
opment of OC scaffolds with enhanced regenerative ability is given by the convergence
of novel 3D fabrication technologies with materials endowed with unique bioactive and
structural properties, such as marine-derived proteins and polysaccharides. Such an ap-
proach is promising as regards important advances in terms of still unmet mechanical and
biologic performance of scaffolds for regenerative medicine, particularly addressing the
regeneration of large, load-bearing OC defects (Figure 5).

TRIBOELECTRIC
EFFECT

i,

Figure 5. Schematic representation of a possible approach for OC scaffold development using
marine-derived ingredients, from left to right. In particular, mutable collagen proteins (MCP) are
characterized by adaptive interfibrillar cohesion, thus exhibiting mechanical competence and high
regenerative ability. The non-mineralized cartilage-like layer, indicated as “cartilage”, can be ob-
tained by functionalizing MCP matrix with fucoidans (FUC), capable to coordinate water molecules.
Conversely, the subchondral bone layer can be obtained by MCP mineralized with ion-doped apatitic
phases, thus acting as bioactive chemical signals for stem cells differentiation, as well as promoting
the rising of bio-stimulating piezo/tribo-electric effect, as occurs in the natural osteochondral region.

5. Conclusions

The present review focused on osteochondral regeneration as a still unmet clinical
need from a material science perspective. In this respect, we investigated the existing
literature, highlighting the most important aspects relevant for the achievement of clinically
effective scaffold-based solutions. We thus highlighted the relevance of using marine-
derived ingredients given their outstanding mechanic and biologic properties as a new
concept guiding material scientists in the development of osteochondral scaffolds.

In particular, we presented a rationale sustaining the combination of bio-inspired syn-
thesis methods with advanced 3D manufacturing technologies, as a synergistic approach
allowing the translation of the unique biomechanical and regenerative performances of
marine-derived ingredients into new bioactive multiphase scaffolds for osteochondral
regeneration. Firstly, mutable collagen proteins (MCP), characterized by adaptive interfib-
rillar cohesion, can be explored for their mechanical competence and high regenerative
ability. In particular, MCP can be assembled and mineralized using ion-doped apatitic
phases acting as bioactive chemical signals for stem cells, as well as promoting the rising
of bio-stimulating piezo/tribo-electric currents, as occurs in the natural osteochondral
region. On the other hand, the non-mineralized cartilage-like layer can be obtained by
functionalizing MCP matrix with fucoidans, which are able to entrap water molecules
and cross-link the MCP matrix, responding to applied mechanical loads. This ability is
promising and represents the missing piece to reproduce the fluid pressurization effect,
which is a key mechanism in ensuring the mechanical integrity and the health of the whole
osteochondral unit.

Finally, we highlighted the synergistic use of 3D manufacturing technologies to gener-
ate multi-scale, mechanically competent arch-like architectures able to cope with multi-axial
compressive shocks. In this respect, electrospinning and electrowriting techniques are tech-
niques of particular interest as they can be implemented to generate wear-free surfaces
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mimicking the lamina splendens, and are able to prevent cartilage disruption caused by shear
forces. Such a challenging achievement is considered a cornerstone for the development of
osteochondral scaffolds effective for the regeneration of large, load-bearing defects.

Importantly, the inherent anti-inflammatory and antioxidant properties of marine-
derived ingredients are of great interest to contrast osteoarthritis and osteoporosis-related
degenerative diseases.
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