3D Bioprinting of Hyaline Articular Cartilage
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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. HAC reduces friction, allowing smooth joint
movement. The emergence of biofabrication technologies, including three-dimensional (3D) bioprinting, at the end of the
20th century, allowed reconstructive interventions to get a second 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.
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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 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 B4, 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 =I8],

9

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 [AEIE],

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 BIL0IL1]

In HAC, chondrocytes are located in the lacunas and completely fill them. Chondrocytes 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. Chondroblasts, 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 L2I[L3](14]

The predominant biopolymer of ECM is collagen type Il. 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 [LSILENL7ILE]

Glycosaminoglycans are also identified in significant amounts in the cartlage 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 as hyaluronic acid. Large molecules of
the glycoprotein chondronektin also control the consistency of the surrounding ECM 12120121][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 exchanging 19231,

In general, the HAC is a highly organized striated structure in which cells (chondrocytes and chondroblasts) and ECM
components, such as collagen fibres and glycosaminoglycan 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 [A[E&I1%
[241

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 [4I[251[26127] Therefore, its destruction due
to traumatic injuries or pathological processes, such as osteoarthritis and rheumatoid arthritis, is an actual problem,
complemented by the wide prevalence of the pathology in the population 28l291[30][31](32]

Minor defects of the HAC after the slight injuries or in the early stages of a disease 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 B3l Cross-linked hyaluronic acid hydrogels have the most acceptable



characteristics today 4135138l However, as the defects progress, significant cartilage destruction occurs, which worsens
the patient’s quality of life due to severe pain, stiffness, and swelling in the affected joints [BLIE7I[S81[39[40]

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) [21[421143][44]

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;
o 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 42I[461[47][48]

| 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 assembly, and self-assembly and the
subsequent processes of functionalization (“maturation”) of tissues [“BEABGLGAGIGAIGY 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 BEIBABSIEI]

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 mainstream innovations in many areas, such as engineering, industry, art, education, and medicine [54][55][60)[61][62]
[63] |n 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
objects (641651 The combination of technologies that create a 3D object by adding material in a layer-by-layer manner is
called additive manufacturing EEI67I[68][69]

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 prostheses,
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 BUESITAZLII2] A gualitative 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 3141,

Compared to conventional 3D printing, there are some factors that complicate the production process in TDB. These
include the proper selection and combination of biomaterials, 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 E3I[74175],



« 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 (2476177

« 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).

e 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.

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

Today, TDB is one of the promising methods of additive manufacturing and biofabrication of complex volume constructs
with given rheology and increased structural, mechanical, and biological properties for organ and tissue regeneration 8],
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 8179,

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 Y. 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-, 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 technology 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 subchondral 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 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 components of 3D collagen-based dECM constructs without compromising their bioactivity
and compatibility with cells.
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