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ÖZET 

 

Osteokondral Doku Mühendisliği için Bifonksiyonel Doku Eşleniği Tasarımı 

 

Travma veya dejeneratif hastalıkların neden olduğu osteokondral defektler, ağrı, 

şişme, zayıf hareket kabiliyeti ve hatta eklemin hareket kabiliyetini tamamen 

kaybetmesi gibi semptomlara neden olabilirler. Osteokondral doku mühendisliği, 

osteokondral defektlerin tedavisi için alternatif bir yaklaşım sunmaktadır. Bu 

çalışmanın amacı, doğal dokunun histolojik özelliklerini taklit ederek in vitro ortamda, 

süperfisyal fibröz kısım, hücre yüklü kıkırdak, kalsifiye kıkırdak ve hücre yüklü kemik 

kısımlarından oluşan işlevsel, çok katmanlı bir osteokondral doku eşleniği 

oluşturmaktır. PCL bazlı çok katmanlı yapı iskelesi ve rastgele lifli yapılar sırasıyla, 

3B baskı ve elektroeğirme ile üretildi ve ardından lifli yapılar, 3B basım ile elde edilen 

yapının kıkırdak tarafına sabitlendi. Kemik tarafına β-TCP kaplandıktan sonra elde 

edilen doku iskeleleri morfolojik ve mekanik özellikler açısından karakterize edildi. 

İnsan diş pulpası dokusundan elde edilen mezenkimal kök hücreler (MKH), kemik 

tarafında osteojenik hücrelere farklılaştırıldı ve hidrojel içinde kıkırdak tarafına 

yüklenen DP MKH'lardan türetilen kondrositler ile beraber kültür edildi. SEM 

sonuçları, kıkırdak kısmının gözenek boyutunun, amaçlandığı gibi kemik 

kısmındakinden daha büyük olduğunu gösterdi. Ayrıca kalsifiye kıkırdak kısmının 

fonksiyonel bariyer görevi gördüğü gösterildi. β-TCP kaplı nihai yapının Young 

Modülü 75.7± 5.2 MPa olarak belirlendi. MTS analizi ve immün boyama sonuçları, 

DP MKH'ların iskele üzerinde başarılı bir şekilde çoğaldığını ve ortak kültürden sonra 

bile bölgeye özgü hücre farklılaşmasının gerçekleştirildiğini gösterdi. Sonuçlar, iki 

işlevli, çok katmanlı osteokondral doku ikamesinin in vivo çalışmalarda test edilme 

potansiyeline sahip olduğunu ve klinikte osteokondral defektlerin tedavisi için umut 

verici bir yaklaşım olabileceğini göstermektedir. 

 

Anahtar Sözcükler: Çok Katmanlı Doku İskelesi, Bifonksiyonel, Osteokondral Doku 

Mühendsiliği, 3 Boyutlu Basım, Mezenkimal Kök Hücre 
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ABSTRACT 

 

Construction of Bifunctional Substitute for Osteochondral Tissue Engineering 

 

Osteochondral defects, caused by trauma or degenerative diseases, results in 

symptoms like pain, swelling, poor mobility and even immobilization of joint. 

Osteochondral tissue engineering offers alternative approach for treatment of 

osteochondral defects. The aim of this study was to construct a bifunctional, 

multilayered osteochondral tissue substitute consisting of superficial fibrous layer, 

cell-loaded cartilage, calcified cartilage, and cell-loaded bone parts under in vitro by 

mimicking histological properties of native tissue. PCL-based multilayered scaffold 

and random fibrous mats were fabricated by 3D printing and electrospinning, 

respectively, and then the fibrous mat was fixed onto the cartilage side of 3D printed 

construct. After β-TCP coating to the bone side, the obtained scaffolds were 

characterized in terms of morphology and mechanical properties. Human dental pulp 

MSCs differentiated into osteogenic cells on the bone side, and DP MSC-derived 

chondrocytes loaded within the hydrogel to the cartilage side were co-cultured. SEM 

results showed that pore size of the cartilage part was larger than that of the bone part 

as intended. In addition, it was shown that the calcified cartilage part acts as functional 

barrier. The Young’s Modulus of β-TCP coated final construct was determined as 

75.7± 5.2 MPa. MTS assay and immunostaining results indicated that DP MSCs was 

successfully proliferated on the scaffold and site-specific cell differentiation was 

accomplished, even after co-culture. The results indicates that the bifunctional, 

multilayered osteochondral tissue substitute has a potential to be tested in in vivo 

studies, and could be a promising approach for the treatment of osteochondral defects 

in clinic. 

 

Keywords: Multilayer Scaffold, Bifunctional, Osteochondral Tissue Engineering, 3D 

Printing, Mesenchymal Stem Cells 
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1 INTRODUCTION AND AIM 

 

Osteoarthritis is a disease characterized by degenerative lesions and pain in the 

bone and cartilage at joints. It is currently thought to affect 25% of adults over the age 

of 18 (1). It has been observed that osteoarthritis is accounted for 2.9% in total disease 

burden and ranks seventh in disease burden studies in Turkey (2). Since this disease is 

common and restricts vital activities, its treatment has a significant impact on public 

health (1). Recurrent overload of the joints causes articular cartilage damage that can 

progress to the subchondral bone under the cartilage, resulting in loss of function in 

the joint (3). Since the articular cartilage has a nonvascular structure, this region has a 

limited repair capacity (4). The damages affecting both the articular cartilage and 

subchondral bone are referred to as osteochondral injuries. If osteochondral damage is 

not treated, it can lead to the development of osteoarthritis and make the healing of 

this region with low repair capacity very difficult (3). 

 

The most commonly used surgical techniques for the treatment of osteochondral 

defects include microfracture, fixation, autologous and allogeneic osteochondral 

transplantation, and mosaicplasty autologous chondrocyte implantation (5). These 

surgical methods used in the treatment of osteochondral damage may cause unwanted 

complications in the patient and the complaints may recur after treatment. In addition, 

there are some limitations in these applications, such as donor site morbidity, disease 

transmission, immunogenicity, tissue unavailability, and inability to regenerate 

biologically active articular surface. Besides, classical treatment methods used for 

osteochondral tissue damage offer palliative treatment rather than restorative, and 

often cause insufficient healing at the damaged site. Tissue restoration in this region is 

difficult due to the complex structure and heterogeneity of that region (6). 

Osteochondral tissue engineering is a promising approach that can overcome these 

challenges in the treatment of osteochondral defects. 

 

 Osteochondral tissue is a heterogeneous tissue composed of layers with 

different biochemical and mechanical properties. The tissue conjugates to be designed 

should provide site-specific clues to meet the biochemical and mechanical properties 
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of the multilayered structure of osteochondral tissue (7). One of the challenges in 

osteochondral tissue engineering studies is the requirement of different biochemical 

and mechanical properties of different layers for site-specific tissue-regeneration in 

one substitute. 

 

In this study, it was aimed to develop a bifunctional, multilayered 

osteochondral tissue substitute to mimic most of the layers of the native tissue, and to 

evaluate the multilayered scaffold in in vitro conditions (Figure 1). The architeure and 

cellular compositions of this construct was inspired by the histological properties of 

the native osteochondral tissue. In this concept, the multilayered scaffold was planned 

to be fabricated by 3D printing to imitate subchondral bone, calcified cartilage, and 

hyaline cartilage layers, and electrospun fibrous mat was planned to be fixed onto the 

cartilage part to act as a superficial layer.  

 

 

 

Figure 1. Schematic presentation of the native osteochondral tissue and design of the 

multilayered osteochondral tissue substitute 

 

In this thesis, considering the structure of the natural tissue, 3D printing 

technology, hydrogel, and electrospinning methods were used together. It was planned 

to use human dental pulp mesenchymal stem cells for osteogenic and chondrogenic 

cell differentiation. Chondrogenic cell differentiation aimed to be done by spheroid 

culture. It was planned to differentiate DP MSCs into osteogenic cells on the bone 

side, and to load DP MSC-derived chondrocytes within the hydrogel to the cartilage 

side, and then to do co-culture of these cells to obtain tissue substitute.  

  



 

5 

 

2 BACKGROUND 

 

2.1 Histology of Osteochondral Tissue 

 

The human body can perform a wide variety of movements by articular joints 

such as knees, hips, shoulders, and elbows. Some of these joints carry 2-3 times the 

body weight while walking, jumping, or climbing stairs (8). Distal ends of the 

articulating joints are covered with specialized articular cartilage (AC) tissue and an 

underlying subchondral bone and these cartilage and bone tissues form osteochondral 

(OC) unit together (Figure 2). The unique structure of osteochondral tissue has an 

essential role in the smooth joint movement, and dispersion of the force loaded from 

the skeleton. Osteochondral tissue provides an efficient load-bearing property with the 

organization of different tissue layers. It also has a lubricating low friction surface 

which allows the movement of the joints normally pain-free, usually for a lifetime 

(9).  Osteochondral tissue, starting from the superficial layer consists of a specialized 

type of hyaline cartilage called as articular cartilage, calcified cartilage and 

subchondral bone part merging into the underlying trabecular bone (Figure 2). 

Articular cartilage is composed of superficial, middle and deep layers. This well-

organized osteochondral complex is crucial for human movement, and the patients’ 

quality of life may be severely affected upon its damage (10). Osteochondral tissue 

has unique structure with its heterogeneous, viscoelastic, nonlinear, and anisotropic 

properties (9). To understand the structural and biomechanical properties, it is crucial 

to examine the histology of this complex tissue (Figure 2).  
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Figure 2. Schematic presentation of the location of the osteochondral tissue and the 

organization of different histological layers of the osteochondral tissue. Created with 

BioRender.com 

 

2.1.1 Articular cartilage 

 

Cartilage is a specialized connective tissue, and there are three types of 

cartilage having different structures and compositions. These are fibrocartilage, elastic 

cartilage, and hyaline cartilage. Articular cartilage (AC), a specialized type of hyaline 

cartilage, covers the distal ends of bones and is vital for the smooth movement of the 

joints (11). AC is an aneural and avascular tissue obtaining the needed nutrients from 

synovial fluid. Due to being avascular tissue, articular cartilage has a low regeneration 

capacity (12). AC is composed of chondrocytes, a mature cell type, and a distinctive 

extracellular matrix (ECM) surrounding the chondrocytes, which contains collagen, 

proteoglycans, glycosaminoglycans, and absorbs water that comprises 65-80% of 

tissues volume (13).  

 

Chondrocytes are the only consisting cell type found in articular cartilage 

tissue. Even though they consist of only 2-5% volume of the total tissue, they are the 

metabolic units maintaining the articular cartilage tissue (12). Chondrocytes are 

differentiated from mesenchymal stem cells (MSC), and they have a unique and 

specialized role in maintaining and repairing the ECM. Chondrocytes synthesize and 

turnover the large portion of ECM around it, including collagens, proteoglycans, and 

glycoproteins (14). The microenvironment synthesized by chondrocytes entraps the 
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chondrocytes within, separating them from each other. The chondrocytes are located 

within the spaces, called lacunae, which maintain chondrocytes survival and 

functionality. Chondrocytes have a distinguished spherical shape that depends on the 

zonal location within the articular cartilage. Chondrocytes having very low mitotic 

activity leads to the low regenerative capacity of articular cartilage (15).   

 

Collagen is the most abundant ECM macromolecule and makes up to 50% of 

the dry weight of AC. There are different types of collagen present in the AC, the most 

abundant one is collagen type-II (90-95%), and it is a cartilage-specific marker (16). 

The highly organized fibril network of the ECM is made of collagen type II fibrils, 

synthesized by chondrocytes located in the superficial and middle zone. Collagen type 

X is synthesized by deep zone chondrocytes and has the role of mineralization in the 

calcified cartilage (9, 14).  Polypeptides, assembled from procollagen, form collagen, 

and then they are assembled into microfibrils. The polypeptide chains consist of amino 

acids, mostly glycine and proline. While hydroxyproline produces the stability with 

hydrogen bonds along the molecule chain, hydroxylysine creates covalent crosslinks 

that stabilize the formed collagen fibrils (13). Type IX and XI collagens are also 

present in the AC and are involved in cross-linking of collagen type II fibers (15). The 

organization of collagen fibrils and chondrocytes differs depending on where they are 

located, and this provides an extraordinary biomechanical property of the AC (10, 12). 

Collagen fibrils are intertwined with proteoglycan molecules (16).  

 

Proteoglycans are secreted into cartilage ECM by the chondrocytes and 

constitute 10-15% of the dry weight of ECM (13). Aggrecan is the main proteoglycan 

of articular cartilage and is considered a key marker for chondrogenesis. Aggrecans 

are made of core proteins covalently binding to glycosaminoglycans (GAGs), such as 

chondroitin sulfate and keratan sulfate, which have highly negative charges. The sum 

of these negative charges causes osmotic pressure in the tissue and attracts water 

molecules. Thus, water trapped in the ECM causes swelling and leading to the high 

compression modulus of the cartilage. Swelling also ensures the ability of articular 

cartilage to distribute loads effectively and the frictionless movement at the joints (9, 

17).   
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2.1.1.1 Zonal organization of articular cartilage 

 

Articular cartilage is a 2-4 mm thick tissue that has a characteristic tissue 

organization and biomechanical structure compared to other hyaline cartilage types, 

which enables it to have a high load-bearing capacity with low friction for the joint 

motion (15, 18). There are four layers of the articular cartilage as the superficial zone, 

the middle zone, the deep zone, and the calcified cartilage zone with different 

structural and biochemical organizations (Figure 3). This complex organization and 

distribution of chondrocytes, collagen fibrils, and proteoglycans bring in distinctive 

biological, biochemical and biomechanical properties in each zone. 

 

The superficial (tangential) zone is the thinnest layer of the articular cartilage 

and consists of 10-20% of the tissue. In the superficial zone, which has the highest 

concentration of chondrocytes among the articular cartilage layers, chondrocytes are 

flat and organized parallel to the articular surface (Figure 3). The superficial zone 

chondrocytes synthesize dense collagen type II fibrils that are aligned parallel to the 

synovial joint surface (19). Collagen fibrils in this zone are the thinnest fibers and at 

the highest concentration among the articular cartilage zones. This dense and parallel 

fibril organization provides a high tensile strength and acts as a pressure-resistant 

region.  In addition, as being the closest layer to the articular surface it protects the 

underlying tissue. Chondrocytes within this layer secrete a protein called lubricin that 

ensures a decrease in the friction force for joint movement (20). Moreover, this layer 

takes role in diffusion of nutrients and oxygen to the underlying tissue from synovial 

fluid; on the other hand, it acts as a barrier preventing the large macromolecules from 

passing through the synovial joint (21).  

 

The middle (transitional) zone is right below the superficial zone, and it houses 

sparsely, randomly distributed, round-shaped chondrocytes, which are larger than the 

ones in the superficial zone (Figure 3). In this zone collagen type II fibers are thicker 

than the ones in the superficial zone and display random organization 

(21).  Proteoglycan concentration is the highest in the middle zone, thus providing 

compression strength to the articular cartilage tissue (12).  
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The deep (radial) zone is between the middle zone and the calcified cartilage 

and it consists of less number of round-shaped chondrocytes. Chondrocytes are 

arranged in columns perpendicular to the articular surface and the subchondral bone 

(Figure 3) (22). The deep zone collagen type II fibers are the thickest collagen fibers 

in the articular cartilage tissue. These fibers are found between cellular columns along 

the long axis of the long bone and organized perpendicular to the articular surface. 

This organization provides a high compression strength to the articular cartilage. In 

the middle zone and the deep zone, chondrocytes and its 4-6 µm thick pericellular 

matrix (PRM) surrounding that is rich in  collagen type IV form chondron  (21).  

 

The calcified cartilage (CC) zone is a thin mineralized tissue layer, tightly 

integrated between bone and articular cartilage enhancing the mechanical integrity of 

the OC tissue and having an important role in the transmission of the force loaded (21, 

23) . Perpendicularly organized collagen fibrils of the deep zone that are anchored to 

the calcified cartilage zone prevent the partitioning of articular cartilage from bone 

(Figure 3) (24). The calcified cartilage prevents the vascularization of the articular 

cartilage from bone and helps maintaining the needed hypoxic environment of the 

articular cartilage (21, 23). The calcified cartilage is a transitional layer between the 

articular cartilage and subchondral bone and consists of hydroxyapatite, collagen type 

II and X, and GAGs. The calcified cartilage is characterized by very sparsely 

distributed hypertrophic chondrocytes that synthesize the collagen X molecules (22).  

Collagen type X provides stiffness to the tissue and also initiates the mineralization of 

calcified cartilage (25) 
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Figure 3. Schematic presentation of the organization of zones of the articular 

cartilage and their composition. 

 

2.1.2 Subchondral bone 

 

The subchondral bone is an approximately 1 mm thin layer right under the 

articular cartilage and consists of two layers as subchondral bone plate and 

subchondral trabecular bone (Figure 4)  (26). Subchondral bone plate is a dense, highly 

mineralized tissue with 85% hydroxyapatite concentration, providing a firm support 

against loading at joint (23), while the subchondral trabecular bone has a more elastic 

structure and it provides shock absorption (27). The subchondral bone absorbs most of 

the mechanical loads, and due to its characteristic structure it effectively distributes 

the loads and contributes to maintain the health of the articular cartilage tissue (28). 
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Figure 4. Schematic presentation of the subchondral bone. Created with 

BioRender.com 

 

 Bone tissue is composed of various types of cells, organic and inorganic ECM, 

and water. Bone is a mineralized tissue that provides maximum load-bearing strength 

with minimum weight due to its structure (29). There are four kinds of cells in bone 

tissue as bone lining cells, osteoblasts, osteocytes, and osteoclasts (19). Bone lining 

cells, osteoblasts, and osteocytes are originated from mesenchyme, while osteoclasts 

are originated from macrophage-monocyte cell lineage. Bone lining cells are flat and 

elongated inactive cells, since these are immediate precursors of osteoblasts they are 

also called as inactive osteoblasts. Osteoblasts are partially differentiated cells from 

osteoprogenitor cells that synthesize and regulate the ECM molecules (30). These 

precursor cells also synthesize the alkaline phosphates enzyme. In their active form, 

osteoblasts have cuboidal shape and found at the periphery of the bone. Osteoblasts 

are differentiated into osteocytes, while they are entrapped within the surrounding 

mineralized matrix. Osteocytes, mature bone cells, are found within a small space in 

the ECM, called lacunae, and these cells have connections with each other and the 

blood vessels via tiny channels, called canaliculi. Osteoclasts are very large 

multinucleated phagocytic cells that are involved in bone resorption, which occurs 

under normal conditions before bone tissue synthesis during bone remodeling.   
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 The organic component of the bone ECM consists of collagenous and non-

collagenous proteins. Collagenous proteins are collagen type I, collagen type III, and 

collagen type V. Collagen type I is the most abundant protein found in the bone ECM 

(90%), synthesized by osteoblasts, and provides mechanical strength, and serves as a 

scaffold for the bone cells (31)  Collagen type I is in the form of collagen fibrils 

containing triple helix polypeptides. With the help of other collagens and non-

collagenous proteins, collagen fibrils become collagen fibers and bundles. Non-

collagenous proteins consist of proteoglycans such as chondroitin sulfate, heparan 

sulfate, keratan sulfate, hyaluronic acid, and dermatan sulfate. In addition, 

glycoproteins such as osteocalcin, osteonectin, and osteopontin are also non-

collagenous proteins. Mostly they are endogenic proteins produced by the bone cells 

and they have roles in mineralization, bone formation, and collagen fibrillogenesis. 

For example, osteocalcin is involved in binding of calcium molecules during 

mineralization, and osteonectin has a bridging function between the mineral 

components and collagen fibrils (30). The inorganic component of the ECM is mainly 

composed of calcium phosphate crystals in the form of hydroxyapatite 

(Ca10(PO4)6(OH)2), (HAp), which makes up 60-70% of the bone weight (32). The 

deposition of HAp occurs by the biomineralization process and provides stiffness and 

mechanical strengths to the bone tissue (31). 

  

2.2 Osteochondral Defects (OCD) and Classification 

 

The osteochondral tissue has required biomechanical properties to absorb the 

shock and to exert the loaded force efficiently to the underling cancellous bone tissue. 

When the capacity of the tissue is exceeded due to mechanical (e.g., major trauma, 

overuse of the joint leading to repetitive minor trauma) or biological reasons (e.g., 

osteochondral dissecans, osteonecrosis), or when there is a traumatic injury at joints 

due to accident or sports, a defect occurs in the articular cartilage (5). Defect formation 

begins with a decrease in proteoglycan synthesis and an increase in synthesis of 

degradation enzymes (e.g., metalloproteases) in the articular cartilage. This leads to 

apoptosis of the chondrocytes and loss of a part of the articular cartilage. Thus, the 
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defect disrupts the frictionless surface and leads to deterioration of the load-bearing 

capacity (5, 10).  

 

Outerbridge classification is a broadly used system to evaluate the cartilage 

defects. Outerbridge classifies the cartilage defects as “grade 1: there are softening and 

swelling of the cartilage; grade 2: there are fragmentation and fissuring in an area half 

an inch or less in diameter; grade 3: is the same as grade 2 but an area more than half-

inch in diameter is involved; in grade 4 there is an erosion of the cartilage down to the 

bone”, the schematic presentation of this classification system is shown in Figure 5  

(33). 

 

 

 

Figure 5. Schematic presentation of Outerbridge Classification System. (a) Grade 0: 

healthy cartilage; (b) Grade II: defect with a partial thickness lesser than 1.5 cm in 

diameter; (c) Grade III: defect with a full thickness more than 1.5 cm in diameter; (d) 

Grade IV: osteochondral defect reaching to subchondral bone. 

 

 

Osteochondral defects (OCDs) are characterized by the symptoms like pain, 

swelling, inflammation, stiffness and impairment in function (34). When a large focal 

defect is left untreated, it may progress to an end-stage osteoarthritis. Osteoarthritis 

(OA) is the most commonly seen joint disease characterized by degeneration of the 

tissue and leads to pain and swelling at the articulating joints. OA is accounted for 

2.9% in total disease burden and ranks seventh in disease burden studies in Turkey (2).  
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2.3 Classical Treatment Approaches for Osteochondral Defects 

 

Due to the low self-regeneration capacity of AC, treatment of the OCD remains 

a challenge on which orthopedic surgeons and researchers have been working for a 

long time. Treatment of OCD is to relieve the patient from symptoms like pain and 

swelling and to regain the joint function (6). Small defects in articular cartilage may 

transform into large focal lesions and full joint degradation if it is left untreated. 

Conventional methods like using anti-inflammatory drugs and physiotherapy can be 

solutions in the early stages of defect. For severe cases like larger defects or prolonged 

defects there are several surgical options available that are summarized in Table 1. 

Due to the complex structure of the OC tissue, none of these treatment options has 

demonstrated a complete functional repair of the joint. In addition, classical treatment 

methods used for osteochondral tissue damage offer palliative treatment rather than 

restorative, and often cause insufficient healing at the damaged site. Tissue 

regeneration or restoration in this region is difficult due to the complex structure and 

heterogeneity of this region (6). Therefore, alternatives treatment strategies like tissue 

engineering may have the potential to offer a permanent solution, and may ensure 

complete recovery of the OCD.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

15 

 

Table 1. Classical treatment methods for OCD with their advantages and 

disadvantages.   
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2.4 Tissue Engineering 

 

The demand for organ transplantation or tissue replacement has rapidly 

increased due to vital organ or tissue failures or loss caused by the increased living age 

of the population. However, available donor numbers are not matching with the 

number of patients on the transplant waiting lists and this causes an organ shortage 

crisis (40). According to Health Resources and Services Administration (HRSA), there 

are more than 100 000 patients on the national transplant waiting list and another 

patient is added to the waiting list every 9 minutes. 

 

The failure or loss of an organ, a tissue, or a part of a tissue, is one of the most 

frequent and major problems in human health care (41). Beside the organ 

transplantation, reconstructive surgical treatments using decellularized tissues or 

autograft transplantation methods are other methods utilized by physicians for the 

treatment of organ and tissue loss (42). All these procedures aim to restore or re-

functionalize the lost organ or tissue. Although these treatment methods have saved 

and improved the lives of many patients, they remain temporary and imperfect 

solutions with lots of drawbacks like donor shortage, need for immunosuppressive 

therapy, donor site morbidity, transmission of virus, and need for repetitive surgeries.  

 

By the improved understanding of cell biology and the development of 

biomaterial technologies, a new alternative approach called tissue engineering has 

emerged with the convergence of these disciplines (43). Vacanti and Langer, the 

pioneers of this field, define tissue engineering as “an interdisciplinary field that 

applies the principles of engineering and the life sciences towards the development of 

biological substitutes that restore, maintain or improve tissue functions” (41).  The first 

idea was formed when Joseph Vacanti who was working at the children’s hospital at 

the time, made contact with Robert Langer to construct cell-loaded scaffolds, 

customed for children in need of transplants to overcome the donor shortage (44).  

 

The primary goal of tissue engineering is to restore or support the function of 

the defective tissue with a constructed tissue substitute that includes living elements to 
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provide and support the regeneration of the defected area. Apart from the regeneration 

of the defective tissue, tissue engineering prospects and methods can be applied to 

design in vitro models of healthy and diseased tissues. In vitro models can be utilized 

for the further understanding of biological pathways and disease mechanisms, as well 

as to evaluate new therapies and pharmaceuticals (45).  

 

There are three main components of the tissue engineering; (i) physically and 

biochemically adequate scaffold, (ii) appropriate cell source to adhere and fill the 

scaffold, and (iii) bioactive agents to support the survival, proliferation and/or 

differentiation of the cells to enhance healing process (46, 47) (Figure 6).  

 

 

Figure 6. Schematic presentation of tissue engineering process. Created with 

BioRender.com 

 

In tissue engineering the scaffolds should mimic the properties of native ECM 

as closely as possible to meet the requirements for neogenesis. Scaffolds should 

provide a porous, 3D environment and should imitate the 3D geometry and 

biochemistry of the native ECM for cells to adhere, proliferate, and/or differentiate 
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into the target tissue (48). Scaffolds should provide appropriate mechanical and 

chemical properties, and they serve as temporary templates guiding the cells during 

the regeneration of the target tissue. Therefore, they should be composed of 

biodegradable biomaterials and the rate of degradation should be compatible with the 

rate of new tissue formation. In addition, pore size and interconnectivity within the 

pores are important factors for cells to connect with each other and proliferate. The 

different pore sizes of scaffolds can induce different pathways. For example, in bone 

tissue engineering the scaffolds with a pore size of 100-400 µm induce 

osteoconduction, while larger pore sizes (˃300 µm) induce bone formation by 

vascularization; therefore, scaffold properties should be adjusted according to the 

purpose of the study. Another critical factor is that the mechanical properties of the 

scaffolds should meet that of the the native tissue. It is intended to obtain scaffolds 

with high compression modulus for bone tissue engineering, while for vascular tissue 

engineering scaffolds with high elastic properties are aimed (49, 50).  

 

The top-down tissue engineering approaches rely on seeding and extending the 

cells on 2D or 3D scaffolds to form tissue substitutes (42). The selection of the cell 

source and its ability to proliferate and differentiate into the targeted tissue is an 

important issue. The cells isolated from the patient's healthy tissue (i.e., autologous 

cells) can be considered the first choice, but the donor site morbidity and the shortage 

of cell numbers can be limitations. Isolated autologous cells can be expanded under 

tissue culture conditions but this may take a little long time such as weeks. Another 

option is to isolate cells from donors of the same species (i.e., allogeneic cells) or 

different species (i.e., xenogenic cells). However, viral transmission and immune 

response are the serious drawbacks that should be considered (47, 51). As a result of 

the mentioned issues, stem cells have found a significant role in the tissue engineering 

field due to their ability to differentiate into various cell types and their high 

proliferation capacity (52). 
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2.5 Osteochondral Tissue Engineering 

 

Osteochondral tissue is mainly composed of three layers such as articular 

cartilage, bone-cartilage interface and subchondral bone. The main purpose of the OC 

tissue engineering is to develop an implant that will integrate with the native tissue 

while having adequate mechanical and biochemical properties to support tissue 

regeneration at each layer of the OC unit. Apart from the bone and cartilage layers it 

is very crucial to understand the structure and function of the bone-cartilage interface 

and introduce it to the design of OC tissue substitute (53). The main purpose of tissue 

engineering studies is to mimic biological and mechanical properties of the native 

tissue, and thus to ensure its function. Since there is a comprehensive relation between 

tissue structure and its function, it is a challenge to develop an biomimetic tissue 

substitutes in tissue enginnering, especially for load bearing tissues. 

 

 

2.5.1 Scaffolds for osteochondral tissue engineering 

 

Osteochondral tissue engineering remains a challenge due to the spatial 

complexity of the OC tissue, low self-healing and regeneration ability of the articular 

cartilage, and the chondrocyte's tendency to dedifferentiate in 2D environments. 

Therefore, osteochondral scaffold to be constructed should provide the certain 

following features to overcome these issues (54) ; 

 

1) From compositional point; scaffold should be biocompatible and biodegradable. 

Degradation rate of the scaffold should match to the rate of new tissue formation. 

 

2) From structural point; while having a stratified orientation it should provide an 

appropriate pore size and porosity to enable cell attachment and growth at each 

layer, and to ensure cell-to-cell interactions. In addition, scaffold should be able 

to remain the phenotype and morphology of the bone and cartilage cells. 
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3) From functional point; scaffold should ensure the mechanical properties of the 

native tissue such as compression strength to withstand the cyclic loading from 

the joint movement and a frictionless surface to maintain smooth joint movement.  

 

There are four main types of scaffold design for OCTE; monolayered, gradient, 

bilayered, and multilayered scaffolds as seen in Figure 6 (6) . 

 

 

 

Figure 7. Different types of scaffolds for osteochondral tissue engineering 

 

Monolayered scaffolds were the first scaffolds used for OCTE. These 

biomaterials can be composed of one single component or a composite, creating a 

homogenous structure (54). There are no biological or physical spatial variations 

within the scaffold. Scaffold should have a uniform architecture and porosity all along. 

There are in vivo studies using monolayered scaffolds, indicating cell recruitment 

when implanted on OC models. For instance, in one of the study it was reported that 

bone morphogenetic protein-2 (BMP-2) loaded PCL scaffold was used for the OCD 

model (55). Even though chondrocyte seeded scaffolds produced cartilaginous tissue, 

in vivo testing of the scaffolds showed higher expression of hypertrophic chondrocytes. 

It was revealed that this indicated the endochondral ossification of the seeded 

chondrocytes. Monolayer scaffolds with a homogenous structure do not address zonal 

differences of the native AC tissue. Therefore, there are limitations in promoting site-

specific tissue regeneration and matrix deposition. It has been reported in the 

monolayered scaffold studies that the regenerated tissues were deficient and 

homogenous, unlike the native tissue (6). 
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Gradient scaffolds can be categorized as monolayer scaffolds due to the use of 

a single material or single composite in the design, but they provide the gradient 

change within the scaffold (56). Similar to gradual changes in the properties of the 

native tissue, these scaffolds may provide site-specific regeneration. Gradient features 

of the scaffold can be prepared by many properties like mechanical stimuli, chemical 

stimuli, structural properties (i.e., pore size, porosity), loaded cells (i.e., chondrocytes, 

osteoblasts), and/or loaded molecules (i.e., HAp, BMP). 

 

Bilayered and multilayered scaffolds can be categorized as hierarchical 

scaffolds due to providing a tissue-specific microenvironment with varied mechanical, 

biological, and chemical properties within the scaffold. Hierarchical scaffolds can be 

constituted of different components and dissimilar architectures (57). Bilayered and 

multilayered scaffold studies were listed in Table 2. 

 

 Bilayered scaffolds aim for simultaneous regeneration of cartilage and bone 

tissue layers which have significant differences in their mechanical and biological 

features (58). Each layer can be optimized for tissue-specific regeneration respective 

to the native tissue. The bilayered scaffold can be based on chemical and/or physical 

factors such as using two different materials for different layers and/or using a single 

material for both layers which have a significantly different porosity or architecture. 

Also, the bilayered function can be based on the biological factors by using different 

cell types at different layers or providing different biological microenvironments for 

cells at each layer. One of the limitations of bilayered scaffolds is the lack of optimized 

combining methods of two layers (57). Even though fibrin sealant and press-fitting are 

commonly used methods, there is a risk of delamination and phase separation due to 

the lack of a transitional zone between layers. In one of the studies, a bilayered 

osteochondral tissue substitute was developed and implanted at the OCD in a rabbit 

model (59). The cartilage part of this scaffold was composed of fibrillar collagen or 

hyaluronic acid-chitosan composite, while the bone part was composed of polylactic 

acid (PLA) and hyaluronic acid. Even though hyaline cartilage formation was observed 

at the cartilage layer, an abnormal dissociation of collagen type-II and GAG expression 

was seen indicating the improper hyaline-cartilage regeneration. The results showed 
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the inadequacy of the bilayered scaffold to produce a functional bone-cartilage 

interface that exists in native tissue (6).  

 

 As a consequence, OC TE studies have shifted towards the design of three-

layer or multilayered scaffolds in order to better mimic the osteochondral tissue (60). 

The structural and biomechanical integrity of the multilayered OC TE scaffolds could 

be ensured with the linkage between cartilage and bone layers (57). A functional 

interface is vital for the integration of the layers within the scaffold and with the native 

tissue. Multilayered scaffolds aim to mimic and regenerate cartilage, calcified cartilage 

(interface), and bone parts simultaneously. This transitional interface zone maintains 

the load distribution through cartilage and bone parts, and also improves structural 

integrity. Multilayered features can be based on physical and biological factors like in 

the bilayered scaffolds. The transitional zone between layers can facilitate site-specific 

tissue regeneration by allowing the seeding of distinct cell types to the appropriate part 

of the multilayered scaffold (61, 62). In one of the study, a tri-layered scaffold was 

constructed using collagen type I, collagen type II, and hyaluronic acid for the cartilage 

part; collagen type I, collagen type II, and HAp for the calcified cartilage part; and 

collagen type I and HAp for the bone part (63). In vivo studies were held with a caprine 

model, and histological and macroscopic results of 6-12 post-implantation studies 

showed the success of tissue-specific regeneration due to the presence of the scaffold. 
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Table 2. Bilayered and multilayered osteochondral tissue engineering studies. 

 

 
Cartilage 

Part 
Interface 

Subchondral 

Part 
Cells Study/ Outcome Ref 

B
il

ay
er

ed
 S

ca
ff

o
ld

s 

Collagen - 
Collagen and  

HAp 

hBMSC 

 

 

 

In vitro study, 

chondrogenic and 

osteogenic 

differentiation at 

appropriate layers 

(64) 

Gelatin, 

CS, SH 
- 

Gelatin and 

ceramic 

bovine bone  

Chondrocytes 

and hBMSCs 

In vivo study (rabbit), 

bone formation and 

hyaline like cartilage at 

36 weeks post 

implantation 

(65) 

PGA - PLGA, PEG 

Chondrocytes 

and 

osteoblasts 

In vitro study, GAG 

synthesis on cartilage 

side and mineralization 

at bone side was 

observed after 2 weeks 

of culture.  

(66) 

M
u

lt
il

ay
er

ed
 S

ca
ff

o
ld

s 

PCL, 

decellulari

zed ECM 

PCL PCL, TCP hASC 

In vitro study, Site 

specific osteochondral 

tissue properties were 

seen at week 4. 

(67) 

 

Col-I, Col-

II, HA 

Col-I, Col-

II, HAp 
Col-I, HAp - 

In vivo study (rabbit), 

cartilage and 

subchondral bone 

repair in 12 weeks 

(68) 

PCL Col-I, HAp TCP BMSC 

In vivo study (rabbit), 

cartilage formation was 

seen 

(69) 

*CS: chondroitin sulfate, SH: sodium hyaluronant. PGA: polygolic acid, PCL: poly-ε-caprolactone, ECM: 

extracellular matrix, Col-I: collagen type-I, co-glycolic acid, PEG: polyethylene glycol Col-2: Collagen type-II, 

HA: hyaluronic acid, HAp: hydroxyapatite, PLGA: poly-lactic, TCP: tricalcium phosphate, BMSC: bone 

mesenchymak stem cells, hASC: human adipose derived stem cells 

 

2.5.1.1 Scaffold materials 

 

There are different kinds of biomaterials used for OC TE such as natural and 

synthetic polymers, ceramics and composites. Advantages and disadvantages of these 

biomaterials were shown in Table 3 (54, 70, 71). Due to the heterogeneous structure 

of the OC tissue composites of polymers and bi-ceramics have been widely used for 

OC TE applications. 
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Table 3. Examples of biomaterials used for OC TE with their advantages and 

disadvantages 

 

 Materials Advantages Disadvantages 

Natural 

Polymers 

• Collagen 

• HA 

• CS 

• Silk fibroin 

- high biocompatibility 

- high biodegradability 

- increased cell 

attachment due to 

natural molecular 

domains 

- risk of transmission of 

disease and hazardous agent 

- purification problems 

- variation between 

batches 

- weak mechanical 

properties 

Synthetic 

Polymers 

• PLA 

• PLGA 

• PCL 

 

- ease of processing 

- wide range of 

mechanical 

properties 

- biodegradability 

- no risk of disease 

transmission 

- no limitation in 

supply 

- cytotoxic degradation 

product 

- eliciting inflammatory 

response 

 

Ceramics 
• TCP 

• HAp 

- biocompatibility 

- osteoinductive and 

osteoconductive 

properties 

- promoting bone-like 

apatite when 

implanted 

- poor mechanical 

stability 

Composites 

• Polymer-

Polymer 

• Polymer-

Bioceramics 

- adjustable properties 

according to need 

- novel properties 

- disadvantage of the used 

material 

*HA: hyaluronic acid; CS: chondroitin sulfate; PLA: poly (l-lactic acid); PLGA: poly(lactide-co-glycolide); PCL: 

poly(ε-caprolactone); TCP: tricalcium phosphate; HAp: hydroxyapatite. 

 

Natural polymers such as collagen, hyaluronic acid (HA), gelatin and 

chondroitin sulfate (CS) are mostly used in OC TE applications as they exist in the 

natural ECM of the cartilage (72). They have high biocompatibility and 

biodegradability, and they provide a chemical composition resemblance with native 

ECM. Due to their high biodegradability and weak mechanical properties, they are 

mostly used as a combination with synthetic polymers and ceramics (68, 73, 74).  

 

 A wide range of synthetic polymers are used for the OC TE approaches such 

as poly(caprolactone) (PCL), poly (L-lactide acid) (PLA), poly(glycolic acid) (PGA). 
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Synthetic polymers can be tailored according to the specific applications; for instance, 

adjusting their chemistry or molecular weight to control the mechanical properties and 

degradation rate. However, they have low biocompatibility and are mostly 

hydrophobic, and thus the cell attachment on these polymers is less due to lack of 

specific binding motifs. To overcome these issues hydrophobic and hydrophilic 

polymer composites can be used as a scaffold material. For example, in a study, a 

hydrophilic polymer polyvinyl alcohol (PVA) was blended with hydrophobic polymer 

PCL to produce nanofibrous scaffold (75). It was revealed that PVA-PCL blend 

increased hydrophilicity of the scaffolds and enhanced cell proliferation on them, and 

improve chondrogenic differentiation of MSCs on these scaffolds compared to only 

PCL scaffolds. 

  

Calcium phosphate-based ceramics such as hydroxyapatite and β-TCP are 

widely used at the subchondral part of the osteochondral construct due to their 

osteoconductive and osteoinductive properties. It was shown that these ceramics 

integration into the subchondral part of the construct promoted mineralization and 

bone regeneration when osteochondral construct was implanted (76). 

  

2.5.1.2 Scaffold fabrication techniques 

 

The scaffold used in tissue engineering aims to provide appropriate surfaces in 

2D or 3D for cells to adhere and proliferate, and also to implement adequate 

mechanical properties and transport of nutrients as well as allowing coordination of 

multicellular process (77). Scaffold fabrication is one of the important issues to obtain 

a successful tissue substitute in tissue engineering. Scaffold material, the architecture 

of the scaffold design, and also its application strategy should be taken into 

consideration while selecting the scaffold fabrication technique. There are wide variety 

of fabrication techniques such as particulate leaching, freeze-drying, electrospinning 

and 3D printing.   
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2.5.1.2.1 Conventional scaffold fabrication techniques 

 

Particulate leaching is a basic and cost-efficient technique to fabricate porous 

polymeric scaffolds. Polymer solution is mixed with an easy- dissoluble particulate 

such as salt or sugar particles. After the solvent of the polymer solution evaporates, 

the particulates within the solid construct are leached out with solvent of the 

particulate. Pore size and porosity of the scaffold can be adjusted by particulate size 

and amount (78). Freeze-drying also known as lyophilization is a technique based on 

the phase separation between the solvent and the polymer. Polymer solvent is 

sublimated using low temperature under vacuum conditions, and a porous scaffold is 

obtained. A scaffold having up to 90% porosity with interconnected pores can be 

produced via this method. Pore size and porosity can be controlled with polymer 

concentration, solvent type and freezing temperature (79). 

 

2.5.1.2.2 Electrospinning 

 

Electrospinning is another widely used method in tissue engineering studies. 

Electrospinning method basically consists of a syringe containing polymer solution 

which is pushed with syringe pump at a certain flow rate, power supply and metal 

collector on which ejected fibers are deposited. The increased voltage between the 

needle of syringe and the metal collector creates repulsive and attractive forces 

between two poles. When the repulsive force overcomes the surface tension of the 

polymer injected, polymer droplet at the tip of the needle in the form of Taylor cone 

is ejected. During ejection of polymer solution towards the collector, the solvent 

evaporates and thin, dry polymeric fibers are collected on the metal collector, and thus 

fibrous mat is deposited on the collector (80) . 

 

2.5.1.2.3 3D printing via additive manufacturing  

 

Control of the scaffold's internal structure is difficult even almost impossible 

with conventional scaffold fabrication methods. There are limitations such as 
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uncontrolled/random porosity, irreproducibility and insufficient mechanical properties 

in the scaffolds produced by conventional techniques such as freeze drying and solvent 

casting. 3D printing via additive manufacturing is rapidly emerging technique also in 

the field of tissue engineering, since it enables the production of complex and 

multilayered scaffolds with high precision and reproducibility (81, 82). The combined 

use of computer-aided design (CAD) programs and 3D printing technologies makes it 

possible to print high-precision, efficient and customizable scaffolds with a complex 

microarchitecture. Most common 3D printing methods are fused deposition modelling 

(FDM), stereolithography (SLA), selective laser sintering (SLS) and inkjet printing 

(83). Main advantage of the 3D printing technique is to have precise control over the 

scaffold’s micro and macro architecture. 3D printing can fabricate scaffolds with 

adjustable pore size and controllable porosity including interconnected pores as 

intended. In addition, 3D printing methods are widely used for the fabrication of 

patient specific implants. For patient specific treatments, firstly the defect size 

information obtained from magnetic resonance imaging (MRI) or computed 

tomography (CT) is converted to 3D scaffold design (84). Then, the predetermined 

size of scaffold is 3D printed so that the implant is personalized to the patient's use. 

 

FDM is a widely used method due to its simplicity and high mechanical 

strength of the thermoplastics that can be used with this method (85).  FDM method 

consists of a vertically moving extrusion nozzle and a horizontally moving build plate. 

A melted thermoplastic polymer gets extruded out of extrusion tip with the help of 

screws or pressure. With the FDM method 3-D printer prints out the 3D model 

obtained by CAD. Before printing, a software is used to slice the 3D model. Once 

printing parameters such as printing temperature, pressure, speed and layer height are 

entered, software converts the 3D model into a digital file, which is a set of 

instructions. This conversion is called “slicing”. Extruder head moves according to 

this instruction moving with the speed in the instructions and creates the model in a  

layer-by-layer fashion. After each layer is created building plate descends along z-

coordinate according to programmed layer height and starts the next layer and a 3D 

model is fabricated with the fusion of these layers.  

 

 



 

28 

 

2.5.2 Cell sources used in osteochondral tissue engineering 

 

Using cells with scaffolds influences the interaction of the tissue engineered 

substitute with the surrounding tissue, and it is universally accepted that cells improve 

the synthesis of tissue-specific ECM, and enhance tissue regeneration and healing 

process at the implantation site (54). There are several cell types used in tissue 

engineering field such as mature somatic cells, embryonic stem cells and mesenchymal 

stem cells. Mostly used cell types for the osteochondral tissue engineering are 

autologous mature chondrocytes and mesenchymal stem cells (86).  

 

Autologous mature chondrocytes can be considered most direct cells for the 

treatment of OCDs. The use of autologous chondrocytes for OCDs is a very common 

approach because chondrocytes are the only cells that have the perfect capacity to 

regenerate native articular cartilage (76). However, there are serious drawbacks such 

as (i) additional injury to the articular cartilage while harvesting mature chondrocytes, 

(ii) limited supply of cells due to less amount of donor tissue and inefficient isolation, 

(iii) need for multiple surgeries (46). Moreover isolated autologous cells are 

proliferated in in vitro culture before implantation, and the common risk of 

chondrocytes to dedifferentiate in monolayer cultures precludes the success of tissue 

engineered substitute (86). 

 

The use of stem cells would overcome these issues. One of the stem cell types 

used in tissue engineering is embryonic stem cell (ESC). ESCs has unlimited self-

renewal capacity and ability to differentiate any desired cell or tissue. But there are 

drawbacks such as controlling the specific lineage differentiation in vivo, risk of 

teratoma formation in undifferentiated state and ethical issues to use ESC lineages 

(46). Induced pluripotent stem cells (IPSCs) were used to remove ethical problems 

since they are formed from somatic cells. IPSCs behave like ESCs in terms of high 

self-renewal capacity and high differentiation potential. However, they have also risk 

of teratoma formation in undifferentiated state, therefore their implantation potential 

is limited like ESCs. But, IPSCs are promising cell source to develop in vitro disease 
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models to be used in patient specific drug screening or analyzing disease mechanism 

(54). 

Considering all tissue layers of the OC complex are originated from 

mesenchyme, mesenchymal stem cells are the preferred cell source for that tissue 

substitute. Indeed, with their tendency to differentiate into both cartilage and bone cells 

MSCs become very prevalent in the osteochondral tissue engineering by overcoming 

the challenges that can be faced with mature chondrocytes and other stem cells. Using 

a single autologous cell source like MSC that can differentiate into both osteogenic 

and chondrogenic cells may provide all cellular components of OC tissue as well as 

eliminates the risk of immune response (87, 88). 

 

2.5.2.1 Mesenchymal stem cells  

 

Mesenchymal Stem Cells (MSCs) are non-hematopoietic stromal cells with a 

potential of multi-lineage differentiation. They are the reservoir of reparative cells in 

the body, they can migrate to injury site and differentiate into adult stage functional 

cells and/or release some bioactive agents such as growth factors to repair injured 

tissue (89). They were first isolated from bone marrow by the Friedenstein (90) and 

bone marrow was then considered the main source for MSCs. However, they have 

been isolated from various tissues such as adipose tissue (91), dental pulp (92), amnion 

fluid (93) and umbilical cord (94). MSCs are naturally able to differentiate into 

connective tissue lineages like bone, cartilage and adipose tissue (Figure 8)  (95). 

Afterwards, it has been shown that they can differentiate into other cell types such as 

vascular cells (96) and neural cells (97) in the presence of appropriate signals. MSCs 

isolated from different sources may have different characteristics and differentiation 

potentials towards different cell types. This should be considered during the selection 

of an appropriate MSCs for the targeted tissue (95). Dental tissues including dental 

pulp are rich in stem cells and can be obtained during standard dental operations. Since 

they are discarded as surgical waste, tissue harvesting from these tissues is non-

invasive and do not raise ethical concerns (98). Dental pulp stem cells can be isolated 

from dental pulp tissue and they have mesenchymal characteristics as they can 
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differentiate into various cell types including osteoblasts, adipocytes, chondrocyte-like 

cells and neural cells (99).  

 

 

 
 

Figure 8. Source and differentiation potential of MSCs. Created with BioRender.com 
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3 MATERIALS AND METHODS 

 

3.1 Materials 

 

Polycaprolactone (PCL) (MW 50000 g/mol) was purchased from Polysciences, 

Inc. Chloroform, beta-tricalcium phosphate (β-TCP), FITC-phalloidin, DAPI, WST-1 

kit, dexamethasone, silver nitrate, sodium thiosulfate, alcian blue, insulin transferrin 

selenite, sodium pyruvate, proline and alizarin red were purchased from Sigma. DMF 

was purchased from Merck. Alpha-MEM, DMEM Low Glucose medium, DMEM 

High Glucose medium, Fetal Bovine Serum (FBS), Penicillin/Streptomycin 

(pen/strep) and Try-EDTA were purchased from Gibco. All antibodies and isotypes 

for flow cytometry were obtained from BD Biosciences. β -glycerophosphate was 

purchased from AppliChem. ALP kit was obtained from Randox. Live/Dead assay was 

purchased from Thermo Scientific. Aggrecan and Collagen type-II antibodies were 

purchased from Abcam and Invitrogen, respectively, while secondary antibodies 

conjugated with Alexa Fluor 488 and Alexa Fluor 555 were purchased from Thermo 

Fisher. 

 

3.2 Methods 

 

3.2.1 Construction of the multilayered osteochondral scaffold 

 

3.2.1.1 Designing the 3D printed part of the multilayered scaffold 

 

Osteochondral tissue is a unique composite tissue that can transfer the load 

during joint movement. The composition and organization of cells and extracellular 

matrix molecules in each region are different and it affects the mechanical properties 

and functions of these regions (100). Collagen fibril structures in each layer of AC are 

arranged to distribute the load equally (101). The osteochondral tissue substitute 

implanted in the joint would be introduced to a dynamic biomechanical environment 

with a constant change in forces such as stress, strain and fluid pressure. To achieve a 

cartilage-bone defect repair using a multilayer scaffold, it is important that each layer 
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of the scaffold has mechanical properties that match the surrounding tissue and have 

mechanical properties to withstand the cyclic physiological load of the joint (3) 

 

Osteochondral tissue is composed of three main tissues, starting from synovial 

surface,  articular cartilage, calcified cartilage and bone (53). Hereinafter, articular 

cartilage part of the construct would be referred as cartilage part. 3D scaffold model 

was designed to have three parts which mimic bone, calcified cartilage and cartilage 

layers of the native tissue, and each layer has a different architecture. Computer 

programs, SketchUp (Trimple Inc, USA) and Blender (Blender Foundation, 

Netherlands), were used to design the 3D model of the scaffold. 

 

The architecture of the multilayers in scaffold was designed considering the 

pore size and filament radius for the bone and cartilage layers to enable the cells to 

adhere and proliferate in those regions. In this study, the bone part of the scaffold was 

designed to have a pore size of 400-500 µm and appropriate mechanical properties to 

withstand the load applied to the area. In the scaffold design, each layer was composed 

of parallel filaments with a certain distance between them, and layers were added on 

top of each other with a 90° angle between subsequent layers (Figure 9). The bone part 

of the scaffold was composed of two repeats of four layers. In order to increase cell 

adhesion, a 150 µm shift of struts was applied to the layers facing the same direction 

within repetitive four layers. 

 

 

 

Figure 9. Schematic presentation of the bone part of the 3D printed multilayer scaffold 

design showing the organization of the filaments in a cross-sectional view of the 

scaffold.  
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In the natural OC tissue calcified cartilage layer prevents vascularization and 

migration of bone cells to cartilage side and enhances mechanical integrity (102). The 

non-porous design of this layer was made to fulfil the role of natural calcified cartilage 

tissue. Calcified cartilage part was designed as a single layer of parallel filaments with 

200 µm diameter with no space between them (Figure 11).  It was aimed to obtain the 

non-porous layer with the fusion of filaments. 

 

 

 

Figure 10. Schematic presentation of the calcified cartilage part design of the 3D 

printed multilayer scaffold showing the organization of the filaments in a cross-

sectional view of the scaffold. 

 

Cartilage part of the scaffold was designed in a similar fashion to the bone part. 

It was composed of eight layers including two repeats of four layers. Each layer was 

made-up of parallel filaments with a certain distance between them, adding layers on 

top of each other along the Z-axis by turning the following layer 90° (Figure 11).  In 

the cartilage part design, the filament diameter was thinner and the distance between 

filaments were longer than the ones in the bone part, which would increase the pore 

size to allow hydrogel solution to enter between the pores. In addition, to mimic the 

perpendicular orientation of collagen fibers at the deep zone of the articular cartilage 

half of the layers in cartilage part were designed without shifting of filaments. 

However, in order to mimic the random orientation fibers at the middle zone in the 

other half of the layers it was designed to have 150 µm shifting of filaments within the 

layers facing the same direction. 
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Figure 11. Schematic presentation of the cartilage part of the 3D printed multilayer 

scaffold design showing the organization of the filaments in a cross-sectional view of 

the scaffold. 

 

3.2.1.2 3D printing of the multilayered scaffolds: optimization of parameters 

 

3D scaffold was printed using fused deposition method (FDM) with an Allevi 

2 3D Printer (3D Systems, USA). This pneumatic 3D printer, uses pressure to extrude 

the molten polymer through printing tip. In this study, 3D printing of PCL polymer 

was performed at 100°C and 100 psi as recommended by the firm Allevi (103). 

 

Scaffolds were printed according to the architecture of the model using poly(ε-

caprolactone) (PCL) by melting and extrusion of PCL. To obtain accurately the desired 

filament diameters and pore size, different designs with different filament dimensions 

were printed. In addition, the printing parameters such as layer height and printing 

speed were adjusted, and optimized for 3D printing process. Moreover, the effect of 

needle tip type on the geometry of 3D printed scaffolds was investigated. The 

optimization of 3D printing parameters was held separately for the bone and the 

cartilage parts (Table 4 and Table 5). After optimization of the design parameters for 

bone and cartilage part separately, the common printing parameters obtained for each 

were chosen. During optimization studies, 3D printed scaffolds were examined under 

stereomicroscope (Stemi 508, Zeiss, Germany).    
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Table 4. The optimization parameters of 3D printing for the bone part of the multilayer 

scaffold. 

 

 

Table 5. The optimization parameters of 3D printing for the cartilage part of the 

multilayer scaffold. 

 

 

 

 

 

 

        Scaffold 

 

Parameter 

A B C D E F G H I J K 

Needle tip 

(Ga) 
27 25 

Designed 

filament 

diameter (µm) 

400 500 

Designed 

distance 

between 

filaments 

(µm) 

600 

 

400 

 

600 800 

Layer Height 

(µm) 
100 200 100 200 

Speed 

(mm/s) 
2 2 1 2 2 1 2 3 4 6 4 

       Scaffold 
 

Parameter 
A B C D E F 

Needle tip (Ga) 

 
27 25 

Designed 

filament 

diameter (µm) 

200 300 400 

Designed 

distance between 

filaments (µm) 

800 900 1200 

Layer Height 

(µm) 
200 100 200 100 200 

Speed (mm/s) 1 2 1 2 3 4 
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3.2.1.3 Fabrication of electrospun fibrous mats 

 

Electrospun fibrous mat that was planned to be the outer layer of the cartilage 

part of the 3D printed scaffold mimicking the superficial layer of the articular cartilage 

was fabricated by electrospinning. 

 

Electrospinning system was composed of syringe pump (New Era Pump 

Systems Inc., USA), 10 mL syringe with a 21 Ga needle with cut blunt tip, high voltage 

power supply (Gamma High Voltage, USA) and the metal collector (Figure 12). 

Polymer solution was prepared as 20% (w/v) PCL solution in chloroform: DFM (9:1) 

and was placed into a syringe placed on syringe pump. Electrospun fibrous mat was 

collected with a 14 cm needle-to-collector distance, 0.4 mL/h flow rate of the polymer 

from syringe tip and a 20 kV potential from the power supply.  Random electrospun 

mats were obtained after 5 minutes of electrospinning process 

 

  

 

Figure 12. Schematic presentation of electrospinning set-up 

 

3.2.1.4 Construction of the multilayered osteochondral scaffold 

 

3D scaffolds composed of cartilage, calcified cartilage and bone parts were 

printed with Allevi 3D printer (Allevi 2, 3D Systems, USA) by fused deposition 

method using the optimized parameters in Section 3.2.1.2. PCL powder was loaded 

into the metal syringe head of the 3D printer and heated to 100°C. After PCL was 
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melted, a pressure of 100 psi was applied for printing. Multilayered scaffold was 

printed with a 4 mm/s printing speed, 0.2 mm layer height and using 25 Ga extruder 

tip. Consequently, the scaffolds containing cartilage, calcified cartilage and bone parts 

were produced as a whole by 3D printing without weak interphase. 

 

The final multilayered scaffolds were obtained by integration of the 

electrospun fibrous mat with 3D printed scaffolds. For that purpose, firstly the 

electrospun fibrous mats were cut circular according to the diameter of the 3D printed 

scaffolds. Then, chloroform was sprayed on the cartilage part of the 3D printed 

scaffolds and the fibrous mats were fixed on the top surface of the cartilage part 

immediately after spraying. Fixation of these two parts was checked by trying to 

seperate the combined structure to see whether there was any detachment. 

 

3.2.1.5 Coating of β-TCP onto the bone part of the multilayered scaffolds 

 

The multilayered scaffolds were treated with oxygen plasma (power 50-watt, 

5 min). After this treatment, the bone parts of the scaffolds were coated with β-

tricalcium phosphate (β -TCP) solution in water (1%, w/v). Coating process was 

applied twice with 1 h wait after each coat. After the second coat and 1 h wait period, 

the scaffolds were immersed into 70% EtOH to speed up the drying of the scaffolds. 

 

3.2.2 Characterization of the multilayered scaffold 

 

3.2.2.1 Scanning electron microscopy  

 

Morphology of the multilayered scaffolds was examined with Scanning 

Electron Microscopy (SEM) (EVO 10, Zeiss, Germany). For that purpose, the 

scaffolds at different stages of preparation were mounted on aluminum stubs, and 

coated with 50 nm thick gold under vacuum (Q150RS, Quorum, UK).  
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3.2.2.2 Mechanical analysis 

 

Mechanical properties of the multilayered scaffolds were determined with 

Mechanical Testing Machine (Shimadzu AGS-X Series Universal Test Machine, 

Japan) by a compression test at 1 mm/s of testing speed, and the results were analyzed 

with Mechanical Testing Software (Trapezium, Shimadzu, Japan). Samples were 

dimensions of 10 mm diameter and 8 mm height. Data was acquired as load-

displacement graph (N/mm), and coverted into stress-strain curve. The Young’s 

Modulus (E) values of samples were calculated using the following equation, where 

(E) is the Young’s Modulus, () is the stress, (ε) is the strain, (F) is the applied force, 

(A) is the cross-sectional area of the sample on which stress was applied, (∆ℓ) is 

displacement and (ℓ0) is the initial length of the sample. 

 

𝐸 (𝑌𝑜𝑢𝑛𝑔′𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠) =
𝜎 (𝑠𝑡𝑟𝑒𝑠𝑠)

𝜀 (𝑠𝑡𝑟𝑎𝑖𝑛)
 

𝜎(𝑁/𝑚𝑚2) = 𝐹 (𝑁)/ 𝐴 (𝑚𝑚2) 

𝜀 = 𝑙/𝑙ₒ 

 

Test samples were labeled as; 

- (Group 1) FullOC - the final multilayered scaffolds 

- (Group 2) BONE - scaffolds composed of only the β-TCP coated 3D printed 

bone part.  

- (Group 3) CARTILAGE - scaffolds composed of only 3D printed cartilage part 

and electrospun mat.   

 

3.2.2.3 Investigation of impermeability of the calcified cartilage barrier 

 

Calcified cartilage layer found between the bone part and the cartilage part of 

3D printed multilayered scaffold was designed to prevent cell migration from bone 

side to cartilage side, and fabricated as a non-porous layer as explained in Section 

3.2.1.1. Therefore, the impermeability of this layer was tested using a blue dye. A set 

of scaffolds were fabricated including bone, calcified cartilage and cartilage part, while 

the other set of scaffolds were fabricated without calcified cartilage. A blue dye was 
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placed on bone side of the scaffolds, and whether there was any passage of blue dye 

to the cartilage layer through time was followed. Then, the scaffolds were examined 

under stereomicroscope (Stemi 508, Zeiss, Germany). In addition, the blockage of cell 

passage through calcified cartilage was investigated with Phalloidin/DAPI staining 

after cell seeding only to the bone part. The detailed information about this method 

was given in Section 3.2.3.5.1. 

 

3.2.3 In vitro studies 

 

3.2.3.1 Isolation and characterization of human DP-MSCs 

 

3.2.3.1.1 Isolation of DP-MSC 

 

Human dental pulp-derived mesenchymal stem cells (DP-MSCs) used in this 

study were previously isolated by explant culture for a study of Dr. Deniz Yücel at 

Acıbadem Mehmet Ali Aydınlar University. The approval of the ethical committee for 

the use of these isolated DP-MSCs in this study was given in Appendix 8.1 (Acıbadem 

Mehmet Ali Aydınlar University, Istanbul, ATADEK-2022/02). 

 

Briefly, dental pulp tissues were obtained from the deciduous teeth of 6-12 

years old healthy children. The tissues were cut into small pieces, placed on cell culture 

plates, and then 1 mL of growth media containing Alpha MEM (αMEM) medium, 

10% Fetal Bovine Serum (FBS) and penicillin/streptomycin (100 U/mL, 100 µg/mL) 

was added. Tissues were cultured in a CO2 incubator (5% CO2) at 37o C. After 12 h 

incubation, another 1 mL of the growth media was added onto the tissues, and the 

culture continued by changing the growth media every 3 days. When cells reached 70-

80% confluency, they were passaged (subcultured). For passage of cells, the cells were 

detached from flask surface via trypsinization using 0.05% Try-EDTA, centrifuged at 

2200 rpm for 5 min and then transferred to large surfaces to continue culture. Cells 

were stored in liquid nitrogen after gradual freezing in growth media containing 10% 

DMSO to be used in the further experiments. 
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3.2.3.2 Characterization of human DP-MSCs 

 

The Mesenchymal and Tissue Stem Cell Committee of the International 

Society for Cellular Therapy defines three minimal criteria to qualify a cell as human 

MSC (104). The first of three criteria is that when maintained in standard culture 

conditions MSC must be plastic-adherent; the second is that MSC must have 

expression of specific surface molecules as CD73, CD44, CD90 and CD105 and must 

be lack of CD34, CD 45 and HLA-DR expression; and the third is MSC must be able 

to differentiate into osteoblasts, chondroblasts and adipocytes. 

 

In the light of this information, in order to prove that the isolated DP-MSCs in 

this study were MSCs the morphology of DP-MSCs was evaluated under standard 

culture conditions, expression of the indicated cell surface markers were analyzed with 

flow cytometry, and their differentiation capacity into osteoblast and chondroblast 

were investigated. In addition, the growth kinetics of DP-MSCs was determined. 

 

3.2.3.2.1 Morphology of DP-MSCs 

 

In order to investigate the morphology of human DP-MSCs, the cells were 

examined under light microscope; in addition, they were examined with confocal laser 

scanning microscopy (CLSM) after staining with FITC conjugated Phalloidin for the 

cytoskeletal organization and 4', 6-diamidino-2- phenylindole (DAPI) for the nucleus. 

DP-MSCs were seeded on 24 well plates and cultured within the growth medium for 

5 days. Then, the cells were fixed with 4% PFA (in PBS) for 30 min at room 

temperature. After washing with PBS (10 mM, pH 7.4), they were incubated for 5 min 

in 0.1% (v/v) Triton X-100 for cell permeabilization, and then washed with PBS again. 

The cells were incubated in 1% (w/v) BSA solution for 30 min to prevent non-specific 

binding, and then they were incubated with FITC conjugated Phalloidin at for 1 h at 

37°C to stain actin filaments of cells. After washing with PBS to remove excess dye, 

the cells were counter-stained with DAPI (1:5000 in PBS) for 10 min to stain the 

nucleus of the cells. After washing with PBS, the cells were examined with CLSM 

(LSM 900 Airyscan 2, Zeiss, Germany).  
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3.2.3.2.2 Flow cytometry analysis 

 

Specific cell surface antigens’ expressions of the isolated DP-MSCs at passage 

3 (P3) were analyzed by flow cytometry. The cell surface antigens were CD105, CD73, 

CD44 and CD90 as MSC markers, hematopoietic lineage markers (CD34 and CD45) 

and immunogenic antigens (HLA-DR (MHC Class 1) and HLA-ABC (MHC Class 2)). 

After human DP-MSCs reached 70-80% confluency, the cells were detached from 

surface with trypsinization as explained in Section 3.2.3.1.1 and centrifuged at 2200 

rpm for 5 min. After resuspension of the cell pellet in the growth medium, the cells 

were counted and transferred to tubes as to be 5x105 cells/ tube. Then, cells were 

resuspended with 1% (w/v) BSA (in PBS) and centrifuged at 2200 rpm for 5 min at 

+40C. The cell pellets were resuspended, and the cells were incubated with 

fluorochrome-conjugated antibodies (FITC-CD105, PerCp-CD73, PE-CD44, PerCp-

CD90, PE-CD34, FITC-CD45, PerCp-HLA-DR, PE-HLA-ABC)  in a 1% (w/v) BSA 

solution for 1 h at +4oC. Following incubation, the cells were washed twice with PBS, 

and fixed with 1% PFA for 10 min. Then, the cell surface markers were analyzed with 

flow cytometer (FACS Verse, BD Biosciences). Isotype controls were used to 

eliminate non-specific binding signal, and thus percentage of positive cells were 

determined.  

 

3.2.3.2.3 Growth kinetics of human DP-MSCs 

 

To investigate the growth behavior and to determine the doubling time of the 

isolated DP-MSCs a cell proliferation assay, WST-1, was done. DP-MSCs were 

seeded on 24 well plates at a density of 104 cells/well, and they were cultured in the 

growth medium at 37°C in CO2 incubator. Samples were studied as triplicates (n=3). 

The cell number was determined by Cell Proliferation Reagent WST-1 at the end of 

24, 48, 72, 96, 144, 192 and 240 h incubation. 

 

WST-1 assay is based on the conversion of tetrazolium salt to formazan by the 

cellular activity (mitochondrial dehydrogenases) of the viable cells. Therefore, the 

formazan production is directly proportional with the number of the viable cells. The 
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formed formazan can be quantified with its absorbance at 440 nm. For this assay, at 

the end of the incubation periods the growth medium was removed, and 500µL of 

prepared WST-1 working solution (20:1, growth medium: WST-1) was added onto the 

cells. Then, the cells were incubated at 37°C in CO2 incubator for 2 h. After 2h 

incubation, 200 µL of the colored product was transferred into a 96 well plate. 

Absorbance of the formed product was determined at 440 nm with Fluorescence Plate 

Reader (Victor Nivo, Perkin Elmer). The measured absorbance values were converted 

into the cell number by the use of a calibration curve (Appendix 8.2). 

 

3.2.3.2.4 Osteogenic differentiation of human DP-MSCs 

 

DP-MSCs at P3 were seeded onto 24 well plates at a density of 5x103 

cells/well. The cells were incubated in the growth medium for 24 h, and then the 

growth medium was changed with an osteogenic induction medium composed of 

Dulbecco's Modified Eagle Medium (DMEM) Low Glucose supplemented with 10% 

FBS, penicillin/streptomycin (100 U/mL, 100 µg/mL), 100 nM dexamethasone, 50 

µg/mL ascorbic acid, 10 µM β-glycerophosphate to ensure osteogenic differentiation. 

The osteogenic induction medium was applied for 21 days by changing the medium 

every 3 days. Undifferentiated DP-MSC cultured in the growth medium in equal terms 

was used as a control group. After 21 days of osteogenic differentiation of DP-MSCs 

was assessed with alkaline phosphatase (ALP) assays and von Kossa staining. 

 

Alkaline phosphatase (ALP), dephosphorylates compounds and is known to be 

produced by osteoblasts. It is involved in mineralization of bone. Therefore, it is 

widely used indicator for early bone formation (105). ALP assay is based on 

dephosphorylation of p-nitrophenyl phosphate to p-nitrophenol with the presence of 

ALP enzyme, shown with the reaction given in the following equation (Equation 1) 

 

(Equation 1) 
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To evaluate the osteogenic differentiation with ALP activity, the cells on 24 

well plates were lysed with 0.1% (v/v) Triton X-100 (in 0.1 M, pH 7.6 Tris Buffer), 

and then the cell lysates were transferred into 1.5 mL centrifuge tubes. The cell lysates 

were exposed to freeze/thaw cycle by keeping them at -20°C for 10 min followed by 

37°C for 10 min, and this freeze/thaw process repeated three times. After cell lysates 

were sonicated (Sonoplus, Bendelin, Germany) for total of 10 min with 30 s breaks, 

they were centrifuged at 5000 rpm for 10 min at 4°C. 50 μL of supernatant and 50 μL 

of 0.1% (v/v) Triton X-100 were added into 96 well plates, and as a blank 100 μL of 

0.1% (v/v) Triton X-100 was used. ALP substrate, p-nitrophenyl phosphate (20 μL) 

was added onto all samples. Absorbance of the product (p-nitrophenol) was measured 

at 405 nm for 16 min in every 2 min. ALP activity of the samples was expressed as 

µM of substrate converted to product per min, considering the calibration curve for the 

enzymatic product (Appendix 8.3 Figure A3). Specific ALP activity of the samples 

was determined by dividing the ALP activity to total protein amount. BCA assay was 

used to determine the total protein amount in the cell lysate (Appendix 8.3 Figure A4). 

 

Von Kossa staining was performed to show accumulation of calcium-

phosphate mineralization by osteoblasts. On 21st day of culture, the cells were washed 

with PBS, and fixed with 4% PFA solution for 30 min. After washing with PBS, the 

cells were exposed to ultraviolet light (UV) within 1% (w/v) aqueous silver nitrate 

solution for 1 h, and they were incubated in 5% (w/v) sodium thiosulfate for 5 min. 

After washing the cells with distilled water, the samples were examined under light 

microscope (Primovert, Axiocam ERC55, Zeiss, Germany).  

 

3.2.3.2.5 Chondrogenic differentiation of human DP-MSCs 

 

DP-MSCs at P3 were seeded into 24 well plates at a density of 5x103 cells/well. 

The cells were cultured in a chondrogenic induction medium composed of DMEM 

Low Glucose supplemented with 10% FBS, penicillin/streptomycin (100 U/mL, 100 

µg/mL), 1% (w/v) Insulin-Transferrin-Selenium (ITS), 100 nM dexamethasone, 1 µM 

ascorbate-2-phospate, 1% (w/v) sodium pyruvate and 40 µM proline. Undifferentiated 

DP-MSCs cultured in the growth medium was used as a control group. After cells were 
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cultured for 21 days in a CO2 incubator at 37°C, they were washed with PBS and fixed 

with 4% PFA for 30 min.  

 

Chondrogenic differentiation of the cells was assessed with Alcian Blue 

staining at an acidic pH. Alcian blue was used as an indicator of the presence of 

glucosaminoglycans and proteoglycans like aggrecan which is typically found in ECM 

of articular cartilage tissue. Cartilage tissue components such as carboxylate and 

sulfate groups of hyaluronic acid, heparan sulfate, dermatan sulfate, and chondroitin 

sulfate get ionized at a pH of 2.5 and form a negative charge (106). Therefore, 

proteoglycans and hyaluronic acid components in cartilage tissue were specifically 

stained with Alcian Blue at a pH of 2.4-2.5 and appears as blue color after staining. 

After fixation, the cells were stained with 1% (w/v) Alcian Blue solution (in 3% acetic 

acid, pH 2.4) for 30 min. After washing with distilled water, the samples were 

examined under light microscope (Primovert, Axiocam ERC55, Zeiss, Germany). 

 

3.2.3.3 Spheroid culture and chondrogenic differentiation 

 

3.2.3.3.1 Formation of spheroid culture and chondrogenic induction 

 

DP-MSCs at P3 were seeded into 24 well plates at a density of 5x103 cells/well. 

The cells were cultured in a chondrogenic induction medium composed of DMEM 

Low Glucose supplemented with 10% FBS, penicillin/streptomycin (100 U/mL, 100 

µg/mL), 1% (w/v) Insulin-Transferrin-Selenium (ITS), 100 nM dexamethasone, 1 µM 

ascorbate-2-phospate, 1% (w/v) sodium pyruvate and 40 µM proline. Undifferentiated 

DP-MSCs cultured in the growth medium was used as a control group. After cells were 

cultured for 21 days in a CO2 incubator at 37°C, they were washed with PBS and fixed 

with 4% PFA for 30 min.  

 

Chondrogenic differentiation of the cells was assessed with Alcian Blue 

staining at an acidic pH. Alcian blue was used as an indicator of the presence of 

glucosaminoglycans and proteoglycans like aggrecan which is typically found in ECM 

of articular cartilage tissue. Cartilage tissue components such as carboxylate and 

sulfate groups of hyaluronic acid, heparan sulfate, dermatan sulfate, and chondroitin 
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sulfate get ionized at a pH of 2.5 and form a negative charge (106). Therefore, 

proteoglycans and hyaluronic acid components in cartilage tissue were specifically 

stained with Alcian Blue at a pH of 2.4-2.5 and appears as blue color after staining. 

After fixation, the cells were stained with 1% (w/v) Alcian Blue solution (in 3% acetic 

acid, pH 2.4) for 30 min. After washing with distilled water, the samples were 

examined under light microscope (Primovert, Axiocam ERC55, Zeiss, Germany). 

 

Table 6. Composition of chondrogenic induction media used in spheroid culture for 

chondrogenic differentiation 

 

 

Induction 

Medium 1 

(109) 

Induction 

Medium 2  

Induction 

Medium 3  

Control 

Medium 

Basal Media 
DMEM High 

Glucose 

DMEM Low 

Glucose 

DMEM High 

Glucose 

Alpha 

MEM 

FBS (%) - 10 - 10 

Pen/Strep (U/mL, 

µg/mL) 
(100, 100) (100, 100)  (100, 100) (100, 100) 

ITS (%) 1 1 10 - 

Dexamethasone (nM) 100  100  100  - 

Proline (µg/mL) - 40  - - 

Ascorbic acid (µM) 200  1  1   

Sodium pyruvate (%) - 1 1  

TGFβ1* (ng/mL) 10  - 10  - 
*TGFβ1: Transforming growth factor beta-1 

 

3.2.3.3.2 Evaluation of chondrogenic differentiation by Alcian Blue staining 

 

Chondrogenic differentiation of cells in spheroid culture was assessed by 

Alcian Blue staining at an acidic pH to evaluate the synthesis of cartilage ECM with 

the presence of glucosaminoglycans and proteoglycans. After 21 days of culture, the 

spheroids were washed with PBS and fixed with 4% PFA for 1 h. The spheroids were 

embedded in OCT (Optimal Cutting Temperature, TissueTek), and then the samples 

were sliced into 5-6 µm thick sections by cryomicrotome (CM1520, Leica, Germany). 

The slices were placed onto positively charged slides, and after air drying the slides 

were kept at -20°C. The cryosections were brought to room temperature and stained 

with 1% (w/v) Alcian Blue solution (in 3% acetic acid, pH 2.4) for 1 h. After washing 

with distilled water, the spheroid sections were examined under light microscope 

(Primovert, Axiocam ERC55, Zeiss, Germany). The appropriate chondrogenic 
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induction medium for further studies was selected according to the Alcian Blue 

staining results. 

 

3.2.3.3.3 Evaluation of chondrogenic differentiation by immunostaining 

 

Collagen type II and aggrecan are typically found in articular cartilage tissue; 

therefore, expression of these markers at protein level was studied by immunostaining. 

At day 21 of spheroid culture, the spheroids were treated with 0.25% Try-EDTA for 5 

min, and then the cells were dissociated by pipetting to obtain a homogenous cell 

suspension. In order to dilute and reduce Try-EDTA activity, the medium was added 

and the cells were centrifuged at 1400 rpm for 5 min. The cell pellet was resuspended 

in the induction medium, and the cells were seeded on cover glass and cultured with 

chondrogenic induction medium. After 5 days of culture, the cells were fixed with 4% 

PFA for 1 h at room temperature. The samples were kept in 100 mM glycine solution 

(in PBS) for 15 min at room temperature to saturate reactive PFA groups. After 

washing with PBS, the cells were permeabilized by 0.1% (v/v) Triton X-100 for 5 min 

and washed with PBS. Then, the cells were incubated in 1% BSA solution (in PBS) 

for 30 min at 37° C to block non-specific binding of antibodies. The cells were 

incubated in solutions of primary antibodies, anti-collagen type II (1:100) and anti-

aggrecan (1:500). After washing with PBS, the cells were incubated at 37° C for 1 h 

in Alexa Fluor 555 labeled secondary antibody solution (1:200), against both anti-

collagen type II and anti-aggrecan. The samples were washed with PBS, and 

counterstained with DAPI (1:5000) at room temperature for 10 min. After washing 

with PBS, the samples were examined with CLSM (LSM 900 Airyscan 2, Zeiss, 

Germany) 

 

3.2.3.4 Cell integration to the multilayered osteochondral scaffolds 

 

3.2.3.4.1 DP-MSCs seeding into the bone part of the scaffold 

 

Bone part of the 3D printed scaffolds was treated with oxygen plasma, and then 

coated with β-TCP as indicated in Section 3.2.1.5. After coating, the scaffolds were 

sterilized in 70% EtOH for 1 h and dried in a laminar flow hood. DP-MSCs were 
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seeded at a density of 5x104 cells/scaffold onto the bone part of the scaffolds, and then 

incubated for 2 h at 370C and 5% CO2 to ensure cell attachment. In order to examine 

viability, organization and proliferation of DP-MSCs on the bone part of the scaffolds, 

the cells were cultured in the growth medium and at the end of incubation period 

Live/Dead and MTS assays and Phallodin/DAPI were performed as indicated in 

Section 3.2.3.5.1. On the other hand, for the evaluation of differentiation of MSCs on 

the scaffolds and for co-culture studies the cells were cultured in the growth medium 

for a day, and then the culture of cells on the scaffolds continued for 21 days in the 

osteogenic induction media. 

 

3.2.3.4.2 Chondrogenic cell loaded hydrogel application into the cartilage part 

of the scaffold 

 

DP-MSCs were differentiated into chondrogenic cells via spheroid culture 

within the determined chondrogenic induction medium composed of DMEM High 

glucose medium, penicillin/streptomycin (100 U/mL, 100 µg/mL), ITS (1%), 

dexamethasone (100 nM), ascorbic acid (100 µM) and TGFβ-1 (10 ng/mL) for 21 days 

as explained in Section 3.2.3.3.1. At the 21st day of spheroid culture, the spheroids 

were disrupted by treatment with 0.25% Try-EDTA for 5 min and resuspending in the 

induction medium. The activity of Try-EDTA was reduced by dilution with the 

medium, and then the cells were centrifuged at 1400 rpm for 5 min. The pellet was 

resuspended in the chondrogenic induction medium and the cell number was 

determined. The cells were combined with collagen type I solution (3%, w/v) of which 

composition was given in Table 7. The cell loaded hydrogel (100 µL) was injected into 

the cartilage part of the scaffold, and the samples were kept at 37° C for 45 min to 

form gelation. The cells were cultured within the scaffolds for 7 days by changing the 

chondrogenic induction media every other day.  
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Table 7. Components of collagen-based hydrogel solution 

 

Ingredient Percentage (% v/v)  

10X DMEM 7  

NaOH 2.8 M 2.5  

Sodium Bicarbonate (7.5% solution) 1  

1X DMEM High Glucose 13  

Atelocollagen solution in acetic acid (5 mg/mL) 60  

Cell suspension 16.5 

 

3.2.3.4.3 Co-culture of chondrogenic and osteogenic cells on the osteochondral 

multilayered scaffolds 

 

DP-MSCs were seeded onto the bone part and differentiated into osteogenic 

cells as explained in Section 3.2.3.4.1. On the other hand, DP-MSCs were cultured in 

spheroids with chondrogenic induction media for 21 days (Section 3.2.3.3.1). After 21 

days of osteogenic induction of DP-MSCs on the scaffolds, the chondrogenic 

differentiated cells within hydrogel were loaded onto the cartilage part of the 

multilayered construct as indicated in Section 3.2.3.4.2. Then, chondrogenic and 

osteogenic cells derived from DP-MSCs were co-culture in the multilayered scaffold 

for one week using the determined chondrogenic induction medium to prevent de-

differentiation of chondrocytes (Figure 13). 
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Figure 13. Schematic presentation of cell seeding on bone and cartilage parts of the 

multilayered scaffold for co-culture studies 

 

3.2.3.5 Cell behavior on the multilayered scaffolds 

 

3.2.3.5.1 Viability, proliferation and organization of DP-MSCs on the bone part 

of the scaffold 

 

Live/Dead assay, MTS assay and Phalloidin/DAPI staining were performed to 

investigate the viability, proliferation and organization of DP-MSCs within the 

multilayered scaffold. For that purpose, DP-MSCs were seeded at a density of 5x104 

cells/scaffold on the multilayer scaffold as indicated in Section 3.2.3.4.1. After 

culturing in the growth media for 5 days, Live-Dead assay was performed to assess the 

viability of the cells on the scaffolds and Phalloidin/DAPI staining was done to 

investigate the organization of the cells within the bone part of the scaffolds.  

 

For Live/Dead assay cell containing scaffolds were washed with PBS and the 

cells were stained with Calcein AM (1:2000) and ethidium homodimer-1 ( 1:500) in 

PBS. After staining for 30 min, the cells on the scaffolds were examined with CLSM 

(Zeiss LSM 900, Germany). In addition, a set of samples were fixed with 4% PFA and 

were stained with Phalloidin/DAPI as mentioned in Section 3.2.3.2.1. and examined 

under CLSM. Moreover, the presence of cells on the bone and cartilage parts of the 
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scaffold were separately examined with CLSM after the scaffold was cut horizontally 

to evaluate cell migration through the calcified cartilage to show barrier function. 

 

The proliferation of the cells on these scaffolds was analyzed by MTS assay, 

which was performed on days 1,7,14 and 21 of the culture to determine the cell 

numbers on the scaffolds. Similar to WST-1, MTS assay is based on the conversion of 

MTS solution to a colored formazan product with the presence of metabolic activity 

of the cells. The working solution of 10% MTS working solution was prepared in the 

growth medium, and 1 mL of MTS working solution was added onto the cell seeded 

scaffolds on days 1,7,14 and 21 of the culture. After incubation for 2 h at 37° C, 200 

µL sample was transferred into 96 well plate and the absorbance was measured at 490 

nm with multi-plate reader. A calibration curve was used to convert the absorbance 

values to the cell numbers (Appendix 8.2 Figure A2).  

 

3.2.3.5.2 Evaluation of cell differentiation on the bone part of the scaffold 

 

Osteogenic differentiation of DP-MSCs on the multilayered scaffold was 

determined with ALP assay, Alizarin Red staining and mineralization assay. 

 

DP-MSCs were seeded at a density of 5x104 cells/scaffold on the bone part of 

the scaffolds as explained in Section 3.2.3.4.1. After culturing in the growth medium 

for 24 h, the cells were cultured with osteogenic induction medium for 21 days by 

changing the medium every 3 days. A set of DP-MSCs on the scaffolds were cultured 

in the growth medium as a control. ALP assay was carried out to investigate the 

osteogenic differentiation of DP-MSCs on the scaffolds according to the protocol 

given in Section 3.2.3.2.4. In addition, Alizarin Red staining was conducted to the cells 

on the multilayered scaffolds to detect calcium deposition, which is an indicator of 

osteogenic differentiation. The cells on the scaffolds were fixed with 4% PFA on day 

21 of culture, and then they were treated with Alizarin Red solution (2% w/v) for 15 

min at room temperature. After washing 3 times with distilled water to remove excess 

dye, the samples were examined under stereomicroscope (Stemi 508, Zeiss, Germany). 

The other method used to prove osteogenic differentiation was tetracycline staining in 

which newly formed calcium phosphate was labelled to demonstrate mineralization by 
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osteoblasts (110). Tetracyclines are composed of 4 carboxylic rings which help 

binding the tetracycline molecules to calcium ions of mineralized tissue. This binding 

process creates the fluorescence signal on the scaffold from tetracycline after binding 

to mineralized tissue (111). DP-MSCs were seeded onto the multilayered scaffolds as 

mentioned above; however, at the third day of culture Pen/Strep (100 U/mL-100 

µg/mL) in the osteogenic induction medium was replaced with tetracycline (10 

µg/mL). After 21 days of culture, the samples were washed with PBS and 70% EtOH, 

and then the samples were fixed with 96% EtOH at 4°C for 6 h.  After removal of 96% 

EtOH, the samples were allowed to dry at dark and the formed mineralization was 

examined via CLSM with an excitation wavelength of 480 nm. 

 

 

3.2.3.5.3 Cell viability and proliferation analysis after co-culture of 

chondrogenic and osteogenic cells on the osteochondral scaffolds 

 

After 21 days of osteogenic induction of DP-MSCs on the scaffolds, 

chondrogenic cells obtained by spheroid culture was loaded on the scaffolds within 

hydrogel and these cells were co-cultured for a week as explained in Section 3.2.3.4.3. 

The viability and proliferation of the cells on the bone and the cartilage were separately 

analyzed by MTS. For the cells on the bone part MTS assay was done on day 1, 21 

and 28 according to the method given in Section 3.2.3.5.1. At 28-day of culture 

scaffolds were cut in half horizontally along the calcium cartilage barrier. MTS Assay 

was performed on the bone part to determine the cell viability on 7th day of co-culture 

which corresponds to 28th day of osteogenic differentiation. In addition, the viability 

and proliferation of chondrogenic cells on the cartilage part was analyzed by MTS on 

1st and 7th day of co-culture according to the protocol given in Section 3.2.3.5.1. 

 

3.2.3.5.4 Immunostaining for the expression of osteogenic and chondrogenic 

markers of the cells after co-culture studies 

 

After 7 days of co-culture of osteogenic and chondrogenic cells on the 

multilayered scaffolds, the cells were fixed with 4% PFA, and then the scaffold were 

cut in half horizontally along the calcium cartilage barrier.  After washing with PBS, 
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the cells on the bone and cartilage parts of the scaffold were immunostained for the 

expression of osteogenic and chondrogenic markers. To evaluate osteogenic 

differentiation the antibodies against osteopontin and osteonectin were used, while 

collagen type II and aggrecan were chosen as chondrogenic markers. Cells were 

incubated in 100 mM glycine for 15 min at room temperature for saturation of PFA 

groups. After samples were washed with PBS, they were incubated in 1% BSA 

solution (in PBS) for 30 min at 37° C to block non-specific binding of antibodies, and 

then the samples were incubated overnight at 4°C in primary antibody solutions of 

which dilutions were given in Table 6. After washing with PBS, samples were 

incubated in secondary antibodies at 37° C for 1 h. The samples were washed with 

PBS, and then counterstained with DAPI (1:5000) at room temperature for 10 min. 

After washing with PBS, the cells were examined under CLSM (LSM 900, Zeiss, 

Germany) 

 

Table 8. Antibodies and dilution factors (DF) used in immunostaining 

 

Primary antibody DF Secondary 

antibody 

DF  

Rabbit anti-

Osteonectin 

1:500 Alexa Fluor 488 

labeled Anti Rabbit 

Goat Antibody 

1:100 

Mouse anti-

Osteopontin 

1:25 Alexa Fluor 555 

labeled Anti Mouse 

Goat Antibody  

1:200 

Mouse anti-Collagen 

type II 

1:100 Alexa Fluor 555 

labeled Anti Mouse 

Goat Antibody 

1:200 

Mouse anti-

Aggrecan 

1:500 Alexa Fluor 555 

labeled Anti Mouse 

Goat Antibody 

1:200 
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3.2.4 Statistical analysis 

 

Statistical analysis was performed using the R program. To compare the averages 

obtained from the results of MTS assay, ALP assay and mechanical test experiments; 

ANOVA test was used for two-to-many comparisons and the t-test was used for two 

independent samples between two groups. The p values less than 0.05 (p <0.05) were 

considered statistically significant. 
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4 RESULTS 

 

4.1 Construction of Multilayered Scaffold 

 

4.1.1 Design of 3D plotted part of the multilayered scaffold 

 

3D model of the multilayered scaffold was designed with SketchUp and 

Blender programs (Figure 14 and 15). This scaffold was made of three parts that 

mimics the bone, calcified cartilage and cartilage tissues of the OC tissue. For that 

purpose, bone, cartilage and calcified cartilage parts were designed separately, and 

then combined to form the multilayered scaffold. Bone and cartilage parts were 

designed to have a porous structure with different pore sizes and inner structures to 

ensure cell attachment and proliferation on these layers of the multilayered scaffold. 

However, there was a non-porous layer between the bone and cartilage parts to mimic 

the calcified cartilage, which provides mechanical integration between bone and 

cartilage tissues and prevents vascularization and cell migration through this barrier 

(102, 112) 
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a  

 

 

 

 

b 

 

c 

 

 

 

 

 

d 

 

e 

 

 

 

 

f 

 

 

Figure 14. 3D model designs of different parts of the multilayered scaffold. Images 

show the design of cartilage part from (a) side and (b) top, calcified cartilage part 

from (c) side and (d) top and bone part from (e) side and (f) top.                       
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Figure 15. Designed 3D model of the multilayered scaffold including all 3 

components; cartilage part, calcified cartilage part and bone part. 

 

4.1.2 Optimization of 3D printing parameters 

 

3D printing of the multilayered scaffold was conducted by FDM that involves 

melting a thermoplastic material and depositing the molten material in a single layer 

in the triaxial system. While adding multiple layers on top of each other, the layers 

fused and create the desired 3D object (113). 3D printing parameters such as printing 

speed, layer height and needle tip diameter were optimized to obtain well-printed 

scaffolds having a desired architecture. In addition, 3D models were designed with 

different fiber diameters and fiber spacing were 3D printed to obtain the intended pore 

size. The scaffolds were printed by changing the parameters that were given in Section 

3.2.1.2. and the stereomicroscope images of the obtained scaffolds’ bone and cartilage 

parts were given in Figure 16 and 17. The filament diameter and pore size measured 

from the images were given in Table 9 and 10. According to the pore size and structural 

integrity, the optimum 3D printing parameters to be used in the further studies were 

determined and presented in Table 11. 
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Figure 16. Stereomicroscope images of the bone part of the scaffolds (A-K) that were 

printed with the parameters shown in Table 4.  
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Table 9. The fiber diameters and the distance between fibers obtained for bone part of 

the 3D printed PCL scaffolds using different printing parameters. 

 

 

Needle 

Tip 

(G) 

Layer 

height 

(mm) 

Speed 

(mm/s) 

Designed 

fiber 

diameter 

(µm) 

Measured 

fiber 

diameter 

(µm) 

Designed 

distance 

between 

fibers  

(µm) 

Measured 

distance 

between 

fibers 

(µm) 

A 

27 

0.1 2 

400 

595±26 

600 

348 ±28 

B 0.2 2 562 ±72 535 ±70 

C 0.2 1 564 ±18 345 ±14 

D 0.1 2 599 ±27 

400 

362 ±42 

E 

0.2 

2 448 ±59 329 ±25 

F 1 601 ±29 191 ±21 

G 

25 

2 691±24 

600 

332±25 

H 3 744±34 336±25 

I 4 529±45 451±21 

J 6 566±28 473±24 

K 4 500 751±15 800 438±27 
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Figure 17. Stereomicroscope images of the cartilage part of the scaffolds (A- F) that 

were printed with the parameters shown in Table 5. 
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Table 10. The fiber diameters and the distance between fibers obtained for bone part 

of the 3D printed PCL scaffolds using different printing parameters. 

 

 
Needle 

Tip (G) 

Layer 

Height 

(mm) 

Speed 

(mm/s) 

Designed 

Fiber 

Diameter 

(µm) 

Measured 

Fiber 

Diameter 

(µm) 

Designed 

Distance 

Between 

Fibers  

(µm) 

Measured 

Distance 

Between 

Fibers 

(µm) 

A 

27 

 

0.2 1 
200 

540±47 
800 

555±26 

B 0.1 2 520±32 509±33 

C 0.2 1 
300 

570±24 
900 

656±42 

D 0.1 2 469±30 763±21 

E 
25 

0.2 3 
400 

909±51 
1200 

645±49 

F 0.2 4 656 ± 50 833±48 

 

Table 11. The optimized parameters for 3D printing of the multilayered scaffold 

 

Printing Speed 4 mm/s 

Layer Height  0.2 mm 

Nozzle Diameter 25 G 

Designed Fiber Diameter 

Bone Part 500 µm 

Calcified Cartilage Part 200 µm 

Cartilage Part 400 µm 

Real Fiber Diameter 

Bone Part 751±15 µm 

Calcified Cartilage Part Fibers were fused 

Cartilage Part 656 ± 50 µm 

Designed Distance 

Between Fibers 

Bone Part 800 µm 

Calcified Cartilage Part No space 

Cartilage Part 1200 µm 

Real Distance Between 

Fibers 

Bone Part 438±27 µm 

Calcified Cartilage Part No space 

Cartilage Part 833±48 µm 
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4.2 Characterization of the Multilayered Osteochondral Scaffold  

 

4.2.1 Scanning electron microscopy analysis 

 

4.2.1.1 Morphology of 3D printed multilayered scaffold 

 

SEM images of the 3D printed multilayered scaffolds were given in Figure 17. 

Three layers, bone, calcified cartilage and cartilage parts were printed successfully by 

FDM method without any interphase (Figure 18 c, d). The fiber diameter and distance 

between the fibers (pore size) at the cartilage part of the multilayered scaffold were 

measured as 562±55 µm and 940±51 µm, respectively, while at the bone part they 

were measured as 730±60 µm and 453 ±44 µm, respectively. (Figure 18 a,b)  It was 

observed that the pore size of the cartilage part was larger than that of the bone part, 

as it was intended. The calcified cartilage part was printed as a non-porous layer 

without any space with fusion of filament without any pores. This barrier structure was 

critical for preventing cell migration between bone and cartilage parts, and would also 

be important for potential in vivo studies to avoid vascularization in cartilage part.      
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Figure 18. SEM images of the 3D printed multilayered scaffold. Top view of (a) the 

cartilage part, (b) the bone part, (c) vertical cross-section of the multilayered scaffold, 

(d) vertical outside view of the multilayered scaffold. Magnifications: (a, d) X34, (b) 

X32, (c) X35; scale bar: 1mm.   
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4.2.1.2 Morphology of the electrospun fibrous mat 

 

Electrospun fibrous mat was successfully fabricated using the determined 

parameters given in Section 3.2.1.3. SEM results showed that the fibers were randomly 

organized and homogenous all around the mat, as intended (Figure 19).  

 

  

 

Figure 19. SEM micrographs of the random fibrous mat fabricated by electrospinning. 

Magnifications: X100, scale bar 100 µm. 

 

 

 

4.2.1.3 Coating of β-TCP on the bone part of the multilayered scaffold 

 

The multilayered scaffold was 3D printed using PCL, which is a hydrophobic 

polymer therefore it might exhibit a lack of bioactivity and low cell attachment at the 

surfaces (114). In bone tissue engineering integration of β-TCP to the scaffolds is a 

commonly used approach to encourage osteogenic microenvironment and to induce 

osteogenic differentiation. For this reason, after fabrication of the multilayered 

scaffold the bone part was coated with β-TCP to increase hydrophilicity of the scaffold 

and to enhance cell attachment and osteoconductivity. SEM results showed that β-TCP 

was successfully coated onto the filaments of the bone part of the scaffolds (Figure 

20).  β-TCP particles were seen on the filaments in both top view and vertical cross-

section view of the scaffolds. In addition, SEM results showed that β-TCP particles 

were also coated in the depth of the bone part. However, β-TCP particles did not pass 
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the calcified cartilage barrier (Figure 20 c and 21 d). Thus, it was concluded that β-

TCP was homogenously coated on the bone part of the multilayered scaffold.  

 

The scaffolds would be sterilized with EtOH before cell seeding, therefore it 

was examined with SEM whether the β-TCP coating remained on the surfaces after 

sterilization (Figure 21). The results showed that after sterilization the β-TCP particles 

were slightly decreased which could be negligible, especially at the outer surface of 

scaffold. As a conclusion, it was observed that sufficient and homogenous β-TCP 

coating was present on the bone part of the multilayered scaffolds even after 

sterilization process. 

 

  

   

 

Figure 20. SEM micrographs of the β-TCP coated multilayered scaffold. (a, b) Top 

views and (c, d) side views of the scaffold. Magnifications: (a, c) X50, (b) X200, (d) 

X100; scale bars: (a, c) 500 μm, (b) 100 μm, (d) 200 μm. The arrows show the β-TCP 

particles. Cartilage part (CP), Calcified cartilage part (CCP), Bone part (BP) 
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Figure 21. SEM micrographs of the β-TCP coated multilayered scaffold after 

sterilization with EtOH. (a,b,c) Top views and (d) side view of the scaffold. 

Magnifications: (a,d) X100, (b) X200, (c) X50; scale bars: (a,d) 200 μm, (b) 100 μm, 

(c) 500  μm. The arrows show β-TCP particles. Cartilage part (CP), Bone part (BP) 

 

4.2.1.4 Morphology of the ultimate multilayered osteochondral scaffold 

 

The ultimate multilayered osteochondral scaffold was obtained by combining 

the multilayered 3D printed scaffold and the elecrospun fibrous mat. The successful 

integration of electrospun mat on to the cartilage part of the 3D printed multilayered 

scaffold was seen in Figure 22 a, and d. The thickness of the electrospun fiber mat was 

determined around 420 µm (Figure 22 b). In Figure 22c and d, the non-porous calcified 

cartilage layer was clearly seen between the bone and the cartilage parts.  β-TCP 

particles were only seen in the bone part due to that β-TCP could not reach to the 

cartilage part with the presence of calcified cartilage part as seen at Figure 22 c. This 

also indicated the barrier function of the calcified cartilage part.  In addition, it was 

a b 

c d 
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shown that the pore size was larger in the cartilage part compared to the bone part, as 

it was intended (Figure 22 c). 

 

 

  

  

a 

Figure 22. SEM micrographs of the multilayered osteochondral scaffold. The 

osteochondral scaffold is composed of, starting from the top; electrospun fibrous mat 

(EFM), the cartilage part (CP), the calcified cartilage part (CCP), the β-TCP coated 

bone part (BP). Side view of the scaffolds’ (a, b) at the cartilage part with intact EFM, 

(c) at the cartilage, calcified cartilage and β-TCP coated bone parts, (d) at the calcified 

cartilage and cartilage parts with intact EFM. Magnifications: (a, c, d) X100, (b) X250; 

scale bars: (a, c, d) 1mm, (d) 200 μm. The arrows show the β-TCP particles   

 

4.2.2 Mechanical Analysis 

 

Articular cartilage and subchondral bone of human osteochondral tissue have 

a compression modulus of 2-10 MPa and 90-400 MPa, respectively (3).  In addition, 

the calcified cartilage layer increases the mechanical integrity of the osteochondral 

unit (112). It was reported that designed osteochondral implant should have matching 

mechanical properties with the surrounding natural tissue; therefore, it should contain 

c d 

b a 
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a bone part with a high compression modulus, while a softer cartilage part to promote 

chondrocyte proliferation (115) 

In this study compression test was performed to determine the mechanical 

properties of the bone phase, cartilage phase and the multilayered osteochondral 

scaffolds as mentioned in Section 3.2.2.2. The bone and cartilage parts were designed 

to have different mechanical properties than each other by adjusting the 

microarchitecture and pore size of the scaffolds. Compression moduli of the scaffolds 

was calculated using the stress-strain curves obtained by the compression tests (Figure 

23). Compression modulus of the bone part, the cartilage part and the whole 

multilayered osteochondral scaffold including electrospun fibrous mat and β-TCP 

coating were determined as 61.1± 6.2, 38.9± 5.3 and 75.7± 5.2 MPa, respectively 

(Figure 24). The results showed that the bone part had a higher compression modulus 

than the cartilage part, as intended. In addition, it was observed that by combination of 

bone and cartilage parts and formation of the final multilayered osteochondral scaffold 

the compression strength of the construct was increased 

 

 

 

Figure 23. A representative stress-strain curve of scaffold. 
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Figure 24. Compression modulus of the bone part, the cartilage part and the 

multilayered osteochondral scaffold (FullOC) (*p value < 0.05, #p value < 0.0001) 

 

4.2.3 Evaluation of impermeability of the calcified cartilage part 

 

3D printed scaffolds with and without calcified cartilage part were fabricated 

for the evaluation of impermeability of the calcified cartilage part as mentioned in 

Section 3.2.2.4. The permeability test was performed by dripping a blue dye from the 

cartilage side and it was examined whether the dye penetrated the bone part (Figure 

25). The images taken after application of the dye showed that in the 3D printed 

scaffolds with calcified cartilage part the blue dye penetrated deep into the cartilage 

part, but the presence of the calcified cartilage part didn’t allow the passage of the blue 

dye to the bone part. However, it was observed that the blue dye could pass freely from 

cartilage part to the bone part. It was concluded that the calcified cartilage part of the 

multilayered scaffold provided a barrier function in our design. 
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Figure 25. 3D printed scaffolds after application of the dye. (a, b, c) Photographs of 

the scaffolds with the calcified cartilage part (the ones on the right) and the scaffolds 

without the calcified cartilage part (the ones on the left). Images of the scaffolds (a) 

just after adding a blue dye from the cartilage part, (b, c) waited for a while after dye 

application. Stereomicroscope images of the scaffold fabricated (d) without a calcified 

cartilage part scaffolds and (e) the scaffold with the calcified cartilage part. 

 

4.3 In Vitro Studies 

 

4.3.1 Characterization of human DP-MSCs 

 

4.3.1.1 Cell morphology 

 

One of the criteria to define a cell as a MSC is that the cell adherence to the  

plastic surfaces when standard culture conditions were applied (104). In this study, 

DP-MSCs were cultured on plastic flasks as mentioned in Section 3.2.3.2.1. The 

morphology of DP-MSCs were examined under light microscope and the results 

showed that they showed plastic-adherent behavior. In addition, it was observed that 

the cells had spindle shape and fibroblastic morphology (Figure 26). The organization 

of cytoskeleton and nucleus of DP-MSCs was examined after Phalloidin/DAPI 

staining. It was observed that DP-MSCs displayed well-organized actin filaments 

(Figure 27).  
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Figure 26. Light microscope images of DP-MSCs isolated from human dental pulp 

tissue. Magnification: (a) X4, (b) X10: scale bar: (a,b) 100 μm 

 

 

 
 

Figure 27. Fluorescence micrographs of DP-MSCs after staining with Phalloidin-FITC 

and DAPI for actin filaments (green) and nuclei (blue), respectively. Magnification: 

X20; scale bar: 50 μm. 

 

4.3.1.2 Flow cytometry analysis 

 

Flow cytometry analysis was conducted to determine specific surface antigens 

expressed by the isolated DP-MSCs (P3). The absolute positive cells were counted 

considering the immunoglobulin isotypes. The representative histograms for positive 

and negative expression of antigens obtained by flow cytometry were shown in Figure 

a b 
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28. The percentage of cells that expressed the cell surface antigens were given in Table 

12. The results showed that DP-MSCs were positive for MSC markers CD44, CD78, 

CD90 and CD105, and also for immunogenic antigen HLA-ABC, while they had 

negative expression for hematopoietic lineage markers CD34 and CD45 and also for 

immunogenic antigen HLA-DR. These results revealed that the isolated DP-MSCs 

used in this study showed characteristic surface antigen expression of MSCs according 

to standards of Mesenchymal and Tissue Stem Cell Committee of the International 

Society for Cellular Therapy (104).  

 

CD-73 

 

HLA-ABC 

 

 

CD-34 

 

HLA-DR 

 

 

Figure 28. The representative histograms of flow cytometry results for different 

antigen expression: positive expression of CD73 and HLA-ABC, negative expression 

of CD34 and HLA-DR. 
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Table 12. The expression of cell surface antigens of dental pulp derived DP-MSCs 

 

*Percentage of the positive cells /Intersection of isotype control and positive sample considered for calculation of 

absolute positives) 

 

4.3.1.3 Growth kinetics of human DP-MSC 

 

The growth curve of DP-MSCs was obtained by plotting the logarithmic 

number of cells against time (Figure 29). The number of cells was determined by 

WST-1 assay using calibration curve (Appendix 8.2 A1). The curve showed that DP-

MSCs reached growth saturation after 150 h of incubation. The doubling time of the 

cells which shows the time needed to double the number of cells was determined as 

27.2 h using the log phase of the curve.  

 

 
 

Figure 29. Growth curve of the DP-MSCs 
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4.3.1.4 Osteogenic differentiation of human DP-MSC 

 

Mesenchymal stem cells have a tendency to differentiate into osteogenic, 

chondrogenic and adipogenic cells (116) Therefore, in order to confirm that the 

isolated DP-MSCs display MSC behavior osteogenic differentiation was conducted. 

ALP assay and von Kossa staining methods were used to determine osteogenic 

differentiation of the isolated DP-MSCs.  

 

Alkaline phosphatase (ALP) is an enzyme produced by osteoblasts and takes 

role in bone mineralization. Therefore, in this study ALP activities of differentiated 

DP-MSCs after osteogenic induction and undifferentiated DP-MSCs as control were 

determined. After 21 days of osteogenic induction differentiated cells showed 9.15 

times higher specific ALP activity compared to undifferentiated MSC control group 

(Figure 30). 

 

Moreover, von Kossa staining method was used to detect calcium deposition 

formed by osteogenic differentiation.  Compared to the undifferentiated control cells, 

in the osteogenic differentiated cells the calcium depositions stained with silver nitrate 

were seen as dark colored regions (Figure 31) 

 

 

 

Figure 30. Specific ALP activity of the differentiated DP-MSCs after 21 days of 

osteogenic induction and the undifferentiated (control) DP-MSCs culture with the 

growth medium. (* p value < 0.05) 
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Figure 31. Light microscope images taken after von Kossa stainining of (a, c) DP-

MSCs that were cultured for 21 days with the growth medium in undifferentiated state 

and (b, d) DP-MSCs with osteogenic induction medium. Magnifications: (a, b) X10, 

(c, d) X40; scale bars: (a, b) 100 µm, (c, d) 20 µm. 

 

4.3.1.5 Chondrogenic differentiation of human DP-MSC 

 

Alcian Blue which stained glucosaminoglycans and proteoglycans of the 

cartilage tissue as in blue color was used to evaluate chondrogenic differentiation.  The 

differentiated DP-MSCs after 21 days of chondrogenic induction and the control, 

undifferentiated DP-MSCs, were stained with Alcian Blue and examined under light 

microscope (Figure 32). Compared to the undifferentiated DP-MSCs, the 

differentiated cells by chondrogenic induction displayed intense blue colored regions 

indicating the presence of cartilage tissue specific ECM components.  
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Figure 32. Light microscope images obtained after Alcian Blue stainining of (a, c) DP-

MSCs that were cultured for 21 days with the growth medium in undifferentiated state 

and (b, d) DP-MSCs with chondrogenic induction medium.  Magnifications: (a, b) X4, 

(c, d) X10; scale bars: 100 µm. 

 

4.3.2 Spherical culture for chondrogenic differentiation 

 

4.3.2.1 Culture of DP-MSCs as spheroids 

 

Culturing of chondrogenic cells is difficult with standard cell culture 

procedures, since they have a tendency to de-differentiate into fibroblast-like cells and 

lose their cartilage-specific phenotypes in monolayers (117). In monolayer cultures, 

chondrogenic cells downregulate the synthesis of type II collagen during cell division 

and start to synthesize type I collagen, thus changing the proteoglycan synthesis 

pattern (118). There are culture conditions which would allow to keep chondrocyte 

phenotype of chondrogenic cells in vitro; (i) high initial plating density, (ii) using 

growth hormone supplements and (iii) doing suspension/pellet culture (119). 

a b 

c d 
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In this study, spheroids were formed using DP-MSCs and chondrogenic 

induction was done as mentioned in Section 3.2.3.3.1. It was observed that spheroids 

were successfully formed within a day (Figure 33). In addition, it was seen that their 

size was around 670 µm in diameter on 21st day of culture.  

 

 
 

Figure 33. (a) Image of newly formed spheroid (day 1) that was indicated within red 

circle and (b) light microscope image of the spheroid (21 days). Magnification: (b) 

X10; scale bar: 200 µm. 

 

4.3.2.1.1 Evaluation of chondrogenic differentiation with Alcian Blue 

 

The most appropriate chondrogenic induction medium was determined by 

staining spheroids with Alcian Blue after their culture in three different induction 

media for 21 days (Figure 34). Compared to control group, undifferentiated cells, 

spheroids treated with each induction media stained intensely blue colored, which 

means that all induction media lead to chondrogenic differentiation at a certain level. 

However, the most prominent blue colored staining was seen in spheroids cultured 

with chondrogenic induction medium 1 among the others. As a conclusion, 

chondrogenic induction medium 1 was selected to be used for the chondrogenic 

differentiation of the spheroid culture in the further studies. 

 

a b 
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Figure 34. Light microscope images obtained after Alcian Blue staining of the spheroid 

cryosections. The spheroids cultured with (a) the growth medium (control), and with 

different chondrogenic induction mediums as (b) medium 1, (c) medium 2 and (d) 

medium 3. Magnifications:  X10; scale bars: 200 µm 

 

4.3.2.1.2 Evaluation of chondrogenic differentiation by immunostaining 

 

After chondrogenic differentiation of spheroid's cells using the determined 

chondrogenic induction medium mentioned in Section 4.3.1.2., the expression of 

cartilage specific markers such a s collagen type II and aggrecan was investigated by 

immunostaining. It was seen that there was a significant expression of collagen type II 

and aggrecan in chondrogenic differentiated cells compared to DP-MSCs cultured 

with the growth medium (Figure 35). The immunostaining results also showed that the 

determined chondrogenic induction medium 1 provided chondrogenic differentiation 

of DP-MSCs with the spheroid culture.  
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Figure 35. Immunostaining analysis of collagen type II and aggrecan expressions of 

DP-MSCs cultured with growth medium (control, undifferentiated cells) and with the 

chondrogenic induction medium for 21 days. Magnifications: 20X; scale bars; 20 µm 
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4.3.3 Cell behavior on the multilayered osteochondral scaffolds 

 

4.3.3.1 Viability, proliferation and organization of DP-MSCs on the bone part 

of the scaffold 

 

Live/Dead assay, MTS Assay and Phalloidin/DAPI staining were performed to 

investigate the viability, proliferation and organization of DP-MSCs within the β-TCP 

coated bone part of the multilayered scaffold, respectively. 

 

At 5 days of DP-MSCs culture on the β-TCP coated bone part of the 

multilayered scaffold Live/Dead assay and Phalloidin/DAPI staining were performed. 

Live/Dead assay results indicated that allmost all cells were alive and the ratio of dead 

cells to live cells was very low (Figure 36). Both analyses showed that the cells adhered 

homogeneously to all filaments of the scaffolds and the cells were aligned along the 

filaments by sensing the topography (Figure 36 and 37). In addition, it was seen that 

the cells made contact with each other, which is a very important to enhance cell 

proliferation. In addition, it was observed that there was a high cell population also in 

the deep layers of the scaffold. 

 

 

The proliferation and organization of DP-MSCs on the β-TCP coated bone part 

of the scaffold were studied at 1, 7, 14 and 21 days by MTS and Phalloidin/DAPI 

staining, respectively. MTS results showed that the number of cells on these scaffolds 

increased by time (Figure 38). The cells could survive and proliferated on these 

scaffolds, eventhough there was an insignificant increase in cell number on day 14 and 

21. This may be a result of lack of space on the scaffold for cells to grow and start to 

detach from surface (Figure 38d). The significant increase in cell number by time on 

these scaffolds was also indicated in Phalloidin/DAPI staining (Figure 39). CLSM 

micrographs also revealed that the cells were spread all over the scaffold and made 

contact with each other. Moreover, it was seen that the cells preserved their alignment 

along the filaments even over time.  

. 
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For the evaluation of the barrier-like function of the calcified cartilage part of 

the multilayered scaffolds, DP-MSCs were seeded onto the bone part and examined 

with the Phalloidin/DAPI staining after 5 days of culture as mentioned at 3.2.3.5.1. 

The multilayered scaffold was cut horizontally along the calcified cartilage part and 

the bone and cartilage parts were examined separately with CLSM. It was observed 

that the cells adhered to the filaments even at the deeper levels of the bone part (Figure 

40a). However, almost no cells were seen on the cartilage part of the scaffolds (Figure 

40b). This proved that the cells were not able to penetrate through the calcified 

cartilage part, as was intended. This result confirmed the ability of the calcified 

cartilage part in preventing the cell migration from the bone side to the cartilage part, 

as it was intended.  

 

  

  

 

Figure 36. Fluorescene micrographs of DP-MSCs after application of Live (green)-

Dead (red) assay. DP-MSCs cultured on the β-TCP coated bone part of the 

multilayered scaffold for 5 days. Magnifications: X10; scale bars: 100 µm 
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Figure 37. CLSM images of DP-MSCs stained with Phalloidin (green)-DAPI (blue) . 

DP-MSCs on the β-TCP coated bone part of the multilayered scaffold at day 5 of the 

culture. Magnifications: (a) X2.5, (b) X5, (c) X10, (d) X20; scale bars: (a) 500µm, 

(b)200µm, (c) 50 µm, (d) 20µm 

 

 

c d 
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Figure 38. Proliferation of DP-MSCs cultured on β-TCP coated bone part of 

multilayered scaffold. (* p value < 0.05, ^ p value > 0.05) 
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Figure 39. CLSM images of DP-MSCs stained with Phalloidin (green)-DAPI (blue). 

DP-MSCs on the β-TCP coated bone part of the multilayered scaffold at (a) day 1, (b) 

day 7, (c) day 14, (d) day 21 of the culture. Magnifications: 10X; scale bars: 100 µm.   

 

a b 
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Figure 40. CLSM images of DP-MSCs stained with Phalloidin (green)/DAPI (blue). 

Images from (a) the β-TCP coated bone and (b) the cartilage parts of the multilayered 

scaffolds after seeding DP-MSC cells onto the bone part. Magnifications: X2.5, scale 

bars: 500µm 

 

4.3.3.2 Evaluation of cell differentiation on the bone part of the multilayered 

scaffold 

 

DP-MSCs were seeded on the β-TCP coated bone part of the scaffolds and 

cultured in the osteogenic induction medium for 21 days as mentioned in Section 

3.2.3.5.2. Osteogenic differentiation of the cells on these scaffolds was evaluated via 

ALP assay, Alizarin Red staining and mineralization assay using tetracycline.  

 

As mentioned before, ALP is an extracellular enzyme secreted from the 

osteogenic cells during the early stages of biomineralization and the produced amount 

of this enzyme is used as an osteogenic indicator in in vitro studies. Specific ALP 

activity results were presented in Figure 41. It was revealed that DP-MSCs on the 

scaffolds showed higher expression of specific ALP activity when cultured in 

osteogenic induction medium compared to the specific ALP activity of 

undifferentiated cells cultured in growth medium on the scaffolds and TCPS. Slightly 

high error bars of the specific ALP activity results might be due to trapping of the ALP 

product in the pores of the scaffold and inability to read the real amount of the product.  
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Alizarin red staining was performed to determine osteogenic differentiation via 

the demonstration of calcium phosphate deposition on scaffolds. It was observed that 

the bone part of the multilayered scaffold that housed DP-MSCs cultured in the 

osteogenic induction medium was intensely colored red after Alizarin Red staining 

(Figure 42a). However, the scaffold containing DP-MSCs that were cultured in the 

growth medium and cell-free scaffold used as a control was not stained significantly 

with Alizarin Red (Figure 42b and c). The results indicated that DP-MSCs 

differentiated into osteogenic cells on these scaffolds in the presence of osteogenic 

induction medium, and they produced the calcium phosphate deposition seen in red 

region on the scaffolds. Mineralization was also shown by labeling the formed calcium 

phosphate with tetracycline which is a widely used method for mineralization studies. 

CLSM micrographs showed that DP-MSCs cultured in the osteogenic induction 

medium with tetracycline gave fluorescence signals on the surface of the scaffolds 

(Figure 43b and d). The scaffolds housing undifferentiated cells without tetracycline 

application was used as a control, and it was indicated that there was no indication of 

autofluorescence signal from the scaffold or cells (Figure 43 a and c). In conclusion, 

all evaluation methods confirmed the osteogenic differentiation of DP-MSCs on the 

bone part of the scaffolds by osteogenic induction.  
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Figure 41. Specific ALP Activity of the cells. Differentiated DP-MSCs cultured with 

osteogenic medium and undifferentiated cells cultured with the growth medium on β-

TCP coated bone part of the multilayered scaffold. DP-MSCs cultured with the growth 

medium on TCPS. (^ p value > 0.05) 

 

   
 

Figure 42. Stereomicrographs of the multilayered scaffolds after Alizarin Red staining. 

β-TCP coated bone part of the scaffolds were seeded with DP-MSCs and the cells were 

cultured (a) with osteogenic induction medium and (b) with the growth medium. (c) 

Cell-free scaffolds as a control for staining. 

 

 

 

 

 

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

Differentiated cells on

scaffold

Unifferentiated cells on

scaffold

Undifferentiated cells on

TCPS

S
p

ec
if

ic
 A

L
P

 A
ct

iv
it

y

(µ
m

o
le

/m
in

.m
g
)

c b 
a 

^



 

87 

 

  

  

 

Figure 43.  CLSM images of DP-MSCs on the bone part of the multilayered scaffold. 

(a, c) Undifferentiated cells without tetracycline application, (a) control for 

autofluorescence of cells and scaffolds. (b, d) Differentiated cells to which tetracycline 

was applied during osteogenic induction. Magnifications: (a, b) X20 (c, d) X40; scale 

bars: (b) 50 µm, (a, c, d) 20 µm. 
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4.3.3.3 Viability of cells after co-culture within the multilayered scaffold 

 

 DP-MSCs were cultured in the osteogenic induction medium for 21 days on 

the bone part of the osteochondral scaffolds, then hydrogel carrying chondrogenic cells 

of spheroid culture were placed into the cartilage part of the scaffold, and osteogenic 

and chondrogenic cells were co-cultured for a week (day 21-28 of culture) on the 

multilayered scaffolds to obtain osteochondral tissue equivalent. The cell viability and 

proliferation of both cells in the osteochondral tissue equivalents were studied by 

applying MTS assay. For the co-culture samples the scaffolds were cut in half 

horizontally along the calcium cartilage barrier and MTS assay was performed to the 

cartilage and the bone parts separately. In addition, inorder to check the chondrogenic 

cells viability on the scaffolds a separate set of samples prepared by loading 

chondrogenic cells with hydrogel to the cartilage part and MTS was done after one 

day. The proliferation results of the cells on the bone and the cartilage part of the 

osteochondral tissue equivalents were presented in Figure 44 and 445, respectively. It 

was observed that the number of DP-MSCs were significantly increased by time even 

in the presence of the chondrogenic induction medium (Figure 44). It was revealed 

that co-culture of the osteogenic cells with chondrogenic cells on the osteochondral 

scaffolds slightly decreased the rate of proliferation but still there was an increase in 

the number of the osteogenic cells at the end of co-culture on day 28. It was seen that 

despite the low chondrogenic cell number on the cartilage part of the scaffolds the cells 

were significantly increased in number when co-cultured with the osteogenic cells on 

the scaffolds (Figure 45). 
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Figure 44. Proliferation of DP-MSCs on the bone part of the multilayered 

osteochondral scaffold. The cells were cultured with osteogenic induction medium for 

21 days (Day 1- Day 21) followed by co-culture with chondrogenic cells for 1 week 

(Day 28). (* p value < 0.05, # p value < 0.0001) 

 

 

 
 

Figure 45. Proliferation of chondrogenic cells on the cartilage part of the multilayered 

osteochondral scaffold. The chondrogenic cells were co-cultured with osteogenic cells 

for 1 week (Day 28) (* p value < 0.05) 
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4.3.3.4 Immunostaining for the expression of osteogenic and chondrogenic 

markers of the cells after co-culture  

 

The conservation of osteogenic and chondrogenic differentiation of DP-MSCs 

in the osteochondral tissue equivalent after co-culture was evaluated by 

immunostaining analysis of tissue specific osteogenic and chondrogenic markers. The 

undifferentiated DP-MSCs seeded on cover glass and cultured in the growth medium 

was used as control for immunostaining protocols.  

 

For osteogenic differentiation osteonectin and osteopontin markers were 

selected. Osteonectin is a non-collagenous bone specific protein produced by 

osteoblasts (120) and osteopontin is a glycosated protein expressed at the early stages 

of osteogenesis by osteoblasts (121, 122). Immunostaining results showed that DP-

MSCs, which were induced with osteoinductive stimulant for 21 days and then co-

cultured with the chondrogenic cells in the chondrogenic induction medium for a 

week, intensely expressed the osteogenic specific markers, osteopontin and 

osteonectin, at protein level (Figure 46 and 47). In addition, CLSM images at lower 

magnifications demonstrated that the osteogenic cells preserved their alignment along 

the filaments of the bone part even at the end of co-culture (Figure 48). On the cartilage 

side, the chondrogenic cells derived from spheroid culture of DP-MSCs were 

immunostained against cartilage tissue specific markers, aggrecan and collagen type 

II, to determine whether they retained their phenotype under co-culture conditions. It 

was observed that the chondrogenic cells was significantly expressed both aggrecan 

and collagen type II markers despite of co-culture with the osteogenic cells on the 

osteochondral scaffolds (Figure 49 and 50). The immunostaining results showed that 

even after co-culture on the osteochondral scaffolds both osteogenic and chondrogenic 

cells preserved their differentiated state by the expression of each cells' tissue specific 

markers. Consequently, the results of site-specific tissue formation at cartilage and 

bone part indicated that multilayered, bifunctional osteochondral tissue substitute was 

obtained successfully. 
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Figure 46. CLSM images of the cells immunostained against osteopontin (orange) and 

counterstained with DAPI for nucleus (blue). (a,c) Undifferentiated DP-MSCs on the 

cover glass (control) and (b,d) differentiated DP-MSCs on the bone part of the 

multilayered scaffold. Magnifications: (a,b) X20 (c,d) X40; scale bars: 20μm. 
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Figure 47. CLSM images of the cells immunostained against osteonectin (green) and 

counterstained with DAPI for nucleus (blue). (a,c) Undifferentiated DP-MSCs on the 

cover glass (control) and (b, d) differentiated DP-MSCs on the bone part of the 

multilayered scaffold. Magnifications: (a,b) X20 (c,d) X40; scale bars: 20μm. 
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Figure 48. CLSM images of the differentiated DP-MSCs on the bone part of the 

multilayer scaffold after immunostaining against osteonectin (green) and 

counterstained with DAPI for nucleus (blue). Magnifications: (a) x2.5, (b) X10; scale 

bars: (a) 500 μm, (b) 50 μm. 
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Figure 49. CLSM images of the cells immunostained against aggrecan (orange) and 

counterstained with DAPI for nucleus (blue). (a,c) Undifferentiated DP-MSCs on the 

cover glass (control) and differentiated DP-MSCs on the cartilage part of the 

multilayered scaffold. Magnifications: (a,b) X20 (c,d) X40; scale bars: 20μm. 
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Figure 50. CLSM images of the cells immunostained against collagen type II (orange) 

and counterstained with DAPI for nucleus (blue). (a, c) Undifferentiated DP-MSCs on 

the cover glass (control) and differentiated DP-MSCs on the cartilage part of the 

multilayered scaffold. Magnifications: (a, b) X20 (c, d) X40; scale bars: 20μm. 
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5 DISCUSSION  

 

Osteochondral defects may be caused by trauma or degenerative diseases such as 

osteoarthritis. Osteoarthritis is the most common musculoskeletal disease seen 

worldwide. OCDs are characterized by the unbalanced degeneration of articular 

cartilage and subchondral bone, causing swelling, pain, and joint immobilization (54). 

Even minor damage in the articular cartilage can lead to a full osteochondral defect 

reaching the subchondral bone, and if not treated or treated inappropriately it can result 

in an end-stage of OA and loss of joint function (4). There are several clinical 

approaches for the treatment of OCD. The current approach for the treatment of OCD 

involves harvesting an autologous OC graft from the non-load bearing part of the joint 

and implanting it on the defect site (e.g mosaicplasty). This approach has drawbacks 

such as donor site morbidity, lack of suitable healthy tissue at the joint, recurrency and 

failure in long-term outcomes. It has been reported that there is a 51% chance of failure 

in 8.4 years (123) that shows the need for repetitive surgeries for younger patients. 

Current clinical treatments are only palliative solutions, and for now, there is not seen 

any permanent solution for the regeneration of osteochondral tissue capable of 

withstanding joint loading in long term (124). Osteochondral tissue is a well-organized 

avascular and aneural tissue that ensures smooth joint movement and withstands high 

joint loading (125). It is a highly functionalized, heterogeneous tissue consisting of the 

articular cartilage, the calcified cartilage transitional zone, and the subchondral bone. 

Due to the avascular nature of the articular cartilage, it has a very low self-repairing 

capacity, while bone has an inherent regeneration potential as well as exhibits a 

continuous remodeling through adult time. Despite the structural and functional 

differences in its layers, the OC tissue coexists as a single functioning unit with 

extraordinary properties (83).  

Osteochondral tissue engineering aims to create a tissue substitute that can guide 

the simultaneous regeneration and remodeling in the dissimilar layers of the 

osteochondral unit (57). In order to achieve a successful regeneration at the 

osteochondral defect, it is crucial for each layer to have mechanical and biological 

properties that match the surrounding tissue. Challenges in constructing a successful 

OC tissue substitute are related to the sophisticated properties of the native tissue such 



 

97 

 

as heterogeneous biological, biochemical, and biomechanical properties of the whole 

tissue, exposure to a cycle of high-pressure overtime, the limited endogenous healing 

capacity of cartilage, and the distinctive interaction between the bone and cartilage 

tissues. Despite the exciting improvements in the tissue engineering approaches, a 

perfect osteochondral tissue regeneration and remodeling could not have been 

achieved yet. The ideal osteochondral tissue substitute should be biocompatible, 

biodegradable, maintain the spherical chondrocyte morphology and phenotype, 

possess sufficient mechanical integrity, and promote cell differentiation and tissue 

regeneration at bone and cartilage parts simultaneously. In addition, a transitional layer 

between bone and cartilage layers to mimic calcified cartilage should be integrated to 

prevent site-specific cells’ migration and not to allow vascularization of the cartilage 

part. 

Primary ostechondral tissue engineering studies were focused on monophasic 

constructs for regeneration of cartilage neglecting the subchondral bone, due to having 

a single cell type in cartilage, and simplicity in processing (57). By harnessing the high 

healing capacity of the bone, a tissue formation at the implantation area was observed 

with monolayered approaches. However, unlike the native tissue, a homogeneous 

tissue formation was reported, also it was seen that a functional interface was not 

achieved due to the delamination and separation incidents of the cartilage phase (125). 

Even though these studies provide important information about the scaffold's 

interaction with the native tissue, the majority of these approaches lack the 

requirements for site-specific tissue regeneration. Moreover, it was seen that the 

integration of the tissue substitute was driven by the subchondral bone, and 

subchondral bone was vital for the successful repair of the overlying cartilage and OC 

defects (57). Thus, the subchondral bone was taken into consideration for further tissue 

engineering approaches, and bi-layered and multilayered constructs were designed. 

Bilayered scaffolds were capable of the regeneration of both bone and cartilage tissues 

simultaneously due to comprising two distinct layers with different mechanical, 

structural or biological properties (126). There are various biphasic scaffolds that have 

been studied under in vitro and in vivo conditions (127, 128). However, due to bi-

layered scaffolds' lack of transitional phase between bone and cartilage layers, all 

osteochondral tissue requirements were not fulfilled. The calcified cartilage, a 
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transitional layer between bone and cartilage layers, provides structural integration 

while transferring and distributing the mechanical load from viscoelastic articular 

cartilage to stiff bone tissue. This interface of bone and cartilage is the key component 

in moderating the tensile, compressive, and shear forces from AC to bone (129).  

 

Multilayered scaffolds were designed to mimic the bone, and cartilage layers and 

a transitional phase between them, resulting in a scaffold having a closer resemblance 

to the physiological structure of OC tissue.  Multi-layered scaffolds can maintain cell 

viability and promote tissue regeneration by supplying appropriate site-specific 

biological and mechanical stimuli, and also provide a functional transitional zone 

between cartilage and subchondral bone (130). A trilayered scaffold composed of 

hyaluronan charged collagen fibers at the cartilaginous layer, biomineralized collagen 

at the osseous layer, and the same biomineralized collagen with a lower percentage of 

mineral at the transitional phase was developed over a ten years ago (131). Afterwards, 

different approaches were applied for stratification of the multilayer scaffold such as 

porosity, pore size, and content of minerals (81, 132-134).  For instance, a single 

integrated multilayered construct was produced with the use of sodium alginate, 

chitosan, and HAp composite (132). The main challenge in construction of 

multilayered osteochondral tissue substitute is to provide a dissimilar tissue layer in 

one construct. Each layer with different biological and mechanical properties and 

different layers should provide different microenvironments for the site-specific cell 

proliferation and differentiation. In addition, each layer should have matching 

mechanical properties with the surrounding native tissue. In most of the studies, these 

different parts are generated and combined using different methods such as press-

fitting, fibrin gluing, and suturing. Although these methods seem successful they create 

a weak point in the structure and this can lead to delamination or phase separation (67).  

 

In this thesis study, a 3D multilayered osteochondral scaffold was designed 

providing different layers to promote site-specific regeneration and also having a 

structural integration between these layers using 3D printing. The 3D model was 

designed to have cartilage and bone parts with a transitional zone mimicking the 

calcified cartilage of native tissue.In addition, in the design of the cartilage part random 



 

99 

 

and columnar organization of the middle and deep zones were also considered. 

Formation of the different parts and structural integrity of the whole construct was 

ensured by 3D printing. The whole construct including multiple layers was 3D printed 

at once to prevent weak points in the scaffold structure to avoid delamination and phase 

separation. In addition, controlling inner architecture, porosity, and pore size of 

scaffolds is very difficult by conventional fabrication methods; however, all these 

features could be adjusted by computer-aided design programs and 3D printing. The 

results showed that the multilayered osteochondral scaffold having different inner 

structures and porosity in each layer was successfully fabricated by 3D printing. The 

scaffold should have appropriate pore size, porosity, and interconnection between 

pores to allow cell attachment, growth, proliferation, migration, and differentiation 

(135). The optimal pore size of the scaffold varies according to the targeted tissue. For 

instance, it was reported that pore sizes in the range of 300-450 µm were favorable for 

cell proliferation and osteogenic differentiation at the osseous part of the osteochondral 

scaffold (136). In this thesis study, the pore size in the bone part of the scaffold was 

determined as 453 ±44 µm which was close to the favorable pore size for the bone part 

of the osteochondral scaffold.  

 

As mentioned above, integration of functional transitional zone between the 

cartilage and bone parts in the scaffolds is an important issue to better mimic native 

tissue, since calcified cartilage zone increases mechanical integrity, acts as a barrier to 

prevent cell migration and vascularization at cartilage side. The importance and the 

necessity of the calcified layer in tissue substitute were shown in an in vivo study, in 

which two different scaffolds with and without a transitional layer were implanted to 

the patellofemoral surface of rabbit (102). Microtomography imaging and histological 

results showed that there was a higher collagen and glycosaminoglycan content in 

regenerated tissue. In addition, it was reported that this compact transitional layer 

increased the interphase integration and enhanced the biomechanical properties of the 

scaffold and provided optimal microenvironment at each layer of the scaffold. In 

another study, the scaffolds with and without a transitional layer were implanted into 

an OCD model on the femoral condyles of a goat (137). Even though there was a tissue 

regeneration with both scaffolds, it has been reported that the organization of the 
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regenerated tissue was closer to the complex organization of the native tissue in the 

presence of transitional layer within the scaffold. In this thesis study, barrier-like, non-

porous layer mimicking the calcified cartilage was integrated into the scaffold, and it 

was shown that it increased structural and mechanical integrity, and prevented cell 

migration from the bone part to the cartilage part.  

 

The compression modulus of subchondral bone is in the range of 90-400 MPa, 

while the compression modulus of the cartilage is in the range of 2-10 MPa (3). In 

most of the studies, cartilage layer was composed of a softer construct such as natural 

or synthetic polymer-based hydrogels due to their hydrated nature and similarity to 

cartilage ECM, while osseous part contained strengthening materials such as ceramic 

and hard polymers. However, hydrogel constructs have weak mechanical properties 

thus they are not sufficient to withstand high levels of mechanical load upon 

implantation into damaged tissue. There are methods to enhance the mechanical 

properties of hydrogels such as increasing the cross-linking degree. Even though such 

methods can increase mechanical properties of hydrogels they might have negative 

effects on cellular activity within the scaffold and might inhibit ECM synthesis (138). 

Therefore, new fabrication strategies have been studied, and in one of that studies a 

PCL scaffold was combined with an alginate hydrogel to increase mechanical 

properties of the cartilage layer and provide a hydrated ECM mimicking the native 

cartilage tissue (139). In this thesis study, the chondrogenic cells were loaded with 

collagen-based hydrogel into the cartilage part of the multilayered scaffold to mimic 

the native ECM environment with its hydrated nature and components. It was observed 

that the bone part of our scaffold had a higher compression modulus compared to the 

cartilage part as intended. In addition, the compression modulus of the final scaffold 

with a calcified cartilage part was higher than the individual bone and cartilage parts. 

It was concluded that the calcified cartilage part of the scaffold increased the 

mechanical properties as it is in the native tissue. 

  

 PCL is an FDA-approved, biocompatible and biodegradable polymer that was 

selected for fabrication of the multilayered scaffold in this study due to its superior 

mechanical behaviors and easy-to-process properties with 3D printing because of 

having a low melting point (140). PCL is a widely used polymer for osteochondral 
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tissue engineering studies (141, 142). However, it is a hydrophilic polymer with a low 

bioactivity, therefore O2 plasma treatment and β-TCP coating were done in this study 

to increase cell atatchment, bioactivity and osteoconductive property of the bone part 

of the scaffold.  

 

In this thesis study, the electrospun fibrous mat was fixed on the cartilage part 

of the multilayer scaffold to mimic superficial zone of the articular cartilage. Collagen 

fibers at the superficial layer of the articular catilage are at high density and are 

organized parallel to the articulating surface. The organization and density of the 

collagen fibrils provides the tensile strenght against joint loading and contributes to 

the smooth joint movement. Also this layer acts as a barrier for large immunulogical 

molecules to pass from synovial fluid and creates a hypoxic environment which is 

essential for the metabolic activities of the chondrocytes. In one of the study, it was 

reported that electrospun fibrous mesh was added on the cartilage part of the multilayer 

scaffold to mimic superficial layer to increase the hypoxic conditions in the cartilage 

part and to act as a filter as in the native tissue it does (143). It was mentioned that the 

electrospun fiber mat improved the differentiation of MSCs into chondrocytes. This is 

the only study as we know which adds the electrospun mat onto the osteochondral 

scaffold to mimic the superficial layer 

 

In clinical approaches and tissue engineering studies inorder to restore the 

OCDs, chondrocytes, which supply the function and structure of the cartilage tissue, 

are widely used as being the main residents of the articular cartilage (54). It has been 

reported that the use of chondrocytes embedded in 3D scaffolds could promote the 

hyaline caatilage formation (144-147). However, there are several important 

drawbacks with the mature chondrocytes such as low isolation efficiency, donor site 

mobidity and risk of infection during biopsy, low proliferation capacity and known de-

differrentiation tendency of chondrocytes. For instance, the cell number required for 

implantation of autologous chondrocytes is around 5-30 million depending on the size 

of defect (148). However, only 450 000 chondrocytes can be isolated from a biopsy of 

100 mg healthy cartilage. Besides, it was reported that most of the chondrocytes 

underwent de-differentiation in 2D expansion cultures while adapting a fibroblastic 

phenotype and morphology (149). Stem cells, especially MSCs, are potential cell 
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sources to overcome these limitiations. There are several studies that used a single cell 

source for bone and cartilage regeneration at different layers of the OC scaffolds. For 

instance, in one of the study the differentiaton of BMSCs into chondrogenic and 

osteogenic cells were carried out on the collagen-HAp based bi-phasic scaffold (150). 

In another study, adipose derived MSCs were used within the multilayered scaffold 

and site-specific differentiaton of ADMSCs was shown (67). 

 

In this thesis study mesenchymal stem cells derived from dental pulp was used 

as a single cell source to promote site-specific cell differentiaiton at the cartilage and 

bone parts of the sscaffold. Dental pulp MSCs has a high potential for osteogenic 

differentiation and used for bone tisssue engineering studies (151, 152). Chondrogenic 

differentiation ability of DP-MSCs have also been shown in recent studies (109, 153). 

There is no report of a study which DP-MSC used for osteogenic and chondrogenic 

differentiation in a single scaffold for osteochondral tissue engineering. DP MSCs 

were preferred due to their availability, ease of harvesting without any invasion to the 

patients, and also their tendency to differentiate into both osteogenic and chondrogenic 

cells. MSCs can differentiate into ostegenic cells in monolayer cultures, while for 

chondrogenic differentiation it was revealed that spheroid culture methods were more 

suitable (107, 154). This culture system allows cell-to-cell interactions similar to the 

pre-cartilage condensation occurs during embryonic development (155). Therefore, in 

this study spheroid culture was conducted for the chondrogenic differentiation of DP-

MSCs. As mentioned earlier hydrogels are widely used for the cartilage parts of the 

osteochondral tissue substitutes. Chondrocytes are known to be phenotypically 

unstable due to their susceptiblity and sensitivity to changes in their ECM 

microenvironment. During the development of the cartilage tissue, chondroblasts 

produce matrix around themselves and are entrapped within this matrix while 

differentiating into chondrocytes. This creates a three-dimensional ECM environment 

for the chondrocytes. If chondrocytes lose their 3D environment, they lose their typical 

protein synthesis and phenotype, which is called de-differentiation and they de-

differentiate into fibroblast-like cells (156). To prevent de-differentiation of 

chondrocytes a scaffold should provide 3D environment as the natural ECM does 

(157). Hydrogels can maintain a highly hydrated 3D environment for the 
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chondrocytes, but they have weak mechanical properties and may fail upon 

implantation. In the light of these information, in this study MSC was loaded with 

collagen-based hydrogel to maintain their phenotypes, and then cell-loaded hydrogel 

was integrated into the cartilage part of 3D printed PCL construct to increase the 

mechanical properties of the cartilage tissue substitute. In addition, the obtained final 

bifunctional, multilayered osteochondral tissue substitute exhibited favorable 

mechanical properties, and site-specific cell differentiation was seen without de-

differentiation of cells.  
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6 CONCLUSION    

 

In this thesis, it was aimed to develop a bifunctional, multilayered osteochondral 

tissue substitute to promote simultaneous bone and cartilage tissue formation and site-

specific cell differentiation at different layers to improve tissue regeneration at the 

defect site. The multilayered scaffold composed of cartilage, calcified cartilage, and 

bone parts was successfully fabricated by 3D printing, and the electrospun fibrous 

mesh was fixed onto the cartilage part to mimic the superficial layer of the articular 

cartilage. Bone and cartilage parts of the 3D printed construct were improved to 

promote cell proliferation, and site-specific tissue regeneration. The cartilage part was 

loaded with collagen-based hydrogel to enhance survival of cells loaded with hydrogel. 

The bone part was coated with β-TCP to enhance osteogenic differentiation. 

Mechanical test results showed that the bone part has a higher compression modulus 

compared to the cartilage part. In addition, the final osteochondral construct with a 

calcified cartilage part had the highest compression strength. 

 

On the other hand, the isolated human dental pulp MSCs were characterized and 

their differentiation protocols were determined. DP MSCs were differentiated into 

osteogenic cells on the bone side for 21 days by applying osteogenic induction, and on 

day 21 DP MSC-derived chondrocytes loaded within the hydrogel to the cartilage side, 

and then the cells were co-cultured within the final construct for a week. The results 

showed that DP-MSCs were successfully proliferated on the scaffold and site-specific 

cell differentiation was accomplished mimicking the heterogenic nature of the 

osteochondral tissue, even after co-culture. The multilayered osteochondral tissue 

substitute developed in this study meets the desired properties with its heterogenic 

structure mimicking the native tissue layers with articular cartilage, calcified cartilage, 

and bone parts. 

 

The developed bifunctional, multilayered osteochondral tissue substitute in this 

study has the potential to be tested in in vivo studies and could be a promising approach 

for the treatment of osteochondral defects in the clinic. 

. 
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8.2 Appendix 2. Calibration Curves for Determination of Cell Number 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1 The calibration curve obtained by WST-1 assay for cell number 

determination 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A.2 The calibration curve obtained by MTS assay for cell number 

determination on scaffolds 
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8.3 Appendix 3 Calibration Curves for ALP Activity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3 The calibration curve for ALP activity prepared by p-nitrophenol at 

different concentrations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A.4 The calibration curve for the determination of total protein concentration 

using BCA 
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