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Abstract: The musculoskeletal system, consisting of bones and cartilage of various types, muscles,
ligaments, and tendons, is the basis of the human body. However, many pathological conditions
caused by aging, lifestyle, disease, or trauma can damage its elements and lead to severe disfunction
and significant worsening in the quality of life. Due to its structure and function, articular (hyaline)
cartilage is the most susceptible to damage. Articular cartilage is a non-vascular tissue with con-
strained self-regeneration capabilities. Additionally, treatment methods, which have proven efficacy
in stopping its degradation and promoting regeneration, still do not exist. Conservative treatment
and physical therapy only relieve the symptoms associated with cartilage destruction, and traditional
surgical interventions to repair defects or endoprosthetics are not without serious drawbacks. Thus,
articular cartilage damage remains an urgent and actual problem requiring the development of new
treatment approaches. The emergence of biofabrication technologies, including three-dimensional
(3D) bioprinting, at the end of the 20th century, allowed reconstructive interventions to get a sec-
ond wind. Three-dimensional bioprinting creates volume constraints that mimic the structure and
function of natural tissue due to the combinations of biomaterials, living cells, and signal molecules
to create. In our case—hyaline cartilage. Several approaches to articular cartilage biofabrication
have been developed to date, including the promising technology of 3D bioprinting. This review
represents the main achievements of such research direction and describes the technological processes
and the necessary biomaterials, cell cultures, and signal molecules. Special attention is given to the
basic materials for 3D bioprinting—hydrogels and bioinks, as well as the biopolymers underlying the
indicated products.

Keywords: hyaline articular cartilage; traumatology and orthopaedics; regenerative medicine;
tissue engineering; biofabrication; three-dimensional bioprinting; bioprinters; scaffolds; biopolymers;
hydrogels; bioinks; cells; signal molecules

1. Hyaline Articular Cartilage Damages, Regeneration Process, and Current
Treatment Approaches

Hyaline articular cartilage (HAC) is a smooth, wear-resistant, highly specialized hyaline
cartilage covering the epiphyses and certain anatomical areas of the bone within the synovial
joint capsule (Figure 1). HAC reduces friction, allowing smooth joint movement [1,2]. The
HAC lacks nerve endings as well as blood vessels, so its nutrition depends on articular
(synovial) fluid, the underlying (subchondral) bone, and mechanical loading [3,4]. Through
the porous upper layer of the cartilage matrix, nutrients soluble in synovial fluid enter,
and metabolism products are removed from HAC. With the underlying subchondral bone,
metabolism is realised by diffusion from numerous blood capillaries [5,6].
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Figure 1. Articular cartilage. 1—Articular capsule; 2—Joint cavity with synovial fluid; 3—Hyaline
articular cartilage; 4—Synovial membrane; 5—Compact bone; 6—Spongy bone; 7—Periosteum;
8—Bone marrow; and 9—Bone.

HAC is laid in the foetal period in which its regeneration is possible. After birth,
there is moderate regenerative activity in the HAC in childhood. In adults, the HAC is not
regenerated, except if injuries affect the subchondral bone, when regeneration is possible
due to the proliferation of poorly differentiated osteogenic cells located in the zone of the
blood capillaries of bone tissue, and their subsequent differentiation in two directions:
into bone and cartilage cells. In such cases, the regeneration process is not comprehensive
because fibrous cartilage tissue is formed, the mechanical properties of which are worse
than the hyaline one [7–9].

Macroscopically, HAC has a homogeneous, opalescent appearance with a bluish tint.
Morphologically, HAC is a special connective tissue consisting of cells (chondroblasts and
chondrocytes) and an extracellular matrix (ECM), which they produce. The ECM is formed
by glycosaminoglycans, glycoproteins, collagen and elastin fibres, and water [3,10,11].

In HAC, chondrocytes are located in the lacunas and completely fill them. Chondro-
cytes synthesize and secrete all components of the surrounding ECM. In the adult organism,
chondrocytes do not divide because they are long-lived and age with the body. Chondrob-
lasts, or perichondrial cells, are mesenchymal progenitor cells that form chondrocytes in
the growing ECM as a result of endochondral ossification. Chondroblasts are the youngest
cells in the HAC and they are capable of mitosis [12–14].

The predominant biopolymer of ECM is collagen type II. Collagens of types IX, X,
and XI are identified in small amounts. The tensile strength of cartilage is conditioned
by collagen. As we age, the water content of cartilage and the number of bonds between
collagen molecules gradually decrease. As a result, cartilage tissue becomes less elastic and
has less resistance to stretching, twisting, and compression loads. In other words, as we
age, the cartilage becomes more vulnerable to damage [15–18].

Glycosaminoglycans are also identified in significant amounts in the cartilage ECM.
They form macromolecular aggregates that bind water. Cartilage owes its resistance to
pressure to the ability of ECM glycosaminoglycans to attract and retain water. The most
characteristic glycosaminoglycans for HAC are chondroitin sulfate and keratan sulfate.
The core of the structure of glycosaminoglycans is a giant molecule of such biopolymer
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as hyaluronic acid. Large molecules of the glycoprotein chondronektin also control the
consistency of the surrounding ECM [19–22].

The ECM of living cartilage contains macromolecule-bound water, which provides
elasticity to cartilage tissue and diffusion. The latter is the only way for nutrient and
hormone intake into the chondrocytes, as well as metabolite removing and gas exchang-
ing [10,23].

In general, the HAC is a highly organized striated structure in which cells (chondro-
cytes and chondroblasts) and ECM components, such as collagen fibres and glycosamino-
glycan molecules, are arranged in a strict order, depending on the depth of the cartilage
zone. Anatomically, four such zones are distinguished:

• Superficial;
• Transitional;
• Deep;
• Calcified.

Each zone has a different composition of the ECM, structural organization, and cell
density. Such a unique anatomical structure of the HAC determines the gradient of its
physical, mechanical, and biological properties. Additionally, the synergistic functionality
of the HAC and subchondral bone is very important. The bone–cartilage interface in joints
is formed by different layers of bone and cartilage cells with a gradient of mechanical
properties and cell organization [7,9,10,24].

The complex striated structure of the HAC, and the peculiarities of its trophic (absence
of supracartilage as well as feeding vessels and nerves), cause constrained self-regeneration
of the HAC [14,25–27]. Therefore, its destruction due to traumatic injuries or pathological
processes, such as osteoarthritis and rheumatoid arthritis, is an actual problem, comple-
mented by the wide prevalence of the pathology in the population [28–32].

Minor defects of the HAC after the slight injuries or in the early stages of a dis-
ease can be treated with physical therapy and medication. In the latter variant, along
with anti-inflammatory and metabolic systemic therapy, local treatment is also important.
An example is viscosupplementation or injection of hyaluronic acid preparations into the
joint cavity for normalizing the intra-articular environment, as well as to restore such
properties of synovial fluid as elasticity and viscosity. It has analgesic, anti-inflammatory,
anabolic, and chondroprotective effects and stalls the progression of the disease. The
effectiveness of viscosupplementation depends largely on the type of medication, its origin,
production technology, and physical and chemical properties [33]. Cross-linked hyaluronic
acid hydrogels have the most acceptable characteristics today [34–36]. However, as the de-
fects progress, significant cartilage destruction occurs, which worsens the patient’s quality
of life due to severe pain, stiffness, and swelling in the affected joints [31,37–40].

Current methods of conservative treatment of HAC injuries include anti-inflammatory,
analgesic, and osteochondrometabolic pharmacotherapy, as well as weight-bearing and
physical therapy. Such treatment settings allow, up to a point, relief of the clinical symptoms
listed above, but they cannot repair the HAC or stop its destruction [41–43]. Therefore, in
more severe and neglected cases, surgical intervention is required [44,45]. Chondroplasty
is the most widespread approach in reconstructive surgery for HAC. Actually, it is per-
formed predominantly arthroscopically, under video control, using minimally traumatic
endoscopic instrumentation [46,47]. Chondroplasty options with proven efficacy include
such interventions as:

• Subchondral tunnelling;
• Microfracturing;
• Osteochondral autotransplantation;
• Allo-osteochondroplasty.

The above interventions are widely used in clinical practice but also have drawbacks,
such as the trauma of the donor site, hyper- and hypotrophy of the graft, death of chondro-
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cytes, and resulting incomplete reparation of HAC with the formation of fibrous cartilage
areas, preservation of local defects, and increase in their size and depth [48–50].

As a result, with progress of the disease, and irrational approaches to treatment,
significant destruction of the HAC happens, which requires a total joint replacement [51,52].
However, this operation has severe limitations and contraindications, and therefore may
not be performed in all needy patients [53,54]. In addition, endoprosthetics is a “one-way
ticket” without the possibility of restoring the native elements of the joint. Further, in the
event of various individual reactions to the parts of the endoprosthesis; the development of
complications, such as instability of the artificial joint; or periprosthetic infection, the patient
is “doomed” to a technically more difficult and traumatic operation of re-endoprosthetics
or a disabling intervention of arthrodesis of the joint [55–59].

Thus, at the present stage, there is a need to develop new approaches to the treatment
of HAC pathologies, capable of effectively providing regenerative replacement of cartilage
defects and their subsequent functionalization.

2. Regenerative Medicine and Tissue Engineering in the Treatment of Hyaline
Articular Cartilage Injuries

New perspectives in solving the problem of HAC injuries for scientists and doctors
turned out to be related to biomedicine and its advanced direction such as regenerative
medicine and corresponding to its molecular–biological, cellular, tissue-engineering, and
other closely related and interrelated fields of scientific research. At the heart of this field is
the process of regeneration, which is the ability of living organisms to renew (physiological
regeneration) or, over time, to repair damaged tissues and sometimes entire lost organs
(reparative regeneration) [60–63].

Learning how to manage these capabilities means improving the quality of human
life, prolonging working age, and reducing the cost of long-term treatment of patients with
chronic diseases. The main exploratory directions of regenerative medicine are:

• Stimulation of regeneration with bioactive factors accelerating cell reproduction,
growth, and differentiation;

• Cell therapy using stem cells;
• Tissue engineering.

Thus, the main areas of research in regenerative medicine are related to the use of
factors affecting cell growth and maturation; cell and tissue engineering, which is a new
biomedical discipline involving the use of a combination of cells; and biomaterials and
suitable biochemical and physicochemical factors, as well as engineering approaches, to
restore, maintain, improve, or replace various types of biological tissue [64–67].

3. 3D Tissue Bioprinting

One of the promising areas of tissue engineering is biofabrication, which specializes
in the research, development, and implementation of biologically modified processes and
automation in the production of functional tissue and organ analogues. At the same time,
the creation of bioanalogues occurs in vitro, through bioassembly, three-dimensional (3D)
bioprinting (TDB), and several other methods, such as directed assembly, enzymatic assem-
bly, and self-assembly and the subsequent processes of functionalization (“maturation”)
of tissues [68–74]. A wide range of sources, including biomaterials of various origins and
their derivatives, signalling molecules, and cells and their aggregates, are used to create
biobased products [75–78].

Many approaches of automated assembly of tissue-engineered constructs by TDB
methods were a qualitatively new step in biofabrication and a separate direction in 3D
printing technology, whose emergence in the late 20th century paved the way for main-
stream innovations in many areas, such as engineering, industry, art, education, and
medicine [73,74,79–82]. In modern 3D printers, cartridges with print heads can move in
three dimensions during the volume printing process and distribute various materials—
polymers, metals, ceramics, and even chocolate—in space, forming, layer-by-layer, 3D
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objects [83,84]. The combination of technologies that create a 3D object by adding material
in a layer-by-layer manner is called additive manufacturing [85–88].

In medicine, additive manufacturing technologies are used to manufacture disposable
sterile instruments, including personalized instruments for a specific patient; to create
individual dental structures, prostheses, and crowns in dentistry; for hearing aids and
implants in otorhinolaryngology; in traumatology and orthopaedics—for printing prosthe-
ses, endoprostheses, and orthoses, taking into account anatomical features of patients; in
3D printing of dummies (phantoms) and organ models for the educational process; and
for microfabrication, which allows for printing medical devices and parts of micron-sized
instruments [80,85,89–91]. A qualitative breakthrough in 3D printing technology, which
occurred at the beginning of the 21st century, allowed scientists to print volume constructs
using biomaterials, living cells, and auxiliary components, and to further create on their
basis fully functional analogues of living tissues and organs [92,93].

Compared to conventional 3D printing, there are some factors that complicate the
production process in TDB. These include the proper selection and combination of bioma-
terials, cells, and signal molecules, as well as consideration of the technical complexities
associated with the equipment used. Such issues require the interaction of technologies
at the intersection of engineering, physics, and biomedicine. From a technical point of
view, the TDB process involves three sequential steps: pre-bioprinting, bioprinting, and
post-bioprinting [82,93,94].

• Pre-bioprinting, or the “preparation” stage, includes computer modelling of the future
3D object; isolation and cultivation of cell cultures; and biomaterial adjustment.

• Bioprinting, or the “production” stage, involves the creation of a volume tissue-
engineered construct in a 3D bioprinter by “layer-by-layer” deposition of biomaterials,
auxiliary components, and living cells on a substrate.

• Post-bioprinting, or the “functionalization” stage, is necessary for the stabilization
of the bioprinted construct and “maturation” of its cells; this stage is implemented
in bioreactors, where basic structural and functional characteristics of a bioprinted
construct such as mechanical strength, structural integrity, and others are formed.

Thus, preparing and implementing the TDB process and capturing printed products
requires, at a minimum, the following critical components [93,95,96]:

• Equipment: 3D scanner (appropriate medical diagnostic equipment—MSCT, MRI, and
3D X-ray), personal computer (specialist workplace), 3D bioprinter, cell and tissue
bioreactors, and equipment for input and output certification.

• 3D printing job preparation software, CAD software for product design, and special
utilities for converting from the DICOM format (MSCT and MRI data storage format)
to 3D printing data format (STL files).

• Cell culture, as well as biomaterials of a natural or synthetic origin (including their
combinations), as the basis of the volume matrix (analogue of ECM), in which cells
will be placed.

3.1. The Pre-Bioprinting Stage
3.1.1. Visualization and 3D Modelling

The process of creating 3D tissue-engineered constructs begins with visualization
and 3D modelling at the pre-bioprinting stage and proceeds as follows: when designing
a future printable object, the bioengineer sets the dimensions, geometry, number of layers,
and other characteristics of the model according to the tasks to be performed or based on
data obtained by magnetic resonance imaging (MRI) or multi-slice computed tomography
(MSCT) and consultation with medical personnel [96–98]. Accordingly, the design of the
TDB object can take place as follows:

• Based on the data obtained by MRI or MSCT of the intervention area (recipient area).
• De novo, when a bioengineer uses 3D bioprinter software to create a model and set

the conditions for the location of the final product in the body.
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• Meanwhile, the following tasks are solved [93,97] (Figure 2):
• Computer processing (transformation) of data from different sources (MSCT, MRI, 3D

X-ray, CAD systems, or CAD-design) by special programs to create a digital model of
the future 3D product; its location in the synthesis chamber, splitting into layers; and
formation of support (if necessary).

• Consultation with medical personnel (surgeon and traumatologist) on the correctness
of the digital model and its compatibility with the course, scope, and sequence of
the planned operation. Biomaterial adjustment with the method and mode of the 3D
bioprinting definition according to the tasks to be performed.

• 3D printing of a pre-product with usage of convenient and cheap material for visual,
tactile, and volume–geometric diagnostics, as well as pre- and post-operative planning.
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Further, the created digital 3D models should be saved and stored in secure and closed
databases (blockchain technologies). In appropriate cases, digital 3D models are retrieved
from databases using 3D CAD to analyse or control the results of surgical intervention, and
to apply in other similar cases [99,100].

3.1.2. Preparation of Cell Culture

The main tasks at the pre-bioprinting stage are the adjustment and preparation of cell
cultures, biomaterials, and auxiliary components for the biofabrication of tissue-engineered
constructs at the subsequent stage of bioprinting.

Cells are one of the main components of hybrid cell–tissue constructs and, conse-
quently, the TDB process. Preparation of cells for bioprinting involves the preparation of
the donor, then fence of cells containing biological material, isolation, and cultivation of
primary cell cultures with subsequent formation of cell spheroids from cell suspensions.
A spheroid is a tiny (200–300 microns) ball-shaped clot of living cells (Figure 3). The use
of cells for TDB in the form of spheroids is due to the high density of cells, their synthesis
of ECM, and the ability to merge into organ-like structures with the formation of tissue
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architectonics. Cells in spheroids have higher resistance to stress, radiation, and other
adverse factors. A big plus is the possibility of automated production of spheroids of dif-
ferent diameters containing different types of cells. In particular, researchers have created
cell spheroids for biofabrication and TDB of HAC biosimilars, from mesenchymal stromal
cells (MSCs), fibroblasts, chondroblasts, osteoblasts, and chondrocytes, as well as their
combinations [24,70,101–104].
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3.1.3. Adjustment of Biomaterial and Printing Technology

Biofabrication of tissue analogues using TDB technology requires not only cells but
also biomaterials. The latter is (as defined by IUPAC, 2012) synthetic or natural materials
used in contact with living biological tissues, including as part of medical devices [105].
One of the main requirements for all biomaterials is biocompatibility. It refers to the ability
of performing a specific function for the required time without harming the surrounding
tissues and the whole body [103,106,107]. In some cases, biomaterial products should easily
undergo biodegradation (resorption). Biodegradation is characterized by a decrease in the
size and weight of a biomaterial product (biodegradation process) during its functioning
under the influence of components of the surrounding biological environment. The areas
of biodegradation are replaced by the recipient’s surrounding tissue [108–110]. In addition,
biomaterials can be biomimetic, which means reproducing of structure and functions of
a tissue or organ [111,112].

Biomaterials are used to form an analogue of the ECM, which can contain auxiliary
components and cells of the future construct and, in the beginning, be a source of nutrition
for the cells, contributing to their growth and proliferation. The type of biomaterial
dominantly determines the technique and modes of TDB [113,114]. Next, basic approaches
to the formation of volume tissue-engineered constructs can be distinguished according to
the nature of the ECM’s analogue formed from biomaterials, in which cells and auxiliary
components will be placed [115,116]:

• With the formation of scaffolds;
• Without scaffold formation or scaffold-free;
• Hybrid.

In regenerative medicine, a wide range of biomaterials, ranging from mechanically
strong but relatively inert biosilicates to bioactive hydrogels, and their combinations are
used to repair defects of the HAC [102,117–119].

3.1.4. Bioprinting with the Formation of Scaffolds

Historically, TDB in the context of traumatology and orthopaedics began with scaffold
formation techniques. Such techniques of TDB vary depending on the materials used
and the corresponding scaffolding methods. Traditionally, the following biomaterials are
applied to form scaffolds [120–124]:

• Metals;
• Silica, including biosilicates;
• Hydroxyappatite and other calcium phosphates;
• Alumina;
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• Polymer clays, including laponite;
• Nonresorbable synthetic biopolymers;
• Combinations of the aforementioned materials.

Additionally, the following techniques are used to create 3D objects [125–129].

1. Powder methods of 3D printing with biocompatible metals and alloys:

• Laser (E-beam) Powder Bed Fusion (L/E-PBF);
• Direct Energy Deposition (DED).

2. 3D printing with liquid materials (photobiopolymers):

• Vat Photo Polymerization: Stereolithography (SLA, including two-photon) or
Digital Light Processing (DLP);

• Ink Jet Printing (IJP).

3. 3D printing with solid materials:

• Fused Deposition Modelling (FDM);
• Binder Jetting (BJ).

The ideal scaffold must reproduce the unique mechanical and biological properties
of the native ECM of the desired tissue and have a porous structure that allows cells
to attach, signalling molecules and nutrients to spread and vessels and nerve fibres to
sprout [130–132]. Magnesium alloys and simple organic compounds can be applied to
make mechanically solid and long-lasting structures. Both magnesium and calcium com-
pounds have pronounced chondrogenic and osteogenic effects, and phosphate and silica
ions are important biologically active agents capable of enhancing bone and cartilage
differentiation [132–135]. Bioglass-based scaffolds (70S30C, S53P4) can also stimulate the
maturation and differentiation of supporting tissue cells, due to a composition that includes
silica ions and calcium phosphate, other auxiliary components [136–139]. Moreover, the
chondroosteogenic potential of bioglass scaffolds can be potentiated by incorporating metal
ions such as strontium, magnesium, and zinc [140–142].

However, scaffolds have a serious disadvantage, namely brittleness, since the structure is
mechanically rigid but unplastic and prone to significant fracture under compression [143,144].
A solution may be the use of auxetic materials [145]. Another disadvantage is that the
process of creating scaffolds involves exposure to high temperatures or aggressive solvents
(hardeners). Some synthetic polymers (methyl methacrylate and polyurethane) have
a toxic polymerization process. Therefore, scaffold TDB is technologically incompatible
with synchronous inoculation of live cell cultures. The latter are inoculated into the scaffold
or seeded on its surface after the fabrication of the construct to avoid exposing the cells to
adverse factors [146,147]. Thus, the biofabrication of hybrid cell–tissue constructs using
scaffolds occurs in several successive stages, which can be attributed to the disadvantages
of this method of TDB.

3.1.5. Scaffold-Free Bioprinting

In HAC biofabrication, the TDB method without the formation of scaffolds, but using
the following materials to form volume constructs, has been more widely used [72,148–150]:

• Biopolymer hydrogels without living cells or so-called biopaper;
• Cell-loaded (with spheroids) biopolymer hydrogels or so-called bioinks.

Biopolymer Hydrogels

Hydrogels are a variant of colloidal gels—they are a network of tridimensional cross-
linked hydrophilic biopolymer chains, which, due to their structure (presence of hydrophilic
groups), can swell and retain water in a volume exceeding their original mass (up to
90%) and are penetrated deep into tissues; in doing so, they maintain their structural
integrity [151,152]. This circumstance is due to the structural similarity of hydrogels with
natural HAC. Thus, it is the hydrogels that have the good potential in the context of
regenerative medicine for lesions of HAC [153,154].
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Hydrogels are applied to create the basis of a future hybrid cell–tissue construct, i.e.,
an analogue of ECM. It allows organizing the conditions necessary for cell growth, tissue
formation, and providing various combinations of components within the hydrogels with
the desired combinations of properties of the final product [155–157]. In addition, hydrogels
help scientists to create, study, and model the various interactions of the cells introduced
into the hydrogel, as well as to evaluate the effect of hydrogels, as a cellular matrix, on the
growth, differentiation, and proliferation of the latter [151,157–159].

Hydrogels have unique distinctive properties, such as biocompatibility, non-toxicity,
biodegradability, and a lack of carcinogenicity, immunogenicity, and other irritating effects
on tissue [160–163]. Additionally, we can note the ability to swell, high flexibility, elasticity,
and the possibility to modify the given mechanical, physical, chemical, biological, and
morphological qualities [161], which, taken together, allow the active application of hydro-
gels in the practical application of TDB [154,164–168]. Physical and chemical properties
of hydrogels also depend on their biopolymer composition, cross-linking methods, and
the strength of the bonding between biopolymer molecules [34,155–157] (Table 1). The
mass percentage and molecular weight of the biopolymer determine the viscosity of the
hydrogel, which also affects the mechanical properties and degree of cross-linking of the
latter and the accuracy of the TDB process [164–170].

Table 1. Characteristics of the basic properties of hydrogels.

№ Properties of Hydrogels Description of Properties Sources Cited

1 Physical

Gelation temperature; gelation kinetics; rheology
(flowability, viscosity, elasticity, and

solidification/glazing ability);
hydrophobicity/hydrophilicity; wettability;

adhesion; polarization; and light transmission.

[151,154,163,165]

2 Chemical
pH; ion concentration; molecular weight of
polymers; cross-linking ability; reactivity;

and polarity.
[154,161,163]

3 Mechanical
Elasticity (ability to compress and swell); ultimate

tensile strength; stress relaxation; and
self-restoration and degradation.

[154,160,161,171]

4 Morphological Porosity of structure and properties and size
of pores. [161]

5 Biological properties

Biocompatibility; cytocompatibility;
biodegradability; inductivity; conductivity; and

absence of irritant, toxic, inflammatory, and
carcinogenic effects on surrounding tissues.

[154,160,161,170,171]

The structure of hydrogels is maintained by chemicals, including temporal bonds
(ionic, covalent, weak, and strong) between biopolymer molecules, which are hydrophilic.
The hydrophilicity provides hydrogels with the ability to interact with water and absorb it.
This leads to the plasticization of long chains of biopolymers, which makes them suitable for
applying at physiological human and animal body temperatures. The latter circumstance
is actual for the cell proliferation [166,168,169,172,173].

During gelation, macromolecular chains are joined together, initially resulting in
a gradual increase in branched but soluble biopolymers, depending on the structure and
conformation of the starting material [171]. Gradually, the binding process increases the
size of the branched biopolymer with a decrease in solubility, which ultimately contributes
to the formation of a hydrogel [171].

According to the reversibility of the gelation process, all hydrogels may be categorized
into two groups [171]:

• Irreversible or chemically cross-linked hydrogels are covalently “cross-linked” networks
of biopolymers in which strong and more stable covalent bonds replace hydrogen
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bonds [161,174]. In such hydrogels, the equilibrium swelling state depends on the
biopolymer–water interaction parameter and the density of covalent bonds [161,174,175].

• Reversible or physical hydrogels—in these, complex networks of biopolymers are
held together by ionic, hydrogen, and hydrophobic interactions and other physical
interactions that exist between different polymer chains [161,174].

Methods of hydrogels’ obtaining are premised on the principles of physical or chemi-
cal cross-linking, i.e., binding of the biopolymers’ molecules together [168,171,176]. The
method of physical cross-linking [161,177] is simple and makes it possible to form a wide
range of hydrogel textures by selecting the optimal biopolymer, its concentration, and its
pH. Varieties of this method include:

• A method of ionic interaction in which ionic biopolymers are cross-linked by adding
divalent or trivalent counterions, for example, sodium alginate with calcium chloride
divalent [161].

• The method of complex coacervation. Complex coacervation hydrogels can be formed
by mixing a polyanion with a polycation, for example, the coacervation of polyanionic
xanthan with polycationic chitosan [161,178].

• Method of hydrogel formation with hydrogen bonds. A hydrogel is obtained by
lowering the pH of an aqueous solution of biopolymers carrying carboxyl groups. For
example, sodium in carboxymethyl cellulose (CMC) is replaced with hydrogen in acid.
A hydrogen-bonded network is formed by dispersing CMC in a 0.1 M hydrochloric
acid solution [161,179,180].

• Maturation method (aggregation by heat, light, pressure, and mechanical action). The
aggregation of protein components caused by heat treatment increases the molecu-
lar weight and subsequently leads to a hydrogel form with improved mechanical
properties and the ability to bind water [161,171].

• Freeze–thaw method. As an example, the formation of microcrystals in the biopolymer
(polyvinyl alcohol and xanthan gels) structure due to a freeze–thaw [161,176,181,182].
Hydrogels formed by this method have sufficient mechanical strength and stability
but are opaque in appearance and have a low ability to swell [161,176,181].

• The method of heating–cooling a biopolymer solution involves the use of a temper-
ature factor. Cross-linking of the hydrogel occurs when hot solutions of gelatine or
carrageenan are cooled due to the formation of a helix of molecules, combining the
helixes and forming bonding zones [161,182].

• Isostatic ultrahigh pressure method (IUHP-method), in which solutions of natural
biopolymers, such as starch, are exposed to an ultrahigh pressure of 300–700 MPa for
5 or 20 min in a chamber, resulting in changes in polymer morphology [161,177].

• Radiation cross-linking method. This method is quite common, does not require
the addition of chemical agents, allows for combining modification with steriliza-
tion, and, at the same time, preserves the biocompatibility of the polymer. The
method is premised on the releasing of free radicals in the polymer after exposure to
an electromagnetic radiation source (gamma rays and X-rays) [161,183].

The method of chemical cross-linking is realised by incorporating monomers into the
main chain of biopolymers or by using a cross-linking agent to bind the two biopolymer
chains. Cross-linking of natural and synthetic biopolymers can be achieved by reacting
their functional groups (such as -OH, -COOH, and -NH) with cross-linking agents such as
aldehyde (e.g., glutaric aldehyde and adipic acid dihydrazide) [161,177,184]. Variations of
this method include:

• The method of chemical cross-linking agents’ usage. Involves introducing new
molecules between polymer chains to produce cross-linked chains, such as glutaric
aldehyde, and epichlorohydrin [161].

• The method of monomer polymerization is based on a preformed biopolymer. Polymer
chains are activated by the interaction of chemical reagents, whereby the growth of
functional monomers leads to branching and further cross-linking of the hydrogel [161].
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• The method of hydrogels’ forming using gelling agents such as glycophosphate, 1-2-
propanediol, glycerol, trehalose, mannitol, etc. [185,186].

There are a huge number of biopolymers of a natural and synthetic origin from
which hydrogels are formed using the methods listed above [155,157] for use in regen-
erative medicine. Biopolymers of a natural origin include hyaluronic acid [150,187,188],
chitosan [150,187,189], alginate [150,168,190], agarose [150,191], gelatine [150,192], colla-
gen [150,193,194], heparin [195,196], fibrin [197,198], etc. The group of synthetic polymers
includes polyvinyl alcohol, polyethylene glycol, sodium polyacrylate, acrylate polymers,
and their copolymers [150,199], as well as polyurethanes, poly(propylene fumarates),
polyphosphazenes, polyethylene glycols, and others [152].

Despite the wide range of available biopolymer compounds, hydrogels made of
biopolymers of a natural origin have potential advantages over those made of synthetic
sources. These include better biocompatibility, more physiological resorption, and low
immune response [157]. The properties of hydrogels can be adjusted by combining synthetic
biopolymers with natural ones, for example, by their chemical modification [200]. Currently,
there is an active search for new polymeric materials that can be used to manufacture
advanced hydrogels with given properties [200,201].

Natural biopolymers used to create hydrogels, in turn, can be divided into allogeneic,
xenogeneic, and autologous according to their origin and relation to the recipient tissues.
Several biopolymers, such as hyaluronic acid, gelatine, and collagen, can simultaneously
belong to all the groups above since their sources can be both animal material (xenogenic)
and human material (autologous and allogenic, obtained intraoperatively or posthumously).
Characteristics of some basic biopolymers of a natural origin used as a base for hydrogel
fabrication are presented below.

Hyaluronic acid is a structurally simple polymeric glycosaminoglycan consisting of
repeating links of β-1,4-D-glucuronic acid-β-1,3-N-acetyl-D-glucosamine residues [150,152].
It is a major component of the HAC’s ECM, where it plays a crucial role in maintaining
homeostasis by regulating cellular functions, including the promotion of the chondrogenic
phenotype, as well as the creation and maintenance of ECM components [187]. The
advantages of using this biopolymer are its excellent biocompatibility and bioactivity, as
well as a significant stimulation of angiogenesis in humans [202]. Hyaluronic acid-based
hydrogels improve cellular functionality by enhancing their synthesis of ECM elements,
increasing the expression of chondrogenic gene markers, and, consequently, accelerating
cartilage formation [32,34]. The disadvantages of hyaluronic acid-based hydrogels are their
insufficient strength and slow solidification, which limits their application in the aspect of
TDB [188].

Sodium hyaluronate is a mucopolysaccharide, one of the components of mammalian
connective tissue. Sodium hyaluronate consists of macromolecules, which, in turn, consist
of disaccharide links linked by N-acetyl-D-glucosamine and D-glucuronic acid molecules.
Hydrogels based on it are characterized by the same advantages and disadvantages as
those based on hyaluronic acid.

Sodium alginate is an ionogenic polysaccharide obtained by the alkaline extraction of
brown algae [150,152]. Alginates are salt derivatives of alginic acid and are represented by
long chains of polysaccharides, which give structure plasticity and gel-forming ability. This
biopolymer is widely used in medical practice in the aspect of hydrogel synthesis, due to
its zero toxicity, good water solubility, and swelling ability coupled with its tendency to
thicken [151,203,204]. Alginate in aqueous solutions forms hydrogels when bivalent metal
salts (calcium) are added as cross-linking agents, which interact with the carboxyl groups
of hyaluronic units of alginate molecules [151,203,204]. Alginate hydrogels are frequently
used as a base of bioinks for TDB [190]. Such bioinks can modulate the proliferation and
migration of allogeneic and autologous adipose mesenchymal stem cells (hADSCs) without
disrupting their structural integrity [172,190,205].

Collagen is a natural protein polymer most commonly found in the ECM of both
dense and loose connective tissues [150,152,206,207]. Collagen maintains the structural
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and biological integrity of the ECM [152,188], morphogenesis, and cellular metabolism
of tissues, giving them the required mechanical and biochemical properties [152,205,207].
A collagen molecule is a right-handed spiral of three α-chains with three amino acid
residues in each turn of the spiral. The structural unit of collagen is a tropocollagen. Rows
of tropocollagen molecules are the basis of the structural organization of collagen fibrils. The
formation of collagen fibres occurs through the aggregation of microfibrils. Fibril formation
occurs spontaneously by self-assembly [208]. At the same water content, the denaturation
temperature of fibrillar collagen is 65 ◦C and that of tropocollagen is 40 ◦C [209]. Due to
the content of arginine–glycine–aspartate sequences in the primary structure, collagen is
a biomaterial that provides cell adhesion [209–211]. To date, about 28 types of collagen
have been identified in which a triple helical tertiary structure is present [205,207], among
which collagen type I is the most common type found in ECM, especially in tissues such as
tendons and bone [205,207,212]. Collagen plays a significant role in morphogenesis and
cellular metabolism of new tissues, giving them the required mechanical and biochemical
properties [188,205,207].

Collagen has considerable potential for use as a biomaterial for tissue engineering
because of its availability, biocompatibility, ease of combination with other materials, ease
of processing, hydrophilicity, low antigenicity, high porosity of formed structures, good
biodegradability in the body, etc. [200,201,207,213]. Collagen has haemostatic properties, so
it is applied in the manufacturing of artificial valves and vessels [214,215]. When injected
into the body, collagen stimulates reparative processes, contributing to the formation of
its own collagen, but does not provide complete regeneration of the organ, resorbing
earlier and forming scar tissue [216,217]. Unregulated and rapid biodegradation time
(up to 1 month) significantly reduces the functioning period of collagen products. The
formation of a heterogeneous supramolecular structure of collagen-containing gel makes
it possible to slow down biodegradation [216,218]. Collagen may also be combined with
other biopolymers, such as alginate [219].

Different types of collagens are used in bioengineering, both of a xenogenic and
allogenic origin [193,194]. Collagen types I, II, III, V, and IV are most often applied in tissue
engineering. Among them, collagen type I is considered to be one of the most valuable,
because it contains up to 90% of the connective tissue protein [207,217,220]. In the hydrogel
state, collagen exists under certain conditions, such as a neutral pH environment and
physiological temperature [220,221]. Collagen type II is the most common collagen in HAC
and constitutes about 90–95% of its ECM, and the remaining volume is accounted for by
collagens of types VI, IX, X, and XI [166,222]. Collagen types II, IX, and XI form a network of
fibrils, which traps macromolecules and maintains the tensile strength of the ECM [166,222].
Collagen type II has some advantages over type I collagen due to its availability and cost,
better compatibility due to less antigenic activity, and higher mechanical strength of the
structures formed [166,223]. In addition, in a hydrogel based on type II collagen, MSCs
differentiate more effectively into chondrocytes compared to a hydrogel made of type I
collagen [166,224].

Gelatine is a protein product whose main component is denatured or hydrolysed
collagen, which is the main component of the ECM in most tissues [225,226]. Under nat-
ural conditions, collagen is in the form of long fibrillar filaments, but when heated, these
filaments turn into disorderly balls [150,152,161,227]. Gelatine contains a lot of arginine–
glycine–aspartic acid sequences that can fix cells [152,157,158], as well as target sequences of
matrix metalloproteinases suitable for cell remodelling [228–234]. Compared with collagen,
the advantages of gelatine are better solubility and less antigenicity [157,158,228–230]. In
addition, the gelatine solution has the unique attribute, namely gelation at physiological
temperatures, forming physically cross-linked hydrogels [150,152,157,231–234]. Gelatine is
used to prepare hydrogels and bioinks with different initial concentrations of the biopoly-
mer [192]. However, all formulations with gelatine exhibit the required rheological and
mechanical qualities as well as swelling abilities, suitable for TDB and cell encapsula-
tion [192]. In addition to its single use, gelatine is also applied to product hydrogel
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mixtures with agarose [192]. A recent study showed that SH-SY5Y cells differentiated into
neuron-like cells using developed gelatine–agarose hydrogel-based bioinks, exhibiting high
viability (>90%) after 23 days in culture [192]. This study demonstrates the preferential
properties of the gelatine–agarose mixture in terms of creating hydrogels and bioinks for
TDB [157,192,229,231,233].

Chitosan is a partially or fully deacetylated derivative of the natural polysaccharide
chitin (poly-1-4-N-acetyl-2-amino-2-deoxy-β-D-glucopyranose) [152,235]. Chitosan is ap-
plied in the production of hydrogels and bioinks for TDB and is superior to alginate in
its ability to stimulate cell proliferation and differentiation. Previously, scientists have
demonstrated that cells inside a chitosan-based hydrogel mineralized and osteogenically
differentiated after 21 days of cultivation [187,189].

Agarose is a polysaccharide derived from some red algae and consists of β-1,3-linked-
D-galactose and α-1,4-linked 3,6-anhydro-L-galactose links [152,188,236]. Agarose is one
of the two main components of agar. Standard agarose derived from Gelidium algae has
a gelation temperature of 34–38 ◦C, while agarose derived from Gracilaria algae has
a gelation temperature of 40–52 ◦C [237]. The elastic modulus of agarose ranges from one
to several thousand kPa depending on polymer concentration and molecular weight [238].
Agarose forms a reversible hydrogel, and the mechanism of agarose gelation is the for-
mation and aggregation of double helixes due to intermolecular hydrogen bonds upon
cooling [236,239]. It is also applied as a basic component of hydrogels and bioinks for
TDB of supporting tissue analogues because of its homogeneity and adequate mechani-
cal properties. Moreover, agarose is cytocompatible and allows the preservation of cell
morphology [150,240,241].

Fibrinogen is a precursor of fibrin, which is isolated mainly from the patient’s blood,
due to which the risk of immune rejection in the host body is almost eliminated [169].
Fibrinogen enzymatically polymerizes in the presence of thrombin to form fibrin hydrogels.
This hydrogel has poor mechanical characteristics but promotes the differentiation of MSCs
into chondrocytes and cartilage formation [197,198,242].

Plasma fibronectin is an evolutionarily conserved glycoprotein that is directly in-
volved in cell interactions and engages in processes of cell adhesion, proliferation, motility,
differentiation, opsonization, and apoptosis [204,210,243–246]. The structure of plasma
fibronectin is a dimeric glycoprotein consisting of two subunits with a total mass of 500 kDa
with variable molecular conformations and chemical binding variants [247–249]. Another
function of plasma fibronectin is the participation of this adhesive high-molecular-weight
glycoprotein in the processes of repair and healing of skin lesions [250], periodontal ele-
ments [251], bone [252], heart valves [253], the cornea [254], the mucosa of the tongue [255],
and peripheral nerve trunks [256].

The possibility of plasma fibronectin usage as a growth factor is very perspective.
Volume hydrogels based on plasma fibronectin with controlled stiffness and degradation
ability are being developed. Such hydrogels include a full-length biopolymer, which
provides the most physiological variant of the solid-phase presentation of growth factors.
It was demonstrated in vitro and in vivo the effect of incorporating vascular endothelial
growth factor (VEGF) and bone morphogenetic protein 2 (BMP2) into these hydrogels to
enhance angiogenesis and bone regeneration, respectively [247].

In another recent study, a photocross-linkable plasma fibronectin conjugate was incor-
porated into tridimensional hyaluronic acid hydrogel networks to enhance endothelial cell
adhesion and angiogenesis [202]. In addition, the authors proved that the combination of
plasma fibronectin with hyaluronic acid in the hydrogel gives the latter the ability to retain
water while increasing its mechanical properties since the plasma fibronectin molecule adds
rigidity to the polymer network due to its significant molecular weight (~220 kDa) [204].

Hydrogels based on natural biopolymers, with all their advantages, also have draw-
backs, including low mechanical properties and difficulty in modifying the chemical
properties. Therefore, along with natural biopolymers, biopolymers of a synthetic origin
are used in biofabrication due to the possibility of controlled adjustment of their mechanical
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properties and biochemical characteristics, as well as the ability to form compositions with
other biomaterials, including biological ones, which can give certain advantages in tissue
engineering of HAC [200,225,257].

To date, the most active in the biofabrication of HAC, including TDB, are hydrogels
based on such synthetic biopolymers as polyethylene glycol and polyvinyl alcohol, and
some others [257].

Polyethylene glycol (PEG) is a linear carbon polymer, based on the ethylene ox-
ide oligomer, which can be photochemically cross-linked into a stable hydrogel. PEG is
a well-studied and widely used synthetic biopolymer for hydrogels due to its properties
such as nontoxicity, biodegradability, nonimmunogenicity, and good solubility in organic
solvents and water. Among the disadvantages of this biopolymer is the lack of qualities
such as bioadhesion. PEG-based hydrogels are applied in various studies in the field of
tissue engineering of HAC due to their ability to maintain cell viability and stimulate
the synthesis of cartilage ECM. In addition, PEG-based hydrogels can withstand both
compressive and tensile loading well and can easily be modified with different functional
groups such as carboxyl, thiol, diacylate, or acrylate. Thus, the biochemical and biophysical
properties of PEG hydrogels can be specifically modified to produce HAC biosimilars with
given characteristics [257–259].

Polyvinyl alcohol (PVA) is another representative of biopolymers widely used for bio-
fabrication, including TDB of HAC biosimilars. PVA is a non-toxic and nonimmunogenic
water-soluble biodegradable synthetic polymer. A large number of side hydroxyl groups
not only makes PVA hydrophilic but also allows the biopolymer to form a semi-crystalline
structure due to intramolecular hydrogen bonding [257,260]. PVA transforms into a hy-
drogel by chemical or physical cross-linking. Chemical cross-linking is conducted using
functional cross-linking agents such as glutaric aldehyde. The physical cross-linking perfor-
mance is with heating, mechanical action, or ionizing radiation [260–263]. The widespread
and active use of PVA hydrogels in the regenerative medicine of HAC is due to their ability
to exhibit similar mechanical and structural properties to natural cartilage ECM [260,264].
Difficulty of integration with the surrounding native cartilage tissue is the disadvantage
of PVA [265,266], which may be eliminated by combining PVA with polylactic-co-glycolic
acid (PLGA) [267].

Polylactic-co-glycolic acid (PLGA) is a copolymer of lactic and glycolic acids, is
biodegradable and biocompatible, and has good water solubility [268,269]. Independent
gelation of this biopolymer is difficult, so it is often combined with PVA and PEG. In
regenerative medicine, PLGA scaffolds are also used in combination with platelet-rich
autoplasma (PRP), which contains and releases growth factors to regulate the tissue heal-
ing process [270]. PRP also provides effective delivery of MSCs to PLGA scaffolds with
subsequent cell proliferation and differentiation. A similar combination of PLGA and PRP
finds application in bone and cartilage tissue engineering [271].

Polylactide-poly-lactic acid (PLA) and its copolymers belong to the group of hydropho-
bic aliphatic polyethers with lactic acid as the monomer. PLA hydrogels are applied in
biofabrication of supporting tissues due to their adequate mechanical properties, biodegrad-
ability, biocompatibility, thermoplasticity, and shape memory effect [272,273].

Polycaprolactone (PCL) is a synthetic polyester produced by ε-caprolactone ring
opening polymerization. PCL is applied in tissue engineering because of its low melting
point, adequate biodegradability, biocompatibility, mechanical strength, and relatively
low cost. This biopolymer is engaged in scaffold formation, including combinations with
polyurethane (PU). Biofabrication of biosimilars of bone, muscle, cartilage, skin, and
cardiovascular tissue actively involves PCL and PU [274,275].

Poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) or pluronic,
is a heat-sensitive synthetic biopolymer capable of gelation. Pluronic in combination
with some other biopolymers is capable of imparting unique and valuable qualities to
materials for biofabrication, including TDB. For example, a hydrogel based on chitosan
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and pluronic showed more effective chondrocyte proliferation and increased expression of
ECM compared to an alginate hydrogel [276].

Hydrogels created as materials for TDB can contain biopolymers of a biological or
synthetic origin, as well as their various combinations, depending on the necessity of
achieving required qualitative characteristics. Complex hydrogels may have the following
combinations of biopolymers in composition: gelatine/PLGA [277]; PCL-alginate [278];
polyurethane/hyaluronic acid [279]; alginate with the natural biopolymers of gelatine,
agarose, collagen, hyaluronic acid, etc.; and alginate with the synthetic biopolymers of
polyethylene glycol, pluronic acid, etc. [168].

Hydrogels with simulated properties. Based on the understanding that during the
development of hydrogels for TDB, there are a huge number of factors to be considered
(selection of the biopolymer, solvent, additional hydrogel components, and consideration
of internal and external conditions of gel formation), the use of automated systems for
modelling and predicting future characteristics of hydrogels becomes optimal. Thus,
authors have developed a computational model of the hydrogel polymer network, which
provides a fast and accessible strategy for predicting the properties of the biopolymer
network (polymer content, monomer composition, the polymer chain radius, the cross-link
density, and the cell size) and, ultimately, developing on its basis hydrogel systems with
desired properties for potential therapeutic applications. The high efficiency and validity of
the developed computational model for a wide range of alginate polymers and hydrogels
based on them have been confirmed [280].

Hydrogels developed for cartilage and bone tissue repair may also include such com-
ponents as living cells, the mineral–organic composition of cartilage tissue, proteoglycans
(protein–polysaccharide molecules) [281], noncollagen proteins, glycoproteins (fibronectin,
ankyrin CII, tenascin, and cartilage oligomeric protein), metabolites, etc. [166]. Additionally,
to control the viscosity of hydrogels, various gelatinizing agents can be added, such as
combined biopolymer carboxymethylcelluloseem [161,179].

Bioinks

Another basic material for biofabrication with TDB is bioinks—cytocompatible hydro-
gels based on synthetic and natural biopolymers, which include cell culture—preferentially
in the form of spheroids and auxiliary components—drugs and signalling molecules (hor-
mones, cytokines, growth factors, and neurotransmitters). In this case, the hydrogel plays
the role of an ECM analogue, which creates the necessary conditions for the growth, differ-
entiation, and proliferation of cells depending on the purpose (area of application) of the
bioinks [170,219,282].

In terms of cell culture, as one of the components of bioinks, it is optimal to use
chondrocytes, mature cells that have preserved the ability to divide and are the basis of
cartilage tissue, for biofabrication of HAC. Chondrocytes can be isolated from the donor
sections of the patient’s own HAC and then cultured to obtain the required number of cells
sufficient to produce bioinks. Studies have shown the successful use of chondrocytes in
tissue engineering, including as part of bioinks for cartilage’s analogues’ TDB [178].

Unfortunately, applying chondrocytes has some disadvantages, such as traumatization
of the donor site and the high cost of cultivation. In the first case, despite the intake of
chondrocytes from the lateral, load-free surfaces of the HAC, the resulting artificial defects
can spread to the compression, that is, the surface of the joint that experiences pressure
and motion, aggravating the course of the disease or injury and increasing the defect
zones. In the second case, the high cost of bioinks’ preparation, due to the procedure
of cell culturing, turns cartilage TDB into an economically inexpedient treatment option.
Therefore, researchers have proposed alternative allogeneic and autologous cell cultures for
bioinks’ production and following usage in the HAC’s biosimilar TDB. These are progenitor
or induced pluripotent stem cells, bone marrow-derived MSCs, adipose tissue, the synovial
sheath, chondroblasts, and fibroblasts [181,183,206,207,213,222,283]. MSCs and progenitor
cells as well as chondroblasts can be differentiated along the chondrogenic lineage by
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applying growth factors. On the other hand, there are difficulties related to the directed
differentiation of the mentioned cells and, as a consequence, the tendency to differentiate
hypertrophic [161,185]. So, the search for the optimal cells’ sources in the aspect of bioinks’
production as a material for HAC analogues’ TDB continues.

Applying multiple cell types or cartilage-differentiated cells at various stages of dif-
ferentiation as a part of bioinks could be a serious potential in the biofabrication and TDB
of HAC. So-called co-culturing demonstrates the potential to enhance the chondrogenic
properties of the finished tissue-engineered construct. In particular, a similar effect was
noted when using MSCs and chondrocytes [231], as well as chondroblasts and fibroblasts
with chondrocytes [173].

Stem cells, especially MSCs, are promising because of the potential in the chondroge-
nesis and cartilage regeneration [200]. MSCs can be isolated from various sources, such
as the bone marrow, adipose tissue, synovial sheath, periosteum, skeletal muscle, skin,
amniotic fluid, and umbilical cord blood [284]. The most accessible and technologically
simple method is MSC obtainment from adipose tissue. The MSCs from this source have
shown good clinical prospects for HAC restoration [252]. MSCs have a high regenera-
tive potential and are capable of differentiating into several age-related cell cultures, as
well as influencing differentiation through the release of growth factors and cytokines
with the impact of the latter on the nearby tissues. In addition to cellular regulators of
HAC formation, a wide range of biopolymers and hydrogel matrices based on them that
promote chondrogenesis have been proposed and applied. Such matrices mimic the ex-
tracellular environment of chondrocytes, which promotes chondrogenic differentiation of
chondroblasts and MSCs [200,283]. Chitosan, collagen, alginates, and gelatine are most
commonly used as biopolymers for creating such matrix bases [193,283,285]. Gelatine is
often chemically modified, for example, with gelatine-methacryloyl groups. The resulting
modified gelatine may be combined with chondroitin sulfate or hyaluronic acid. Such
combinations are created due to the existing disadvantages of gelatine. Thus, in a recent
study, bioenzymatic non-sulfated chondroitin was tested for the first time in a synthesized
chemically cross-linked matrix based on gelatine, proving its effectiveness as a potential
basis for use in the field of cartilage regeneration, and the hydrogels developed on the basis
of this combination confirmed the ability to maintain the viability of MSCs [200].

Growth and cell proliferation factors can also act as auxiliary components of bioinks.
Growth factors are the protein molecules that regulate cell division and proliferation (they
are often polypeptides that stimulate or inhibit the proliferation of different cell types) [286].
The growth factors that are the first to trigger the cascade of bone and cartilage regeneration
processes include platelet-derived factors (PDGF), transforming growth factor beta (TGF-β)
from immunocompetent cells, and fibroblast growth factor (FGF). In particular, autogenous
PRP-gel with growth factors is actively used in biofabrication to improve the healing of
supporting and connective tissues [286,287].

In another study, the authors developed a new heparinized synthetic carrier based on
photo cross-linked methacrylate glycol–chitosan and conjugated heparin. Such a carrier
was applied to form a stable high-molecular-weight complex to enhance the bioactivity
of bone growth factors [196]. The heparin usage makes it possible to create biomaterials
with controlled release of heparin-binding proteins, such as TGF-β1 and morphogenetic
protein. On the other hand, heparin also influences cell migration, proliferation, cartilage
differentiation, and synthesis of the HAC-specific ECM, as well as suppressing the immune
response [288].

In a big prospective study, bone morphogenetic protein-4 (BMP-4) was used as
a component of hydrogel with high potential to stimulate chondrogenesis, accelerate
the repair of bone–cartilage defects, and preserve the cartilage structure after regener-
ation [178]. Additionally, another study developed innovative hydrogel replicates in
a growth factor-enriched microenvironment to improve regeneration, which included bone
morphogenetic protein-2 (BMP-2) [289]. BMPs act on cell membrane receptors and regulate
the growth, differentiation, and apoptosis of various cell types including osteoblasts, chon-
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droblasts, nerve cells, and epithelial cells [178]. The synergic effect of bone morphogenetic
protein with ECM on osteogenic progenitor cells is an important osteoinductivity factor,
promoting the differentiation of the osteoblast–osteocyte complex [289–291].

Hyaluronic acid, which can cross-link with other polymers and trap drugs and growth
factors to achieve a controlled release, is used to stimulate cellular activity as well as the
microenvironment of ECM, such as adhesion and proliferation [35]. In a conducted study,
the authors created hybrid products by coaxial printing with bioinks produced using
hyaluronic acid and a thermoplastic polylactic acid polymer [32]. Applying such types of
hybrid products provides an optimal condition for chondrocyte growth as well as main-
taining the mechanical properties necessary to withstand the stresses acting in vivo [32].

Quality Assessment Methods for Hydrogels, Bioinks, and Bioprinted Products

In the process of obtaining and developing hydrogels and bioinks and creating volu-
metric constructs in the TDB process, it is necessary to analyse their composition, physical
and chemical properties, and the nature of the interaction between biopolymers, and assess
the state and stages of development of cell components, as well as the subsequent study
of stability and bioresorption of bioprinted products (bioimplants) after implantation, in-
cluding their impact on the morphology and biochemistry of damaged surrounding tissue.
For these purposes, a set of various physical and chemical research methods are used to
assess the structure and component composition of hydrogels and bioinks, among which
there is infrared spectroscopy [292–294], Raman spectroscopy [295], the circular dichro-
ism method [296], the fluorescence method [297], etc. In addition, electron microscopy
is used to analyse the molecular organization of networks of biopolymers that form
a gel [180,296,298].

Infrared spectroscopy with the Fourier transform (FTIR) is a technique that can pro-
vide important information about the self-assembly process leading to the formation of
supramolecular hydrogels [296,299]. By analysing the wave number or intensity shifts,
the involvement of specific bonds in the construction of the hydrogel network can be as-
sessed [296]. Comparison of the infrared spectrum in the hydrogel state with the spectrums
of solutions or solid states of gel-forming agents can provide information on the interactions
governing the formation of the hydrogel network. Various types of non-covalent interac-
tions are involved in the formation of the supramolecular hydrogel network: hydrogen
bonds and van der Waals forces [296]. In many cases, gel-formers have functional groups
in their structure with characteristic vibrational bands (carboxyl, hydroxyl, amino, and
amide groups), which are sensitive to the formation of weak physical interactions [296].

Published results show the importance of using the FTIR method in the analysis, study
of physical and chemical properties, and standardization of hydrogels [300]. Thus, the
possibility of assessing the presence of albumin in hydrogel matrices using FTIR has been
illustrated. Additionally, FTIR spectroscopy has been used in the study of hydrogel swelling
under in situ conditions, and the FTIR images obtained in this work help characterize
molecular processes in chemically sensitive materials [299].

FTIR was also used to evaluate bioimplants made from a new type of non-functionalized
soft calcium alginate hydrogel in a model of spinal cord hemisection in rats. Using FTIR,
the authors evaluated the stability of the implants and their effects on the morphology and
biochemistry of the damaged tissue 1 and 6 months after injury [293]. In the current work
on the study of mucin glycoprotein and the synthesis of methacryloylmucin hydrogels,
the chemical modification of mucin and the characteristics of the resulting product were
evaluated by infrared spectroscopy [294].

Combined dispersion spectroscopy or Raman spectroscopy is used to study the inter-
actions within the mesh of biopolymers, to study the type of cross-linking and its density,
to analyse conformational changes of biopolymer mesh under various influences in the
hydrogel, and to later monitor in cell cultures, which allows studying the vibrational en-
ergy of molecules [296,301]. This method of investigation makes it possible to evaluate
the structural organization or the characteristics of the diffusion properties of dissolved
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substances in hydrogels. Among the various Raman methods, surface-enhanced combined
dispersion is characterized by the highest sensitivity [302].

Circular dichroism spectroscopy (CDS) is a valuable technique for studying the struc-
ture and dynamics of peptides, proteins, and nucleic acids, including those incorporated
into hydrogels. CDS characterizes molecular conformational changes in real time. The
method allows for high accuracy, sensitivity, and a good signal-to-noise ratio. Although
CDS does not provide a detailed structure at the atomic level, it allows for evaluating the
behaviour of biopolymer molecules and their interactions in hydrogels. Researchers use
CDS to observe molecular phenomena, namely how macromolecules unfold/rearrange
and how their overall self-assembly/disassembly occurs [296].

Confocal microscopy (CM) is a method of optical microscopy with high contrast through
the use of an aperture that cuts off the flow of background scattered light [208,303,304].
The CM method is actively used to evaluate hydrogels and membranes obtained on its
basis [305]. The peculiarities of the method are some advantages: with a CM, it is possible
to study tissues at the cellular level in the state of physiological activity and to evaluate
the results in four directions—height, width, depth, and time, and the use of a special
attachment makes it possible to study at different temperatures [208,306].

Fluorescence spectroscopy (FS) can be used to evaluate the characterization of hydro-
gel systems containing fluorophore particles capable of absorbing energy, which allows
excitation from the ground electronic state to one of the vibrational states in the excited
electronic state. The method is used to monitor gelation properties [296]. An interesting
example of the FS use in conjunction with CM is presented in a study of the mycotoxin
citrinin in the condensed phase and hydrogel films of agarose and alginate. A fluores-
cence spectrum and attenuation analysis were used to recognize the presence of citrinin
in hydrogel films [303]. In a promising study, the authors provide evidence for the ability
of hydrogels to function effectively as drug carrier systems in vitro using various cancer
cell cultures for 7 days, and the study itself shows that relatively simple spectroscopic
measurements of FS contribute to a fundamental structural and chemical understanding of
the properties of protein hydrogels [307].

3.2. Bioprinting Stage
Bioprinters and the Bioprinting Process

The main stage of creating scaffold-based and scaffold-free tissue-engineered con-
structs by the TDB method is implemented in 3D bioprinters—complex technical devices
controlled by special software [155]. The main units of such devices are represented by
a frame or case, cartridges with biomaterials for printing, a drive capable of moving in three
planes, and a platform on which the forming of the construct is performed [95,96]. Modern
3D bioprinters are presented as technically simpler devices that have a limited set of com-
ponents and options and are designed to work with one or two types of biomaterials, and
complex multi-component units that can print using several variants of biomaterials—from
metals and solid organic compounds such as hydroxyapatite to soft hydrogels and bioinks.
In the latter case, the bioprinter implements several 3D printing technologies—sintering,
electrospinning, extrusion, etc., and many modes of operation—thermal, baric, and others.
Such a complex device can be equipped with several cartridges (from two to six) for simul-
taneous or coordinated alternate printing with different biomaterials (Figure 4). Additional
options for the 3D bioprinter can be:

• Sterile printing chamber with the option of a bioreactor for functionalization of the
printed construct in the post-bioprinting stage;

• Laser sensor system for automatic calibration of printing elements;
• Interchangeable platforms (or worktables) and substrates for bioprinting;
• Camera for photo and video recording of the manufacturing process and its control.

Other equipment can be added to the above. Currently, there are scientific and
technical centres and companies that manufacture 3D bioprinters for scientific research and
practical use, including commercial implementation [155,308,309].
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The main TDB techniques, depending on the design of the 3D bioprinter, include the
microextrusion, inkjet, and laser [95,219,309,310]. Microextrusion TDB uses the principle of
automated mechanical extrusion (squeezing) of material from a cartridge, realized through
one of two mechanisms: semi-solid extrusion and fusion modelling. In the first one,
pressurized air or a piston (rotating screw) mechanism squeezes a continuous stream of
semi-solid printing materials (such as hydrogels and bioinks) through the printhead nozzle,
which is applied to the substrate layer-by-layer and fabricates a 3D object. In the second
process, a thermoplastic biopolymer filament is fed into the nozzle of the printhead, where
it is heated until it melts and then applied to the substrate and in layers to form a volume
construct (Figure 5). The flexibility of the microextrusion process and the availability of
materials make it the most commonly used TDB method [161,311,312].
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The 3D bioprinters used in this TDB method have a temperature-controlled material
handling and dispensing system and a heated/cooled substrate on which the construct is
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created. Both the cartridges and the substrate can move in all three Cartesian coordinate
axes under the control of a positioning system. Some microextrusion bioprinters use
multiple printhead cartridges (up to six in modern devices), which can be equipped with
a heating and cooling system to convert biopolymers and some hydrogels and bioinks
into a semi-solid state suitable for extrusion. This allows simultaneous and coordinated
handling of several materials at the same time. In addition, an ultraviolet (UV) light source
for photocross-linking biocompatible oligomers and a dispenser for spraying solutions of
chemical cross-linking agents may be installed in the printing chamber [155,312].

Microextrusion TDB technology finds its application for the fabrication of structures,
including hybrid cell–tissue constructs with a high level of stratohistological differentiation,
such as HAC biosimilars with a subchondral bone layer, bone tissue with bone–tendon–
muscle blocks [313–315].

Inkjet (injection) TDB is one of the most common and technically simple options
for creating bioprinted constructs. Initially, inkjet technology was widely engaged in
two-dimensional printing using conventional chemical inks. Later, it was modified by
giving the ability to the cartridge of being moved in three dimensions, replacing the ink
inside with biomaterial, and using a special substrate instead of paper (Figure 6). Currently,
3D bioprinters for inkjet TDB while working with biomaterials can provide high accuracy,
speed, and resolution of printing. In addition, this technology is characterized by a minimal
percentage of cell damage. Inkjet TDB finds its application in regenerative medicine for
cartilage and skin injuries [316–318].
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In addition to continuous inkjet printing, 3D inkjet bioprinters use piezoelectric or
thermal force development systems to form individual droplets of material in liquid form
and then outputs them to a special substrate on which the volume construct is formed layer-
by-layer. Both approaches allow for consistent flow or drop-by-drop (“drop by demand”
technique). In the piezoelectric drop formation activation method, the electrical signal
from the piezoelectric sensor is converted into a mechanical force and lets the material
be ejected from the printhead in individual droplets. The thermal activation method
results in local heating of the material, converting it to a vapour state that creates enough
pressure to release the liquid by droplets [319]. All these approaches have advantages
and disadvantages, so the choice of a particular technology will be determined by the
characteristics of the biomaterial and the tasks at hand. For example, local pressure can
damage the MSCs as they leave the cartridge. Therefore, optimization of the value of the
mechanical force will ensure maximum preservation of the cell’s component [320].

One of the limitations of inkjet TDB is that the printing materials (hydrogels and
bioinks) must be in liquid form. Accordingly, the fabrication of a complex volumetric
structure with shape preservation during and after the printing process becomes quite
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problematic. To offset this limiting factor, advanced technological approaches can be used,
namely hybrid printing (use of temporary or sacrificial elements, reinforcing layers, and
lattice structures made of bioresorbable material created by the extrusion TDB method).
The disadvantages of the inkjet TDB method include the inability to use hydrogels with
high viscosity, frequent sticking, and deposition of cells in the cartridge, and clogging of
the nozzle holes of the print head [195,321].

The process of microextrusion or inkjet TDB has a certain difficulty in ensuring optimal
conditions to preserve the viability of the cell spheroids introduced into the hydrogel matrix.
Two technological approaches have been developed to solve this problem. The first involves
the use of a needle-shaped coaxial nozzle on the printhead. The material flows in the inner
and outer channels of the nozzle and converges at the end. The flow rate in each channel
can be independently controlled to give the designs optimal characteristics [322–324].
Coaxial TDB allows the creation of complex tissue constructs by controlled deposition of
biomaterials. Using the coaxial TDB, volumetric constructs with osteoblasts and endothelial
cells were created by depositing angiogenic and osteogenic bioinks from the central and
coaxial nozzles, respectively [324,325]. The essence of the second approach is the use of
a special confluent nozzle with which hydrogels, bioinks, and cytocompatible biopolymers
can be printed synchronously with the formation of a combined print thread in the confluent
area of the nozzle, which seriously simplifies the printing process, but carries the risk of
cell damage [326].

Originally developed for 3D printing with metals, direct laser-induced transfer tech-
nology was later successfully applied to biological materials (hydrogels and cell spheroids
with a culture medium, and single proteins) [327]. A laser 3D bioprinter based on DLP
technology consists of a pulsed laser beam source, a moving ribbon of printing materials,
and a receiving substrate located opposite the ribbon. The ribbon is double-layered, and
the first or top layer has a liquid base, while the second layer contains a hydrogel with cell
spheroids. When the first layer is exposed to laser light, the liquid evaporates instantly,
and the resulting vapour presses the second layer. As a result of this pressure, a portion
(drop) of hydrogel with cells is released from the second layer at a given location onto the
receiving substrate. The receiving substrate contains biopolymers or a cell culture medium
that promotes cell adhesion [328,329] (Figure 7). Laser TDB is currently used to create
multilayer tissue–cell constructs of the skin with a given cell density and is characterized
by high precision. Among the disadvantages of the technology are the high cost, low
printing speed, and damage (death) of 5 to 30% of cells in the process of the laser-induced
transfer [328–331].
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The TDB process may also require the solidification of printed materials (biopolymers
and hydrogels) applied to the substrate and then layer upon layer. This process is known
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as cross-linking. Various chemical and physical factors are used to force the fixation of the
structure and shape of the tissue-engineered construct. Chemical ones include the addition
of cross-linking regulators (calcium ions in the form of calcium chloride are sprayed onto
alginate hydrogels) or mixing hydrogels and bioinks with various additives (fibrinogen and
thrombin). Physical ones include ultraviolet (UV), changes in pH, pressure, temperature,
and oxygen concentration. Depending on the stage at which TDB is affected by these
factors, the following types of cross-linking are distinguished [112,311,332]:

• Pre-cross-link—processing the printed biomaterial in the cartridge;
• Post-cross-link—processing the printed biomaterial after it leaves the cartridge;
• In situ cross-linking is the processing of printed biomaterial in the nozzle area of

the printhead.

The limitations of existing TDB methods and the shortcomings of the printing materials
affect the quality and properties of the final tissue-engineered construct. Changing and
improving its properties, as well as making the manufacturing process more controllable,
are possible by using hybrid TDB technologies. Such an approach implies the engaging of
different biomaterials and TDB technics in a single technological process to overcome the
traditional limitations of individual technologies. At the outset, we obtain the most precise
morphological reproduction of the natural biological qualities of tissues and organs. To date,
the following options for the implementation of hybrid TDB are distinguished [333–335]:

• The usage of temporary (sacrificial) structures;
• Manufacturing of structures with internal reinforcement;
• Application of coordinated extrusion bioprinting;
• The usage of a modular assembly.

In the first case, the bioinks act as the core constructive material for the fabrication of
a complex-shaped structure. Parallel biopolymers and some hydrogels based on them form
temporary (sacrificial) supports of the structure at the fabrication stage and are subsequently
removed. The sacrificial approach is typically realized through microextrusion TDB. Using
it, precision TDB of complex anatomical shapes, such as a femoral head, an ear, and
a blood vessel, has been performed. In doing so, biopolymers based on polycaprolactone,
or sodium alginate, were used to form sacrificial structures and temporarily support the
main structure from a hydrogel based on gellan gum and gelatine methacrylate [334].

Another variant of hybrid TDB using temporary materials is the so-called immersion
printing method using special hydrogel baths [336,337]. The method is based on layer-by-
layer printing of constructs by individual spheres (drops) of bioinks inside
a hydrogel support base in both vertical and horizontal directions, which is especially
important when creating structures with a branching structure (blood vessels) [338]. The
immersion technology is devoted to the drawback in the form of difficulties with regulating
the physical properties of the supporting temporary structures, which take place in the
hybrid sacrificial TDB method described above. Moreover, the ideal hydrogel for creating
an immersion bath should have such a shear flow limit to promote active cell proliferation
in spheroids with the manufacturing of tissue constructs [339].

The prospects of using an immersed TDB in dense media have been demonstrated.
In particular, authors propose a technology realized by immersing the printhead nozzle
in high-density perfluorocarbons, which are chemically inert and have an excellent ability
to transport oxygen and carbon dioxide, providing an ideal environment for immersed
cell spheroids [340,341]. Other biomaterials are also used to form the immersion medium:
perfluorotributylamine (a high-density hydrophobic fluid) [336] and gellan gum, in which
a fully vascularized adipose tissue biosimilar has been printed [337].

Hybrid TDB with internal reinforcement of the structures is carried out by applying
bioinks, as the main constructive material, to a prefabricated mesh frame made of biopoly-
mers and/or hydrogels. Such a framework acts as a reinforcing mesh and significantly
strengthens the hybrid structure. The TDB microextrusion method is used to implement
this approach. In some studies, volume constructs printed with MSCs and hydrogels
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based on gelatine methacrylate or polyethylene glycol–diacrylate were reinforced with
polycaprolactone biopolymer fibres [342,343]. The resulting reinforced structures had
a higher mechanical strength (60–175 kPa), compared to those made only from bioinks
(45 kPa). The increase in strength up to a certain limit was proportional to the content of the
reinforcing fibre. It was also observed that cell spheroids interacted with reinforcing fibres
by generating separate binding sites by the latter and causing focal adhesion [344,345].

The coordinated hybrid TDB involves, contrary to the previous technique, the sequen-
tial (layer-by-layer) extrusion of bioinks and biopolymers that reinforce the structure being
created. This is achieved through the alternating work of the various print heads of the 3D
bioprinter, whose cartridges contain different biomaterials for printing. The coordinated
process is controlled by a computer program. The studies described coordinated TDB
printing with polycaprolactone-based hydrogel and alginate-based bioinks containing
MSCs. As a result, the authors obtained a cell-loaded structure with mechanical strength
comparable to that of cartilage tissue (6 MPa). However, the cell survival rate using this
approach was 60–80% [346].

Modular TDB implies the production of tissue micromodules with their subsequent
assembly according to the constructor principle with the formation of larger and more
complex functional units. Thus, tissue micromodules are primary elements—analogues
of the building blocks of the future tissue-engineered structure. The modular approach
is characterized by the high survivability of cells and allows the assembly of complex
constructs, consisting of different types of cells, repeating the cytoarchitectonics of natural
tissue [69]. A classic example of tissue micromodules is cell spheroids, placed inside sup-
porting frameworks based on biopolymers of different shapes, most often hexagonal. The
latter are then combined into structures of any complexity, and the cell spheroids contained
within subsequently fuse and begin to produce the ECM, forming a new tissue [309,347].

3.3. Post-Bioprinting Stage
Bioreactors In Vitro and In Vivo

The post-bioprinting stage is implemented using special high-tech equipment called
bioreactors. Bioreactors can be defined as devices in which the properties of a printed
tissue-engineered construct change under the influence of environmental factors of me-
chanical, physical, chemical, and biological nature over a certain time until it can be used
for surgery [60,68,348,349]. Thus, conditions are created for the development and mat-
uration of tissue-engineered constructs in vitro, acquisition of functional characteristics
through the transmission of regulatory signals of different natures to the cells, and stimula-
tion of them to differentiation and ECM production before implantation in vivo. That is,
a dynamic microenvironment is formed, which is necessary for the cells at different stages
of maturation, with all biochemical or mechanical and physical processes developing and
proceeding under strictly controlled and monitored conditions [350–353].

However, the best bioreactor for tissue-engineered constructs is a living organism. Any
in vitro bioreactor can reproduce only a small fraction of the full functionality of an in vivo
bioreactor [354]. In vitro-printed tissue-engineered constructs are characterized by a lack
of a regenerative microenvironment, including a set of components of nervous, immune,
and endocrine systems, as well as a lack of trophic and vascularization. As a result, the
transplanted construct has a deficit of autonomous vascularization and innervation, which
affects cell survival and tissue regeneration processes [355]. The principle of an in vivo
bioreactor is based on the body’s capabilities to provide key components necessary for the
construct integration and further regeneration, including stem cells and growth factors.
For this purpose, a limited artificial space in the body tissues is formed where a scaffold
with auxiliary components necessary for new tissue growth is placed. To saturate the
scaffold and the space around it with cell culture (pluripotent or specific stem cells), to
stimulate neohistogenesis, vascularization of the scaffold with a mobilized vascular loop
is performed. Perfusion provides an opportunity for the recruitment of stem cells and
obtaining nutrients from the host (patient) [356]. As a result, in the area where bioreactor
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in vivo was organised, new tissue formation occurs, which can be applied in regenerative
medicine [357–359]. With regards to HAC injuries, this approach can be implemented at
the subchondral bone level in the cases of deep and extensive cartilage defects.

4. Vectors for the Development of Tridimensional Bioprinting of Hyaline
Articular Cartilage

Today, TDB is one of the promising methods of additive manufacturing and bio-
fabrication of complex volume constructs with given rheology and increased structural,
mechanical, and biological properties for organ and tissue regeneration [282]. One of the
advantages of additive manufacturing technology is the ability to produce personalized
implantable individual constructs considering the anatomy, pathology, and biomechanical
properties of the patient’s tissues [282,360].

Biofabrication and TDB, including the creation of HAC biosimilars and articular
cartilage defect replacements, have made an impressive step forward in their development
over the last quarter century since their emergence. It appeals to all aspects of the TDB
technology—equipment, appropriate software, biomaterials, and their compounding, as
well as methods of printing and functionalization of bioprinted volume constructs. In
experiments involving laboratory animals and, in some countries, in clinical trials, products
of the required scale are already being used, capable of replacing damage to HAC and the
underlying subchondral bone with subsequent resorption and replacement of fibrous and
even full-fledged HAC within the process of reparative chondrosteogenesis [361]. However,
these approaches are still far from being implemented in clinical orthopaedics.

Further development and improvement of TMB approaches of HAC biosimilars are
associated with the usage of biomaterials capable, according to the results of 3D printing,
of reproducing the structure of ECM and its composition (internal structure, pore size,
stiffness, and protein composition, including morphogenetic proteins—BMP-2, BMP-3,
BMP-4, BMP-6, BMP-7, and the growth factors TGF-β, PDGF, IGF I, IGF II, bFGF, and aFGF)
with maximum precision. The optimal sources for the fabrication of such tissue-engineered
constructs are biomaterials of an allogeneic origin. They are more compatible with the
tissue environment than other biomaterials, have inductive and conductive activity, are
not toxic, and meet the criteria of reparative regeneration in terms of resorption with
substitution by the newly formed original tissue. Moreover, during the first stages of tissue-
engineered construct existence, its matrix made of allogenic materials excellently plays
a nutrient medium role for the cell spheroids contained therein, ensuring their proliferation
and differentiation. Considering the influence of mechanical loading factors and oxygen
concentration on the indicated processes in HAC, the stage of post-bioprinting with the
tissue bioreactor’s usage gains particular interest to researchers.

A significant breakthrough in tissue biofabrication was the development of the tech-
nology of obtaining and creating decellularized ECM (dECM). However, a personalized
approach to its use, as applied to the elimination of defects in the area of HAC and subchon-
dral bone, turned out to be difficult. The way out was the transformation of dECM into
the form of the hydrogel, using the latter to build volume constructs by the TDB method.
However, until now, hydrogels made of dECM and 3D bioprinted constructs based on them
cannot fully reproduce the complex structure and composition of native ECM of HAC,
since the specific spatial position of each unique protein and even their composition are
violated in the process of transformation of dECM into a hydrogel. Accordingly, improving
the available physical, mechanical, and biochemical methods of creating hydrogels from
allogenic biomaterials should also become a point of research efforts.

The hydrogels obtained from dECM are represented prevalently by collagen, the
main protein of ECM of HAC, which, unfortunately, is characterized by low chondrogenic
activity, weak mechanical strength, and significant shrinkage after TDB and implantation.
To improve the mechanical properties and biological activity of the collagen-based volume
matrix, its properties could be modified by mixing with other biopolymer molecules (e.g.,
chitosan or synthetic polymers). However, the possibilities of using additional materials
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are limited due to collagen easily denaturing under the influence of various factors. In
this aspect, the concept of a hybrid TDB using temporary sacrificial structures, internal
reinforcement, and modular assembly has good prospects. The configuration of hybrid
scaffolds may be the optimal solution to improve the mechanical and structural compo-
nents of 3D collagen-based dECM constructs without compromising their bioactivity and
compatibility with cells.

The developmental trajectories outlined in this review will make it possible to achieve
the required level of biomimicry and create anatomically and functionally relevant tissue-
engineered constructs of HAC by TDB.
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Abbreviations

3D Three-dimensional
aFGF Acidic fibroblast growth factor
bFGF Basic fibroblast growth factor
BJ Binder jetting
BMP-2, 3, 4, 6, 7 Bone morphogenetic protein-2, 3, 4, 6, 7
CAD Computer-aided design (system)
CDS Circular dichroism spectroscopy
CM Confocal microscopy
CMC Carboxymethylcellulose
dECM Decellularized extracellular matrix
DED Direct energy deposition
DICOM Digital imaging and communications in medicine
DLP Digital light processing
ECM Extracellular matrix
FDM Fused deposition modelling
FGF Fibroblast growth factor
FS Fluorescence spectroscopy
FTIR Infrared spectroscopy with the Fourier transform
HAC Hyaline articular cartilage
IGF I Insulin-like growth factor I
IGF II Insulin-like growth factor II
IJP Ink jet printing
IUHP method Isostatic ultrahigh pressure method
IUPAC International Union of Pure and Applied Chemistry
L/E-PBF Laser (E-beam) powder bed fusion
MRI Magnetic resonance imaging
MSC Mesenchymal stromal cells
MSCT Multi-slice computed tomography
PCL Polycaprolactone
PDGF Platelet-derived growth factor
PEG Polyethylene glycol
PLGA Poly-lactic-co-glycolic acid
PRP Platelet-rich plasma
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PU Polyurethane
PVA Polyvinyl alcohol
SLA Stereolithography
STL files From stereolithography—a file format for storing three-dimensional models

of objects for use in additive technologies.
TDB Three-dimensional bioprinting
TGF-β Transforming growth factor beta
VEGF Vascular endothelial growth factor

References
1. Firner, S.; Zaucke, F.; Michael, J.; Dargel, J.; Schiwy-Bochat, K.H.; Heilig, J.; Rothschild, M.A.; Eysel, P.; Brüggemann, G.P.; Niehoff,

A. Extracellular Distribution of Collagen II and Perifibrillar Adapter Proteins in Healthy and Osteoarthritic Human Knee Joint
Cartilage. J. Histochem. Cytochem. 2017, 65, 593–606. [CrossRef] [PubMed]

2. Kheir, E.; Shaw, D. Hyaline Articular Cartilage. Orthop. Trauma 2009, 23, 450–455. [CrossRef]
3. Beddoes, C.M.; Whitehouse, M.R.; Briscoe, W.H.; Su, B. Hydrogels as a Replacement Material for Damaged Articular Hyaline

Cartilage. Materials 2016, 9, 443. [CrossRef] [PubMed]
4. Martel-Pelletier, J.; Barr, A.J.; Cicuttini, F.M.; Conaghan, P.G.; Cooper, C.; Goldring, M.B.; Goldring, S.R.; Jones, G.; Teichtahl, A.J.;

Pelletier, J.P. Osteoarthritis. Nature Rev. Dis. Prim. 2016, 2, 16072. [CrossRef] [PubMed]
5. Lories, R.J.; Luyten, F.P. The Bone-Cartilage Unit in Osteoarthritis. Nat. Rev. Rheumatol. 2011, 7, 43–49. [CrossRef]
6. Madry, H.; van Dijk, C.N.; Mueller-Gerbl, M. The Basic Science of the Subchondral Bone. Knee Surg. Sports Traumatol. Arthrosc.

2010, 18, 419–433. [CrossRef]
7. Lepage, S.I.M.; Robson, N.; Gilmore, H.; Davis, O.; Hooper, A.; St John, S.; Kamesan, V.; Gelis, P.; Carvajal, D.; Hurtig, M.; et al.

Beyond Cartilage Repair: The Role of the Osteochondral Unit in Joint Health and Disease. Tissue Eng. Part B Rev. 2019, 25,
114–125. [CrossRef]

8. Armiento, A.R.; Alini, M.; Stoddart, M.J. Articular Fibrocartilage—Why Does Hyaline Cartilage Fail to Repair? Adv. Drug Deliv.
Rev. 2019, 146, 289–305. [CrossRef]

9. Karuppal, R. Current Concepts in the Articular Cartilage Repair and Regeneration. J. Orthop. 2017, 14, A1–A3. [CrossRef]
10. Bergholt, M.S.; Serio, A.; Albro, M.B. Raman Spectroscopy: Guiding Light for the Extracellular Matrix. Front. Bioeng. Biotechnol.

2019, 7, 303. [CrossRef]
11. Manou, D.; Caon, I.; Bouris, P.; Triantaphyllidou, I.E.; Giaroni, C.; Passi, A.; Karamanos, N.K.; Vigetti, D.; Theocharis, A.D. The

Complex Interplay between Extracellular Matrix and Cells in Tissues. Methods Mol. Biol. 2019, 1952, 1–20. [CrossRef]
12. Poole, C.A. Articular Cartilage Chondrons: Form, Function and Failure. J. Anat. 1997, 191, 1–13. [CrossRef]
13. Kvist, A.J.; Nyström, A.; Hultenby, K.; Sasaki, T.; Talts, J.F.; Aspberg, A. The Major Basement Membrane Components Localize to

the Chondrocyte Pericellular Matrix--a Cartilage Basement Membrane Equivalent? Matrix Biol. 2008, 27, 22–33. [CrossRef]
14. Carballo, C.B.; Nakagawa, Y.; Sekiya, I.; Rodeo, S.A. Basic Science of Articular Cartilage. Clin. Sports Med. 2017, 36, 413–425. [CrossRef]
15. Poole, A.R.; Kobayashi, M.; Yasuda, T.; Laverty, S.; Mwale, F.; Kojima, T.; Sakai, T.; Wahl, C.; El-Maadawy, S.; Webb, G.; et al. Type

II Collagen Degradation and Its Regulation in Articular Cartilage in Osteoarthritis. Ann. Rheum. Dis. 2002, 61 (Suppl. 2), ii78–ii81.
[CrossRef]

16. Shoulders, M.D.; Raines, R.T. Collagen Structure and Stability. Annu. Rev. Biochem. 2009, 78, 929–958. [CrossRef]
17. Sharma, U.; Carrique, L.; Vadon-Le Goff, S.; Mariano, N.; Georges, R.N.; Delolme, F.; Koivunen, P.; Myllyharju, J.; Moali, C.;

Aghajari, N.; et al. Structural Basis of Homo- and Heterotrimerization of Collagen I. Nat. Commun. 2017, 8, 14671. [CrossRef]
18. Stoilov, I.; Starcher, B.C.; Mecham, R.P.; Broekelmann, T.J. Measurement of Elastin, Collagen, and Total Protein Levels in Tissues.

Methods Cell Biol. 2018, 143, 133–146. [CrossRef]
19. Pfeiffer, E.; Vickers, S.M.; Frank, E.; Grodzinsky, A.J.; Spector, M. The Effects of Glycosaminoglycan Content on the Compressive

Modulus of Cartilage Engineered in Type II Collagen Scaffolds. Osteoarthr. Cartil. 2008, 16, 1237–1244. [CrossRef]
20. Deshmukh, A.S.; Murgia, M.; Nagaraj, N.; Treebak, J.T.; Cox, J.; Mann, M. Deep Proteomics of Mouse Skeletal Muscle Enables

Quantitation of Protein Isoforms, Metabolic Pathways, and Transcription Factors. Mol. Cell. Proteom. 2015, 14, 841–853. [CrossRef]
21. Hosseininia, S.; Önnerfjord, P.; Dahlberg, L.E. Targeted Proteomics of Hip Articular Cartilage in OA and Fracture Patients. J.

Orthop. Res. 2019, 37, 131–135. [CrossRef] [PubMed]
22. Theocharis, A.D.; Skandalis, S.S.; Gialeli, C.; Karamanos, N.K. Extracellular Matrix Structure. Adv. Drug. Deliv. Rev. 2016, 97, 4–27.

[CrossRef] [PubMed]
23. Garantziotis, S.; Savani, R.C. Hyaluronan Biology: A Complex Balancing Act of Structure, Function, Location and Context. Matrix

Biol. 2019, 78–79, 1–10. [CrossRef] [PubMed]
24. Shim, J.H.; Jang, K.M.; Hahn, S.K.; Park, J.Y.; Jung, H.; Oh, K.; Park, K.M.; Yeom, J.; Park, S.H.; Kim, S.W.; et al. Three-Dimensional

Bioprinting of Multilayered Constructs Containing Human Mesenchymal Stromal Cells for Osteochondral Tissue Regeneration
in the Rabbit Knee Joint. Biofabrication 2016, 8, 014102. [CrossRef]

25. Medvedeva, E.V.; Grebenik, E.A.; Gornostaeva, S.N.; Telpuhov, V.I.; Lychagin, A.V.; Timashev, P.S.; Chagin, A.S. Repair of
Damaged Articular Cartilage: Current Approaches and Future Directions. Int. J. Mol. Sci. 2018, 19, 2366. [CrossRef]

https://doi.org/10.1369/0022155417729154
https://www.ncbi.nlm.nih.gov/pubmed/28846474
https://doi.org/10.1016/j.mporth.2009.01.003
https://doi.org/10.3390/ma9060443
https://www.ncbi.nlm.nih.gov/pubmed/28773566
https://doi.org/10.1038/nrdp.2016.72
https://www.ncbi.nlm.nih.gov/pubmed/27734845
https://doi.org/10.1038/nrrheum.2010.197
https://doi.org/10.1007/s00167-010-1054-z
https://doi.org/10.1089/ten.teb.2018.0122
https://doi.org/10.1016/j.addr.2018.12.015
https://doi.org/10.1016/j.jor.2017.05.001
https://doi.org/10.3389/fbioe.2019.00303
https://doi.org/10.1007/978-1-4939-9133-4_1
https://doi.org/10.1046/j.1469-7580.1997.19110001.x
https://doi.org/10.1016/j.matbio.2007.07.007
https://doi.org/10.1016/j.csm.2017.02.001
https://doi.org/10.1136/ard.61.suppl_2.ii78
https://doi.org/10.1146/annurev.biochem.77.032207.120833
https://doi.org/10.1038/ncomms14671
https://doi.org/10.1016/BS.MCB.2017.08.008
https://doi.org/10.1016/j.joca.2008.02.014
https://doi.org/10.1074/mcp.M114.044222
https://doi.org/10.1002/jor.24158
https://www.ncbi.nlm.nih.gov/pubmed/30307059
https://doi.org/10.1016/j.addr.2015.11.001
https://www.ncbi.nlm.nih.gov/pubmed/26562801
https://doi.org/10.1016/j.matbio.2019.02.002
https://www.ncbi.nlm.nih.gov/pubmed/30802498
https://doi.org/10.1088/1758-5090/8/1/014102
https://doi.org/10.3390/ijms19082366


Polymers 2023, 15, 2695 27 of 39

26. Zhang, S.; Hu, B.; Liu, W.; Wang, P.; Lv, X.; Chen, S.; Liu, H.; Shao, Z. Articular Cartilage Regeneration: The Role of Endogenous
Mesenchymal Stem/Progenitor Cell Recruitment and Migration. Semin. Arthritis Rheum. 2020, 50, 198–208. [CrossRef]

27. Guettler, J.H.; Demetropoulos, C.K.; Yang, K.H.; Jurist, K.A. Osteochondral defects in the human knee: Influence of defect size on
cartilage rim stress and load redistribution to surrounding cartilage. Am. J. Sports Med. 2004, 32, 1451–1458. [CrossRef]

28. James, S.L.; Abate, D.; Abate, K.H.; Abay, S.M.; Abbafati, C.; Abbasi, N.; Abbastabar, H.; Abd-Allah, F.; Abdela, J.; Abdelalim, A.;
et al. Global, Regional, and National Incidence, Prevalence, and Years Lived with Disability for 354 Diseases and Injuries for
195 Countries and Territories, 1990-2017: A Systematic Analysis for the Global Burden of Disease Study 2017. Lancet 2018, 392,
1789–1858. [CrossRef]

29. Bannuru, R.R.; Osani, M.C.; Vaysbrot, E.E.; Arden, N.K.; Bennell, K.; Bierma-Zeinstra, S.M.A.; Kraus, V.B.; Lohmander, L.S.; Abbott,
J.H.; Bhandari, M.; et al. OARSI Guidelines for the Non-Surgical Management of Knee, Hip, and Polyarticular Osteoarthritis.
Polymers (Basel) 2019, 27, 1578–1589. [CrossRef]

30. Kolasinski, S.L.; Neogi, T.; Hochberg, M.C.; Oatis, C.; Guyatt, G.; Block, J.; Callahan, L.; Copenhaver, C.; Dodge, C.; Felson, D.; et al.
2019 American College of Rheumatology/Arthritis Foundation guideline for the management of osteoarthritis of the hand, hip,
and knee. Arthritis Rheumatol. 2020, 72, 220–233. [CrossRef]

31. Cross, M.; Smith, E.; Hoy, D.; Nolte, S.; Ackerman, I.; Fransen, M.; Bridgett, L.; Williams, S.; Guillemin, F.; Hill, C.L.; et al. The
Global Burden of Hip and Knee Osteoarthritis: Estimates from the Global Burden of Disease 2010 Study. Ann. Rheum. Dis. 2014,
73, 1323–1330. [CrossRef]

32. Wallace, I.J.; Worthington, S.; Felson, D.T.; Jurmain, R.D.; Wren, K.T.; Maijanen, H.; Woods, R.J.; Lieberman, D.E. Knee Osteoarthri-
tis Has Doubled in Prevalence since the Mid-20th Century. Proc. Natl. Acad. Sci. USA 2017, 114, 9332–9336. [CrossRef]

33. Peck, J.; Slovek, A.; Miro, P.; Vij, N.; Traube, B.; Lee, C.; Berger, A.A.; Kassem, H.; Kaye, A.D.; Sherman, W.F.; et al.
A Comprehensive Review of Viscosupplementation in Osteoarthritis of the Knee. Orthop. Rev. 2021, 13, 25549. [CrossRef]

34. Burdick, J.A.; Chung, C. Influence of Three-Dimensional Hyaluronic Acid Microenvironments on Mesenchymal Stem Cell
Chondrogenesis. Tissue Eng. Part A 2009, 15, 243–254. [CrossRef]

35. Zheng, Z.; Patel, M.; Patel, R. Hyaluronic Acid-Based Materials for Bone Regeneration: A Review. React. Funct. Polym. 2022, 171,
105151. [CrossRef]

36. Felson, D.T. Clinical practice. Osteoarthritis of the knee. N. Engl. J. Med. 2006, 354, 841–848. [CrossRef]
37. Collins, J.E.; Losina, E.; Nevitt, M.C.; Roemer, F.W.; Guermazi, A.; Lynch, J.A.; Katz, J.N.; Kent Kwoh, C.; Kraus, V.B.; Hunter, D.J.

Semiquantitative Imaging Biomarkers of Knee Osteoarthritis Progression: Data From the Foundation for the National Institutes
of Health Osteoarthritis Biomarkers Consortium. Arthritis Rheumatol. 2016, 68, 2422–2431. [CrossRef]

38. Rim, Y.A.; Ju, J.H. The Role of Fibrosis in Osteoarthritis Progression. Life 2021, 11, 3. [CrossRef]
39. Remst, D.F.G.; Davidson, E.N.B.; Van Der Kraan, P.M. Unravelling Osteoarthritis-Related Synovial Fibrosis: A Step Closer to

Solving Joint Stiffness. Rheumatology (Oxford) 2015, 54, 1954–1963. [CrossRef]
40. Li, D.; Wang, H.; He, J.Y.; Wang, C.L.; Feng, W.J.; Shen, C.; Zhu, J.F.; Wang, D.L.; Chen, X.D. Inflammatory and Fibrosis Infiltration in

Synovium Associated with the Progression in Developmental Dysplasia of the Hip. Mol. Med. Rep. 2019, 19, 2808–2816. [CrossRef]
41. Ulus, Y.; Tander, B.; Akyol, Y.; Durmus, D.; Buyukakincak, O.; Gul, U.; Canturk, F.; Bilgici, A.; Kuru, O. Therapeutic Ultrasound

versus Sham Ultrasound for the Management of Patients with Knee Osteoarthritis: A Randomized Double-Blind Controlled
Clinical Study. Int. J. Rheum. Dis. 2012, 15, 197–206. [CrossRef] [PubMed]

42. Cooper, C.; Chapurlat, R.; Al-Daghri, N.; Herrero-Beaumont, G.; Bruyère, O.; Rannou, F.; Roth, R.; Uebelhart, D.; Reginster, J.Y.
Safety of Oral Non-Selective Non-Steroidal Anti-Inflammatory Drugs in Osteoarthritis: What Does the Literature Say? Drugs
Aging 2019, 36, 15–24. [CrossRef]

43. Cutolo, M.; Berenbaum, F.; Hochberg, M.; Punzi, L.; Reginster, J.Y. Commentary on Recent Therapeutic Guidelines for Osteoarthri-
tis. Semin. Arthritis Rheum. 2015, 44, 611–617. [CrossRef] [PubMed]

44. Kamaruzaman, H.; Kinghorn, P.; Oppong, R. Cost-Effectiveness of Surgical Interventions for the Management of Osteoarthritis:
A Systematic Review of the Literature. BMC Musculoskelet. Disord. 2017, 18, 183. [CrossRef] [PubMed]

45. Gomoll, A.H.; Filardo, G.; Almqvist, F.K.; Bugbee, W.D.; Jelic, M.; Monllau, J.C.; Puddu, G.; Rodkey, W.G.; Verdonk, P.; Verdonk,
R.; et al. Surgical Treatment for Early Osteoarthritis. Part II: Allografts and Concurrent Procedures. Knee Surg. Sports Traumatol.
Arthrosc. 2012, 20, 468–486. [CrossRef]

46. Kirkley, A.; Birmingham, T.B.; Litchfield, R.B.; Giffin, J.R.; Willits, K.R.; Wong, C.J.; Feagan, B.G.; Donner, A.; Griffin, S.H.;
D’Ascanio, L.M.; et al. A Randomized Trial of Arthroscopic Surgery for Osteoarthritis of the Knee. N. Engl. J. Med. 2008, 359,
1097–1107. [CrossRef]

47. Nwachukwu, B.U.; Alpaugh, K.; McCormick, F.; Martin, S.D. All-Arthroscopic Reconstruction of the Acetabular Labrum by
Capsular Augmentation. Arthrosc. Tech. 2015, 4, e127–e131. [CrossRef]

48. Konopka, J.F.; Lee, Y.Y.; Su, E.P.; McLawhorn, A.S. Quality-Adjusted Life Years After Hip and Knee Arthroplasty: Health-Related
Quality of Life After 12,782 Joint Replacements. JBJS Open Access 2018, 3, E0007. [CrossRef]

49. Hamilton, D.; Henderson, G.R.; Gaston, P.; MacDonald, D.; Howie, C.; Simpson, A.H.R.W. Comparative Outcomes of Total Hip
and Knee Arthroplasty: A Prospective Cohort Study. Postgrad. Med. J. 2012, 88, 627–631. [CrossRef]

50. Dumenci, L.; Perera, R.A.; Keefe, F.J.; Ang, D.C.; Slover, J.; Jensen, M.P.; Riddle, D.L. Model-Based Pain and Function Outcome
Trajectory Types for Patients Undergoing Knee Arthroplasty: A Secondary Analysis from a Randomized Clinical Trial. Osteoarthr.
Cartil. 2019, 27, 878–884. [CrossRef]

https://doi.org/10.1016/j.semarthrit.2019.11.001
https://doi.org/10.1177/0363546504263234
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1016/j.joca.2019.06.011
https://doi.org/10.1002/art.41142
https://doi.org/10.1136/annrheumdis-2013-204763
https://doi.org/10.1073/pnas.1703856114
https://doi.org/10.52965/001c.25549
https://doi.org/10.1089/TEN.TEA.2008.0067
https://doi.org/10.1016/j.reactfunctpolym.2021.105151
https://doi.org/10.1056/NEJMcp051726
https://doi.org/10.1002/art.39731
https://doi.org/10.3390/life11010003
https://doi.org/10.1093/rheumatology/kev228
https://doi.org/10.3892/mmr.2019.9910
https://doi.org/10.1111/j.1756-185X.2012.01709.x
https://www.ncbi.nlm.nih.gov/pubmed/22462424
https://doi.org/10.1007/s40266-019-00660-1
https://doi.org/10.1016/j.semarthrit.2014.12.003
https://www.ncbi.nlm.nih.gov/pubmed/25677861
https://doi.org/10.1186/s12891-017-1540-2
https://www.ncbi.nlm.nih.gov/pubmed/28486957
https://doi.org/10.1007/s00167-011-1714-7
https://doi.org/10.1056/NEJMoa0708333
https://doi.org/10.1016/j.eats.2014.11.016
https://doi.org/10.2106/JBJS.OA.18.00007
https://doi.org/10.1136/postgradmedj-2011-130715
https://doi.org/10.1016/j.joca.2019.01.004


Polymers 2023, 15, 2695 28 of 39

51. Jayakumar, P.; Bozic, K.J. Advanced Decision-Making Using Patient-Reported Outcome Measures in Total Joint Replacement. J.
Orthop. Res. 2020, 38, 1414–1422. [CrossRef]

52. Singh, J.A.; Yu, S.; Chen, L.; Cleveland, J.D. Rates of Total Joint Replacement in the United States: Future Projections to 2020–2040
Using the National Inpatient Sample. J. Rheumatol. 2019, 46, 1134–1140. [CrossRef]

53. Bennett, C.G.; Lu, L.Y.; Thomas, K.A.; Giori, N.J. Joint Replacement Surgery in Homeless Veterans. Arthroplast. Today 2017, 3,
253–256. [CrossRef]

54. Fang, M.; Noiseux, N.; Linson, E.; Cram, P. The Effect of Advancing Age on Total Joint Replacement Outcomes. Geriatr. Orthop.
Surg. Rehabil. 2015, 6, 173. [CrossRef]

55. Teterycz, D.; Ferry, T.; Lew, D.; Stern, R.; Assal, M.; Hoffmeyer, P.; Bernard, L.; Uçkay, I. Outcome of Orthopedic Implant Infections
Due to Different Staphylococci. Int. J. Infect. Dis. 2010, 14, e913–e918. [CrossRef]

56. Gu, A.; Malahias, M.A.; Selemon, N.A.; Wei, C.; Gerhard, E.F.; Cohen, J.S.; Fassihi, S.C.; Stake, S.; Bernstein, S.L.; Chen, A.Z.; et al.
Increased Severity of Anaemia Is Associated with 30-Day Complications Following Total Joint Replacement. Bone Jt. J. 2020, 102,
485–494. [CrossRef]

57. Dennis, D.A. Wound Complications in TKA. Orthopedics 2002, 25, 973–974. [CrossRef]
58. Weber, M.; Renkawitz, T.; Voellner, F.; Craiovan, B.; Greimel, F.; Worlicek, M.; Grifka, J.; Benditz, A. Revision Surgery in Total Joint

Replacement Is Cost-Intensive. Biomed. Res. Int. 2018, 2018, 8987104. [CrossRef]
59. Smith, T.J.; Siddiqi, A.; Forte, S.A.; Judice, A.; Sculco, P.K.; Vigdorchik, J.M.; Schwarzkopf, R.; Springer, B.D. Periprosthetic Frac-

tures Through Tracking Pin Sites Following Computer Navigated and Robotic Total and Unicompartmental Knee Arthroplasty:
A Systematic Review. JBJS Rev. 2021, 9, e20. [CrossRef]

60. Ashammakhi, N.; Ahadian, S.; Pountos, I.; Hu, S.K.; Tellisi, N.; Bandaru, P.; Ostrovidov, S.; Dokmeci, M.R.; Khademhosseini, A. In
Situ Three-Dimensional Printing for Reparative and Regenerative Therapy. Biomed. Microdevices 2019, 21, 42. [CrossRef]

61. Cohen, D.L.; Lipton, J.I.; Bonassar, L.J.; Lipson, H. Additive Manufacturing for in Situ Repair of Osteochondral Defects.
Biofabrication 2010, 2, 035004. [CrossRef] [PubMed]

62. Freitag, J.; Bates, D.; Boyd, R.; Shah, K.; Barnard, A.; Huguenin, L.; Tenen, A. Mesenchymal Stem Cell Therapy in the Treatment of
Osteoarthritis: Reparative Pathways, Safety and Efficacy—A Review. BMC Musculoskelet. Disord. 2016, 17, 230. [CrossRef] [PubMed]

63. Berthiaume, F.; Maguire, T.J.; Yarmush, M.L. Tissue Engineering and Regenerative Medicine: History, Progress, and Challenges.
Annu. Rev. Chem. Biomol. Eng. 2011, 2, 403–430. [CrossRef] [PubMed]

64. Madeira, C.; Santhagunam, A.; Salgueiro, J.B.; Cabral, J.M.S. Advanced Cell Therapies for Articular Cartilage Regeneration.
Trends Biotechnol. 2015, 33, 35–42. [CrossRef]

65. Facchin, F.; Bianconi, E.; Canaider, S.; Basoli, V.; Biava, P.M.; Ventura, C. Tissue Regeneration without Stem Cell Transplantation:
Self-Healing Potential from Ancestral Chemistry and Physical Energies. Stem Cells Int. 2018, 3, 7412035. [CrossRef]

66. Yang, Z.; Li, H.; Yuan, Z.; Fu, L.; Jiang, S.; Gao, C.; Wang, F.; Zha, K.; Tian, G.; Sun, Z.; et al. Endogenous Cell Recruitment Strategy
for Articular Cartilage Regeneration. Acta Biomater. 2020, 114, 31–52. [CrossRef]

67. Moraes, V.Y.; Lenza, M.; Tamaoki, M.J.; Faloppa, F.; Belloti, J.C. Platelet-Rich Therapies for Musculoskeletal Soft Tissue Injuries.
Cochrane Database Syst. Rev. 2013, 12, CD010071. [CrossRef]

68. Lee, J.K.; Link, J.M.; Hu, J.C.Y.; Athanasiou, K.A. The Self-Assembling Process and Applications in Tissue Engineering. Cold
Spring Harb. Perspect. Med. 2017, 7, a025668. [CrossRef]

69. Schon, B.S.; Hooper, G.J.; Woodfield, T.B.F. Modular Tissue Assembly Strategies for Biofabrication of Engineered Cartilage. Ann.
Biomed. Eng. 2016, 45, 100–114. [CrossRef]

70. Jakab, K.; Norotte, C.; Marga, F.; Murphy, K.; Vunjak-Novakovic, G.; Forgacs, G. Tissue Engineering by Self-Assembly and
Bio-Printing of Living Cells. Biofabrication 2010, 2, 022001. [CrossRef]

71. Mekhileri, N.V.; Lim, K.S.; Brown, G.C.J.; Mutreja, I.; Schon, B.S.; Hooper, G.J.; Woodfield, T.B.F. Automated 3D Bioassembly of
Micro-Tissues for Biofabrication of Hybrid Tissue Engineered Constructs. Biofabrication 2018, 10, 024103. [CrossRef]

72. Groll, J.; Boland, T.; Blunk, T.; Burdick, J.A.; Cho, D.W.; Dalton, P.D.; Derby, B.; Forgacs, G.; Li, Q.; Mironov, V.A.; et al.
Biofabrication: Reappraising the Definition of an Evolving Field. Biofabrication 2016, 8, 013001. [CrossRef]

73. Shishkovsky, I.; Volchkov, S.; Scherbakov, V.; Volova, L. Biocompatible Features of Magnetic Nano-Oxide Core/ PCL Shell 3D
Composites Fabricated via SLS/M Process. Adv. Mater. Lett. 2018, 9, 31–35. [CrossRef]

74. Shishkovsky, I.V. Fundamentals of Additive Technologies of High Resolutions; Peter Publish: Sankt-Peterburg, Russia, 2016; p. 400.
Available online: http://fian.smr.ru/old-rp/presentations/Basis%20of%20Additive%20Manufacturing-RU-Shishkovsky2016.
pdf (accessed on 7 June 2023).

75. Lynch, C.R.; Kondiah, P.P.D.; Choonara, Y.E. Advanced Strategies for Tissue Engineering in Regenerative Medicine: A Biofabrica-
tion and Biopolymer Perspective. Molecules 2021, 26, 2518. [CrossRef]

76. Klotz, B.J.; Gawlitta, D.; Rosenberg, A.J.W.P.; Malda, J.; Melchels, F.P.W. Gelatin-Methacryloyl Hydrogels: Towards Biofabrication-
Based Tissue Repair. Trends Biotechnol. 2016, 34, 394–407. [CrossRef]

77. Zhu, W.; Ma, X.; Gou, M.; Mei, D.; Zhang, K.; Chen, S. 3D Printing of Functional Biomaterials for Tissue Engineering. Curr. Opin.
Biotechnol. 2016, 40, 103–112. [CrossRef]

78. Vining, K.H.; Mooney, D.J. Mechanical Forces Direct Stem Cell Behaviour in Development and Regeneration. Nat. Rev. Mol. Cell
Biol. 2017, 18, 728–742. [CrossRef]

https://doi.org/10.1002/jor.24614
https://doi.org/10.3899/jrheum.170990
https://doi.org/10.1016/j.artd.2017.04.001
https://doi.org/10.1177/2151458515583515
https://doi.org/10.1016/j.ijid.2010.05.014
https://doi.org/10.1302/0301-620X.102B4.BJJ-2018-0991.R3
https://doi.org/10.3928/0147-7447-20020901-36
https://doi.org/10.1155/2018/8987104
https://doi.org/10.2106/JBJS.RVW.20.00091
https://doi.org/10.1007/s10544-019-0372-2
https://doi.org/10.1088/1758-5082/2/3/035004
https://www.ncbi.nlm.nih.gov/pubmed/20823507
https://doi.org/10.1186/s12891-016-1085-9
https://www.ncbi.nlm.nih.gov/pubmed/27229856
https://doi.org/10.1146/annurev-chembioeng-061010-114257
https://www.ncbi.nlm.nih.gov/pubmed/22432625
https://doi.org/10.1016/j.tibtech.2014.11.003
https://doi.org/10.1155/2018/7412035
https://doi.org/10.1016/j.actbio.2020.07.008
https://doi.org/10.1002/14651858.CD010071.PUB2
https://doi.org/10.1101/cshperspect.a025668
https://doi.org/10.1007/s10439-016-1609-3
https://doi.org/10.1088/1758-5082/2/2/022001
https://doi.org/10.1088/1758-5090/aa9ef1
https://doi.org/10.1088/1758-5090/8/1/013001
https://doi.org/10.5185/amlett.2018.1676
http://fian.smr.ru/old-rp/presentations/Basis%20of%20Additive%20Manufacturing-RU-Shishkovsky2016.pdf
http://fian.smr.ru/old-rp/presentations/Basis%20of%20Additive%20Manufacturing-RU-Shishkovsky2016.pdf
https://doi.org/10.3390/molecules26092518
https://doi.org/10.1016/j.tibtech.2016.01.002
https://doi.org/10.1016/j.copbio.2016.03.014
https://doi.org/10.1038/nrm.2017.108


Polymers 2023, 15, 2695 29 of 39

79. Bertlein, S.; Brown, G.; Lim, K.S.; Jungst, T.; Boeck, T.; Blunk, T.; Tessmar, J.; Hooper, G.J.; Woodfield, T.B.F.; Groll, J. Thiol-Ene
Clickable Gelatin: A Platform Bioink for Multiple 3D Biofabrication Technologies. Adv. Mater. 2017, 29, 1703404. [CrossRef]

80. Ford, S.; Minshall, T. Invited Review Article: Where and How 3D Printing Is Used in Teaching and Education. Addit. Manuf. 2019,
25, 131–150. [CrossRef]

81. Campbell, I.; Diegel, O.; Kowen, J.; Wohlers, T. Wohlers Report 2018: 3D Printing and Additive Manufacturing State of the Industry:
Annual Worldwide Progress Report, 23rd ed.; Wohlers: Hamburg, Germany, 2018; p. 343. Available online: https://researchspace.
auckland.ac.nz/docs/uoa-docs/rights.htm (accessed on 7 June 2023).

82. Michalski, M.H.; Ross, J.S. The Shape of Things to Come: 3D Printing in Medicine. JAMA 2014, 312, 2213–2214. [CrossRef]
83. Mendes, L.; Kangas, A.; Kukko, K.; Mølgaard, B.; Säämänen, A.; Kanerva, T.; Flores Ituarte, I.; Huhtiniemi, M.; Stockmann-Juvala,

H.; Partanen, J.; et al. Characterization of Emissions from a Desktop 3D Printer. J. Ind. Ecol. 2017, 21, S94–S106. [CrossRef]
84. Shahrubudina, N.; Lee, T.C.; Ramlan, R. An Overview on 3D Printing Technology: Technological, Materials, and Applications.

Procedia Manuf. 2019, 35, 1286–1296. [CrossRef]
85. Huang, S.H.; Liu, P.; Mokasdar, A.; Hou, L. Additive Manufacturing and Its Societal Impact: A Literature Review. Int. J. Adv.

Manuf. Technol. 2013, 67, 1191–1203. [CrossRef]
86. Gupta, N.; Weber, C.; Newsome, S. Additive Manufacturing: Status and Opportunities; Science and Technology Policy Institute:

Washington, DC, USA, 2012; Available online: https://www.researchgate.net/publication/312153354_Additive_Manufacturing_
Status_and_Opportunities (accessed on 7 June 2023).

87. Goh, G.D.; Sing, S.L.; Yeong, W.Y. A Review on Machine Learning in 3D Printing: Applications, Potential, and Challenges. Artif.
Intell. Rev. 2021, 54, 63–94. [CrossRef]

88. Urhal, P.; Weightman, A.; Diver, C.; Bartolo, P. Robot Assisted Additive Manufacturing: A Review. Robot Comput. Integr. Manuf.
2019, 59, 335–345. [CrossRef]

89. Dawood, A.; Marti, B.M.; Sauret-Jackson, V.; Darwood, A. 3D Printing in Dentistry. Br. Dent. J. 2015, 219, 521–529. [CrossRef]
90. Rahman, Z.; Charoo, N.A.; Kuttolamadom, M.; Asadi, A.; Khan, M.A. Printing of Personalized Medication Using Binder Jetting

3D Printer. Precis. Med. Investig. Pract. Provid. 2020, 3, 473–481. [CrossRef]
91. Ho, C.M.B.; Ng, S.H.; Yoon, Y.J. A Review on 3D Printed Bioimplants. Int. J. Precis. Eng. Manuf. 2015, 16, 1035–1046. [CrossRef]
92. Naveau, A.; Smirani, R.; Catros, S.; de Oliveira, H.; Fricain, J.C.; Devillard, R. A Bibliometric Study to Assess Bioprinting Evolution.

Appl. Sci. 2017, 7, 1331. [CrossRef]
93. Duarte Campos, D.F.; Blaeser, A. 3D-Bioprinting. In Basic Concepts on 3D Cell Culture; Springer International Publishing: Cham,

Switzerland, 2021; pp. 201–232. [CrossRef]
94. Mandrycky, C.; Wang, Z.; Kim, K.; Kim, D.H. 3D Bioprinting for Engineering Complex Tissues. Biotechnol. Adv. 2016, 34, 422–434. [CrossRef]
95. Ahn, S.H.; Lee, J.; Park, S.A.; Kim, W.D. Three-Dimensional Bio-Printing Equipment Technologies for Tissue Engineering and

Regenerative Medicine. Tissue Eng. Regen. Med. 2016, 13, 663–676. [CrossRef]
96. Gu, B.K.; Choi, D.J.; Park, S.J.; Kim, Y.J.; Kim, C.H. 3D Bioprinting Technologies for Tissue Engineering Applications. Adv. Exp.

Med. Biol. 2018, 1078, 15–28. [CrossRef]
97. Ozbolat, I.; Gudapati, H. A Review on Design for Bioprinting. Bioprinting 2016, 3–4, 1–14. [CrossRef]
98. Vijayavenkataraman, S.; Fuh, J.Y.H.; Lu, W.F. 3D Printing and 3D Bioprinting in Pediatrics. Bioengineering 2017, 4, 63. [CrossRef]
99. Bicudo, E.; Faulkner, A.; Li, P. Software, Risks, and Liabilities: Ongoing and Emergent Issues in 3D Bioprinting. J. Risk Res. 2020,

24, 1319–1334. [CrossRef]
100. Nielsen, J.; Kaldor, J.; Irwin, A.; Stewart, C.; Nicol, D. Bespoke Regulation for Bespoke Medicine? A Comparative Analysis of

Bioprinting Regulation in Europe, the USA and Australia. J. 3D Print. Med. 2021, 5, 155–167. [CrossRef]
101. Ireland, R.G.; Simmons, C.A. Human Pluripotent Stem Cell Mechanobiology: Manipulating the Biophysical Microenvironment

for Regenerative Medicine and Tissue Engineering Applications. Stem Cells 2015, 33, 3187–3196. [CrossRef]
102. Kwon, H.; Brown, W.E.; Lee, C.A.; Wang, D.; Paschos, N.; Hu, J.C.; Athanasiou, K.A. Surgical and Tissue Engineering Strategies

for Articular Cartilage and Meniscus Repair. Nat. Rev. Rheumatol. 2019, 15, 550–570. [CrossRef]
103. Williams, D.F. On the Mechanisms of Biocompatibility. Biomaterials 2008, 29, 2941–2953. [CrossRef]
104. Mehesz, A.N.; Brown, J.; Hajdu, Z.; Beaver, W.; Da Silva, J.V.L.; Visconti, R.P.; Markwald, R.R.; Mironov, V. Scalable Robotic

Biofabrication of Tissue Spheroids. Biofabrication 2011, 3, 025002. [CrossRef]
105. Vert, M.; Doi, Y.; Hellwich, K.H.; Hess, M.; Hodge, P.; Kubisa, P.; Rinaudo, M.; Schué, F.O. Terminology for biorelated polymers

and applications (IUPAC Recommendations 2012). Pure Appl. Chem. 2012, 84, 377. [CrossRef]
106. Prokoshkin, S.; Pustov, Y.; Zhukova, Y.; Kadirov, P.; Dubinskiy, S.; Sheremetyev, V.; Karavaeva, M. Effect of Thermomechanical

Treatment on Functional Properties of Biodegradable Fe-30Mn-5Si Shape Memory Alloy. Met. Mater. Trans. A Phys. Met. Mater.
Sci. 2021, 52, 2024–2032. [CrossRef]

107. De Jong, W.H.; Carraway, J.W.; Geertsma, R.E. In vivo and in vitro testing for the biological safety evaluation of biomaterials and
medical devices. In Biocompatibility and Performance of Medical Devices; Boutrand, J.-P., Ed.; Woodhead Publishing: Sawston, UK,
2012; pp. 120–158.

108. Ge, Z.; Jin, Z.; Cao, T. Manufacture of Degradable Polymeric Scaffolds for Bone Regeneration. Biomed. Mater. 2008, 3, 22001.
[CrossRef] [PubMed]

109. Dorati, R.; DeTrizio, A.; Modena, T.; Conti, B.; Benazzo, F.; Gastaldi, G.; Genta, I. Biodegradable Scaffolds for Bone Regeneration
Combined with Drug-Delivery Systems in Osteomyelitis Therapy. Pharmaceuticals 2017, 10, 96. [CrossRef]

https://doi.org/10.1002/adma.201703404
https://doi.org/10.1016/j.addma.2018.10.028
https://researchspace.auckland.ac.nz/docs/uoa-docs/rights.htm
https://researchspace.auckland.ac.nz/docs/uoa-docs/rights.htm
https://doi.org/10.1001/jama.2014.9542
https://doi.org/10.1111/jiec.12569
https://doi.org/10.1016/j.promfg.2019.06.089
https://doi.org/10.1007/s00170-012-4558-5
https://www.researchgate.net/publication/312153354_Additive_Manufacturing_Status_and_Opportunities
https://www.researchgate.net/publication/312153354_Additive_Manufacturing_Status_and_Opportunities
https://doi.org/10.1007/s10462-020-09876-9
https://doi.org/10.1016/j.rcim.2019.05.005
https://doi.org/10.1038/sj.bdj.2015.914
https://doi.org/10.1016/B978-0-12-819178-1.00046-0
https://doi.org/10.1007/s12541-015-0134-x
https://doi.org/10.3390/app7121331
https://doi.org/10.1007/978-3-030-66749-8_9
https://doi.org/10.1016/j.biotechadv.2015.12.011
https://doi.org/10.1007/s13770-016-0148-1
https://doi.org/10.1007/978-981-13-0950-2_2
https://doi.org/10.1016/j.bprint.2016.11.001
https://doi.org/10.3390/bioengineering4030063
https://doi.org/10.1080/13669877.2020.1848904
https://doi.org/10.2217/3dp-2021-0011
https://doi.org/10.1002/stem.2105
https://doi.org/10.1038/s41584-019-0255-1
https://doi.org/10.1016/j.biomaterials.2008.04.023
https://doi.org/10.1088/1758-5082/3/2/025002
https://doi.org/10.1351/PAC-REC-10-12-04
https://doi.org/10.1007/s11661-021-06217-5
https://doi.org/10.1088/1748-6041/3/2/022001
https://www.ncbi.nlm.nih.gov/pubmed/18523339
https://doi.org/10.3390/ph10040096


Polymers 2023, 15, 2695 30 of 39

110. Dai, Z.; Ronholm, J.; Tian, Y.; Sethi, B.; Cao, X. Sterilization Techniques for Biodegradable Scaffolds in Tissue Engineering
Applications. J. Tissue Eng. 2016, 7, 2041731416648810. [CrossRef]

111. Taraballi, F.; Sushnitha, M.; Tsao, C.; Bauza, G.; Liverani, C.; Shi, A.; Tasciotti, E. Biomimetic Tissue Engineering: Tuning the
Immune and Inflammatory Response to Implantable Biomaterials. Adv. Healthc. Mater. 2018, 7, 1800490. [CrossRef]

112. Nikolova, M.P.; Chavali, M.S. Recent Advances in Biomaterials for 3D Scaffolds: A Review. Bioact. Mater. 2019, 4, 271–292.
[CrossRef]

113. Hinderer, S.; Layland, S.L.; Schenke-Layland, K. ECM and ECM-like Materials–Biomaterials for Applications in Regenerative
Medicine and Cancer Therapy. Adv. Drug Deliv. Rev. 2016, 97, 260–269. [CrossRef]

114. Crosby, C.O.; Zoldan, J. Mimicking the Physical Cues of the ECM in Angiogenic Biomaterials. Regen. Biomater. 2019, 6, 61–73.
[CrossRef]

115. O’Brien, F.J. Biomaterials & Scaffolds for Tissue Engineering. Mater. Today 2011, 14, 88–95. [CrossRef]
116. Ozbolat, I.T. Scaffold-Based or Scaffold-Free Bioprinting: Competing or Complementing Approaches? J. Nanotechnol. Eng. Med.

2015, 6, 024701. [CrossRef]
117. Makris, E.A.; Gomoll, A.H.; Malizos, K.N.; Hu, J.C.; Athanasiou, K.A. Repair and Tissue Engineering Techniques for Articular

Cartilage. Nat. Rev. Rheumatol. 2015, 11, 21–34. [CrossRef]
118. Golafshan, N.; Vorndran, E.; Zaharievski, S.; Brommer, H.; Kadumudi, F.B.; Dolatshahi-Pirouz, A.; Gbureck, U.; van Weeren, R.;

Castilho, M.; Malda, J. Tough Magnesium Phosphate-Based 3D-Printed Implants Induce Bone Regeneration in an Equine Defect
Model. Biomaterials 2020, 261, 120302. [CrossRef]

119. 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]

120. Stratton, S.; Shelke, N.B.; Hoshino, K.; Rudraiah, S.; Kumbar, S.G. Bioactive Polymeric Scaffolds for Tissue Engineering. Bioact.
Mater. 2016, 1, 93–108. [CrossRef]

121. Yu, J.; Xia, H.; Ni, Q.Q. A Three-Dimensional Porous Hydroxyapatite Nanocomposite Scaffold with Shape Memory Effect for
Bone Tissue Engineering. J. Mater. Sci. 2018, 53, 4734–4744. [CrossRef]

122. Babuska, V.; Moztarzadeh, O.; Kubikova, T.; Moztarzadeh, A.; Hrusak, D.; Tonar, Z. Evaluating the Osseointegration of
Nanostructured Titanium Implants in Animal Models: Current Experimental Methods and Perspectives (Review). Biointerphases
2016, 11, 030801. [CrossRef]

123. Turnbull, G.; Clarke, J.; Picard, F.; Riches, P.; Jia, L.; Han, F.; Li, B.; Shu, W. 3D Bioactive Composite Scaffolds for Bone Tissue
Engineering. Bioact. Mater. 2017, 3, 278–314. [CrossRef]

124. Chen, Q.; Thouas, G.A. Metallic Implant Biomaterials. Mater. Sci. Eng. R Rep. 2015, 87, 1–57. [CrossRef]
125. Chua, K.; Khan, I.; Malhotra, R.; Zhu, D. Additive Manufacturing and 3D Printing of Metallic Biomaterials. Eng. Regen. 2021, 2,

288–299. [CrossRef]
126. Sing, S.L.; Tey, C.F.; Tan, J.H.K.; Huang, S.; Yeong, W.Y. 3D Printing of Metals in Rapid Prototyping of Biomaterials: Techniques

in Additive Manufacturing. In Rapid Prototyping of Biomaterials; Techniques in Additive Manufacturing; Woodhead Publishing:
Sawston, UK, 2020; pp. 17–40. [CrossRef]

127. Shishkovsky, I.V.; Scherbakov, V.I. Additive Manufacturing of Polymer Composites with Nano-Titania Inclusions. Laser Phys. Lett.
2021, 18, 066001. [CrossRef]

128. Khorsandi, D.; Fahimipour, A.; Saber, S.S.; Ahmad, A.; De Stephanis, A.A. Fused Deposition Modeling and Stereolithography 3D
Bioprinting in Dental Science. EC Dent. Sci. 2019, 18, 110–115.

129. Shishkovsky, I.V.; Volova, L.T.; Kuznetsov, M.V.; Morozov, Y.G.; Parkin, I.P. Porous Biocompatible Implants and Tissue Scaffolds
Synthesized by Selective Laser Sintering from Ti and NiTi. J. Mater. Chem. 2008, 18, 1309–1317. [CrossRef]

130. Albrektsson, T.; Johansson, C. Osteoinduction, Osteoconduction and Osseointegration. Eur. Spine J. 2001, 10 (Suppl. 2), S96–S101.
[CrossRef] [PubMed]

131. Roque, R.; Barbosa, G.F.; Guastaldi, A.C. Design and 3D Bioprinting of Interconnected Porous Scaffolds for Bone Regeneration.
An Additive Manufacturing Approach. J. Manuf. Process. 2021, 64, 655–663. [CrossRef]

132. Singh, L.; Kumar, V.; Ratner, B.D. Generation of Porous Microcellular 85/15 Poly (DL-Lactide-Co-Glycolide) Foams for Biomedical
Applications. Biomaterials 2004, 25, 2611–2617. [CrossRef]

133. Julien, M.; Khoshniat, S.; Lacreusette, A.; Gatius, M.; Bozec, A.; Wagner, E.F.; Wittrant, Y.; Masson, M.; Weiss, P.; Beck, L.; et al.
Phosphate-Dependent Regulation of MGP in Osteoblasts: Role of ERK1/2 and Fra-1. J. Bone Min. Res. 2009, 24, 1856–1868. [CrossRef]

134. Tada, H.; Nemoto, E.; Foster, B.L.; Somerman, M.J.; Shimauchi, H. Phosphate Increases Bone Morphogenetic Protein-2 Expression
through CAMP-Dependent Protein Kinase and ERK1/2 Pathways in Human Dental Pulp Cells. Bone 2011, 48, 1409–1416. [CrossRef]

135. Best, S.M.; Gibson, I.; Patel, N.; Best, S.M.; Bonfield, W.; Gibson, I.R.; Hing, K.A.; Damien, E.; Revell, P.A. A Comparative Study on
the in Vivo Behavior of Hydroxyapatite and Silicon Substituted Hydroxyapatite Granules. J. Mater. Sci. Mater. Med. 2002, 13,
1199–1206. [CrossRef]

136. Chen, Q.Z.; Thompson, I.D.; Boccaccini, A.R. 45S5 Bioglass®-Derived Glass–Ceramic Scaffolds for Bone Tissue Engineering.
Biomaterials 2006, 27, 2414–2425. [CrossRef]

137. Lien, S.M.; Ko, L.Y.; Huang, T.J. Effect of Pore Size on ECM Secretion and Cell Growth in Gelatin Scaffold for Articular Cartilage
Tissue Engineering. Acta Biomater. 2009, 5, 670–679. [CrossRef]

https://doi.org/10.1177/2041731416648810
https://doi.org/10.1002/adhm.201800490
https://doi.org/10.1016/j.bioactmat.2019.10.005
https://doi.org/10.1016/j.addr.2015.11.019
https://doi.org/10.1093/rb/rbz003
https://doi.org/10.1016/S1369-7021(11)70058-X
https://doi.org/10.1115/1.4030414
https://doi.org/10.1038/nrrheum.2014.157
https://doi.org/10.1016/j.biomaterials.2020.120302
https://doi.org/10.1038/s41598-020-65050-9
https://doi.org/10.1016/j.bioactmat.2016.11.001
https://doi.org/10.1007/s10853-017-1807-x
https://doi.org/10.1116/1.4958793
https://doi.org/10.1016/j.bioactmat.2017.10.001
https://doi.org/10.1016/j.mser.2014.10.001
https://doi.org/10.1016/j.engreg.2021.11.002
https://doi.org/10.1016/B978-0-08-102663-2.00002-2
https://doi.org/10.1088/1612-202X/abf83b
https://doi.org/10.1039/b715313a
https://doi.org/10.1007/S005860100282
https://www.ncbi.nlm.nih.gov/pubmed/11716023
https://doi.org/10.1016/j.jmapro.2021.01.057
https://doi.org/10.1016/j.biomaterials.2003.09.040
https://doi.org/10.1359/jbmr.090508
https://doi.org/10.1016/j.bone.2011.03.675
https://doi.org/10.1023/A:1021114710076
https://doi.org/10.1016/j.biomaterials.2005.11.025
https://doi.org/10.1016/j.actbio.2008.09.020


Polymers 2023, 15, 2695 31 of 39

138. Wang, X.; Tolba, E.; Der, H.C.S.; Neufurth, M.; Feng, Q.; Diehl-Seifert, B.R.; Mü Ller, W.E.G. Effect of Bioglass on Growth and
Biomineralization of SaOS-2 Cells in Hydrogel after 3D Cell Bioprinting. PLoS ONE 2014, 9, e112497. [CrossRef]

139. Poh, P.S.P.; Hutmacher, D.W.; Holzapfel, B.M.; Solanki, A.K.; Stevens, M.M.; Woodruff, M.A. In Vitro and in Vivo Bone Formation
Potential of Surface Calcium Phosphate-Coated Polycaprolactone and Polycaprolactone/Bioactive Glass Composite Scaffolds.
Acta Biomater. 2016, 30, 319–333. [CrossRef]

140. Pina, S.; Ferreira, J.M.F. Brushite-Forming Mg-, Zn- and Sr-Substituted Bone Cements for Clinical Applications. Materials 2010, 3,
519–535. [CrossRef]

141. Zreiqat, H.; Ramaswamy, Y.; Wu, C.; Paschalidis, A.; Lu, Z.F.; James, B.; Birke, O.; McDonald, M.; Little, D.; Dunstan, C.R. The
Incorporation of Strontium and Zinc into a Calcium–Silicon Ceramic for Bone Tissue Engineering. Biomaterials 2010, 31, 3175–3184.
[CrossRef]

142. Lode, A.; Heiss, C.; Knapp, G.; Thomas, J.; Nies, B.; Gelinsky, M.; Schumacher, M. Strontium-Modified Premixed Calcium
Phosphate Cements for the Therapy of Osteoporotic Bone Defects. Acta Biomater. 2018, 65, 475–485. [CrossRef]

143. Bohner, M.; Galea, L.; Doebelin, N. Calcium Phosphate Bone Graft Substitutes: Failures and Hopes. J. Eur. Ceram. Soc. 2012, 32,
2663–2671. [CrossRef]

144. Geffers, M.; Groll, J.; Gbureck, U. Reinforcement Strategies for Load-Bearing Calcium Phosphate Biocements. Materials 2015, 8,
2700–2717. [CrossRef]

145. Mazur, E.; Shishkovsky, I. Additively Manufactured Hierarchical Auxetic Mechanical Metamaterials. Materials 2022, 15, 5600.
[CrossRef]

146. Warnke, P.H.; Seitz, H.; Warnke, F.; Becker, S.T.; Sivananthan, S.; Sherry, E.; Liu, Q.; Wiltfang, J.; Douglas, T. Ceramic Scaffolds
Produced by Computer-Assisted 3D Printing and Sintering: Characterization and Biocompatibility Investigations. J. Biomed.
Mater. Res. B Appl. Biomater. 2010, 93, 212–217. [CrossRef]

147. Sabree, I.; Gough, J.E.; Derby, B. Mechanical Properties of Porous Ceramic Scaffolds: Influence of Internal Dimensions. Ceram. Int.
2015, 41, 8425–8432. [CrossRef]

148. Groll, J.; Burdick, J.A.; Cho, D.W.; Derby, B.; Gelinsky, M.; Heilshorn, S.C.; Jüngst, T.; Malda, J.; Mironov, V.A.; Nakayama, K.; et al.
A Definition of Bioinks and Their Distinction from Biomaterial Inks. Biofabrication 2018, 11, 013001. [CrossRef] [PubMed]

149. Bai, X.; Gao, M.; Syed, S.; Zhuang, J.; Xu, X.; Zhang, X.Q. Bioactive Hydrogels for Bone Regeneration. Bioact. Mater. 2018, 3,
401–417. [CrossRef] [PubMed]

150. Mancha Sánchez, E.; Gómez-Blanco, J.C.; López Nieto, E.; Casado, J.G.; Macías-García, A.; Díaz Díez, M.A.; Carrasco-Amador,
J.P.; Torrejón Martín, D.; Sánchez-Margallo, F.M.; Pagador, J.B. Hydrogels for Bioprinting: A Systematic Review of Hydrogels
Synthesis, Bioprinting Parameters, and Bioprinted Structures Behavior. Front. Bioeng. Biotechnol. 2020, 8, 776. [CrossRef]

151. Shhipunov, J.A.; Koneva, E.L.; Postnova, I.V. Vysokomolekuljarnye soedinenija. Serija A 2002, 44, 1201–1211. Available on-
line: https://cyberleninka.ru/article/n/gomogennye-alginatnye-geli-fazovoe-povedenie-i-reologicheskie-svoystva/viewer
(accessed on 17 March 2023).

152. Naahidi, S.; Jafari, M.; Logan, M.; Wang, Y.; Yuan, Y.; Bae, H.; Dixon, B.; Chen, P. Biocompatibility of Hydrogel-Based Scaffolds for
Tissue Engineering Applications. Biotechnol. Adv. 2017, 35, 530–544. [CrossRef]

153. Bashir, S.; Hina, M.; Iqbal, J.; Rajpar, A.H.; Mujtaba, M.A.; Alghamdi, N.A.; Wageh, S.; Ramesh, K.; Ramesh, S. Fundamental
Concepts of Hydrogels: Synthesis, Properties, and Their Applications. Polymers 2020, 12, 2702. [CrossRef]

154. Chamkouri, H. A Review of Hydrogels, Their Properties and Applications in Medicine. Am. J. Biomed. Sci. Res. 2021, 11, 485–493.
[CrossRef]

155. Annabi, N.; Tamayol, A.; Uquillas, J.A.; Akbari, M.; Bertassoni, L.E.; Cha, C.; Camci-Unal, G.; Dokmeci, M.R.; Peppas, N.A.;
Khademhosseini, A. 25th Anniversary Article: Rational Design and Applications of Hydrogels in Regenerative Medicine. Adv.
Mater. 2014, 26, 85–124. [CrossRef]

156. Thiele, J.; Ma, Y.; Bruekers, S.M.C.; Ma, S.; Huck, W.T.S. 25th Anniversary Article: Designer Hydrogels for Cell Cultures:
A Materials Selection Guide. Adv. Mater. 2014, 26, 125–148. [CrossRef]

157. Yue, K.; Trujillo-de Santiago, G.; Alvarez, M.M.; Tamayol, A.; Annabi, N.; Khademhosseini, A. Synthesis, Properties, and
Biomedical Applications of Gelatin Methacryloyl (GelMA) Hydrogels. Biomaterials 2015, 73, 254–271. [CrossRef]

158. Luo, Y.; Shoichet, M.S. A Photolabile Hydrogel for Guided Three-Dimensional Cell Growth and Migration. Nat. Mater. 2004, 3,
249–254. [CrossRef]

159. West, J.L. Protein-Patterned Hydrogels: Customized Cell Microenvironments. Nat. Mater. 2011, 10, 727–729. [CrossRef]
160. Anderson, J.M.; Langone, J.J. Issues and Perspectives on the Biocompatibility and Immunotoxicity Evaluation of Implanted

Controlled Release Systems. J. Control. Release 1999, 57, 107–113. [CrossRef]
161. Khare, A.R.; Peppas, N.A. Swelling/Deswelling of Anionic Copolymer Gels. Biomaterials 1995, 16, 559–567. [CrossRef]
162. Sun, W.; Starly, B.; Daly, A.C.; Burdick, J.A.; Groll, J.; Skeldon, G.; Shu, W.; Sakai, Y.; Shinohara, M.; Nishikawa, M.; et al. The

Bioprinting Roadmap. Biofabrication 2020, 12, 022002. [CrossRef]
163. Gulrez, S.K.; Al-Assaf, S.; Phillips, G.O. Hydrogels: Methods of Preparation, Characterisation and Applications. Prog. Mol.

Environ. Bioeng. Anal. Model. Technol. Appl. 2011, 5, 117–150. [CrossRef]
164. Bootsma, K.; Fitzgerald, M.M.; Free, B.; Dimbath, E.; Conjerti, J.; Reese, G.; Konkolewicz, D.; Berberich, J.A.; Sparks, J.L. 3D

Printing of an Interpenetrating Network Hydrogel Material with Tunable Viscoelastic Properties. J. Mech. Behav. Biomed. Mater.
2017, 70, 84–94. [CrossRef]

https://doi.org/10.1371/journal.pone.0112497
https://doi.org/10.1016/j.actbio.2015.11.012
https://doi.org/10.3390/ma3010519
https://doi.org/10.1016/j.biomaterials.2010.01.024
https://doi.org/10.1016/j.actbio.2017.10.036
https://doi.org/10.1016/j.jeurceramsoc.2012.02.028
https://doi.org/10.3390/ma8052700
https://doi.org/10.3390/ma15165600
https://doi.org/10.1002/jbm.b.31577
https://doi.org/10.1016/j.ceramint.2015.03.044
https://doi.org/10.1088/1758-5090/aaec52
https://www.ncbi.nlm.nih.gov/pubmed/30468151
https://doi.org/10.1016/j.bioactmat.2018.05.006
https://www.ncbi.nlm.nih.gov/pubmed/30003179
https://doi.org/10.3389/fbioe.2020.00776
https://cyberleninka.ru/article/n/gomogennye-alginatnye-geli-fazovoe-povedenie-i-reologicheskie-svoystva/viewer
https://doi.org/10.1016/j.biotechadv.2017.05.006
https://doi.org/10.3390/polym12112702
https://doi.org/10.34297/AJBSR.2021.11.001682
https://doi.org/10.1002/adma.201303233
https://doi.org/10.1002/adma.201302958
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1038/nmat1092
https://doi.org/10.1038/nmat3132
https://doi.org/10.1016/S0168-3659(98)00178-3
https://doi.org/10.1016/0142-9612(95)91130-Q
https://doi.org/10.1088/1758-5090/ab5158
https://doi.org/10.5772/24553
https://doi.org/10.1016/j.jmbbm.2016.07.020


Polymers 2023, 15, 2695 32 of 39

165. Chaudhary, S.; Chakraborty, E. Hydrogel Based Tissue Engineering and Its Future Applications in Personalized Disease Modeling
and Regenerative Therapy. Beni-Suef Univ. J. Basic Appl. Sci. 2022, 11, 3. [CrossRef]

166. Dubey, N.K.; Deng, W.-P. Polymeric Gels for Cartilage Tissue Engineering. In Polymeric Gels; Woodhead Publishing: Sawston, UK,
2018; pp. 505–525. [CrossRef]

167. Kirchmajer, D.M.; Gorkin, R.; In Het Panhuis, M. An Overview of the Suitability of Hydrogel-Forming Polymers for Extrusion-
Based 3D-Printing. J. Mater. Chem. B 2015, 3, 4105–4117. [CrossRef]

168. Rastogi, P.; Kandasubramanian, B. Review of Alginate-Based Hydrogel Bioprinting for Application in Tissue Engineering.
Biofabrication 2019, 11, 042001. [CrossRef] [PubMed]

169. Slaughter, B.V.; Khurshid, S.S.; Fisher, O.Z.; Khademhosseini, A.; Peppas, N.A. Hydrogels in Regenerative Medicine. Adv. Mater.
2009, 21, 3307–3329. [CrossRef] [PubMed]

170. Chimene, D.; Lennox, K.K.; Kaunas, R.R.; Gaharwar, A.K. Advanced Bioinks for 3D Printing: A Materials Science Perspective.
Ann. Biomed. Eng. 2016, 44, 2090–2102. [CrossRef] [PubMed]

171. Antich, C.; de Vicente, J.; Jiménez, G.; Chocarro, C.; Carrillo, E.; Montañez, E.; Gálvez-Martín, P.; Marchal, J.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]

172. Jiao, W.; Li, X.; Shan, J.; Wang, X. Study of Several Alginate-Based Hydrogels for In Vitro 3D Cell Cultures. Gels 2022, 8, 147. [CrossRef]
173. Habib, A.; Sathish, V.; Mallik, S.; Khoda, B. 3D Printability of Alginate-Carboxymethyl Cellulose Hydrogel. Materials 2018, 11, 454.

[CrossRef]
174. Hennink, W.E.; Van Nostrum, C.F. Novel Crosslinking Methods to Design Hydrogels. Adv. Drug Deliv. Rev. 2002, 54, 13–36.

[CrossRef]
175. Rosiak, J.M.; Yoshii, F. Hydrogels and Their Medical Applications. Nucl. Instrum. Methods Phys. Res. B 1999, 151, 56–64. [CrossRef]
176. Hoffman, A.S. Hydrogels for Biomedical Applications. Adv. Drug. Deliv. Rev. 2002, 54, 3–12. [CrossRef]
177. Szepes, A.; Makai, Z.; Blümer, C.; Mäder, K.; Kása, P.; Szabó-Révész, P. Characterization and Drug Delivery Behaviour of

Starch-Based Hydrogels Prepared via Isostatic Ultrahigh Pressure. Carbohydr. Polym. 2008, 72, 571–578. [CrossRef]
178. Esteban, C.; Severian, D. Polyionic Hydrogels Based on Xanthan and Chitosan for Stabilising and Controlled Release of Vitamins; Kemestrie

Inc.: Sherbrooke, CA, USA, 1999; Available online: https://patents.google.com/patent/EP1098931B1/en (accessed on 7 June 2023).
179. Takigami, M.; Amada, H.; Nagasawa, N.; Yagi, T.; Kasahara, T.; Takigami, S.; Tamada, M. Preparation and Properties of CMC Gel.

Trans. Mater. Res. Soc. Jpn. 2007, 32, 713–716. [CrossRef]
180. Kim, Y.H.; Priyadarshi, R.; Kim, J.-W.; Kim, J.; Alekseev, D.G.; Rhim, J.-W. 3D-Printed Pectin/Carboxymethyl Cellulose/ZnO

Bio-Inks: Comparative Analysis with the Solution Casting Method. Polymers 2022, 14, 4711. [CrossRef]
181. Giannouli, P.; Morris, E.R. Cryogelation of Xanthan. Food Hydrocoll. 2003, 17, 495–501. [CrossRef]
182. Nikolaos, A.; Peppas, J.; Scott, E. Scott. Controlled release from poly (vinyl alcohol) gels prepared by freezing-thawing processes.

J. Control. Release 1992, 18, 95–100. [CrossRef]
183. Lugao, A.B.; Malmonge, S.M. Use of Radiation in the Production of Hydrogels. Nucl. Instrum. Methods Phys. Res. B 2001, 185,

37–42. [CrossRef]
184. Funami, T.; Hiroe, M.; Noda, S.; Asai, I.; Ikeda, S.; Nishinari, K. Influence of Molecular Structure Imaged with Atomic Force

Microscopy on the Rheological Behavior of Carrageenan Aqueous Systems in the Presence or Absence of Cations. Food Hydrocoll.
2007, 21, 617–629. [CrossRef]

185. Guo, B.L.; Gao, Q.Y. Preparation and Properties of a PH/Temperature-Responsive Carboxymethyl Chitosan/Poly(N-
Isopropylacrylamide)Semi-IPN Hydrogel for Oral Delivery of Drugs. Carbohydr. Res. 2007, 342, 2416–2422. [CrossRef]

186. Schuetz, Y.B.; Gurny, R.; Jordan, O. A Novel Thermoresponsive Hydrogel Based on Chitosan. Eur. J. Pharm. Biopharm. 2008, 68,
19–25. [CrossRef]

187. Knudson, C.B. Hyaluronan and CD44: Strategic Players for Cell-Matrix Interactions during Chondrogenesis and Matrix Assembly.
Birth Defects Res. C Embryo Today 2003, 69, 174–196. [CrossRef]

188. Jammalamadaka, U.; Tappa, K. Recent Advances in Biomaterials for 3D Printing and Tissue Engineering. J. Funct. Biomater. 2018,
9, 22. [CrossRef]
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