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Abstract: Nowadays, a prevalent joint disease affecting both cartilage and subchondral bone is
osteoarthritis. Osteochondral tissue, a complex tissue unit, exhibited limited self-renewal potential.
Furthermore, its gradient properties, including mechanical property, bio-compositions, and cellular
behaviors, present a challenge in repairing and regenerating damaged osteochondral tissues. Here,
tissue engineering and translational medicine development using bioprinting technology provided a
promising strategy for osteochondral tissue repair. In this regard, personalized stratified scaffolds,
which play an influential role in osteochondral regeneration, can provide potential treatment options
in early-stage osteoarthritis to delay or avoid the use of joint replacements. Accordingly, bioactive
scaffolds with possible integration with surrounding tissue and controlling inflammatory responses
check for have promising future tissue engineering perspectives. This minireview focuses on introducing
updates biologically active inks for bioprinting the hierarchical scaffolds, containing growth factors and

Citation: Bakhtiary, N.; Liu, C.; bioactive materials for 3D printing of regenerative osteochondral substitutes.

Ghorbani, F. Bioactive Inks
Development for Osteochondral Keywords: bioactive ink; osteochondral; tissue engineering; scaffold; bioprinting
Tissue Engineering: A Mini-Review.

Gels 2021, 7,274. https:/ /doi.org/

10.3390/ gels7040274

1. Introduction

Academic Editor: Ferenc Horkay Osteochondral tissue has a complex structure consisting of articular cartilage and
subchondral bone. An osteochondral defect arises from the damage in the cartilage and
underlying bone, originating from an acute traumatic injury to the knee or bone disorder,
leading to osteoarthritis (OA) [1]. According to the United Nations, by 2050, 15% of the
world’s population will experience symptomatic OA or be disabled [2]. Based on the
WHO, OA is estimated to affect >40 million people across Europe [3]. About 31 million
Americans suffered from OA disease till 2012, and the population will rise to 65 million by
2030, making it essential to find a way to improve the quality of human life [4]. Hereon,
tissue engineering (TE), a solution for repairing damaged tissues, is a promising approach
for osteochondral defects treatment [5].
Scaffolds, the central part of TE, facilitate the growth and differentiation of the cells
by creating a suitable environment for cell anchorage, spreading, and functionalization in
= the presence of signaling molecules, leading to tissue regeneration [6]. Herein, bioactive
substances can bind to the surrounding tissue and prevent the activation of the immune
system, leading to adaptation to the biological environment and accelerating the repair and
regeneration of damaged tissue [7]. In the recent decade, advances in bioactive inks for 3D
bioprinting scaffolds developed personalized implantable devices for bone and cartilage
Attribution (CC BY) license (https:// TE [8-10]. Ther.e are different Classi-fications of biopri.ntin.g methods for osteqchond.ral
creativecommons.org/ licenses/by/ tissue regeneration. However, technically the three main bioprinting methods, including
10/). (1) inkjet-, (2) laser-, and (3) extrusion-based bioprinting, gained attention, considering
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bioink formula and required microstructure [11]. Herein, bioprinted scaffolds with the
specific defect shape are implanted at the defect site and stimulate regeneration in the
body’s environment. In a recent study, a bioactive bilayer bioprinted scaffold based on silk
fibroin and decellularized extracellular matrix (ECM) enriched with osteogenic growth
factors implanted in the rabbits” knee joint model for osteochondral regeneration [12]. Be-
sides, in-situ bioprinters that include a robotic arm and a handheld approach demonstrated
particular application in bone and cartilage TE [13]. In an innovative experience, in-vivo
hyaline-like cartilage formation was observed using in-situ bioprinting with coaxial nozzle
extrusion-based technique based on gelatin methacrylate (GelMA) and hyaluronic acid
(HA) [14]. Additionally, Keriquel and coworkers explored in-situ bone formation after
implantation of a laser-based bioprinted scaffold based on collagen and hydroxyapatite
(HAp) in a calvaria defect in a mice model [11].

This minireview concentrated on bioactive inks for bioprinting the personalized
scaffolds for osteochondral tissue regeneration. We focused on introducing osteochondral
tissue structure and properties. Then, general requirements of printable bioactive inks,
such as rheological properties, printability, and shape fidelity, were explained. Eventually,
bioactive inks containing relevant growth factors and bioactive materials for bone and
cartilage regeneration are introduced as promising tissue repair approaches.

2. Osteochondral Tissue

Articular cartilage and subchondral bone make an osteochondral unit in the joints [15].
Articular cartilage, including the superficial, middle, and deep layers [16], is responsible for
biomechanical properties of a joint such as distribution of force, absorption of shock, and
load-bearing that enables a pain-free and frictionless movement of the joint [17-19]. The
superficial layer with a parallel structure of collagens and a high density of chondrocytes
protects against shear and tensile stresses [16,20]. More than that, the middle layer with
randomly oriented collagens and chondrocytes bridge between the superficial and deep
layers, absorbing the superficial layer stresses [21,22]. The deep layer resists against final
stresses because of the unidirectional structure of chondrocytes and collagens [23]. Besides,
the calcified layer facilitates fixation through biomineralization property [24].

The inflexible cortical layer, called cement line, separates the calcified cartilage from
the subchondral bone and plays a remarkable role in nutrition transfer and vascular-
ization [15,23]. Withal, subarticular spongiosa, the next part of the subchondral unit,
provides epiphysis enriching with vessels, nerves, endothelium, and hematopoietic bone
marrow [19]. Subchondral bone plate supports articular cartilage and decreases the loads
transmitted to cartilage into 1-3% by absorbing 30% of stresses [25-27].

Osteochondral tissue injuries, caused by trauma or osteochondritis deformations,
affect the natural tissue structure, such as reducing trabecular bone density and flex-
ibility or increasing the thickness of the subchondral bone layer, especially in elderly
patients [4,19,28]. On this point, based on the depth of injury, osteochondral defects are
classified into five grades (Figure 1) based on the Outerbridge classification system, and
there are 5 classification for osteochondral tissue: (0) normal cartilage; (1) mild lesion with
just softening and swelling in cartilage; (2) moderate lesion with partial-thickness and width
less than 0.5 inches; (3) severe lesion with full-thickness and width more than 0.5 inches;
and (4) very severe lesion with subchondral bone damage, which means involvement of
the entire thickness of the osteochondral tissue, about 2 to 4 mm [16,29-31]. Such damages
can be repaired using multicomponent hierarchical and stratified scaffolds [23]. Due to the
possibility of mimicking the gradient structure and properties of the osteochondral unit,
bioprinting is a suitable method for personalized osteochondral tissue regeneration and
translational medicine. The bioprinting method makes it possible to fabricate multilayer
and multimaterial precise structures and resembling defect size and shape by using 3D
imaging such as MRI (magnetic resonance imaging) or CT scan (computed tomography) in
processing with CAD (computer-aided design) software [32].
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Figure 1. Osteochondral defect grades. (A) Normal cartilage (grade 0), (B) Moderate lesion (grade I: partial-thickness
defects), (C) Sever lesion (grade III: full-thickness defects), (D) Very sever lesion (grade IV: osteochondral defect) [24,30,31].

e L.

3. The Requirements of Bioink

The cell-laden or cell-free synthetic or natural materials used to fabricate scaffolds in
bioprinting technology are called bioink [33]. Many parameters should be considered in
formulating a bioink, such as cell interactions with chemical reagents and cross-linkers,
the effect of mechanical stresses during printing and deposition, nutrition accessibility
for cells after printing, shape fidelity, and printability, which all affect the final properties,
cell behavior and tissue regeneration [34]. Bioink’s rheological properties, flowability, and
deformability are considered critical factors, determining the printability of the bioink,
shape fidelity, and stability of the final structure [35-37].

One of the most crucial rheological properties of bioinks, shear-thinning, affects
viscosity and is categorized into Newtonian and non-Newtonian fluids based on shear
stress and shear rate behavior. Higher viscosity leads to better shape fidelity; in contrast,
shear-thinning bioinks decrease the viscosity by the high shear rate, making excellent
printability and reducing the injection force with a more negligible effect on cell viability [36,38].

Moreover, bioinks should have a viscoelastic property to overcome the surface’s
tension, maintain each layer’s integrity, and support adhesion [39]. Due to having cell
suspensions and the ability of elastic form restoring, dynamic storage modulus (G’) is
essential by illustrating the storage energy of the ink in solid-like behavior. In addition,
loss modulus (G”) and loss tangent & (G /G’) expose the printability and possibility of cell
mixing in the liquid-like behavior of bioink [40,41].

Yield stress, the resistance force from the material against flowing, makes each printed
layer withstand the next layer without changing the shape and preventing the sedimen-
tation of various cells and additive components within the bioink [42]. Hereabouts, the
dynamic yield stress is the lowest force for keep flowing, and static yield stress is the lowest
force for commencing the flow during deposition [43]. The shape fidelity of the bioink
is supplied when the applied force is lower than the yield stress and elastic properties.
Nonetheless, upper than the yield point, the deformation required during the injection
will start [42]. All the rheological and mechanical properties mentioned depend on the
formulated bioink and applied bioprinting technology.
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4. Bioactive Inks

TE scaffolds are implanted in the defective site by surgery, which leads to the immune
responses by a series of inflammatory activation immediately after the cell-implant interac-
tions and is recognized as a foreign object [44]. Besides the counteracting inflammatory fac-
tors, macrophages can regulate protein expression for cell growth and regeneration [45,46].
Therefore, adding bioactive substances to implantable scaffold activates the immune sys-
tem through binding to the relevant biological environment and facilitating the secretion
of repair factors by macrophages, which increases the implantation’s success [31]. Accord-
ingly, bioactive ink, which refers to bioink containing biologically active additives, found
versatile applications for fabricating personalized osteochondral scaffolds via bioprinting
technology [9]. This classification of printable inks increases bondability with soft or hard
tissues, control immune responses, and stimulate differentiation to regenerate the defects.

Table 1 portrays a summary of reviewed literature on bioactive inks.

Table 1. Summary of bioactive inks for bone, osteochondral, and cartilage TE.

Properties of Adding

Matrix Composition Bioactive Component Tissue Target 3D Printing Method Ref.
Growth Factor-Containing Inks
Alginate-GelMA- TGF-33 Promotes ECM Deposition Cartilage Extrusion [47]
Alginate-BMP-2-VEGF Improving Angiogenesis Bone Extrusion [48]
or Osteogenesis
. . Improving Osteogenic .

DermaMatrix-BMP-2-noggin Differentiation Bone Inkjet [49]

Alginate-Gelatin Improving Osteogenesis and .
Microparticles-BMP-2 Promoting Bone Regeneration Bone Extrusion [50]

. Higher GAGs, DNA, . .
PCL-Alginate-BMP-2 and Collagen Content Cartilage Extrusion [51]

Aptamer-TGF-33-Decellularize . . . .
ECM-GelMa-PCL More Chondrogenic Promoting Cartilage Extrusion [52]

DNA-Containing Inks
. Osteogenic and Chondrogenic
Alginate-Methylcellulose Differentiation- Bone and Osteochondral Extrusion [53]
-pDNA . .
Cartilage Formation
Polypeptide-DNA Cell Viability-Structural Stability - Extrusion [54]
Providing Tissue Access to BMP-2
Alginate-pDNA Genes Which Leads to Bone Extrusion [55]
Osteogenic Differentiation
Providing Tissue Access to BMP-2
Alginate-Nano HAp-pDNA and TGF-f3 Genes Which Leads to Bone Extrusion [56]
Osteogenic Differentiation
ECM-Based Inks
Silk-decellularized ECM Chondrogenic Differentiation Cartilage Stereolithography [57]
. . Better Load Bearing-Chondrogenic .
Cartilage decellularized ECM Differentiation- Better Printability Cartilage Laser [58]
. Chondrogenic Promotion with .
PEGDA-decellularized ECM Subchondral Bone Regeneration Osteochondral Stereolithography [59]
Providing Cell Activities

Alginate-Collagen-ECM and Promoting Bone Extrusion [60]

Osteogenic Differentiation
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Table 1. Cont.

Properties of Adding

Matrix Composition Bioactive Component Tissue Target 3D Printing Method Ref.
Bioactive Polymer-Based Inks
Chondrocyte Phenotype
Alginate-Collagen Maintenance and Cartilage Extrusion [61]
Chondrogenic Promotion
Agarose-Collagen Osteogenic Differentiation Bone Inkjet [62]
Processability-Good Mechanical .
GelMA-HAp properties-Similarity with ECM Osteochondral Extrusion [63]
Alginate-HA Promoting Chondrogenesis Cartilage Extrusion [64]
HA Chondrogenic Differentiation Cartilage FDM [65]
PCL-Chitosan Improving Osteoinductivity Bone Extrusion [66]
. Influence on Morphology, Viability, .
Chitosan-HAp Proliferation, and Mineralization Bone Extrusion 671
Chitosan-EDTA Osteogenic dlffe_erenhatlon Bone Extrusion [68]
supporting
. Chondrogenic differentiation . .
Alginate by Ca2* release Cartilage Extrusion [69]
Stimulating
NFC-Alginate Proteoglycans-Supporting Cartilage Inkjet [70]
Chondrogenic Differentiation
Bioactive Ceramic-Containing Inks
Increasing Mineralization and
Alginate-CPC Supporting Subchondral Osteochondral Extrusion [71]
Bone Regeneration
Improving bioactivity-Stimulating
Collagen-TCP Osteogenesis and Bone Extrusion [72]
Increasing Printability
Improving Osteogenic and
. Chondrogenic Differentiation in .
GelMA-Alginate-TCP Addition to Calcified Osteochondral Extrusion [73]
Layer Formation
Positive Effect on Osteoconductivity .
GelMA-HAp and Rheological Properties Bone Extrusion [74]
. Supporting Osteogenic .
Gelatin-HAp Differentiation Bone Extrusion [75]
Collagen-HAp Increase in Osteogenegls—Related Bone Extrusion [76]
Genes Expression
PHBV-4555 BG Improving Rheological ?roperhes Bone FDM [77]
and Cells Spreading
Alginate-Chitosan-BG Osteoemc and . Osteochondral Extrusion [78]
Chondrogenic promotion
R Bioactivity, Cytocompatibility,
PLA-BG and Osteoinductivity Bone FOM [79]
Osteogenic Differentiation in
Collagen-BG Addition to Improving Bone Extrusion [9]
Rheological Properties
HAp-Like Layer Mineralization,
PCL-BG ALP Activation, Osteopontin, and Bone FDM [80]

Osteocalcin Expression
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Table 1. Cont.

Matrix Composition

Properties of Adding

Bioactive Component Tissue Target 3D Printing Method Ref.

Alginate-Gelatin-BG

Higher Mechanical Properties-

Higher Cell Viability Bone Extrusion [81]

Alginate-Sr5(POy4),S104

Stimulate Chondrocyte Proliferation,
Activating the HIF and Osteochondral Extrusion [82]
Wnt Pathways.

GelMA-Nanosilicate

Increasing stiffness-Increasing
Enzymatic Stability- Improving
Tunable Mechanical
Properties-Improving Degradation
rate-Supporting
Osteogenic Differentiation

Bone Extrusion [83]

Alginate-Graphene Oxide

Antioxidant Activity-Protein
Adsorption-ALP Activity-Calcium
Deposition-Osteogenic Markers Bone Extrusion [84]
Expression-Printability-Shape
fidelity

Alginate-Gelatin-Graphene
Oxide

Osteogenic Differentiation and

ECM Mineralization Bone Extrusion [85]

PCL-HAp-MWCNTs

Increasing Mineralization,

Proliferation, and Differentiation Bone Extrusion [86]

PIC-MWCNT

Osteogenic Differentiation and High

Bone Mineral Density Bone Extrusion [87]

e  Growth Factor-containing inks

Growth factors, diffusible signaling proteins, are a group of bioactive components
versatile in the fabrication of bioactive inks [88,89]. Growth factor-laden bioinks stimu-
late cell proliferation, differentiation, vascularization, and tissue repair by bonding the
growth factor receptors on the surface of target cells. A variety of growth factors support
osteogenic and chondrogenic differentiation as well as regulate osteoblasts” activity for
bone regeneration. For instance, bone morphogenetic protein (BMP) (2, 4, 6, and 7), or mem-
bers of transforming growth factor-$ (TGF-f3) family, support chondrocyte and osteogenic
differentiation, bone and fracture healing, bone and cartilage development, bone marrow
formation, etc. [90-94]. Alternatively, fibroblast growth factor-2 (FGF-2) promotes bone de-
velopment and expresses at endochondral bone formation stages as well as regulating chon-
drocytes differentiation and proliferation [95]. Insulin-like growth factor (IGF) (1, 2) is an-
other influential growth factor in osteogenic and chondrogenic differentiation [4,93,96-100].
Additionally, platelet-derived growth factor (PDGF) and vascular endothelial growth fac-
tor (VEGF) have demonstrated synergistic effects besides the factors mentioned above to
increase osteogenic and chondrogenic differentiation and tissue regeneration [101-106].
On the other hand, interleukin-10 (IL-10), an anti-inflammatory cytokine involved in bone
regeneration, can be incorporated into the formulation of bioactive inks [107].

Wang and colleagues formulated bioactive ink by interpenetrating the alginate-GelMA
network incorporated with TGF-£33 [47]. They found that the release of TGF-[33 significantly
promotes cartilage ECM deposition. A group of researchers fabricated two alginate-based
bioactive inks, separately loaded with VEGF and BMP-2 (Figure 2A) [48]. The results
illustrated that growth-factor-loaded bioactive inks improve angiogenesis or osteogenesis
of bone marrow mesenchymal stem cells (BMSCs) and support new bone regeneration.
Cooper et al. [49] modified DermaMatrix, a human allograft consisting of acellular dermal
ECM, with BMP-2 and noggin to prepare bioactive ink for inkjet bioprinting. Here, the
synergistic effect of BMP-2 and noggin exhibited an improvement in in-vitro osteogenic
differentiation and in-vivo bone regeneration. A group of scholars used a bioprinting strat-
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egy to design a bioactive scaffold centering on bone TE [50]. Alginate bioinks incorporated
with BMP-2-loaded gelatin microparticles were used to prepare scaffolds. Implantation of
scaffolds in a mice model for six weeks confirmed the effectiveness of gelatin microparticles
for controllable release of BPM-2, which leads to BMP-2 long-lasting and significantly
supporting osteogenicity as well as promoting bone regeneration. Kundu and colleagues
investigated the chondrocytes and TGF-f3 loaded polycaprolactone (PCL)-alginate inks
for cartilage formation [51]. In-vitro results exhibited higher cartilage ECM formation
based on higher glycosaminoglycans (GAGs), deoxyribonucleic acid (DNA), and total
collagen contents. Implantation of printed bioactive inks in the dorsal subcutaneous space
of mice revealed an increase in cartilage tissue and type II collagen fibril formation. In this
regard, they concluded that growth factors addition to printable ink formulation positively
affects cartilage tissue regeneration. Another study by a group of researchers exhibited
that the addition of TGF-33 to difunctional scaffold based on aptamer and decellularized
cartilage ECM dispersed in GelMa promotes chondrogenic differentiation of BMSCs [52].
The improvement of full-thickness defect regeneration in rabbits’ cartilage demonstrated
that the growth factor increment and aptamer could direct the cell, a promising strategy
for in-situ cartilage regeneration.

As the common conventional routes are not beneficial due to the short half-life of
growth factors in blood circulation, enriched-bioactive scaffolds with growth factors can be
a promising solution due to keeping functionality, control release, and targeted performance
of growth factors [4].

e  DNA-containing inks

DNA-contained inks are the other member of biologically active inks. DNA hydrogels
are biodegradable, designable, and permeable compositions, constructing ingenious TE
patterns [54]. Therapeutic proteins expression can stimulate tissue formation following
ECM production, and this approach is achievable by nonviral gene delivery. In this regard,
gene-activated inks provide a promising approach in biofabrication strategies and the
biological functionality of scaffolds [56].

In a recent study, BMSCs-laden alginate-methylcellulose hydrogels enriched with
osteogenic and chondrogenic genes encoding plasmid DNA (pDNA) for fabricating bio-
printed multi-layer scaffold supporting osteochondral regeneration was developed [53].
The in-vivo results of gene-activated bioinks demonstrated promoting vascularization, as
well as producing a stable cartilage layer over bony tissue after 28 days. Moreover, Li
and coworkers studied cell-laden supramolecular polypeptide-DNA hydrogels for rapid
fabrication of in-situ multi-layer scaffolds using 3D printing technology for TE applica-
tions [54]. Here, in-situ hydrogels were prepared by mixing polypeptide-DNA conjugate as
bioactive ink A and a complementary DNA linker as bioactive ink B. DN A-based inks ex-
hibited supreme healing properties owing to dynamic cross-linking by DNA hybridization.
The viability of AtT-20 (an anterior pituitary cell line) and HEK-293 (Human embryonic
kidney 293) was about 98% means the bioactive ink provides proper support for cells.
Furthermore, printed scaffolds exhibited shape stability from high mechanical strength
and non-shrinkage properties. In a parallel study, Loozen et al. [55] used alginate-pDNA
containing BMP-2 encoded gene supplemented with BMSCs to investigate osteogenic
differentiation and bone formation activating after in-vivo implantation. Bioactive ink
indicated suitable printability and shape fidelity as well as mechanical properties. The
elevated production of BMP-2 and alkaline phosphatase (ALP) portrayed osteogenic dif-
ferentiation and efficient transfection of cells. After six weeks of scaffold implantation in
the mice model, the hematoxylin and eosin staining illustrated partial degradation of the
structure, which led to DNA release and subsequently provided the surrounding tissue
access to BMP-2 genes. Higher availability of BMP-2 genes makes for faster osteogenic
differentiation, which is proved by increased deposited collagen content.

Additionally, A group of scholars investigated encapsulated BMSCs in alginate-nano-
HAp bioactive ink containing pDNA with BMP-2 and TGF-33 encoding genes [56]. The in-
vitro results indicated deposition and mineralization of matrix due to sustained expression
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of pDNA and encoding genes after 14 days. In addition, the high levels of mineralization
and vascularization were proved by the implantation (subcutaneously into the back of
nude mice (Balb/c)) of gene-activated scaffolds for 12 weeks. Incorporating bioinks with
DNA for bioprinting systems opens novel concepts obtained from molecular programming
in the TE. The future potential of 3D-printed scaffolds applications or the advancement of
scaffold fabrications can be used to immobilize DNA-tagged segments in biocompatible
3D conditions [108]. Given its stimulatory genetic codes for cell growth and differentiation,
it is convincing that DNA could be a promising candidate as a bioactive component for
regeneration and TE programs.

e ECM-based inks

The importance of ECM in cell growth and differentiation on tissue repair is evident. It
was demonstrated that decellularizing ECM can play a remarkable role in cellular activities
in cartilage TE [109]. Decellularization of ECM effectively removes components of cells and
DNA, but not entirely, which the remaining components such as cell membrane particles
can affect chondrogenic differentiation ability [110].

In an innovative experience, a BMSCs-laden bioactive ink consisting of silk fibroins
and decellularized ECM was fabricated [57]. According to observations, the matrix could
support proliferation and chondrogenic differentiation as a function of decellularized
ECM addition besides the good mechanical properties and degradation rate. In another
recent study, a 3D structure was produced using engraving decellularized cartilage, called
CartiScaff, derived through a CO; laser of human articular cartilage [58]. Implantation of
the scaffold in articular cartilage defect of mice osteochondral plugs illustrated increased
cellular interaction and improved cartilage regeneration. Zhu and coworkers lately de-
veloped a novel osteochondral scaffold based on decellularized ECM-polyethylene glycol
diacrylate (PEGDA) integrated hydrogel to evaluate the chondrogenic promotion BMSCs
potential [59]. The implanted PEGDA-ECM scaffolds in rat osteochondral defect portrayed
subchondral bone regeneration with few effects on cartilage repair. A group of scholars
used a new approach based on released ECM from preosteoblast seeded cells in collagen
gel after three days demonstrating significant bioactivity in promoting osteogenic differen-
tiation and bone regeneration in alginate-collagen-ECM bioactive ink formula [60]. Due to
its structural proteins, the ECM component provided cellular activities such as migration,
growth, and differentiation by biochemical signals.

Depending on in-vitro and in-vivo results, the decellularized ECMs can serve as a
beneficial bioactive component to promote regeneration. However, many factors such as
genetic, species, age, or health status of the donors, in addition to specific disease state and
zonal variety, affect its composition and functionality [111].

e  Bioactive polymer-based inks

Natural polymers are categorized in the group of bioactive materials due to molecular
properties and have illustrated an excellent stimulation on the growth of chondrocytes,
which effectively repair articular cartilage [112,113].

Collagen, a critical component of osteochondral ECM, can be considered a bioactive
additive for osteochondral scaffolds [114]. Lee and colleagues fully justified the bioactivity
of collagen by chondrocytes cultured in alginate-collagen bioink that could expose related
chondrogenic markers [61]. The comparison of alginate-collagen scaffolds with alginate
and alginate-agarose scaffolds portrayed that collagen-containing scaffolds have more
chondrocyte phenotype maintenance. Furthermore, a group of researchers observed
collagen type I potential for BMSCs osteogenic regeneration and mineralization in the
bioprinted agarose-based scaffold [62]. Higher collagen concentration led to increased
cell spreading enhancement and BMSCs osteogenic differentiation. On the other hand,
the low mechanical properties of pure collagen make it necessary to combine with other
materials for improving rheological properties and printability, such as alginate or agarose,
as mentioned. Gelatin, as a product of collagen, has demonstrated bioactive properties
too. On this point, in an innovative experience, a porous bilayered scaffold with GelMA
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and GelMA-HAp bioactive inks was fabricated, which can support osteochondral repair
in 6-12 weeks [63]. Bioactivity originated from Arg-Gly-Asp (RGD) peptide sequence in
gelatin chemical structure, stimulating cartilage ECM composition and making it suitable
for cell adhesion.

HA, a glycosaminoglycan (GAG), provides molecular signaling for proliferation and
migration, effective in tissue regeneration, but poor mechanical properties and print-
ability have increased the need for modifying [115,116]. Antich et al. [64] stated that
adding HA as one of the main components of cartilage to alginate bioink significantly
increased chondrogenic markers expression, promoted chondrogenesis as well as pro-
vided suitable mechanical properties. Again, a group of scholars indicated the potential
of bioactive norbornene-modified HA ink for chondrogenic differentiation of BMSCs in
56 days (Figure 2B) [65].
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Figure 2. (A). Investigation of impact of scaffolds containing BMP-2, VEGF, and their composition
on defect regeneration after 2 weeks. (I) H&E stain with 500 pum and (II) with 100 um scalebar.
(IIT) Safranin O-stained DB points illustrate that cartilage develops to bone by undergoing endo-
chondral ossification, and (B) points illustrate new bone tissues. (IV) Schematic of 3D-printed
experimental groups, including key features of developed bioinks and segmental defect procedure.
Construct design (4 mm in diameter, 5 mm in height)(reproduced content is open access) [48].
(B). (I) Representative Live/Dead images with 200 pum scale bar for cell viability and distribution
in printed constructs for three layers (top, middle, and bottom) of scaffolds (II) quantification of
cell viability, for top, middle, and bottom of printed discs after 0, 3, and 7 days of culture. n > 3,
*p <0.05,** p <0.01, n.s. = not significant. (II) CAD design in comparison to representative image of
a printed construct for designs of (right) a model femoral condyle and (left) a disc (~1.5 mm thickness,
~6.5 mm diameter). Scale bars = 1 cm (right) and 5 mm (left)(reproduced content is open access) [65].
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Chitosan, derived from chitin, is widely used in bone TE [117,118]. Dong and cowork-
ers formulated PCL-chitosan bioactive ink [66]. The results demonstrated that chitosan as
an additive improved osteoinductivity of 3D-printed constructs compared with that of pure
PCL ones. Demirtas et al. [67] examined the effect of chitosan-HAp bioink on morphology,
viability, proliferation, and mineralization of preosteoblasts during 21 days compared
with that of alginate-HAp inks. Their results illustrated better mechanical properties and
cell activities of chitosan-based scaffolds than alginate-based bioinks. In a recent study;,
the in-vitro expression of chondrogenic markers was evaluated by chondrocytes-loaded
ethylenediaminetetraacetic acid (EDTA) modified chitosan bioactive ink [68]. The results
illustrated that the chitosan modification did not negatively affect biocompatibility and
chondrocytes phenotype while improving printability and shape fidelity.

Mannuronic and guluronic acid form a natural polymer called alginate, which stimu-
lates regeneration in osteochondral defects [119-121]. Although alginate supports chon-
drogenic differentiation, its bioactivity improves through modification [122,123]. One of
the main properties of alginate is cross-linking potential with Ba?*, Ca®*, and Sr?* ions
that induce a degree of bioactivity to the prepared structures. A group of researchers used
cross-linked alginate as a single component bioink for cartilage TE [69]. The results demon-
strated cross-linking process led to higher stability of constructs and the possibility of Ca®*
release, which supports chondrogenic differentiation. Nguyen and accomplices indicated
the potential of nanofibrillated cellulose (NFC)-alginate bioink for cartilage mimicking
when human-derived induced pluripotent stem cells (iPSCs) co-cultured with irradiated
chondrocytes [70]. Herein, the bioink formulation provides a nontoxic environment that
leads to cell activities and chondrogenic differentiation compared to that of NFC-HA.

Although natural polymers stimulate tissue regeneration due to their molecular do-
mains, they can be combined with other materials such as synthetic polymers and ceramics
due to their poor mechanical properties. Some synthetic polymers also accompany surface
hydrophobicity and create an unsuitable substrate for cell adhesion, which challenges the
formulations of polymeric composite bioactive inks [113].

e  Bioactive ceramic-containing inks

In the osteochondral TE world, bioceramics are the most widely used biomaterials
regarding their bioactivity, bioresorbability, mechanical property, osteoconductivity, and
osteogenesis [124].

Calcium phosphates are a group of bioceramics containing calcium ions with inorganic
phosphate anions. This family can affect osteoblasts’ bioactivity, cell adhesion, proliferation,
and new bone formation [125]. In a novel experience, calcium phosphate cement (CPC) and
alginate-based bioactive ink were suggested to print the scaffold via an extrusion-based
device for osteochondral defects repair, illustrated in Figure 3 [71]. The results indicated
an enhancement in mineralization by increasing CPC and proved the potential of pure
CPC to simulate the subchondral bone layer. Tricalcium phosphate (TCP) is a bioactive,
biocompatible, and biodegradable ceramic supporting bone regeneration. Kim et al. [72]
proposed a new bioactive ink formulation based on collagen and TCP to achieve a suitable
scaffold for osteogenic differentiation of human adipose stem cells (hASCs). The addition
of TCP to ink improved bioactivity, stimulated osteogenesis, and increased printability
compared to pure collagen. Koziol and coworkers added TCP nanoparticles to GelMA-
alginate inks for regeneration of calcified layer in osteochondral tissue [73]. TCP addition
led to appropriate shape fidelity and rheological properties. Additionally, the expression of
relevant chondrogenic and osteogenic genes confirmed the supportive behavior of bioactive
ink for calcified layer repair.
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Figure 3. (I) multilayered, 3D-bioprinted scaffold for osteochondral defect. (Il) first layer based on
alginate ink for articular cartilage regeneration. (III) second layer combination of Alg and CPC for
calcified stimulation. (IV) third layer pure CPC for subchondral bone repair. Scale bar illustrates
5mm (reproduced content is open access) [71].

HAp, the main component in natural bone, is the other calcium phosphates that have
found versatile application in bone regeneration [126]. Wenz and colleagues [74] prepared
a hASCs-laden bioactive ink consisting GeIMA-HAp for bioprinting bone substitutes. The
results demonstrated the positive effect of the HAp on osteoconductivity and rheological
properties, which facilitate printability and shape fidelity. In a recent study, a new bioink
formulation based on gelatin with high weight fraction HAp as a bioactive additive was
developed [75]. Here, HAp illustrated hASCs osteogenic differentiation, which arises
from its complementary role for collagen in bone TE. A group of scholars evaluated the
osteogenic differentiation of hBMSCs in collagen hydrogels containing HAp nanoparticles
and deproteinized bovine bone in separated groups [76]. Both 3D-printed scaffolds sig-
nificantly increased the level of osteogenic-related genes expression compared to that of
pure collagen.

Bioglass (BG) is one of the promising biomaterials for bone regeneration because it
stimulates gene expression and osteocalcin production [127]. In an innovative experience,
fabricated poly-(hydroxybutyrate-co-hydroxy valerate) (PHBV)-4555 BG scaffolds by fused
deposition modeling (FDM) technique for bone TE [77]. In respect, BG addition improved
extrudability and led to superior printability. The interconnected pores with 100-800 pm
sizes were obtained by controlling the infill density from 20% to 90%. The tensile modulus
of scaffolds was measured from 0.25 to 1.36 GPa, which is similar to the mechanical proper-
ties of trabecular bone. The in-vitro results demonstrated no cytotoxicity, and MC3T3-E1
cells (immortalized pre-osteoblastic cells derived from C57BL/6 mouse calvaria) portrayed
more spread on BG-containing scaffolds than BG-free scaffolds. Liu et al. [78] developed a
biphasic scaffold based on a BG-incorporated hydrogel. The first network ink is composed
of glycol chitosan and dibenzaldhyde functionalized polyethylene oxide, and the second is
composed of sodium alginate and calcium chloride. Results demonstrated chondrogenic
and osteogenic functionalities of constructs as a function of BG addition, which can support
osteochondral tissue regeneration in a rabbit model. Distler and colleagues investigated the
influence of 4555 BG on bioactivity, cytocompatibility, and osteoinductivity in polylactic
acid (PLA) scaffolds fabricated by the FDM method [79]. Although PLA-BG illustrated a
brittle fracture, toughness reduction, and tensile strength reduction by increasing BG con-
tent, 1 wt.% BG provided acceptable printability and shape fidelity similar to commercial
PLA, which is standard for FDM. In-vitro results evidenced no considerable cytotoxicity but
desirable cell viability, making this composition suitable for MC3T3-E1 guidance. Further-
more, gene expression results investigated higher collagen expression and osteocalcin in
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the presence of BG, which both markers confirmed bioactivity and osteogenic effectiveness
of scaffolds (Figure 4). In the other study by researchers, collagen-based inks” mechanical
and stability improvements in BG presence were determined [9]. The results exhibited an
improvement in the rheological properties of bioactive ink as a function of BG addition
and controlling the structure’s degradation rate. Additionally, stimulating osteogenic
differentiation is the most crucial feature arising from BG in the ink composition. Ghorbani
and coworkers synthesized PCL/BG ink to fabricate scaffolds with the FDM method [80].
The effects of BG addition were investigated on both mechanical and biological sides. Here,
BG addition induced biomineralization of the HAp-like layer after 28 days incubation
in SBF solution. The in-vitro results demonstrated more than 90% viability as well as
BMSCa differentiation, ALP activation, and both osteopontin and osteocalcin expression
for BG-containing scaffolds.

( Scaffold top)

Figure 4. (A) Mechanical properties of 3D-printed PLA-4555 BG scaffolds. (I) designed scaffold
using CAD with pore sizes in 750 pm width. (II) Top view image of a PLA-BG scaffold using light
microscopy with scale bar = 2 mm. (III) 3D-printed scaffold with FDM method with 0, 1, 2.5, 5,
and 10 wt.% BG component (respectively from left to right). Bottom row displays light microscopy
images with scale bars = 500 um. (IV-VII) PLA-BG scaffolds printability and porosity assessment
in comparison by Ultimaker PLA filaments as reference depicting (IV) strut diameter, (V) scaffold
porosity at side, and (VI) top, as well as (VII) deviation of pore area from theoretical pore area
calculated from CAD model as a measure of printing accuracy. (** p < 0.01, **** p < 0.0001 indicate a
statistically significant difference of means compared to 3D-printed 0% BG-PLA by one-way ANOVA
or Welch'’s t-test in pairwise comparisons of scaffold side pore diameter). (B) Inmunohistochemistry
of MC3T3E1 preosteoblast cells cultured on 3D-printed PLA-BG scaffolds after 24 h. Fluorescence
microscopy images display Calcein AM (green) and DAPI (blue) stained cells on PLA-BG scaffolds
with BG concentration of (I) 0, (I) 1, (IIT) 2.5, (IV) 5, and (V) 10 wt.% with 100 um scale bars sizes and
(VI) 10 wt.% with 200 pum scale bar size (reproduced content is open access) [79].
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Bioceramics can enrich with bioactive ions, such as Manganese (Mn), Lithium (Li),
Silicon (Si), Zinc (Zn), or Strontium (Sr), to increase their effectiveness for tissue regener-
ation. Printing the Sr5(PO4),5i04 (SPS) bioactive ink was followed in the investigation
by a group of scholars [82]. They observed that the release of Sr and Si ions could signifi-
cantly stimulate chondrocyte proliferation and suggested their bioactive ink formulation
for osteochondral defects repair by its ability to activate the Hypoxia-Inducible Factor
(HIF) and Wingless/Int (Wnt) pathways (Figure 5A). Xavier and colleagues fabricated
the collagen-nanosilicates bioactive ink to promote osteogenesis due to ultrathin and high
anisotropy degree properties of nanosilicate and functionality that lead to surface bio-
interactions [83]. Herein, Nanosilicates demonstrated osteogenic promotion without any
other osteoinductive stimulator. Increasing pore size, network stiffness, ALP activity, and
matrix mineralization are other effects of nanosilicate.

Graphene oxide and carbon nanotube are other nanostructured ceramic types that
possibly fabricate bioactive inks. In this regard, Choe et al. [84] added ascending concen-
tration of graphene oxide (0.05, 0.25, 0.5, and 0.1 (mg/mL)) as a bioactive component to
alginate bioink for osteogenic regeneration. The proliferation and viability of BMSCs in
the presence of graphene oxide were significantly higher than pure alginate. This phe-
nomenon is attributed to antioxidant activity and protein adsorption of graphene oxide
by neutralizing toxic reactive oxygen species (ROS) and enhancing cell survival signals
in an oxidative stress environment. Bioactive inks containing 0.5 mg/mL graphene oxide
illustrated the highest ALP activity, calcium deposition, as well as expression of multiple
osteogenic markers in addition to acceptable printability and shape fidelity. A group of
researchers investigated the effect of different concentrations of graphene oxide to alginate-
gelatin bioactive ink on osteogenic differentiation of hMSCs as well as printability and
shape fidelity [85]. The cell-laden scaffolds with 1 mg/mL graphene oxide concentration
in bioreactor illustrated better gene expression and ECM mineralization after 42 days
than alginate-gelatin scaffolds (Figure 5B). In the case of carbon nanotubes, Huang and
coworkers used PCL, HAp, and multiwalled carbon nanotubes (MWCNTs) to fabricate
hierarchical 3D-printed scaffolds [86]. Their investigation revealed that additives directly
affect mechanical properties and stimulate cellular biological activities such as miner-
alization, proliferation, and differentiation. The results demonstrated that HAps could
improve mineralization, but early-stage differentiation is not the best selection. By adding
MWCNTs, osteogenic differentiation increased dramatically; thus, the PCL-HAp-MWCNTs
scaffolds exhibited improved ALP, collagen, and osteocalcin expressions compared to PCL
or PCL/HAp scaffolds. Cui et al. [87] observed more expression of osteogenesis-related
genes by adding MWCNTs to a tough polyion complex (PIC) hydrogel for rat BMSCs.
Due to high bone mineral density illustrated after 8 weeks from in-vivo analyses on im-
planted scaffolds, PIC-MWCNT scaffolds’ potential for promoting bone regeneration and
TE applications was confirmed.

In conclusion, bioactive ceramics are among the most widely used biomaterials in
biphasic scaffolds and multicomponent bioinks due to their osteoconductivity [128]. Bioac-
tive ceramics successfully stimulate various stem cells’ proliferation, differentiation, and
bone TE by reacting and forming chemical bonds with cells and tissues in the biologi-
cal environment. Many chemical combinations of bioactive ceramics provide a superior
foundation for controlling and optimizing biological and physicochemical features. More-
over, bioactive nanoceramics present a significant potential for bony tissues repair than
conventional ceramics due to their better biological and mechanical properties [127].
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Figure 5. (A) Overall photographs and Micro-CT imaging analysis of defects at 8- and 12-weeks postsurgery. (A1-F1)
Gross morphology of defects; (A2-F2) 2D projection images of defects; (A3-F3) and (A4-F4) illustrated transverse view and
sagittal view of 3D construction images. Off-white color presents primary bone, and white color stands for scaffolds in 2D
projection images. Furthermore, off-white color illustrates primary bone, green color illustrates new bone, and red color
stands for scaffolds. Compared to that of CTR (blank control) and TCP groups, Micro-CT analysis of defect space exhibited
a distinctly greater level of bone regeneration in SPS group (reproduced content is open access) [82]. (B) Light microscopy
images of 3D bioprinted cell-laden GO scaffolds cultured in osteogenic media for 1, 7, and 42 days (reproduced content is
open access) [85].
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5. Summary and Perspectives

This minireview covered the osteochondral tissue structure, the requirements of
bioinks, and the effect of different parameters on printability and shape fidelity. Further-
more, the various categories of bioactive inks, such as growth factor-containing, DNA-
containing, ECM-based, bioactive polymer-based, and bioactive ceramics-containing inks,
focusing on pieces of research, were described. Overall, in the case of bioactive inks, bioac-
tivity, and biocompatibility, as well as osteogenic and chondrogenic performance, there are
clear benefits over traditional bioinks in many studies. Advancements are expected across
osteochondral TE, mainly as novel formulation makes diverse inks available to users and
as developed research generates further interest for their use.

Increasing the efficacy of osteochondral regeneration requires the multi-material and
stratified constructs implanted in the defective site. In detail, novel bioprinting technology
can reach hierarchical constructs with different layers’ properties. Additionally, bioactive
materials in the chemical composition of scaffolds can guide tissue-scaffold interactions
and bind with surrounding tissues, as well as control the body’s immune response, which
follows the success of an implant. However, printability and shape fidelity of formulated
bioactive inks are crucial parameters as well as biological properties, which should be
considered by controlling viscosity, shear-thinning, viscoelasticity, and yield stress.

Recently, there were pieces of research on the development of bioprinting scaffolds
by bioactive inks containing bioactive components affecting osteochondral regeneration.
The investigations demonstrated that formulating bioactive inks is a promising strategy for
bone and cartilage regeneration. However, the limiting factors make progress in this field
challenging. Although bioactive components such as bioactive ions or growth factors in
cell-laden bioactive inks improve the biofunctionality and regeneration for osteochondral
tissue, they are commercially useless due to limitations such as low cell survival rate
and growth factors instability. Besides, not only the printing parameters should not
damage the bioactive ink and cells, but also the bioink should not disrupt the printing
process and maintains the structure of the final scaffold. On the other hand, both the
bioink and the bioprinting method must provide the desired properties and shape for
the complex osteochondral tissue, considering the different physiological properties of
the osteochondral tissue layers and stimulating tissue regeneration. If bioactive inks
formulations promote preferred osteochondral regeneration to exist strategies and afford
the means to limit and treat diseases such as osteoarthritis, they will vindicate attempting
to overwhelm the many managerial and commercial challenges that will be confronted
with the clinical development of bioactive inks outcomes. On this point, the research path
in this field continues to achieve an ideal formulation that does not activate the body’s
immune and inflammatory responses and increases the speed and quality of osteochondral
tissue regeneration in clinical approaches.

Author Contributions: Conceptualization, N.B., C.L. and F.G.; methodology, N.B., C.L. and EG,;
investigation, N.B.; resources, C.L. and EG.; writing—original draft preparation, N.B.; writing—
review and editing, F.G.; supervision, C.L. and F.G.; review and editing, C.L. and F.G.; project
administration, C.L. and FE.G.; funding acquisition, C.L., E.G. All authors have read and agreed to the
published version of the manuscript.

Funding: F.Ghorbani gratefully acknowledges the support of the Alexander von Humboldt foun-
dation. C.Liu acknowledges Medical Research Council via UCL Therapeutic Acceleration Support
(TAS) Fund (project no: 564022); and Engineering and Physical Sciences Research Council via DTP
CASE Programme (Grant no: EP/T517793/1).

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

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



Gels 2021, 7,274 16 of 20

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

Mazaki, T.; Shiozaki, Y.; Yamane, K.; Yoshida, A.; Nakamura, M.; Yoshida, Y.; Zhou, D.; Kitajima, T.; Tanaka, M.; Ito, Y.; et al. A
novel, visible light-induced, rapidly cross-linkable gelatin scaffold for osteochondral tissue engineering. Sci. Rep. 2015, 4, 4457.
[CrossRef] [PubMed]

Van Staa, T. Priority diseases and reasons for inclusion: Postpartum haemorrhage. In Priority Medicines for Europe and the World
2013; Kaplan, Ed.; World Health Organization: Geneva, Switzerland, 2013; Volume 16.

World Health Organization. The Burden of Musculoskeletal Conditions at the Start of the New Millennium: Report of a WHO Scientific
Group; World Health Organization: Geneva, Switzerland, 2003.

Deng, C.; Chang, J.; Wu, C. Bioactive scaffolds for osteochondral regeneration. |. Orthop. Transl. 2019, 17, 15-25. [CrossRef]
[PubMed]

Ghasemi-Mobarakeh, L.; Prabhakaran, M.P; Morshed, M.; Nasr-Esfahani, M.H.; Ramakrishna, S. Electrospun poly(e-
caprolactone)/gelatin nanofibrous scaffolds for nerve tissue engineering. Biomaterials 2008, 29, 4532-4539. [CrossRef]
Samadian, H.; Farzamfar, S.; Vaez, A.; Ehterami, A.; Bit, A.; Alam, M.; Goodarzi, A.; Darya, G.; Salehi, M. A tailored polylactic
acid/polycaprolactone biodegradable and bioactive 3D porous scaffold containing gelatin nanofibers and Taurine for bone
regeneration. Sci. Rep. 2020, 10, 13366. [CrossRef]

Cao, W.; Hench, L.L. Bioactive materials. Ceram. Int. 1996, 22, 493-507. [CrossRef]

Yang, J.; Zhang, Y.S.; Yue, K.; Khademhosseini, A. Cell-laden hydrogels for osteochondral and cartilage tissue engineering. Acta
Biomater. 2017, 57, 17014. [CrossRef]

Kajave, N.S.; Schmitt, T.; Nguyen, T.U.; Gaharwar, A.K.; Kishore, V. Bioglass incorporated methacrylated collagen bioactive ink
for 3D printing of bone tissue. Biomed. Mater. 2021, 16, 035003. [CrossRef] [PubMed]

Baino, F,; Fiume, E. 3D Printing of Hierarchical Scaffolds Based on Mesoporous Bioactive Glasses (MBGs)—Fundamentals and
Applications. Materials 2020, 13, 1688. [CrossRef]

Keriquel, V; Oliveira, H.; Rémy, M.; Ziane, S.; Delmond, S.; Rousseau, B.; Rey, S.; Catros, S.; Amédée, J.; Guillemot, F; et al. In situ
printing of mesenchymal stromal cells, by laser-assisted bioprinting, for in vivo bone regeneration applications. Sci. Rep. 2017, 7, 1778.
[CrossRef]

Zhang, X.; Liu, Y.; Zuo, Q.; Wang, Q.; Li, Z.; Yan, K; Yuan, T.; Zhang, Y.; Shen, K,; Xie, R.; et al. 3D Bioprinting of Biomimetic
Bilayered Scaffold Consisting of Decellularized Extracellular Matrix and Silk Fibroin for Osteochondral Repair. Int. ]. Bioprint.
2021, 7, 401. [CrossRef]

Singh, S.; Choudhury, D.; Yu, E; Mironov, V.; Naing, M.W. In situ bioprinting—Bioprinting from benchside to bedside? Acta
Biomater. 2020, 101, 14-25. [CrossRef] [PubMed]

Di Bella, C.; Duchi, S.; O’Connell, C.D.; Blanchard, R.; Augustine, C.; Yue, Z.; Thompson, F; Richards, C.; Beirne, S.;
Onofrillo, C.; et al. In situ handheld three-dimensional bioprinting for cartilage regeneration. J. Tissue Eng. Regen. Med.
2018, 12, 611-621. [CrossRef]

Vyas, C.; Mishbak, H.; Cooper, G.; Peach, C.; Pereira, R.F,; Bartolo, P. Biological perspectives and current biofabrication strategies
in osteochondral tissue engineering. Biomanuf. Rev. 2020, 5, 2. [CrossRef]

Sophia Fox, A.].; Bedi, A.; Rodeo, S.A. The Basic Science of Articular Cartilage: Structure, Composition, and Function. Sport.
Health Multidiscip. Approach 2009, 1, 461-468. [CrossRef] [PubMed]

Gong, X.; Xie, W.; Wang, B.; Gu, L.; Wang, F; Ren, X.; Chen, C.; Yang, L. Altered spontaneous calcium signaling of in situ
chondrocytes in human osteoarthritic cartilage. Sci. Rep. 2017, 7, 17093. [CrossRef]

Radhakrishnan, J.; Subramanian, A.; Krishnan, U.M.; Sethuraman, S. Injectable and 3D Bioprinted Polysaccharide Hydrogels:
From Cartilage to Osteochondral Tissue Engineering. Biomacromolecules 2016, 18, 1-26. [CrossRef]

Suri, S.; Walsh, D.A. Osteochondral alterations in osteoarthritis. Bone 2012, 51, 204-211. [CrossRef]

Cheng, S.; Pourteymoor, S.; Alarcon, C.; Mohan, S. Conditional Deletion of the Phd2 Gene in Articular Chondrocytes Accelerates
Differentiation and Reduces Articular Cartilage Thickness. Sci. Rep. 2017, 7, 45408. [CrossRef]

Wang, D.; Xu, H,; Liu, J.; Chen, Z,; Li, Y;; Hu, B.; Zhang, D.; Li, J.; Chu, H. Bio-inspired cellulose reinforced anisotropic composite
hydrogel with zone-dependent complex mechanical adaptability and cell recruitment characteristics. Compos. Part B Eng.
2020, 202, 108418. [CrossRef]

Lui, J.C.; Chau, M.; Chen, W.; Cheung, C.S.F.,; Hanson, J.; Rodriguez-Canales, J.; Nilsson, O.; Baron, J. Spatial regulation of gene
expression during growth of articular cartilage in juvenile mice. Pediatr. Res. 2015, 77, 406-415. [CrossRef] [PubMed]
Tamaddon, M.; Wang, L.; Liu, Z.; Liu, C. Osteochondral tissue repair in osteoarthritic joints: Clinical challenges and opportunities
in tissue engineering. Bio-Des. Manuf. 2018, 1, 101-114. [CrossRef]

Fu, L,; Yang, Z.; Gao, C.; Li, H.; Yuan, Z.; Wang, F; Sui, X,; Liu, S.; Guo, Q. Advances and prospects in biomimetic multilayered
scaffolds for articular cartilage regeneration. Regen. Biomater. 2020, 7, 527-542. [CrossRef]

Lin, C; Liu, L.; Zeng, C.; Cui, Z.; Chen, Y,; Lai, P.; Wang, H.; Shao, Y.; Zhang, H. Activation of mTORC1 in subchondral bone
preosteoblasts promotes osteoarthritis by stimulating bone sclerosis and secretion of CXCL12. Bone Res. 2019, 7, 5. [CrossRef]
[PubMed]

Castafieda, S.; Roman-Blas, ].A.; Largo, R.; Herrero-Beaumont, G. Subchondral bone as a key target for osteoarthritis treatment.
Biochem. Pharmacol. 2012, 83, 315-323. [CrossRef] [PubMed]


http://doi.org/10.1038/srep04457
http://www.ncbi.nlm.nih.gov/pubmed/24662725
http://doi.org/10.1016/j.jot.2018.11.006
http://www.ncbi.nlm.nih.gov/pubmed/31194079
http://doi.org/10.1016/j.biomaterials.2008.08.007
http://doi.org/10.1038/s41598-020-70155-2
http://doi.org/10.1016/0272-8842(95)00126-3
http://doi.org/10.1016/j.actbio.2017.01.036
http://doi.org/10.1088/1748-605X/abc744
http://www.ncbi.nlm.nih.gov/pubmed/33142268
http://doi.org/10.3390/ma13071688
http://doi.org/10.1038/s41598-017-01914-x
http://doi.org/10.18063/ijb.v7i4.401
http://doi.org/10.1016/j.actbio.2019.08.045
http://www.ncbi.nlm.nih.gov/pubmed/31476384
http://doi.org/10.1002/term.2476
http://doi.org/10.1007/s40898-020-00008-y
http://doi.org/10.1177/1941738109350438
http://www.ncbi.nlm.nih.gov/pubmed/23015907
http://doi.org/10.1038/s41598-017-17172-w
http://doi.org/10.1021/acs.biomac.6b01619
http://doi.org/10.1016/j.bone.2011.10.010
http://doi.org/10.1038/srep45408
http://doi.org/10.1016/j.compositesb.2020.108418
http://doi.org/10.1038/pr.2014.208
http://www.ncbi.nlm.nih.gov/pubmed/25521919
http://doi.org/10.1007/s42242-018-0015-0
http://doi.org/10.1093/rb/rbaa042
http://doi.org/10.1038/s41413-018-0041-8
http://www.ncbi.nlm.nih.gov/pubmed/30792936
http://doi.org/10.1016/j.bcp.2011.09.018
http://www.ncbi.nlm.nih.gov/pubmed/21964345

Gels 2021, 7,274 17 of 20

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Madry, H.; van Dijk, C.N.; Mueller-Gerbl, M. The basic science of the subchondral bone. Knee Surg. Sport. Traumatol. Arthrosc.
2010, 18, 419-433. [CrossRef] [PubMed]

Martin, I.; Miot, S.; Barbero, A.; Jakob, M.; Wendt, D. Osteochondral tissue engineering. J. Biomech. 2007, 40, 750-765. [CrossRef]
[PubMed]

Luyten, EP; Denti, M.; Filardo, G.; Kon, E.; Engebretsen, L. Definition and clas-sification of early osteoarthritis of the knee. Knee
Surg. Sports Traumatol. Arthrosc. 2012, 20, 401-406. [CrossRef]

Herrero-Beaumont, G.M.D. Correlation between arthroscopic and histopathological grading systems of articular cartilage lesions
in knee osteoarthritis. Osteoarthr. Cartil. 2009, 17, 205-212. [CrossRef]

Slattery, C.; Kweon, C.Y. Classifications in Brief: Outerbridge Classification of Chondral Lesions. Clin. Orthop. Relat. Res.
2018, 476, 2101-2104. [CrossRef]

Seol, Y.-].; Kang, H.-W.; Lee, S.J.; Atala, A.; Yoo, ].]. Bioprinting technology and its applications. Eur. ]. Cardio-Thorac. Surg.
2014, 46, 342-348. [CrossRef]

Adhikari, J.; Perwez, M.S.; Das, A.; Saha, P. Development of hydroxyapatite reinforced alginate-chitosan based printable
biomaterial-ink. Nano-Struct. Nano-Objects 2021, 25, 100630. [CrossRef]

Jang, J.; Park, J.Y.; Gao, G.; Cho, D. Biomaterials-based 3D cell printing for next-generation therapeutics and diagnostics.
Biomaterials 2018, 156, 88-106. [CrossRef]

Gungor-Ozkerim, P.S.; Inci, I.; Zhang, Y.S.; Khademhosseini, A.; Dokmeci, M.R. Bioinks for 3D bioprinting: An overview. Biomater.
Sci. 2018, 6, 915-946. [CrossRef]

Ribeiro, A.; Blokzijl, M.M.; Levato, R.; Visser, C.W.; Castilho, M.; Hennink, W.E.; Vermonden, T.; Malda, J. Assessing bioink shape
fidelity to aid material development in 3D bioprinting. Biofabrication 2017, 10, 014102. [CrossRef]

Cowie, ] M.G.; Arrighi, V. Polymers: Chemistry and Physics of Modern Materials; CRC Press: Boca Raton, FL, USA, 2007.

Paxton, N.; Smolan, W.; Bock, T.; Melchels, F.; Groll, J.; Jungst, T. Proposal to assess printability of bioinks for extrusion-based
bioprinting and evaluation of rheological properties governing bioprintability. Biofabrication 2017, 9, 044107. [CrossRef]

Rastin, H.; Zhang, B.; Mazinani, A.; Hassan, K.; Bi, J.; Tung, T.T.; Losic, D. 3D bioprinting of cell-laden electroconductive MXene
nanocomposite bioinks. Nanoscale 2020, 12, 16069-16080. [CrossRef] [PubMed]

Oyen, M.L. Mechanical characterisation of hydrogel materials. Int. Mater. Rev. 2014, 59, 44-59. [CrossRef]

Picout, D.R.; Ross-Murphy, S.B. Rheology of biopolymer solutions and gels. ScientificWorldJournal 2003, 3, 105-121. [CrossRef]
[PubMed]

Malda, J.; Visser, J.; Melchels, EP; Jiingst, T.; Hennink, W.E.; Dhert, W.J.A.; Groll, J.; Hutmacher, D.W. 25th Anniversary Article:
Engineering Hydrogels for Biofabrication. Adv. Mater. 2013, 25, 5011-5028. [CrossRef] [PubMed]

Smith, P.T.,; Basu, A.; Saha, A.; Nelson, A. Chemical modification and printability of shear-thinning hydrogel inks for direct-write
3D printing. Polymer 2018, 152, 42-50. [CrossRef]

Trac, N.T.; Chung, E.J. Peptide-based targeting of immunosuppressive cells in cancer. Bioact. Mater. 2020, 5, 92-101. [CrossRef]
Anderson, ].M.; Rodriguez, A.; Chang, D.T. Foreign body reaction to biomaterials. Semin. Immunol. 2008, 20, 86—100. [CrossRef]
Brown, B.N.; Valentin, J.E.; Stewart-Akers, A.M.; McCabe, G.P,; Badylak, S.F. Macrophage phenotype and remodeling outcomes
in response to biologic scaffolds with and without a cellular component. Biomaterials 2009, 30, 1482-1491. [CrossRef]

Wang, B.; Diaz-Payno, PJ.; Browe, D.C.; Freeman, EE.; Nulty, J.; Burdis, R.; Kelly, D.]. Affinity-bound growth factor within
sulfated interpenetrating network bioinks for bioprinting cartilaginous tissues. Acta Biomater. 2021, 128, 130-142. [CrossRef]
Freeman, F.E.; Pitacco, P.; van Dommelen, L.H.A.; Nulty, J.; Browe, D.C.; Shin, J.-Y.; Alsberg, E.; Kelly, D.J. 3D bioprinting
spatiotemporally defined patterns of growth factors to tightly control tissue regeneration. Sci. Adv. 2020, 6, eabb5093. [CrossRef]
Cooper, G.M.; Miller, E.D.; DeCesare, G.E.; Usas, A.; Lensie, E.L.; Bykowski, M.R.; Huard, J.; Weiss, L.E.; Losee, ].E.; Campbell, P.G.
Inkjet-Based Biopatterning of Bone Morphogenetic Protein-2 to Spatially Control Calvarial Bone Formation. Tissue Eng. Part A
2010, 16, 1749-1759. [CrossRef] [PubMed]

Poldervaart, M.T.; Wang, H.; van der Stok, J.; Weinans, H.; Leeuwenburgh, S.C.G.; Oner, F.C.; Dhert, W.J.A.; Alblas, ]. Sustained
Release of BMP-2 in Bioprinted Alginate for Osteogenicity in Mice and Rats. PLoS ONE 2013, 8, €72610. [CrossRef] [PubMed]
Kundu, J.; Shim, J.-H.; Jang, J.; Kim, S.-W.; Cho, D.-W. An additive manufacturing-based PCL-alginate-chondrocyte bioprinted
scaffold for cartilage tissue engineering. J. Tissue Eng. Regen. Med. 2015, 9, 1286-1297. [CrossRef] [PubMed]

Yang, Z.; Zhao, T.; Gao, C.; Cao, F; Li, H.; Liao, Z.; Fu, L.; Li, P.; Chen, W.; Sun, Z.; et al. 3D-Bioprinted Difunctional Scaffold for in
Situ Cartilage Regeneration Based on Aptamer-Directed Cell Recruitment and Growth Factor-Enhanced Cell Chondrogenesis.
ACS Appl. Mater. Interfaces 2021, 13, 23369-23383. [CrossRef] [PubMed]

Gonzalez-Fernandez, T.; Rathan, S.; Hobbs, C.; Pitacco, P.; Freeman, EE.; Cunniffe, G.M.; Dunne, N.J.; McCarthy, H.O.; Nicolosi, V;
O'Brien, EJ.; et al. Pore-forming bioinks to enable spatio-temporally defined gene delivery in bioprinted tissues. J. Control. Release
2019, 301, 13-27. [CrossRef]

Li, C.; Faulkner-Jones, A.; Dun, A.R; Jin, J.; Chen, P; Xing, Y.; Yang, Z.; Li, Z.; Shu, W,; Liu, D.; et al. Rapid Formation of
a Supramolecular Polypeptide-DNA Hydrogel for In Situ Three-Dimensional Multilayer Bioprinting. Angew. Chem. Int. Ed.
2015, 127, 4029-4033. [CrossRef]

Loozen, L.D.; Wegman, E; Oner, F.C.; Dhert, WJ.A.A.; Alblas, J. Porous bioprinted constructs in BMP-2 non-viral gene therapy for
bone tissue engineering. . Mater. Chem. B 2013, 1, 6619. [CrossRef]


http://doi.org/10.1007/s00167-010-1054-z
http://www.ncbi.nlm.nih.gov/pubmed/20119671
http://doi.org/10.1016/j.jbiomech.2006.03.008
http://www.ncbi.nlm.nih.gov/pubmed/16730354
http://doi.org/10.1007/s00167-011-1743-2
http://doi.org/10.1016/j.joca.2008.06.010
http://doi.org/10.1007/s11999.0000000000000255
http://doi.org/10.1093/ejcts/ezu148
http://doi.org/10.1016/j.nanoso.2020.100630
http://doi.org/10.1016/j.biomaterials.2017.11.030
http://doi.org/10.1039/C7BM00765E
http://doi.org/10.1088/1758-5090/aa90e2
http://doi.org/10.1088/1758-5090/aa8dd8
http://doi.org/10.1039/D0NR02581J
http://www.ncbi.nlm.nih.gov/pubmed/32579663
http://doi.org/10.1179/1743280413Y.0000000022
http://doi.org/10.1100/tsw.2003.15
http://www.ncbi.nlm.nih.gov/pubmed/12806124
http://doi.org/10.1002/adma.201302042
http://www.ncbi.nlm.nih.gov/pubmed/24038336
http://doi.org/10.1016/j.polymer.2018.01.070
http://doi.org/10.1016/j.bioactmat.2020.01.006
http://doi.org/10.1016/j.smim.2007.11.004
http://doi.org/10.1016/j.biomaterials.2008.11.040
http://doi.org/10.1016/j.actbio.2021.04.016
http://doi.org/10.1126/sciadv.abb5093
http://doi.org/10.1089/ten.tea.2009.0650
http://www.ncbi.nlm.nih.gov/pubmed/20028232
http://doi.org/10.1371/journal.pone.0072610
http://www.ncbi.nlm.nih.gov/pubmed/23977328
http://doi.org/10.1002/term.1682
http://www.ncbi.nlm.nih.gov/pubmed/23349081
http://doi.org/10.1021/acsami.1c01844
http://www.ncbi.nlm.nih.gov/pubmed/33979130
http://doi.org/10.1016/j.jconrel.2019.03.006
http://doi.org/10.1002/ange.201411383
http://doi.org/10.1039/c3tb21093f

Gels 2021, 7,274 18 of 20

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Cunniffe, G.M.; Gonzalez-Fernandez, T.; Daly, A.; Sathy, B.N.; Jeon, O.; Alsberg, E.; Kelly, D.]. Three-Dimensional Bioprinting of
Polycaprolactone Reinforced Gene Activated Bioinks for Bone Tissue Engineering. Tissue Eng. Part A 2017, 23, 891-900. [CrossRef]
Zhang, X.; Liu, Y.; Luo, C; Zhai, C.; Li, Z.; Zhang, Y.; Yuan, T.; Dong, S.; Zhang, J.; Fan, W. Crosslinker-free silk/decellularized
extracellular matrix porous bioink for 3D bioprinting-based cartilage tissue engineering. Mater. Sci. Eng. C 2021, 118, 111388.
[CrossRef]

Nirnberger, S.; Schneider, C.; Keibl, C.; Schadl, B.; Heimel, P.; Monforte, X.; Teuschl, A.H.; Nalbach, M.; Thurner, PJ.;
Grillari, J.; et al. Repopulation of decellularised articular cartilage by laser-based matrix engraving. EBioMedicine 2021, 64, 103196.
[CrossRef]

Zhu, S.; Chen, P,; Chen, Y,; Li, M.; Chen, C.; Lu, H. 3D-Printed Extracellular Matrix/Polyethylene Glycol Diacrylate Hydrogel
Incorporating the Anti-inflammatory Phytomolecule Honokiol for Regeneration of Osteochondral Defects. Am. J. Sports Med.
2020, 48, 2808-2818. [CrossRef] [PubMed]

Lee, H].; Kim, Y.B.; Ahn, S.H.; Lee, ].-S,; Jang, C.H.; Yoon, H.; Chun, W.,; Kim, G.H. A New Approach for Fabricating
Collagen/ECM-Based Bioinks Using Preosteoblasts and Human Adipose Stem Cells. Adv. Healthc. Mater. 2015, 4, 1359-1368.
[CrossRef] [PubMed]

Yang, X.; Lu, Z.; Wu, H.; Li, W.; Zheng, L.; Zhao, ]J. Collagen-alginate as bioink for three-dimensional (3D) cell printing based
cartilage tissue engineering. Mater. Sci. Eng. C 2018, 83, 195-201. [CrossRef]

Duarte Campos, D.E; Blaeser, A.; Buellesbach, K.; Sen, K.S.; Xun, W.; Tillmann, W.; Fischer, H. Bioprinting Organotypic Hydrogels
with Improved Mesenchymal Stem Cell Remodeling and Mineralization Properties for Bone Tissue Engineering. Adv. Healthc.
Mater. 2016, 5, 1336-1345. [CrossRef]

Gao, J.; Ding, X.; Yu, X,; Chen, X.; Zhang, X.; Cui, S.; Shi, J.; Chen, J.; Yu, L.; Chen, S.; et al. Cell-Free Bilayered Porous Scaffolds for
Osteochondral Regeneration Fabricated by Continuous 3D-Printing Using Nascent Physical Hydrogel as Ink. Adv. Healthc. Mater.
2021, 10, 2001404. [CrossRef]

Antich, C.; de Vicente, ].; Jiménez, G.; Chocarro, C.; Carrillo, E.; Montafiez, E.; Galvez-Martin, P.; Marchal, ].A. Bio-inspired
hydrogel composed of hyaluronic acid and alginate as a potential bioink for 3D bioprinting of articular cartilage engineering
constructs. Acta Biomater. 2020, 106, 114-123. [CrossRef] [PubMed]

Galarraga, ].H.; Kwon, M.Y,; Burdick, J.A. 3D bioprinting via an in situ crosslinking technique towards engineering cartilage
tissue. Sci. Rep. 2019, 9, 19987. [CrossRef]

Dong, L.; Wang, S.-].; Zhao, X.-R.; Zhu, Y.-F; Yu, J.-K. 3D-Printed Poly(e-caprolactone) Scaffold Integrated with Cell-laden
Chitosan Hydrogels for Bone Tissue Engineering. Sci. Rep. 2017, 7, 13412. [CrossRef] [PubMed]

Demirtas, T.T.; Irmak, G.; Giimtisderelioglu, M. A bioprintable form of chitosan hydrogel for bone tissue engineering. Biofabrication
2017, 9, 035003. [CrossRef]

He, Y.; Derakhshanfar, S.; Zhong, W.; Li, B.; Lu, F; Xing, M.; Li, X. Characterization and Application of Carboxymethyl
Chitosan-Based Bioink in Cartilage Tissue Engineering. J. Nanomater. 2020, 2020, 2057097. [CrossRef]

You, E; Wu, X.; Zhu, N.; Lei, M.; Eames, B.F; Chen, X. 3D Printing of Porous Cell-Laden Hydrogel Constructs for Potential
Applications in Cartilage Tissue Engineering. ACS Biomater. Sci. Eng. 2016, 2, 1200-1210. [CrossRef]

Nguyen, D.; Higg, D.A ; Forsman, A.; Ekholm, J.; Nimkingratana, P.; Brantsing, C.; Kalogeropoulos, T.; Zaunz, S.; Concaro, S.;
Brittberg, M.; et al. Cartilage Tissue Engineering by the 3D Bioprinting of iPS Cells in a Nanocellulose/Alginate Bioink. Sci. Rep.
2017, 7, 658. [CrossRef] [PubMed]

Kilian, D.; Ahlfeld, T.; Akkineni, A.R.; Bernhardt, A.; Gelinsky, M.; Lode, A. 3D Bioprinting of osteochondral tissue substitutes—
In vitro-chondrogenesis in multi-layered mineralized constructs. Sci. Rep. 2020, 10, 8277. [CrossRef]

Kim, W.; Kim, G. Collagen/bioceramic-based composite bioink to fabricate a porous 3D hASCs-laden structure for bone tissue
regeneration. Biofabrication 2019, 12, 015007. [CrossRef]

Kosik-Koziot, A.; Costantini, M.; Mréz, A.; Idaszek, J.; Heljak, M.; Jaroszewicz, J.; Kijenska, E.; Szoke, K.; Frerker, N.;
Barbetta, A.; et al. 3D bioprinted hydrogel model incorporating 3 -tricalcium phosphate for calcified cartilage tissue engineering.
Biofabrication 2019, 11, 035016. [CrossRef]

Wenz, A.; Borchers, K.; Tovar, G.E.M.; Kluger, PJ. Bone matrix production in hydroxyapatite-modified hydrogels suitable for
bone bioprinting. Biofabrication 2017, 9, 044103. [CrossRef]

Kim, D.; Lee, J.; Kim, G. Biomimetic gelatin/HA biocomposites with effective elastic properties and 3D-structural flexibility using
a 3D-printing process. Addit. Manuf. 2020, 36, 101616. [CrossRef]

Li, Q.; Lei, X;; Wang, X,; Cai, Z.; Lyu, P; Zhang, G. Hydroxyapatite/Collagen Three-Dimensional Printed Scaffolds and Their
Osteogenic Effects on Human Bone Marrow-Derived Mesenchymal Stem Cells. Tissue Eng. Part A 2019, 25, 1261-1271. [CrossRef]
Aréoz, B.; Karakaya, E.; Gonzalez Wusener, A.; Detsch, R.; Bizzotto, ].; Gueron, G.; Boccaccini, A.R.; Hermida, E.B.3D printed
poly(hydroxybutyrate-co-hydroxyvalerate)—45S5 bioactive glass composite resorbable scaffolds suitable for bone regeneration. J.
Mater. Res. 2021, 36, 4000-4012. [CrossRef]

Liu, B.; Zhao, Y.; Zhu, T,; Gao, S.; Ye, K.; Zhou, E; Qiu, D.; Wang, X,; Tian, Y.; Qu, X. Biphasic Double-Network Hydrogel with
Compartmentalized Loading of Bioactive Glass for Osteochondral Defect Repair. Front. Bioeng. Biotechnol. 2020, 8, 752. [CrossRef]
[PubMed]


http://doi.org/10.1089/ten.tea.2016.0498
http://doi.org/10.1016/j.msec.2020.111388
http://doi.org/10.1016/j.ebiom.2020.103196
http://doi.org/10.1177/0363546520941842
http://www.ncbi.nlm.nih.gov/pubmed/32762553
http://doi.org/10.1002/adhm.201500193
http://www.ncbi.nlm.nih.gov/pubmed/25874573
http://doi.org/10.1016/j.msec.2017.09.002
http://doi.org/10.1002/adhm.201501033
http://doi.org/10.1002/adhm.202001404
http://doi.org/10.1016/j.actbio.2020.01.046
http://www.ncbi.nlm.nih.gov/pubmed/32027992
http://doi.org/10.1038/s41598-019-56117-3
http://doi.org/10.1038/s41598-017-13838-7
http://www.ncbi.nlm.nih.gov/pubmed/29042614
http://doi.org/10.1088/1758-5090/aa7b1d
http://doi.org/10.1155/2020/2057097
http://doi.org/10.1021/acsbiomaterials.6b00258
http://doi.org/10.1038/s41598-017-00690-y
http://www.ncbi.nlm.nih.gov/pubmed/28386058
http://doi.org/10.1038/s41598-020-65050-9
http://doi.org/10.1088/1758-5090/ab436d
http://doi.org/10.1088/1758-5090/ab15cb
http://doi.org/10.1088/1758-5090/aa91ec
http://doi.org/10.1016/j.addma.2020.101616
http://doi.org/10.1089/ten.tea.2018.0201
http://doi.org/10.1557/s43578-021-00272-9
http://doi.org/10.3389/fbioe.2020.00752
http://www.ncbi.nlm.nih.gov/pubmed/32714919

Gels 2021, 7,274 19 of 20

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Distler, T.; Fournier, N.; Griinewald, A.; Polley, C.; Seitz, H.; Detsch, R.; Boccaccini, A.R. Polymer-Bioactive Glass Composite
Filaments for 3D Scaffold Manufacturing by Fused Deposition Modeling: Fabrication and Characterization. Front. Bioeng.
Biotechnol. 2020, 8, 552. [CrossRef] [PubMed]

Ghorbani, F.; Sahranavard, M.; Mousavi Nejad, Z.; Li, D.; Zamanian, A.; Yu, B. Surface Functionalization of Three Dimensional-
Printed Polycaprolactone-Bioactive Glass Scaffolds by Grafting GeIMA Under UV Irradiation. Front. Mater. 2020, 7, 348.
[CrossRef]

Kolan, K.C.R.; Semon, ]J.A.; Bromet, B.; Day, D.E.; Leu, M.C. Bioprinting with human stem cell-laden alginate-gelatin bioink and
bioactive glass for tissue engineering. Int. J. Bioprint. 2019, 5, 3—15. [CrossRef] [PubMed]

Deng, C.; Zhu, H,; Li, J.; Feng, C.; Yao, Q.; Wang, L.; Chang, J.; Wu, C. Bioactive Scaffolds for Regeneration of Cartilage and
Subchondral Bone Interface. Theranostics 2018, 8, 1940-1955. [CrossRef]

Xavier, J.R.; Thakur, T.; Desai, P.; Jaiswal, M.K; Sears, N.; Cosgriff-Hernandez, E.; Kaunas, R.; Gaharwar, A.K. Bioactive
Nanoengineered Hydrogels for Bone Tissue Engineering: A Growth-Factor-Free Approach. ACS Nano 2015, 9, 3109-3118.
[CrossRef] [PubMed]

Choe, G.; Oh, S.; Seok, ].M.; Park, S.A ; Lee, ].Y. Graphene oxide/alginate composites as novel bioinks for three-dimensional
mesenchymal stem cell printing and bone regeneration applications. Nanoscale 2019, 11, 23275-23285. [CrossRef] [PubMed]
Zhang, ].; Eyisoylu, H.; Qin, X.-H.; Rubert, M.; Miiller, R. 3D bioprinting of graphene oxide-incorporated cell-laden bone mim-
icking scaffolds for promoting scaffold fidelity, osteogenic differentiation and mineralization. Acta Biomater. 2021, 121, 637-652.
[CrossRef] [PubMed]

Huang, B.; Vyas, C.; Byun, ].].; EI-Newehy, M.; Huang, Z.; Bartolo, P. Aligned multi-walled carbon nanotubes with nanohydrox-
yapatite in a 3D printed polycaprolactone scaffold stimulates osteogenic differentiation. Mater. Sci. Eng. C 2020, 108, 110374.
[CrossRef]

Cui, H.; Yu, Y;; Li, X,; Sun, Z,; Ruan, J.; Wu, Z.; Qian, J.; Yin, ]. Direct 3D printing of a tough hydrogel incorporated with carbon
nanotubes for bone regeneration. J. Mater. Chem. B 2019, 7, 7207-7217. [CrossRef]

Murphy, M.P.,; Koepke, L.S.; Lopez, M.T.; Tong, X.; Ambrosi, TH.; Gulati, G.S.; Marecic, O.; Wang, Y.; Ransom, R.C,;
Hoover, M.Y,; et al. Articular cartilage regeneration by activated skeletal stem cells. Nat. Med. 2020, 26, 1583-1592. [CrossRef]
[PubMed]

Jose, J.; Sultan, S.; Kalarikkal, N.; Thomas, S.; Mathew, A.P. Fabrication and functionalization of 3D-printed soft and hard scaffolds
with growth factors for enhanced bioactivity. RSC Adv. 2020, 10, 37928-37937. [CrossRef]

Mizrahi, O.; Sheyn, D.; Tawackoli, W.; Kallai, I.; Oh, A.; Su, S.; Da, X.; Zarrini, P.; Cook-Wiens, G.; Gazit, D.; et al. BMP-6 is more
efficient in bone formation than BMP-2 when overexpressed in mesenchymal stem cells. Gene Ther. 2013, 20, 370-377. [CrossRef]
Itoh, F. Promoting bone morphogenetic protein signaling through negative regulation of inhibitory Smads. EMBO ].
2001, 20, 4132-4142. [CrossRef]

Garrison, K.R.; Shemilt, I.; Donell, S.; Ryder, J.J.; Mugford, M.; Harvey, L; Song, F.; Alt, V. Bone morphogenetic protein (BMP) for
fracture healing in adults. Cochrane Database Syst. Rev. 2010, 6, CD006950. [CrossRef]

Mariani, E.; Pulsatelli, L.; Facchini, A. Signaling Pathways in Cartilage Repair. Int. J. Mol. Sci. 2014, 15, 8667-8698. [CrossRef]
Derynck, R.; Zhang, Y.E. Smad-dependent and Smad-independent pathways in TGF-(3 family signalling. Nature 2003, 425, 577-584.
[CrossRef] [PubMed]

Kronenberg, H.M. Developmental regulation of the growth plate. Nature 2003, 423, 332-336. [CrossRef]

Guntur, A.R.; Rosen, C.J. IGF-1 regulation of key signaling pathways in bone. Bonekey Rep. 2013, 2, 437. [CrossRef]

Pasold, J.; Bader, R.; Zander, K.; Heskamp, B.; Griittner, C.; Liithen, F; Tischer, T.; Jonitz-Heincke, A. Positive impact of IGF-1-
coupled nanoparticles on the differentiation potential of human chondrocytes cultured on collagen scaffolds. Int. |. Nanomed.
2015, 10, 1131. [CrossRef]

Mullen, L.M.; Best, S.M.; Ghose, S.; Wardale, ].; Rushton, N.; Cameron, R.E. Bioactive IGF-1 release from collagen-GAG scaffold
to enhance cartilage repair in vitro. J. Mater. Sci. Mater. Med. 2015, 26, 2. [CrossRef] [PubMed]

Starkman, B.G.; Cravero, ].D.; Delcarlo, M.; Loeser, R.F. IGF-I stimulation of proteoglycan synthesis by chondrocytes requires
activation of the PI 3-kinase pathway but not ERK MAPK. Biochem. . 2005, 389, 723-729. [CrossRef] [PubMed]

Salgado, A.J.; Coutinho, O.P;; Reis, R.L. Bone Tissue Engineering: State of the Art and Future Trends. Macromol. Biosci.
2004, 4, 743-765. [CrossRef]

Castro, P.R.; Marques, S.M.; Viana, C.T.R.; Campos, PP; Ferreira, M.A.N.D.; Barcelos, L.S.; Andrade, S.P. Deletion of the chemokine
receptor CCR2 attenuates foreign body reaction to implants in mice. Microvasc. Res. 2014, 95, 37-45. [CrossRef] [PubMed]
Wang, J.; Liu, D.; Guo, B.; Yang, X;; Chen, X,; Zhu, X.; Fan, Y.; Zhang, X. Role of biphasic calcium phosphate ceramic-
mediated secretion of signaling molecules by macrophages in migration and osteoblastic differentiation of MSCs. Acta Biomater.
2017, 51, 447-460. [CrossRef]

Chung, E.J.; Chien, K.B.; Aguado, B.A.; Shah, R.N. Osteogenic Potential of BMP-2-Releasing Self-Assembled Membranes. Tissue
Eng. Part A 2013, 19, 2664-2673. [CrossRef]

Stavroulaki, E.; Kastrinaki, M.-C.; Pontikoglou, C.; Eliopoulos, D.; Damianaki, A.; Mavroudi, I.; Pyrovolaki, K.; Katonis, P.;
Papadaki, H.A. Mesenchymal Stem Cells Contribute to the Abnormal Bone Marrow Microenvironment in Patients with Chronic
Idiopathic Neutropenia by Overproduction of Transforming Growth Factor-p1. Stem Cells Dev. 2011, 20, 1309-1318. [CrossRef]


http://doi.org/10.3389/fbioe.2020.00552
http://www.ncbi.nlm.nih.gov/pubmed/32671025
http://doi.org/10.3389/fmats.2020.528590
http://doi.org/10.18063/ijb.v5i2.2.204
http://www.ncbi.nlm.nih.gov/pubmed/32596547
http://doi.org/10.7150/thno.23674
http://doi.org/10.1021/nn507488s
http://www.ncbi.nlm.nih.gov/pubmed/25674809
http://doi.org/10.1039/C9NR07643C
http://www.ncbi.nlm.nih.gov/pubmed/31782460
http://doi.org/10.1016/j.actbio.2020.12.026
http://www.ncbi.nlm.nih.gov/pubmed/33326888
http://doi.org/10.1016/j.msec.2019.110374
http://doi.org/10.1039/C9TB01494B
http://doi.org/10.1038/s41591-020-1013-2
http://www.ncbi.nlm.nih.gov/pubmed/32807933
http://doi.org/10.1039/D0RA08295C
http://doi.org/10.1038/gt.2012.45
http://doi.org/10.1093/emboj/20.15.4132
http://doi.org/10.1002/14651858.CD006950.pub2
http://doi.org/10.3390/ijms15058667
http://doi.org/10.1038/nature02006
http://www.ncbi.nlm.nih.gov/pubmed/14534577
http://doi.org/10.1038/nature01657
http://doi.org/10.1038/bonekey.2013.171
http://doi.org/10.2147/IJN.S72872
http://doi.org/10.1007/s10856-014-5325-y
http://www.ncbi.nlm.nih.gov/pubmed/25577208
http://doi.org/10.1042/BJ20041636
http://www.ncbi.nlm.nih.gov/pubmed/15801908
http://doi.org/10.1002/mabi.200400026
http://doi.org/10.1016/j.mvr.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25020267
http://doi.org/10.1016/j.actbio.2017.01.059
http://doi.org/10.1089/ten.tea.2012.0667
http://doi.org/10.1089/scd.2010.0425

Gels 2021, 7,274 20 of 20

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Toosi, S.; Behravan, J. Osteogenesis and bone remodeling: A focus on growth factors and bioactive peptides. BioFactors
2020, 46, 326-340. [CrossRef] [PubMed]

Zhou, M.; Lozano, N.; Wychowaniec, J.K.; Hodgkinson, T.; Richardson, S.M.; Kostarelos, K.; Hoyland, J.A. Graphene oxide:
A growth factor delivery carrier to enhance chondrogenic differentiation of human mesenchymal stem cells in 3D hydrogels.
Acta Biomater. 2019, 96, 271-280. [CrossRef] [PubMed]

Zhang, Q.; Chen, B,; Yan, F.; Guo, J.; Zhu, X.; Ma, S.; Yang, W. Interleukin-10 inhibits bone resorption: A potential therapeutic
strategy in periodontitis and other bone loss diseases. Biomed Res. Int. 2014, 2014, 284836. [CrossRef]

Miiller, J.; Jakel, A.C.; Schwarz, D.; Aufinger, L.; Simmel, E.C. Programming Diffusion and Localization of DNA Signals in
3D-Printed DNA-Functionalized Hydrogels. Small 2020, 16, 2001815. [CrossRef]

Pérez-Castrillo, S.; Gonzalez-Fernandez, M.L.; Lopez-Gonzalez, M.E.; Villar-Suarez, V. Effect of ascorbic and chondrogenic
derived decellularized extracellular matrix from mesenchymal stem cells on their proliferation, viability and differentiation. Ann.
Anat. Anat. Anz. 2018, 220, 60-69. [CrossRef] [PubMed]

Feng, B.; Ji, T.; Wang, X.; Fu, W.; Ye, L.; Zhang, H.; Li, F. Engineering cartilage tissue based on cartilage-derived extracellular
matrix cECM/PCL hybrid nanofibrous scaffold. Mater. Des. 2020, 193, 108773. [CrossRef]

Sutherland, A.J.; Converse, G.L.; Hopkins, R.A.; Detamore, M.S. The Bioactivity of Cartilage Extracellular Matrix in Articular
Cartilage Regeneration. Adv. Healthc. Mater. 2015, 4, 29-39. [CrossRef]

Nooeaid, P; Salih, V.; Beier, J.P.; Boccaccini, A.R. Osteochondral tissue engineering: Scaffolds, stem cells and applications. J. Cell.
Mol. Med. 2012, 16, 2247-2270. [CrossRef]

Shimomura, K.; Moriguchi, Y.; Murawski, C.D.; Yoshikawa, H.; Nakamura, N. Osteochondral Tissue Engineering with Biphasic
Scaffold: Current Strategies and Techniques. Tissue Eng. Part B Rev. 2014, 20, 468-476. [CrossRef]

Marques, C.E; Diogo, G.S.; Pina, S.; Oliveira, ].M.; Silva, T.H.; Reis, R.L. Collagen-based bioinks for hard tissue engineering
applications: A comprehensive review. J. Mater. Sci. Mater. Med. 2019, 30, 32. [CrossRef] [PubMed]

You, E; Eames, B.E; Chen, X. Application of Extrusion-Based Hydrogel Bioprinting for Cartilage Tissue Engineering. Int. |. Mol.
Sci. 2017, 18, 1597. [CrossRef]

Lee, W.-L.; Lee, F.-K.; Wang, P.-H. Application of hyaluronic acid in patients with interstitial cystitis. J. Chin. Med. Assoc.
2021, 84, 341-343. [CrossRef] [PubMed]

Di Martino, A.; Sittinger, M.; Risbud, M.V. Chitosan: A versatile biopolymer for orthopaedic tissue-engineering. Biomaterials
2005, 26, 5983-5990. [CrossRef]

Shi, C,; Zhu, Y,; Ran, X.; Wang, M.; Su, Y.; Cheng, T. Therapeutic Potential of Chitosan and Its Derivatives in Regenerative
Medicine. |. Surg. Res. 2006, 133, 185-192. [CrossRef] [PubMed]

Idaszek, J.; Costantini, M.; Karlsen, T.A.; Jaroszewicz, J.; Colosi, C.; Testa, S.; Fornetti, E.; Bernardini, S.; Seta, M.; Kasarelto, K.; et al.
3D bioprinting of hydrogel constructs with cell and material gradients for the regeneration of full-thickness chondral defect using
a microfluidic printing head. Biofabrication 2019, 11, 044101. [CrossRef]

Fedorovich, N.E.; Schuurman, W.; Wijnberg, H.M.; Prins, H.].; Van Weeren, PR.; Malda, J.; Alblas, J.; Dhert, W.]. Biofabrication of
Osteochondral Tissue Equivalents by Printing Topologically Defined, Cell-Laden Hydrogel Scaffolds Natalja. Tissue Eng. Part C
Methods 2012, 18, 33-44. [CrossRef]

Bidarra, S.J.; Barrias, C.C.; Granja, P.L. Injectable alginate hydrogels for cell delivery in tissue engineering. Acta Biomater.
2014, 10, 1646-1662. [CrossRef] [PubMed]

Ooi, HW.; Mota, C.; ten Cate, A.T.; Calore, A.; Moroni, L.; Baker, M.B. Thiol-Ene Alginate Hydrogels as Versatile Bioinks for
Bioprinting. Biomacromolecules 2018, 19, 3390-3400. [CrossRef]

Liu, S.; Hu, Y.; Zhang, J.; Bao, S.; Xian, L.; Dong, X.; Zheng, W.; Li, Y.; Gao, H.; Zhou, W. Bioactive and Biocompatible Macroporous
Scaffolds with Tunable Performances Prepared Based on 3D Printing of the Pre-Crosslinked Sodium Alginate/Hydroxyapatite
Hydrogel Ink. Macromol. Mater. Eng. 2019, 304, 1800698. [CrossRef]

Pina, S.; Rebelo, R.; Correlo, V.M.; Oliveira, ].M.; Reis, R.L. Bioceramics for Osteochondral Tissue Engineering and Regeneration.
In Osteochondral Tissue Engineering; Springer: Berlin/Heidelberg, Germany, 2018; pp. 53-75.

Jeong, J.; Kim, J.H.; Shim, J.H.; Hwang, N.S.; Heo, C.Y. Bioactive calcium phosphate materials and applications in bone
regeneration. Biomater. Res. 2019, 23, 4. [CrossRef] [PubMed]

Zhou, H.; Lee, ]. Nanoscale hydroxyapatite particles for bone tissue engineering. Acta Biomater. 2011, 7, 2769-2781. [CrossRef]
[PubMed]

Gao, C.; Deng, Y.; Feng, P; Mao, Z; Li, P; Yang, B.; Deng, J.; Cao, Y,; Shuai, C.; Peng, S. Current progress in bioactive ceramic
scaffolds for bone repair and regeneration. Int. J. Mol. Sci. 2014, 15, 4714-4732. [CrossRef] [PubMed]

Deng, C.; Yao, Q.; Feng, C.; Li, J.; Wang, L.; Cheng, G.; Shi, M.; Chen, L.; Chang, J.; Wu, C. Retracted: 3D Printing of Bilineage
Constructive Biomaterials for Bone and Cartilage Regeneration. Adv. Funct. Mater. 2017, 27, 1703117. [CrossRef]


http://doi.org/10.1002/biof.1598
http://www.ncbi.nlm.nih.gov/pubmed/31854489
http://doi.org/10.1016/j.actbio.2019.07.027
http://www.ncbi.nlm.nih.gov/pubmed/31325577
http://doi.org/10.1155/2014/284836
http://doi.org/10.1002/smll.202001815
http://doi.org/10.1016/j.aanat.2018.07.006
http://www.ncbi.nlm.nih.gov/pubmed/30114449
http://doi.org/10.1016/j.matdes.2020.108773
http://doi.org/10.1002/adhm.201400165
http://doi.org/10.1111/j.1582-4934.2012.01571.x
http://doi.org/10.1089/ten.teb.2013.0543
http://doi.org/10.1007/s10856-019-6234-x
http://www.ncbi.nlm.nih.gov/pubmed/30840132
http://doi.org/10.3390/ijms18071597
http://doi.org/10.1097/JCMA.0000000000000489
http://www.ncbi.nlm.nih.gov/pubmed/33480631
http://doi.org/10.1016/j.biomaterials.2005.03.016
http://doi.org/10.1016/j.jss.2005.12.013
http://www.ncbi.nlm.nih.gov/pubmed/16458923
http://doi.org/10.1088/1758-5090/ab2622
http://doi.org/10.1089/ten.tec.2011.0060
http://doi.org/10.1016/j.actbio.2013.12.006
http://www.ncbi.nlm.nih.gov/pubmed/24334143
http://doi.org/10.1021/acs.biomac.8b00696
http://doi.org/10.1002/mame.201800698
http://doi.org/10.1186/s40824-018-0149-3
http://www.ncbi.nlm.nih.gov/pubmed/30675377
http://doi.org/10.1016/j.actbio.2011.03.019
http://www.ncbi.nlm.nih.gov/pubmed/21440094
http://doi.org/10.3390/ijms15034714
http://www.ncbi.nlm.nih.gov/pubmed/24646912
http://doi.org/10.1002/adfm.201703117

	Introduction 
	Osteochondral Tissue 
	The Requirements of Bioink 
	Bioactive Inks 
	Summary and Perspectives 
	References

