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Abstract

Chondral defects are frequent and important causes of pain and disability. Cartilage has limited self-repair and 
regeneration capacity. The ideal approach for articular cartilage defects is the regeneration of hyaline cartilage with 
sustainable symptom-free constructs. Tissue engineering provides new strategies for the regeneration of functional 
cartilage tissue through optimized scaffolds with architectural, mechanical, and biochemical properties similar to the 
native cartilage tissue. In this review, the basic science of cartilage structure, interactions between proteins, stem cells, 
as well as biomaterials, scaffold characteristics and fabrication methods, as well as current and potential therapies in 
regenerative medicine will be discussed mostly from a biochemical point of view. Furthermore, the recent trends in 
scaffold-based therapies and supplementary factors in cartilage tissue engineering will be considered. 
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Introduction

The human musculoskeletal system is comprised 
of connective tissues, such as  elastic and fibrous 
tissues, as well as bones and cartilage. It is 

susceptible to injury through excessive loading forces 
or aging (1). Human articular cartilage keeps particular 
structural materials for specific physical functions 
that are necessary for joints (2). Diseases or traumatic 
injuries can affect both cartilage and subchondral bone. 
Bone and cartilage (osteochondral) defects are frequent 
and important causes of pain and disability. These lesions 
gradually progress to degenerative osteoarthritis (OA). 

The clinical, social, and economic impacts of 
osteochondral lesions are impressive. Approximately, 
10% of the U.S. adult population represents some kind of 

clinical OA. OA is the most important indication for joint 
replacement surgery. It was estimated that 905,000 knee 
and hip replacements were performed in 2009 at $42.3 
billion (3).

Although the present routine therapies are partly 
effective in reducing pain, new and alternative methods 
for ultimate healing of cartilage are under discussion 
and demand (4, 5). Current treatment strategies, such 
as microfracture or chondroplasty can decrease pain but 
form a kind of low-lasting fibrocartilage and eventually 
result in joint degeneration. There is a correlation 
between age-related changes in articular cartilage, such 
as the function of chondrocytes and the development 
and incidence of OA (6, 7). Furthermore, patient factors, 
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process. Changes in the matrix affect the biochemical and 
biophysical properties and alter normal tissue function 
(19). Bioactive scaffolds for regenerative medicine are 
meant to mimic these conditions.

Biochemical Content of ECM cartilage
Chondrocytes	

Chondrocytes are high special residents in articular 
cartilage. They are differentiated from mesenchymal 
stem cells and diverge in form, number, and size, 
depending on the zone. Chondrocytes are metabolically 
active cells that play an exclusive role in the development, 
maintenance, and repair of the microenvironment and 
turnover of the surrounding ECM. Communication 
between chondrocytes and direct cell-to-cell signal 
transduction is rare. However, a variety of stimulants, 
such as growth factors, mechanical loads, and 
hydrostatic pressures are responded. Articular cartilage 
experiences intricate loading conditions, including 
compression, shear, friction, and tension. Chondrocytes 
have limited intrinsic reproduction capacity, and 
their survival depends on an optimal biochemical and 
mechanical environment (20, 21). 

Chondrocytes and their surrounding ECM have a close 
affiliation with a distinct duty that is necessary for the 
homeostasis of articular cartilage. Chondrocytes makeup, 
repair, and sustain their ECM, whereas the ECM maintains 
their optimal properties and prevents the cells from the 
pending physical and biochemical stress. This relationship 
suggests that transferring the chondroinducible cells into 
a precisely engineered 3D scaffold may differentiate them 
into chondrocytes and result in the secretion of cartilage 
ECM. This approach is a potentially promising method of 
articular cartilage therapy (22). 

Collagen
Collagen makes about 60% of the dry weight of cartilage 

and is the most abundant structural macromolecule in 
the ECM. Collagen type II is the most dominant form in 
the articular cartilage ECM that forms fibrils and fibers 
tangled with PGs. The minor collagen types I, IV, V, VI, 
and IX help to arrange and steady the type II collagen 
fibril network. Collagen polypeptide chains are mainly 
comprised of glycine, proline, and hydroxyproline amino 
acids that provide a triple helix structure and maintain 
stability with hydrogen bonds along the length of the 
molecule to resist against shear and tensile forces (23, 
24). Aggrecan is the major proteoglycan in the articular 
cartilage ECM. Accordingly, the expression of collagen 
type II and aggrecan are usually the recognized signs of 
chondrogenesis. Collagen type I is the most abundant 
form in fibrocartilage, skin, tendon, ligament, and bone 
tissues; moreover, it is well known as a negative marker 
that is mostly down-regulated during chondrogenesis 
(25). Furthermore, collagen type X is an indicator of 
hypertrophic cartilage formation. Therefore, collagen 
types I and X are conventional negative markers in 
chondrogenesis (26).

Proteoglycans and Glycosaminoglycans
PGs are glycosylated proteins consisting of a core 

such as age and activity level, should also be considered 
(8). In comparison with native articular hyaline cartilage, 
fibrocartilage has less toughness and elasticity, as well as 
poor wear characteristics (9, 10). The ideal approach for 
articular cartilage defects is the regeneration of hyaline 
cartilage which is more elastic, painless, and long-lasting 
(11). Regenerative medicine combines advances in tissue 
engineering and molecular biology towards replacing 
or regeneration of human cells, tissues, or organs with 
the goal of reestablishing normal function subsequent to 
loss due to injury, disease, or aging (12). Understanding 
the normal cartilage tissue formation and development 
is indispensable for successful clinical cartilage 
regeneration (13). 

Cartilage Structure and Function
Cartilage tissue is avascular and aneural, and therefore, 

has a limited repair capacity. In adults, water composes 
approximately 70%-80% of the cartilage weight. The 
principal functional constituents of the dry matrix 
are collagen (50%-75% w) for tensile strength and 
proteoglycan (15%-30% w) for compressive stiffness, 
load distribution, and resilience (14). Articular 
cartilage consists of hyaline cartilage with about 2 to 
4 mm thickness and four various zones, including the 
superficial, middle, deep, and calcified zones. The main 
components include collagen fibers, proteoglycans 
(PGs), glycosaminoglycans (GAG), and chondrocytes. The 
integrity of the thin superficial zone is vital for protecting 
the deeper layers from shear, tensile, and compressive 
stresses, as well as the maintenance of a high number of 
compacted chondrocytes. Collagen fibers in this zone are 
mostly types II and IX. The middle zone contains PGs and 
thicker collagen fibrils and is the first line of resistance to 
compressive forces. The deep zone contains the highest 
proteoglycan content and the lowest water concentration 
for resistance to compressive stress. Chondrocytes in the 
calcified zone are scarce and hypertrophic. 

Cartilage extracellular matrix (ECM) is composed of 
biochemical components including the network type 
II collagen (Col II) and an interlocking mesh of fibrous 
proteins and PGs, hyaluronic acid (HA), and chondroitin 
sulfate (CS). HA and CS influence the proliferation and 
differentiation of chondrocytes. Scaffolds composed of 
Col II, CS, and HA may create an environment that can 
preserve the normal phenotype of cells to promote the 
regeneration of cartilage-like constructs. Integrins have 
two main functions, including (1) cell-ECM attachment, 
and (2) signal transduction (8). 

The mechanical loading modifies the proteoglycan 
content in the articular cartilage, while overloading 
causes biochemical damage to the collagen network and 
proteoglycan loss. Age may act as a prompting factor 
for OA, while mechanical overloading is a trigger of this 
condition (15, 16). ECM plays an essential role in the 
maintenance and renewal of the native tissues (17). In 
addition to providing a cell niche and structural support, 
the ECM acts as a special source of biochemical signals, 
a reservoir for growth factors, induction of mechanical 
signals, and many other complex features that are related 
to cellular behaviors (18). ECM homeostasis is a dynamic 
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protein with one or more covalently attached GAG 
chains that are synthesized and secreted into the ECM 
by chondrocytes. PGs are the second most abundant 
group of macromolecules in articular cartilage ECM and 
contain aggrecan, decorin, biglycan, and fibromodulin. 
Aggrecan has rod shape fibers with charge repulsion 
that fill the interfibrillar spaces in the cartilage ECM 
and is responsible for osmotic properties. It can absorb 
water which is critical to resist the compressive loads 
in cartilage tissue. PG metabolism is associated with 
regulatory peptides and growth factors (27, 28). GAG 
varieties depend on the location of the ECM, age, and 
gender. These linear polysaccharides promote water 
retention and contribute to the gel-like properties 
of the matrix. GAGs specifically interact with other 
biological molecules, such as chemokines, cytokines, 
and growth factors, thereby preserving them within 
the ECM (29, 30). The biological functions of PGs are 
critically assessed in development. Small leucine-
rich PGs bind with various collagens, tyrosine kinase 
receptors, and innate immune receptors; in addition, 
they participate a role in several biological functions, 
such as migration, proliferation, innate immunity, 
apoptosis, and autophagy (31). Articular chondrocytes 
simultaneously receive signals from the surrounding 
microenvironment and synthesize the ECM biochemical 
components, such as types II, IX, and XI collagens, 
PGs, growth factors, and enzymes (32). Cartilage 
regeneration is a dynamic process parallel with the 
ECM turnover and always depends on alterations in the 
immediate microenvironment and signals received. 

Cell-PCM-ECM
Chondrocytes are distinguished from the ECM by their 

surrounding pericellular matrix (PCM). The chondrocyte 
along with its PCM forms the chondron structure which 
is polarized and oriented depending on the structure 
depth in cartilage. This matrix can be used as a template 
for cell growth, modulation, and matrix degradation. 
The thin structure of the PCM is distinct from the 
biochemical and biomechanical characteristics of the 
ECM (e.g., the presence of collagen type VI). Due to the 
lack of cartilaginous veins, the chondrocyte environment 
(PCM) will play a very important role in regulating cell 
activity so that the matrix is ​​considered a receptor for 
the transduction of biochemical and biomechanical 
signals to chondrocytes. In pathogenic conditions, 
such as OA, PCM alterations result in chondrocyte 
changes in response to cellular interactions and matrix 
protein which subsequently affects the biochemical 
and biomechanical properties of ECM, and therefore, 
the articular cartilage. In general, consideration of 
interactions (cell-PCM-ECM) is essential for a better 
understanding of tissue behavior (33).

Nourishment of articular cartilage cells is prepared by 
synovial fluid and is dependent on anaerobic metabolism 
due to the lack of blood vessels and lymphatics. Progress 
of OA disease is associated with alterations in cartilage 
metabolism. Physiological imbalance follows extreme 
synthesis of ECM components or extreme degradation 
by proteinase enzymes involved in cartilage turnover, 

including metalloproteinases (collagenase, gelatinase, 
stromelysin) and cathepsins (34). Changes in chondrocytes 
activity are regulated by age-related mechanisms. As 
a result of aging, the aggrecan synthesis rate decreases 
through a decreased addition of sulphate into GAG 
chains and decreased link protein (hyaluronan and 
proteoglycan) by transcriptional or post-transcriptional 
mechanisms (35). Chondrocytes in older people remain 
viable but changes occur in phenotype, β-galactosidase, 
telomere length, and expression of enzymes involved in 
cartilage destruction, such as matrix metalloproteinases 
(MMP). The expression of collagenases MMP-1,-8 and 
-13, as well as tissue inhibitor of metalloproteinases 
(TIMP) are altered in OA articular cartilage (36, 37). 
The engineered cartilage must fulfill the most exact 
biochemical and mechanical requirements. 

Cell-Based Therapies
Current treatment methods with potential advantages 

include autologous chondrocyte implantation, osteocho-
ndral autograft transfer, and osteochondral allograft 
transplantation (8). Although cell-based therapies for 
cartilage regeneration have been introduced since 1994, 
the clinical applications remain restricted due to several 
disadvantages, such as potential contamination, latent 
immune rejection, and suspected carcinogenesis, as 
well as concerns about cell storage and transportation 
(38, 39). Tissue engineering approaches through the 
combination of cells with a 3D scaffold can potentially 
overcome the aforementioned limitations (40).

Stem Cells
Stem cells have the potential for multiple differentiation 

and self-renewal upon demand, making them an ideal 
choice for use in cartilage tissue engineering. Embryonic 
stem cells (ESCs), induced pluripotent stem cells, and 
adult stem cells are promising sources for cartilage 
regeneration (41, 42). Cell source is an important 
concern for successful outcomes in stem cell therapies 
(43). Due to the ethical concerns over ESCs, adult stem 
cells residing in native microenvironments (niches) can 
potentially provide balanced outcomes in avoiding tissue 
overgrowth, cancer, and aging (44). 

Mesenchymal stem cells 
Mesenchymal stem cells (MSCs) are one of the 

first migrating cells to the damaged site after injury. 
They can potentially differentiate into adipocytes, 
chondrocytes, and osteoblasts (45). Bone marrow, 
adipose tissue, umbilical cord blood, peripheral blood, 
amniotic fluid, dental pulp, synovium, and muscle are the 
potential MSCs sources for cartilage tissue engineering 
applications (46-53). Dominant characteristics including 
growth, proliferation, integration, availability, and 
chondrogenic efficiency have been reported in many 
studies for bone marrow mesenchymal stem cells (BM-
MSCs). Higher collagen expression and GAG deposition 
represent BM-MSCs as a superior choice for cartilage 
tissue engineering (54-57). BM-MSCs are also known as 
environmentally-responsive cells capable of influencing 
their microenvironment by secreting different growth 
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factors, anti-inflammatory mediators, and anti-catabolic 
or immunomodulatory factors. However, the bone 
marrow has limitations in the volume and number of 
stem cells harvested (58, 59). 

BM-MSCs are characterized by their ability to adhere to 
plastic cell culture plates and expression of CD105, CD73, 
CD90 (95% or more of the cells of a colony must express), 
CD29, and CD44, while they do not express CD45, CD14, 
CD11b, CD34, and CD79a or CD19 markers (60-62). 

Stem cells are highly sensitive to physicochemical 
changes in their microenvironment. Biochemical and 
biomechanical modification of the microenvironment 
can alter the fate of stem cells. This is a very important 
point for stem cell research and applications (63). The 
cells continually sense and respond to the biomechanical 
changes, such as shear and stretching stresses through 
mechanotransduction processes (64). The sensitivity 
characteristic of stem cells can be a potential advantage 
when combined with optimized scaffold architecture in 
the fabrication of a functional repair cartilage tissue (65). 

Cartilage Tissue Engineering
Due to the avascular and aneural nature, as well as 

containing only one type of cell (chondrocytes), the 
cartilage tissue has been one of the first candidates 
for tissue engineering and a suitable target for the 
earliest efforts for producing living and functional 
tissue constructs in vitro (66). The impacts of the 
neighboring tissues should be considered in orthopedic 
tissue engineering. Although bone and cartilage are two 
different tissues, their development is interrelated. The 
transcription factor Sox9 is expressed in chondrocytes 
and regulates chondrogenesis. It also suppresses 
the later stages of osteochondral bone formation by 
downregulation of vasculogenesis (67). 

Chondrocyte dedifferentiation is a major concern in 
cartilage tissue engineering. Human articular chondrocytes 
regularly dedifferentiate when grown in monolayer 
cultures. They show decreased expression of PGs and 
type II collagen simultaneously with increased expression 
of collagen I and vimentin (68). Some studies have 
recommended co-culture systems (chondrocytes+stem 
cells) to address many issues encountered by monocultures 
in  cartilage tissue  engineering. Supplementary 
investigations have suggested the combination of 
co-culture with three-dimensional (3D) biomaterial 
scaffolds (69). The advanced strategy of the 3D culture 
of chondrocytes on hydrogel scaffolds has been shown 
to prevent chondrocyte dedifferentiation and preserve 
chondrogenic phenotype (70-72).

3D scaffolds have shown a great influence on MSCs to 
undergo chondrogenesis as the stem cells in 3D culture 
are induced and characterized by the mechanical 
environment, hydrostatic pressure, tensile strain, cell-cell 
interactions, growth factor gradients, and other factors 
that are formed by cells as in the embryonic development 
(73, 74). The design and fabrication of scaffolds is an 
intricate process with a crucial role in tissue engineering 
approaches. In fact, scaffolds provide the appropriate 3D 
microenvironment for cells to attach, grow, proliferate, 
differentiate, and secrete their own specific ECM for 

appropriate tissue composition (75).
Scaffolds for tissue regeneration should contain 

particular criteria, including (1) appropriate architecture 
indicating the porosity, pore size, and interconnectivity 
to support cell penetration, migration, proliferation, 
and differentiation, as well as allowing the diffusion of 
oxygen and nutrients and waste disposal; (2) mechanical 
properties similar to the original cartilage tissue; (3) 
biocompatibility in terms of lack of toxicity, prevention 
of cellular stress and immune response, and scarring; 
and (4) biodegradability in terms of the proportional 
decomposition rate of the scaffold coincidently with new 
tissue formation (75, 76).

Hydrogels are hydrated 3D networks formed by cross-
linked hydrophilic polymers. They can absorb water 
or biological fluids up to thousands of times their 
dry weight and can be potentially used as the prime 
candidates for cell encapsulation, biosensors, drug 
delivery, injectable structures, and carriers or matrices 
for cells in tissue engineering (77, 78). Applied external 
stimuli and mechanical signals are transmitted to the 
tissue, cellular, and molecular levels. Consequently, 
the cells activate biochemical pathways that define the 
functional properties of the resulting engineered tissue 
(79). Biochemical interactions and regulatory responses 
of cells have key effects on cell attachment, orientation, 
shape, movement, distribution, proliferation, and 
differentiation (80). Scaffolds synthesized by binding 
peptide sequences (arginine, glycine, aspartic acid) 
secreted from fibronectin in the ECM can be used for 
attraction and adhesion of MSCs to the lesion site and 
repair the tissue (81). Collagen/HA-based hydrogel 
constructs demonstrate an almost ideal 3D support for 
in vitro chondrogenesis of MSCs, decreased hypertrophy, 
and increased ECM production (82).

Each of the scaffold fabrication techniques has 
advantages and drawbacks, depending on the type of 
biomaterial applied, desired texture, and application. 
Freeze-drying (lyophilization), electrospinning, solvent 
casting and particulate leaching, gas foaming, sol-gel, 
self-assembling, and additive manufacturing are some of 
these techniques (83).

Electrospinning is a versatile and cost-efficient method 
to fabricate nonwoven mats or conduits with high 
interconnected porosity and controlled fiber diameter 
in the range of a few nanometers to microns. However, 
the distance between fibers (pore size) cannot be exactly 
controlled (84-86). Although the impact of process 
parameters has been widely studied, it is difficult to 
predict and obtain fibers characteristics, such as porosity, 
stiffness, and uniform diameter without globules for 
some materials (beads) (87, 88).

Freeze-dry processing or phase separation, is a simple 
dehydration method for fabricating porous scaffolds. 
The possibility to obtain several engineered shapes 
is an advantage of the freeze-drying method. Similar 
to electrospinning and self-assembling, freeze-dried 
scaffolds expose low mechanical properties. These 
constructs can be cross-linked to increase mechanical 
properties and enzymatic resistance (89). Freeze-dried 
fibrous scaffolds have high porosity and interconnected 
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uneven pores, which can potentially enhance cell and 
tissue infiltration (90). Freeze-dried materials exhibit 
higher protein adsorption, compared to bulk/solid 
materials, which is due to their high surface to mass 
ratio. Due to their advantages, freeze-dried scaffolds have 
been widely used in tissue engineering, including wound 
healing, spinal cord, nerve, cartilage, and tendon repair 
(25, 91-97). Common methods of scaffold fabrication for 
cartilage tissue engineering applications are shown in 
[Figure 1].

Biomaterials in Cartilage Tissue Engineering
Natural/synthetic scaffolds

Material, structure, and fabrication methods are three 
factors that determine scaffold characteristics. The 
wide range of materials used in tissue engineering 
applications consists of natural and/or synthetic 
polymers. Hydrogels from natural polymers containing 
one or more molecules of the ECM (e.g., collagen, GAG, 
HA, agarose, alginate, fibrin, gelatin, chitosan, and silk 
fibroin) are often called “ECM mimics” and have been 
extensively characterized. The most commonly used 
synthetic polymers include polyglycolic acid, polylactic 
acid, polylactide-co-glycolide, polycaprolactone, and 
polyethylene glycol (83, 98-100). 

Natural hydrogels containing collagen, gelatin, and HA 
are known to be degradable by cell-secreted enzymes, 
such as collagenase, gelatinase, and hyaluronidase, 
respectively (101). Scaffolds with natural materials for 

this purpose are largely used. Collagen scaffolds present 
an ideal platform for cell therapy approaches including 
the delivery of stem cells (102). In a comparison among 
collagen, agarose, alginate, and matrigel scaffolds, collagen 
hydrogel scaffolds have been reported to be better for 
chondrocyte and phenotypic cells. This is probably due 
to their similarity to the natural chondrocyte ECM (103). 

In contrast to biocompatibility and large modification, 
low mechanical strength and unmanageable degradation 
rates are the characteristics of natural materials 
(104). Synthetic polymers have superior control of 
physicochemical properties, excellent mechanical 
manner, and process facility. Conversely, synthetic 
polymers may elicit unwanted inflammation and tissue 
formation (105). Designing scaffolds with proper 
biochemical and biomechanical properties for cartilage 
tissue engineering is a supreme challenge. Combinations 
of natural and synthetic polymers with different 
concentrations have been reported. A summary of 
natural/synthetic and hybrid biomaterial scaffolds for 
cartilage tissue engineering is presented in [Table 1]. 

Autografts have been believed to be the golden 
standard for orthopedic tissue regeneration; however, a 
promising technique for scaffold fabrication is the use 
of decellularized bone, cartilage, ligament, and tendon 
allografts or xenografts. Growth, proliferation, and 
differentiation of new cells onto natural ECM-derived 
scaffolds can be considered an appropriate alternative 
for autograft transplantation (106).

Figure 1. Common methods of scaffold fabrication in cartilage tissue engineering with FESEM images of morphology and fiber distribution. 
CNT, carbon nanotubes; CDM, cartilage derived matrix. Original illustration designed and provided by the authors. 
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Table 1. List of selected natural/synthetic and hybrid biomaterials in cartilage tissue engineering including their advantages and research phase

Scaffold  
Type

Biomaterials Methods Cell type Effect
Study
Type

Ref.

Natural
hydrogels

collagen
Gelatinization,
Freeze-drying chondrocyte

Manipulation with slurry concentrations
Chondrogenic capacity of human OA chondrocytes

More compliant response
Trigger of cellular development and matrix deposition

In vitro/ 
In vivo

(184, 
185)

Bio inspired
hydrogel

poly (γ-glutamic 
acid)/ (γ-PGA-SH-

MA)
Chemical reaction BMSCs

Good mechanical properties and superior biocompatible
Gelation time, mechanical property, porous structure, 

swelling, and degradation process can be modulated easily

In vitro/ 
In vivo

(186)

Natural
hydrogels

agarose 
explant model

chondrocyte-laden 
hydrogels

chondrocyte
Development integration with native cartilage

Optimal Young’s modulus
Implanted constructs

In vitro (164)

Micro/nano
composite 
hydrogels 

maleilated 
chitosan- 

methacrylated silk 
fibroin

Photopolymerization
Chemical reaction

mouse articular 
chondrocytes

Biocompatible
Support cells attachment well

Compressive modulus in the range of articular cartilage
in vitro (103)

Hybrid
nanocomposite 
scaffolds

PCL-gelatin
MWNTs 

electrospinning
Rabbit 

Chondrocyte 
Hybrid nanocomposite

More bioactivity and slower degradation rate
In vitro (187)

Coaxial nanofibers PGS/PCL
Coaxial 

electrospinning
BMSCs

Kartogenin-loaded coaxial nanofibers
Enhanced cell proliferation and chondrogenic differentiation

More controlled and sustained small molecule release
In vitro (58)

Hybrid
nano-micro 
scaffolds

P3HB-chitosan-
MWNTs/silk

Electrospinning chondrocytes
Increase in tensile strength
Appropriate for a long-term

In vitro (188)

CDM
Decellularization
Bovine, porcine 
cartilage matrix

Decellularization,
freeze-drying

ASCs,
Fibroblast, 

Human 
chondrocyte

Maintenance of mechanical properties
Increase in bioactive component Nonimmunogenic 
biomechanically Compatible decellularized tissue

In vitro
(98, 99, 

118, 122)

Hybrid
CDM

CDM- carbon 
nanotubes

Decellularization,
freeze-drying

ASCs
Reinforced CDM

Enhance the mechanical properties
Retaining biocompatibility

In vitro (97)

Nanofibrillated 
Hydrogel 

cellulose/alginate
3D-bioprinting

Cell-laden

BMSCs/
nasal chon-
drocytes/ 
co-culture 

Bioprinted cell-laden scaffold
In vivo chondrogenesis

Good mechanical properties
Long term structural integrity

In vitro/ 
In vivo

(189, 
190)

Bioink
Hybrid
scaffold 

alginate/gelatin/
fibrinogen 

3D-bioprinting
Cell-laden

BMSCs

Combining innovative bioink with low cell density
Cell encapsulation

Safety of bioextrusion
Hypoxic conditions

In vitro (178)

GelMA/PCL
3D-bioprinting

Cell-laden
chondrocyte

Mechanical properties to nasal cartilage
Method for fabricating implants for nose reconstruction

In vitro (180)

Hyaluronic acid/ 
PLA

3D-bioprinting
chondrocyte

Suitable biological and mechanical properties
Co-printing bioink and thermoplastic polymer

Support load forces
In vitro (181)

MWNTs (multi-walled carbon nanotubes), P3HB(3-hydroxybutyrate), GelMA (gelatin methacrylate), CDM(Cartilage Derived Matrix), PCL(poly caprolactone), PGS(glycerol 
sebacate), MA(methacrylate), SH(cysteamine group), BMSCs (Bone marrow stem cells), ASCs (Adipose tissue stem cells).
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Decellularized ECM as a Scaffold
Increasing efforts have been made to develop ECM-

derived scaffolds by decellularizing the native tissues 
that represent biological superiority in terms of 
preferred cellular activities and minimized immune 
responses (107). The decellularization process is the 
removal of native cells and antigens from tissue, leaving 
behind a 3D ultrastructure of ECM while preserving the 
biochemical and biomechanical cues of the tissue (108, 
109). ECM-derived scaffolds provide specific niches for 
cells and a diverse class of biomaterials. Decellularized 
ECM (dECM) has been established as a biomaterial that 
preserves the native tissue environment and promotes 
cell growth, viability, proliferation, and differentiation. 
Unlike transplanted tissues, dECM has a minor risk for 
an immune response since nearly all the cellular DNA 
is removed (110). There are various decellularization 
procedures involving a combination of physical, 
enzymatic, and chemical processes according to the 
tissue type. This flexibility allows dECM particles to be 
incorporated into various types of constructs, including 
hydrogels, electrospun, and 3D-printed scaffolds. 
Elimination of DNA from dECM while preserving the 
mechanical properties is the gold standard for successful 
decellularization (110). Decellularized ECM from a 
variety of tissues, including heart, heart valves, blood 
vessels, and cartilage has been studied (96, 111-118). 

In general, similarity to native cartilage matrix can 
ensure a great chance of achieving suitable engineered 
cartilage. Cartilage-derived matrix (CDM) scaffolds from 
various animal and human sources have recently drawn 
attention as providing structural and biochemical signals, 
as well as matrix components at the same time seems 
perfectly rational (116). Porous CDM scaffolds have 
already been examined for articular chondrocyte growth, 
matrix accumulation, and mechanical properties and 
have resulted in neocartilage formation in the absence of 
exogenous growth factors (119). The chondroinductive 
potential of bovine porous CDM scaffolds on human 
dermal fibroblasts has also been investigated in different 
research. The upregulation of chondrogenic genes with 
sulfated GAG production confirmed the chondrogenic 
potential of the construct (25). 

CDM scaffolds are fabricated from human, porcine, 
ovine, and bovine sources (96, 116, 119, 120). Each of 
the aforementioned sources has some advantages and 
drawbacks. Apart from the ethical concerns, human 
articular cartilage is significantly thicker than other 
specimens and stiffer than bovine cartilage. However, 
studies have proved no relationship between animal 
weight and cartilage stiffness. Human cartilage has less 
permeability than porcine and bovine cartilage. Porcine 
cartilage has the highest GAG and the lowest level of 
collagen. Bovine cartilage contains more GAG, compared 
to human cartilage, which is considered a positive factor 
during the decellularization process (121, 122).

Crosslinking treatments influence the mechanical 
properties and chondrogenic differentiation. These 
effects are mediated by the modifications in cell-
matrix interactions. The common physical crosslinking 
methods include ultraviolet light (UV) irradiation and 

dehydrothermal treatment, while chemical cross-linkers 
are carbodiimide (CAR), glutaraldehyde, and genipin. 
Physical crosslinking treatments have been shown 
to preserve epitopes that participate in cell-matrix 
interactions and support greater chondrogenic induction 
than chemically crosslinked scaffolds (96, 116). Moreover, 
the residual chemicals may diminish biocompatibility.

A combination of hydrogels derived from decellularized 
tissues with natural or synthetic materials (hybrid 
hydrogels) provides mechanical reinforcement and 
enhanced biological activity. This approach is promising 
for the development of biologically relevant hybrid 
hydrogels that incorporate nano/microstructures with 
potential applications in regenerative medicine (95, 123, 
124). Significantly different methods of dECM tissue 
processing and standard clinical treatments are the main 
issues with dECM. 

Evaluation techniques 
Several techniques are used for the evaluation of 

scaffolds for cartilage tissue engineering, including 
biochemical assays, immunohistochemistry, mechanical 
tests, micro-CT, MRI, SEM, EDX, TEM, confocal 
microscopy, AFM, DSC, TGA, FTIR, gene expression, and 
molecular genetics (95, 125). SEM micrographs can 
show the presence of cells in the construct, organization, 
porosity, pore size, and interwoven networks of fibers 
(126). Furthermore, mass spectrometry (MS), high-
performance liquid chromatography interfaced with 
tandem mass spectroscopy (LC-MS/MS), and proteomics 
provide efficient methods to monitor the complete profile 
of ECM molecules from a sample of engineered cartilage 
tissue, compared to native cartilage (127, 128). 

Discussion
Alteration of the structural and biochemical matrix 

composition affects cell growth, morphogenesis, 
differentiation, migration, communication, and survival 
(129). Attention to biochemical and biomechanical 
properties of scaffold corresponding ECM is essential 
for the cartilage repair process. In addition to scaffold 
planning, several factors that need to be considered 
in cartilage tissue engineering contain genes, impact 
proteins, growth factors, signaling pathways, culture 
conditions, and biochemical factors. 

Impact factors involved in chondrogenesis
Gene Effects

Thrombospondin-5 also known as cartilage oligomeric 
matrix protein (COMP) is a multidomain 524 kD 
glycoprotein that functions at cell surfaces and ECM. 
COMP is located in the interterritorial matrix of adult 
articular cartilage, where it interacts with the collagen 
networks. It plays a significant role in matrix assembly 
which is important in maintaining the structural 
integrity of cartilage. In vitro chondrogenesis of MSCs is 
affected by COMP; moreover, it has been introduced as a 
biomarker to monitor the cartilage degradation progress 
(130). Sex-determining region Y box-9 (SOX9) is a master 
transcription factor in the regulation of chondrocyte 
development and differentiation of MSCs into 
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chondrocytes. Mutations in SOX9 cause severe disease of 
cartilage characterized by the hypoplasia of endochondral 
bone. SOX9 regulates multiple genes in chondrocytes, 
including genes encoding ECM proteins (e.g., 
COL2A1, COL9A1, ACAN, and CD-rap), ECM modification 
enzymes, receptors, and transporters. Fibroblast growth 
factor (FGF) upregulates SOX9, and parathyroid hormone 
increases SOX9 activity, whereas Wnt/β-catenin inhibits 
SOX9 activity (131). Patients with OA have shown 
decreased SOX9 mRNA (132). Conditional knockout of 
SOX9 in adult mice causes an OA-like phenotype leading to 
the loss of COL2A and ACAN expression which increases 
the hypertrophic differentiation (133). Overexpression 
of SOX9 has been shown to result in cartilage repair in 
mice models and ex-vivo human OA tissue (134). 

Oxygen effects 
A hypoxia-induced transcriptional profile plays an 

important role in the chondrogenic differentiation of 
hBM-MSC and is mediated by the hypoxia-inducible 
factor (HIF) complex through the upregulation of HIF 
target genes (135). In multiple studies, chondrocytic 
gene expressions of SOX9, collagen II, and aggrecan 
were elevated in hypoxic (2%-5% oxygen), compared 
to standard (20% oxygen) culture conditions, whereas 
the expression of collagens I and X (degradation and 
hypertrophy markers) was suppressed. Hypoxia also 
caused significantly greater GAG retention and HA 
synthesis in ECM (136-138). 

It is proposed that the effects of O2 on cartilage are 
mediated partly through reactive oxygen species (ROS). 
Alterations in O2 levels and fall in ROS in hypoxia reduce 
the ability of articular chondrocytes to regulate pH and 
inhibit NHE activity (including Na+/H+ exchanger, 
NHE, and Na+/K+ pump) via changes in protein 
phosphorylation (139). In contrast, elevated levels 
of oxidative stress products consequently decrease 
antioxidant capacity and defenses and may be involved 
in the progress of pathology and disease (140). Both pH 
and oxygen tension influence chondrocyte metabolism 
and marker expression in mRNA and protein levels. 
Expression of aggrecan, type II collagen, and HIF1A 
are pH-independent. Sophisticated pH and oxygen 
control allow revising new venues in cartilage tissue 
engineering (141). 

Growth factors
Growth factors are the major regulators of cell 

behavior. They promote cell proliferation, migration, 
and differentiation by specific receptor bindings 
that stimulate cellular signal transduction pathways. 
Growth factors (soluble signals) are involved in several 
physiological and pathological processes, such as tissue 
repair and hemostasis. Growth factors can be released 
from ECM by the degradation of ECM proteins, GAGs, 
or PGs (142, 143). Several growth factors and cytokines 
have been suggested to be involved in chondrogenesis. 
Transforming growth factor β (TGF-βs) family that 
include TGF-β-1, -2, -3, and bone morphogenic proteins 
(BMPs), have a prominent role in chondrocyte ECM 
metabolism and activity as a major inducer of collagen 

synthesis and tissue homeostasis. Signaling by this 
protein family uniquely activates SMAD-dependent 
signaling and transcription and also activates SMAD-
independent signaling via MAPKs, such as ERK and TAK1 
(144, 145). TGF-β is able to induce SOX9 synthesis, as well 
as promote aggrecan, collagen type II, and ECM synthesis 
through activation of the SMAD2/3 phosphorylation 
pathway leading to articular cartilage repair (146). BMPs 
stimulate cartilage synthesis and decrease the activity of 
catabolic cytokines, such as IL-1, IL-6, IL-8, MMP-1, and 
MMP-13. Moreover, BMP-7 may reduce the degradation 
of articular cartilage in OA (147). Some studies have 
investigated new approaches with combinations of the 
IGF-I/FGF-2/ TGF‐β/ BMPs/SOX for cell‐based articular 
cartilage repair (148, 149).

Signaling pathways
Chondrocyte differentiation is regulated by multiple 

signal transduction pathways which form a complex 
transcriptional network. Understanding these signaling 
pathways will help us comprehend the process of 
chondrogenesis and cartilage repair in the future (150). 
Recent studies have identified several critical signaling 
pathways as key regulators and activators of cellular 
and molecular processes to be abnormally activated or 
suppressed during chondrogenesis and OA development 
(151). The key signaling pathways which regulate 
chondrogenesis have been known as wnt, nitric oxide 
(NO), and retinoic acid (RA) signal, as well as protein 
kinase C (PKC). PKC is a crucial regulator of chondrogenesis 
and exerts promoting effects via the ERK-MAPK pathway. 
PKCs regulate the chondrocyte phenotype through the 
actin cytoskeleton. Moreover, they mediate the effects of 
IGF-1 and EGF during chondrogenesis (152).

Many proteins are involved in cell‐matrix 
mechanotransduction, among which, the integrin 
subtypes have prominent biological roles in biomaterials 
engineering. Through integrin, the signaling cells are 
able to adhere to their ECM and respond to biochemical 
signals, adjust cytoskeletal organization, cell shape, 
mechanotransduction, and cell proliferation. It also 
senses the biomechanical properties of the ECM and 
mediates force transmission in focal adhesion complexes 
applied for tissue engineering (153, 154).  

Cell-ECM forces interact through proteins that can activate 
or inhibit enzymes, increase or decrease protein‐protein 
interactions, activate or inhibit protein stratum, induce 
catch bonds, and regulate interactions with membranes 
or nucleic acids. Under normal conditions, an increased 
stiffness is detected and activates complex intracellular 
signaling cascades which affect ECM, while decreasing the 
trigger pathways in mechanobiology that result in ECM 
hardening. Forces are supposed to initiate biochemical 
signals by unfolding certain protein domains and changing 
binding affinities which alter protein interactions and 
motivate signaling pathways important in mechanosensing 
(19, 155). Figure 2 describes the interactions between the 
genes and proteins in the scaffold under the impact of 
biological processes and molecular functions serving the 
STRING database. Each globule indicates an active protein 
at the stated biological process.
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Conclusion and Perspective
Although over the last two decades cartilage tissue 

engineering has developed, there is still a scarceness of 
valid clinical treatment (156).

Unsolved problems and challenges in cartilage repair
Tissue integration

Most researchers in cartilage tissue engineering have 
failed to consider the integration of the engineered 
tissue into the recipient’s joint after implantation. Strong 
and stable connections between the graft and native 
tissues are essential for the functional integrity of the 
implant. Tissue degradation, mechanical weakness, and 
undurability of the joint might cause poor integration. 
The formation of hematomas and migration of MSCs 
provides an inferior and transient fibrocartilagenous 
replacement for hyaline cartilage (157, 158). Several 
other factors are known to contribute toward poor 
cartilage integration, including low chondrocyte viability 
at the graft and host interfaces. Moreover, adult cartilage 
is avascular and potentially inhibitory compounds in 
native cartilage and synovial fluid may be involved 
(159). The key factor influencing tissue integration is 
cell migration leading to cell and matrix accumulation at 

the interfacial zone. Chondrocytes migrating to the graft 
interface may originate from either the engineered or host 
tissue. Furthermore, integration with native cartilage is 
modulated by substrate elasticity which is important in 
the long-term survival of the in vivo regenerated tissue 
(160, 161). Enhancement of chondrocyte migration using 
microRNA, gene delivery, gene- or protein-level induction 
by signaling molecules, and transcription factors have 
been promoted as a strategy to improve chondrogenesis 
and integration outcomes (162, 163). 

Maintenance of cell phenotype
Long-term chondrocyte morphology maintenance is the 

basic criterion for cartilage tissue engineering that has not 
been exactly elucidated so far. Recently micropatterned 
3D culture platforms, such as 3D scaffolds, organoids, 
microspheres,  spheroids, and cellwell strategy, have 
been shown to promote the maintenance of chondrocyte 
phenotype (164-168).

Scaffold-based therapy
Scaffold-based gene therapy through transfecting the 

cells to enhance the constant expression of the proteins in 
chondrogenesis or silencing target genes associated with 

Figure 2. STRING database analysis involves genes and proteins in hyaline cartilage which describes the interactions between genes and 
proteins in scaffold under the impact of biological processes and molecular functions. Red globules indicate active proteins at the mentioned 
biological process. Original illustration designed and provided by the authors.
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bone and joint disease provides a promising strategy for 
cartilage tissue engineering. Genes have been transfected 
into MSCs, ADSCs, or chondrocytes to improve their 
phenotypic characteristics (169). Scaffolds combined 
with microRNAs (miRNAs) have been developed for 
osteochondral repair in the early stages. MiRNAs are 
~22 nucleotide single-stranded RNAs that regulate 
post-transcriptional gene expression. They can regulate 
chondrocyte signaling and epigenetic functions (170). 
Yan et al. have prepared a summary of the gene therapy 
and miRNAs studies in osteochondral tissue repair (169). 
Recent studies using single-cell RNA sequencing (scRNA-
seq), gene expression, and transcription factor activity 
can define deconstruct gene regulatory networks in hMSC 
differentiation during chondrogenesis and revealed the 
trajectories of maturation (171, 172). 

Bioprinted Scaffolds for Cartilage Tissue Engineering
3D bioprinting is a fast-growing technology that has 

been broadly used in tissue engineering, disease studies, 
and drug screening. This technology is expected to 
address organ-shortage concerns in the future (173). 
Bioprinting creates three-dimensional, free-form, 
and computer-designed scaffolds using biomaterials, 
biomolecules, and/or cells (174). 

Novel advances in 3D bioprinting offer interesting 
opportunities for 3D cartilage tissue printing by 
providing living cells with applicable scaffolds. Biological 
advances in bioinks are currently promising for scaffold 
printing and cell encapsulation, particularly on MSCs 
through chondrogenic differentiation (175, 176). 
Multi-material 3D bioprinted porous scaffolds with the 
combination of mechanical and biological properties in 
a single construct could be applied for cartilage tissue 
engineering. However, in the cell-laden bioprinting 
method, consideration is necessary for 3D manufacturing 
parameters, including temperature, needle gauge, UV 
exposure time, and cell carrier formulation on the 
viability and functionality of the cells in bioprinted 
constructs (177, 178). Ongoing studies in this field are 
concentrating on issues, such as the types of bio- nano/
macromolecular cartilage scaffolds, standardization of 
cell culture protocols, cell density, bioink formulation, 

and 3D bioprinting technology (179, 180). 
A key goal of functional cartilage tissue engineering is 

to optimize constructs with biochemical and mechanical 
properties approaching those of the native cartilage 
tissue. Silver bullet as an ideal scaffold for cartilage tissue 
engineering should be fulfilled with such necessities as 
biocompatible, biodegradable, highly porous, suitable 
for cell attachment, proliferative and differentiative, 
chondroinductive, noncytotoxic, nonantigenic, flexible, 
and elastic. In the near future, engineered cartilage may 
present routine treatment for cartilage injury.  
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