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ABSTRACT

PRODUCTION AND CHARACTERIZATION OF 3D
PRINTED METHYLCELLULOSE-GELATIN TISSUE

SCAFFOLDS FOR ARTICULAR CARTILAGE
TREATMENT

Articular cartilage is a highly specialized tissue that plays a crucial role in

movement. However, its avascular nature severely limits its regenerative capacity,

often resulting in degenerative diseases. Current treatment methods face chal-

lenges such as prolonged recovery times, inconsistent outcomes, and high costs.

This study aims to develop scaffolds that mimic the properties of natural car-

tilage, as to be an alternative. For this purpose, Methylcellulose(MC)-Gelatin-

based tissue scaffolds were fabricated with varying MC(10%, 12.5%, and 15%)

and constant gelatin(20%) concentrations using a 3D printer. Characterization

studies were performed to evaluate scaffold performance. Fourier Transform In-

frared (FTIR) spectroscopy was employed to analyze the chemical interactions

between MC and gelatin, particularly the effects of MC concentration. Contact

Angle Measurement (CAM) results indicated that increasing MC concentration

enhanced hydrophobicity due to the amphiphilic nature of MC. Mechanical tests

revealed that increasing MC concentrations led to higher elasticity but reduced

stiffness. Swelling and degradation tests revealed that higher MC concentrations

reduced degradation rates and enhanced scaffold durability. In conclusion, the pro-

duced tissue scaffolds were able to mimic natural cartilage tissue closely, especially

10MC scaffolds stand out as a promising candidate to be a treatment alternative.

Keywords: Articular Cartilage, Cartilage Defects, 3D Printing, Methylcellulose,

Gelatin, Tissue Scaffold, Tissue Engineering.
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ÖZET

EKLEM KIKIRDAĞI TEDAVİSİ İÇİN 3B
METİLSELÜLOZ - JELATİN DOKU İSKELELERİNİN

ÜRETİMİ VE KARAKTERİZASYONU

Eklem kıkırdağı, hareket için hayati öneme sahip bir dokudur. Ancak,

avasküler yapısı nedeniyle kendini yenileme kapasitesi sınırlıdır ve bu dejeneratif

hastalıklara yol açmaktadır. Mevcut tedavi yöntemleri, uzun iyileşme süreleri, tu-

tarsız sonuçlar ve yüksek maliyetler gibi zorluklarla karşı karşıyadır. Bu çalışma,

doğal kıkırdağın özelliklerini mimikleyen ve potansiyel bir tedavi olarak kullanıla-

bilecek iskeleler geliştirmeyi amaçlamaktadır. Bu amaçla, farklı Metilselüloz (MC)

(%10, %12.5 ve %15) ve jelatin (%20) konsantrasyonlarında Metilselüloz-Jelatin

doku iskeleleri 3D yazıcı kullanılarak üretilmiştir. İskelelerin özellikleri, karakteri-

zasyon çalışmalarıyla analiz edilmiştir. Fourier Dönüşümlü Kızılötesi (FTIR) spek-

troskopisi, MC ve jelatin arasındaki kimyasal etkileşimleri, özellikle de MC kon-

santrasyonunun etkilerini ortaya koymuştur.Temas Açısı Ölçümu (CAM) sonuçları,

MC konsantrasyonunun artmasının, MC’nin amfifilik yapısı nedeniyle hidrofobik-

liği artırdığını göstermiştir. Mekanik testler, MC konsantrasyonunun artmasının

elastisiteyi artırırken, sertliği azalttığını ortaya koymuştur. Şişme ve bozunma

testleri, daha yüksek MC konsantrasyonlarının bozunma oranlarını düşürdüğünü

ve iskele dayanıklılığını artırdığını göstermiştir. Sonuçlara göre üretilen doku

iskeleleri, doğal kıkırdağı dokunun özelliklerini büyük öçüde mimiklemeyi başar-

makta ve özellikle %10 MC iskeleleri alternatif bir tedavi stratejisi olarak öne

çıkmaktadır.

Anahtar Kelimeler: Kıkırdak Doku, Kıkırdak Doku Defektleri, Metilselüloz,

Jelatin, Doku Mühendisliği, 3B Yazıcı, Doku İskelesi.
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1. INTRODUCTION

1.1 Motivation

In the definition of vitality, things that possess certain qualities; such as

growth, metabolism, energy conversion and reproduction are characterized as liv-

ing things [1].

In the evolutionary process, the complexity of these functions increases

along with the structure of these living things. When it is moved up in the phylo-

genetic tree, the "movement" feature is an ability that has emerged as necessary

for the functionality of these mechanisms. As organisms develop, the potential

for movement and the mechanisms that provide the movement have gained differ-

ences. In prokaryotic organisms, movement is actuated by simple structures such

as flagellum, and pili [2]; while in vertebrate organisms by limbs and joints.

Although joints are inspected under different categories, those responsible

for mechanical movement are generally categorized as synovial joints, which are

the most common joint types in the body. These joints allow to perform a wide

range of movements such as walking, running, writing and more. Synovial joints

are flexible and can move, slide over each other, rotate, and so on. These joints can

be found in the shoulder joint, neck joint, knee joint, wrist joint, etc[3]. They bear

great mechanical stress while participating in movement. The effect of friction

and gravity, wear and damage will inevitably occur in these joint types over time.

Abnormalities in these structures can lead to pain or loss of function [4].
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Articular cartilage covers the tips of the bones and provides the major

load-bearing function in the joint with its outstanding frictional properties. It also

ensures that one end of the joint forms a highly wear-resistant surface. It allows

joints to move effectively over the other with little or no wear.

Most arthritic changes start as little lesions on the surface of the cartilage

and progress to total wear of the tissue and arthritis [5]. However, the avascular

and aneural nature of this tissue significantly limits its capacity to repair itself.

Therefore, injuries of articular cartilage, often caused by trauma, aging and genetic

predisposition, often progress to degenerative diseases such as osteoarthritis [6].

Osteoarthritis alone affects more than 500 million people worldwide, not only

limiting mobility but also reducing quality of life [7, 8]. Thus, there is a growing

need for new approaches aimed at regeneration of cartilage tissue.

Current clinical treatments for articular cartilage, such as microfracture

surgery, graft transplantation, and autologous chondrocyte implantation (ACI),

face limitations such as variable success rates, limited regenerative capacities, long

recovery times, and potential complications [9]. In this context, tissue engineering

has emerged as a promising approach to developing scaffolds that mimic tissues

by combining the principles of biology, engineering, and materials science [10].

An ideal scaffold should be biocompatible, biodegradable, and able to mimic the

mechanical and biochemical properties of natural cartilage [11].

In recent years, advances in biomaterials and 3D printing technologies have

facilitated the development of more sophisticated scaffold designs and increased the

potential of hydrogel-based scaffolds in particular. By combining biocompatible

and biodegradable polymers such as gelatin and methylcellulose, it’s aiming to
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create scaffolds with cartilage-like properties.

Gelatin, derived from the partial hydrolysis of collagen, is often preferred

in tissue engineering applications for its biocompatibility and biological activity-

promoting properties. Its protein-based, hydrophilic structure promotes the adhe-

sion and proliferation of cells to the scaffold, thus supporting tissue regeneration

[12]. The heat reversibility of gelatin due to its modest binding energy enables

the development of biomedical systems that require responsive material properties

[12, 13, 14].

Water-soluble cellulose derivative Methylcellulose obtained by partial sub-

stitution of the hydroxyl groups (-OH) of cellulose with methoxy groups (-OCH3).

This chemical modification makes methylcellulose a material with an amphiphilic

structure, capable of interacting with water and exhibiting temperature-variable

properties [15, 16]. Methylcellulose, which forms a thermally stable structure de-

pending on temperature changes, increases the mechanical stability of the hydrogel

and provides the advantage of long-term use. This property creates a suitable en-

vironment for the proliferation of cells by maintaining the scaffold [15, 17].

Both methylcellulose (MC) and gelatin have elastomeric properties and are

capable of forming stable network structures at room temperature [16]. These

two components form strong hydrogen bonds with water molecules due to their

hydrophilic nature. This property can increase the water holding capacity and

hydrophilicity of the hydrogel to be formed. The physical interactions between the

methoxy groups of MC and the amino and carboxyl groups of gelatin may support

the structural stability of the hydrogel [18, 19]. In this context, these two materials

together have the potential to form a hydrogel scaffold that will support cartilage
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regeneration and comply with the biological and mechanical requirements.

Considering all these factors, a study in this field is desired to be con-

ducted due to the ease of producing structures that were previously impossible

or difficult to apply, using 3D printers. Although gelatin is frequently used in

cartilage treatment studies due to its accessibility and cost-effectiveness, there is

a notable absence of studies involving 3D scaffold studies that incorporate gelatin

with methylcellulose.

This study aims to focus on the development and characterization of methyl-

cellulose and gelatin-based hydrogel scaffolds. For this purpose, hydrogel scaffolds

with varying methylcellulose concentrations are produced using pneumatic 3D

printing technology, are aimed to be biocompatible, biodegradable and close to

the mechanical properties of native cartilage. The findings from the study may

contribute to the development of cartilage repair strategies and have the potential

to reduce the social and economic burden of cartilage-related diseases.

1.2 Objective

This study aims to develop Gelatin-methylcellulose-based tissue scaffolds

as a potential alternative for articular cartilage treatment. The objectives of this

study are as follows:
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• To be able to produce Methylcellulose-Gelatin-based scaffolds with a 3D

printer.

• To investigate the effect of Methylcellulose concentration on the physical,

chemical and mechanical properties of the scaffolds.

• Evaluate the results and determine the optimum composition for potential

application as a treatment method.

• To establish a foundation for future cell studies based on the data obtained.

1.3 Outline

After explaining the structure and function of cartilage tissue in the back-

ground section, the thesis provides an overview of cartilage tissue-related disorders,

its prevalence, economic impact, and treatment methods and then mentions the

tissue scaffolds produced with 3D printers, which served as the inspiration for this

research. Subsequently, detailed information about the methodology to be used in

production and the materials to be used in the tissue scaffolds are presented. In

Chapter 3, the production process of the scaffolds and the characterization studies

are explained. In Chapter 4, the results of the study are presented. In Chap-

ter 5, the characterization results are evaluated. In the last part, Chapter 6, the

conclusion and possible future works are mentioned.



6

2. BACKGROUND

2.1 Structure of Cartilage

Cartilage tissue can be categorized according to the area where it is located

and its functions there. Hyaline cartilage is the most abundant type of cartilage

in the body, and articular cartilage is a specialized form of hyaline cartilage [20].

Hyaline cartilage plays an important role in skeletal growth and development.

Initially, during the development of endochondral bones in embryonic and fetal

stages, and secondarily as growth plates that result in bone elongation during

childhood and adolescence [6, 20].

Articular Cartilage is composed of hyaline cartilage with a dense extracel-

lular matrix (ECM) and scattered specialized cells of cartilage cells called chon-

drocytes. The extracellular matrix is composed mainly of collagen, proteoglycans

and glycoproteins that help hold water molecules in the matrix [21].

Figure 2.1 Structure of Articular Cartilage by MRI Imaging [22].
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Collagen is arranged as forms of fibrils. The fibres are positioned to react

to shear forces, traction and pressure. Also, the fibrils position defines the layers

within the cartilage. The collagen fibrils are parallel to the articular surface and

are closely arranged. Collagen bundles are dispersed randomly in the adjacent

layer. The third layer is called the radial zone. This is the thickest layer of the

tissue and the fibrils in this layer are positioned perpendicular to the joint surface.

The deepest layer is called as calcification zone and next to the subchondral bone,

which is also the thinnest layer [21, 22]. Even though the cartilage doesn’t have

a lymph or blood vessels in between layers; synovial vessels and the synovial fluid

that synoviocytes provide supply the cartilage [23].

Figure 2.2 Layers of Articular Cartilage[24].

The primary cell type in articular cartilage are chondrocytes, which consist

of less than 10% of the cartilage volume in total and are in charge of organizing,

synthesizing, and maintaining all ECM components. The articular cartilage ECM

is mainly composed of water (68-85% of total wet weight, the major fluid phase),

collagen (60-86% of dry weight), proteoglycan (15-40% of dry weight) and some

other small non-collagenous proteins and glycoproteins [25].
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Amount of water in layer varies and directly affects the structure. Water

and the extracellular matrix (ECM) are the primary components of articular car-

tilage (AC), providing the high elasticity and strength, required for sustained and

repetitive movement. The movement of water over the cartilage delivers nutri-

ents to the chondrocytes and also lubricates the joint surface which is crucial for

movement [24].

There are different types of collagens in articular cartilage. However, Type

II collagen, which makes up 90-95% of the collagen in articular cartilage, is most

prevalent there and forms collagen fibers that are interlaced with microfibrils, fibrils

and eventually proteoglycan aggregates. Together with the type II collagen fiber

network, other collagens including types I, IV, V, VI, IX, and XI are also present

in tiny amounts and may improve the structural and elastic strength of cartilage

[25, 26].

The osmotic pressure that proteoglycans exert, drives the high-water con-

tent in the extracellular matrix which is essential for cartilage’s resistance to me-

chanical stresses. By creating an expansion pressure that opposes the tension

in the collagen fibers, this osmotic pressure counters the mechanical forces that

push water out of the cartilage. Articular cartilage’s specialized constitution and

high percentage of water allow it to move nearly frictionless the joint and tolerate

intense mechanical forces [21, 26].

Articular cartilage is an extremely specialized connective tissue found in

synovial joints. Its primary purpose is to present the transmission of loads with a

low friction coefficient by creating an articulation surface that is slick and smooth.

The amount of coefficient of friction between 0.001-0.01 [26, 27].



9

Articular cartilage is subjected to a severe biomechanical environment and

has no blood vessels, nerves or lymphatics. Due to these inadequacies, the ability

of articular cartilage to be treated and repaired internally is limited [6]. Its main

objective is to create the most suitable surface for the movement of the joints. More

precisely, it lessens friction between the bones and makes stresses to be transferred

to the bone easier [26].

Articular cartilage is structurally specialized to perform these functions and

has acquired a characteristic structure. Articular cartilage is usually 2 to 4 mm

thick [28, 29] and exhibits a viscoelastic structure due to its biphasic or triphasic

nature. Under load, it shows both elastic deformation (instantaneous return) and

viscous deformation (slow return over time). This viscoelastic behavior contributes

greatly to the load-bearing capacity of cartilage [29].

Three major methods for determining the mechanical properties of articular

cartilage are shear, tensile, and compressive testing. Shear testing is used to

measure the viscoelastic properties of cartilage, while tensile testing measures how

cartilage responds when a tensile force is applied, and it is used to understand

elasticity and stiffness [30]. Compressive modulus for articular cartilage refers to

how the cartilage behaves under load, that is, how much it resists deformation

when compressed. This is a critical parameter in understanding the resistance

of cartilage to pressure in joints. A high compressive modulus indicates that the

cartilage has greater resistance to deformation under compression and thus it has

a stiffer structure [28, 29, 30]. A native articular cartilage tissue that belongs to a

healthy human has a compressive modulus ranging from 240-1000 kPa [30, 31].
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Articular cartilage has great clinical importance because its injury can cause

significant musculoskeletal dysfunction. Furthermore, due to cartilage’s limited

ability to heal and repair, preservation of cartilage’s integrity throughout life has

a key importance for health [23].

Over time, repetitive mechanical loading and other factors such as genet-

ics can lead to localized damage to collagen fibres. When the damage reaches

a critical point, the fibres can no longer withstand the swelling pressure of hy-

drophilic proteoglycans, resulting in localized oedema and cartilage swelling. It’s

biomechanical and structural properties make articular cartilage tailored for load

bearing and joint lubrication during movement but also cause difficulties in repair-

ing and regenerating this tissue when damaged [23].

2.2 Cartilage Defects: Causes, Types and Impacts

Many cartilage-related diseases are associated with changes in the ECM.

These changes can influence the progression of diseases. For instance, disorders

like osteochondritis dissecans and inflammatory arthropathies can result from sec-

ondary damage in pathological processes occurring in other surrounding tissues.

Also, might induce the main symptoms of dwarfism caused by genetically inherited

abnormalities. In addition to exterior damage, genetic abnormalities can impact

the growth plate cartilage, which can interfere with normal skeletal growth. Genes

encoding extracellular matrix molecules or regulatory proteins might undergo mu-

tations. Collectively, hereditary disorders are called chondrodysplasia, and while

each one is an uncommon disorder, they affect about 1 in 4,000 births [6, 23, 32].
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Figure 2.3 Pathological conditions leading to osteochondral defects[22].

Osteochondritis dissecans (OCD) is a joint disorder, particularly in

children and adolescents, and usually affects joints under intense stress, such as

the knee, elbow and ankle. The cause of the disease is not known for certain, but

it is thought that factors such as repeated microtraumas, genetic predisposition

and ischemic events may lead to OCD. Symptoms may present as pain, stiffness

and swelling in the joint [33].

Rheumatoid arthritis (RA) is an autoimmune disease that affects be-

tween 0.5% to 1% of the world’s population, and it is defined as an autoimmune

disorder marked by chronic inflammation, primarily affecting joints but also po-

tentially involving other tissues and organs. This systemic inflammation results

in joint pain, stiffness, swelling, and can lead to joint damage and deformity over

time [6, 34].
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Achondroplasia is a disorder in which chondrocytes do not proliferate

in the cartilage and the epiphyseal plate of long bones near joints is especially

affected. These plates play a crucial role in bone growth and development. so

achondroplasia may cause conditions like dwarfism [35].

Relapsing polychondritis (RP) is a rare autoimmune disease character-

ized by relapsing cartilage inflammation that can affect all forms of cartilage as well

as proteoglycan-containing organs such as ears, nose and respiratory tract. This

disease is caused by the immune system’s misdirected attack on cartilage, which

results in chondrocyte loss, ECM disintegration, and chronic inflammation. As a

result, cartilage gradually breaks away, resulting in the disease’s typical symptoms

and complications. Every year 3.5 million people are diagnosed with RP in the

USA [6, 36].

Chondrocalcinosis is the aggregation of calcium pyrophosphate dihydrate

(CPPD) crystals in joints [6]. The deposition of CPPD crystals in the cartilage

causes mechanical disruption, inflammatory responses, and matrix degradation.

These may lead to progressive deterioration of cartilage and may cause joint pain,

swelling and joint dysfunction eventually [37].

Cartilage tissue tumors are a significant subclass of bone cancers. Chon-

dromas are known as benign or non-cancerous cartilage tumors. It includes os-

teochondroma, enchondroma, periosteal chondroma, multiple chondromatosis or

enchondromatosis, chondroblastoma, and chondromyxoid fibroma are examples

of benign cartilage tumors. There are also, chondrosarcomas are tumors of the

cartilage that are malignant or cancerous [6, 38].
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Osteoarthritis is one of the most common cartilage defects, which is af-

fecting hundreds of millions of individuals globally. The disorder mostly affects

the articular cartilage of load-bearing joints, including the hands and feet, hips,

shoulders and most commonly knees. It refers to a disorder in which the car-

tilage covering the bones of the joints becomes thinner and occasionally wears

completely down. This causes friction and erosion of the ends of the bone, caus-

ing bone damage. In this instance, bones that move against each other without

protective cartilage can also cause movement limitations, joint inflammation along

with severe pain and swelling [6, 39].

Osteoarthritis is the most prevalent cartilage-related disease because the

disease is not only associated with genetic tendency but also with external factors.

Obesity, gender, age, genetic anatomical abnormalities of the joints, and acute

joint trauma are among the many risk factors for osteoarthritis. Patients may not

exhibit any symptoms until the disease reaches later stages and there is substantial

and irreversible joint damage [7, 23].

Figure 2.4 Prevalence of knee OA around the world [40].
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According to WHO[7] and OA Prevalence & Burden[8]:

• Approximately 528 million individuals globally suffer from osteoarthritis and

its prevalence has increased by 113% from 1990 to 2019.

• About 73% of people suffering from osteoarthritis are over 55 years old and

60% of them are women.

• With an estimated number of 365 million people globally, the knee is the

most usually affected joint, followed by the hip and hand.

• Globally, 344 million individuals suffer from moderate to severe osteoarthri-

tis, which may benefit from rehabilitation.

• 1/3 of osteoarthritis sufferers over the age of 45 experience anxiety or de-

pression.

• After dementia and diabetes, it is the third disability that is growing at the

fastest rate.

• It is known that OA patients are 50% more prone to having heart disease and

that 1/3 of them have five or more chronic illnesses. Because OA restricts

exercise, patients with OA are also more likely to have conditions including

diabetes and hypertension.

• The prevalence of osteoarthritis is predicted to rise worldwide because of the

aging population, increasing rates of obesity, and an increase in injuries.

In 2019, arthritis caused an estimated damage of 136 billion dollars in the

USA. Over the past ten years, this amount has more than doubled. To provide a

context, the yearly economic burden of arthritis is greater than that of diabetes,
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cancer, and health problems associated with tobacco use. The annual cost of direct

medical care needed because of arthritis is $65 billion [41].

Poor knowledge of the etiology and pathogenesis of cartilage disorders, de-

layed diagnosis since the tissue is aneural and challenges with drug administration

because adult cartilage is avascular are some of the challenges related to cartilage

diseases [6]. All of these cons limit the body’s ability to heal itself and lower the

probability that current treatments will be effective. Repair of damaged cartilage

is a high priority issue that needs to be solved, yet so far little progress has been

made. The need for innovative treatments and techniques for cartilage treatment

has been increasing over the years. .

Advances in biotechnology, material science and regenerative medicine are

able to create a whole new approach for cartilage regeneration. The advancements

in these fields are expanding the possibilities for the treatment of injured cartilage,

including biomaterial implants, tissue engineering and cell-based treatments. Also,

stem cell research shows great potential in using the body’s healing abilities, it

promises a whole new route for cartilage regeneration.

Additionally, developments in 3D bioprinting and scaffolding techniques

make it possible to construction of unique structures that closely mimic the car-

tilage, thereby increasing the precision and effectiveness of treatment techniques.

Furthermore, optimization of treatment strategy and prediction of treatment out-

comes have become simpler with the integration of computer modeling and artifi-

cial intelligence.
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2.3 Current Treatment Strategies for Cartilage Defects

The choice of therapy depends majorly on the degree or depth of cartilage

injury. Numerous methods are used to define the size and depth of damage while

determining the degree of damage. The Outerbridge classification is the most

extensively used approach, which evaluates the size and depth of the damage [42].

Table 2.1
Outerbridge classification of articular cartilage injuries [42].

Grade of
Damage Description

Grade 0 Healthy Articular Cartilage with a smooth surface.

Grade I Soft and swollen AC with decreased proteoglycan and high water content.

Grade II
The cartilage surface fracture, and extending up to half its thickness. Swelling
or fraying can be detected through MRI. The damaged area is confined to less
than 1.25 (<50%) of the surface. It indicates intermediate-thickness damage.

Grade III
The damage extends beyond half the cartilage thickness and may expose the

subchondral bone. The damaged surface area exceeds 1.25 cm. The deep
defect involves over 50% of the thickness.

Grade IV Full-thickness defects. Subchondral bone is completely exposed by
destruction.

For the damages graded as I and II, conservative treatment methods, such

as education of the patient, BMI reduction, rehabilitation, or the use of medica-

tion and diets, typically have positive outcomes. It is advised to use surgery for

grade III or IV damages. The most popular surgical techniques are osteochondral

transplantation, mosaicplasty, chondroplasty surgery, and the microfracture (MF)

procedure. Also, cell-based therapies like autologous chondrocyte implantation

(ACI) or matrix-derived autologous chondrocyte implantation (MACI), are aimed

specifically for articular cartilage treatment [42].
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Periosteal transplantation is a surgical procedure performed for treating

chondral defects in which cartilage injury is repaired by using the periosteum,

a layer of tissue that contains many cells which are capable of producing new

cartilage. Periosteum, is placed directly above a defect with its chondrogenic cells

that promote cartilage regeneration. Even though this approach takes advantage

of the regenerative potential and reduced immunogenicity of tissues, its outcome

is variable and it has to overcome aspects such as a limited amount of available

periosteum [43].

Perichondral transplantation is a similar procedure to periosteal trans-

plantation to treat chondral defects. Yet, perichondrium is a more similar tissue to

native articular cartilage. Perichondrium is inserted into the defect of the injured

joint after being removed from the cartilaginous covering of the bones like ribs

[44].

Autologous chondrocyte implantation (ACI) is a treatment technique

that has been used in clinics. Small amounts of cartilage are collected from the

damaged joint. It is then taken to the laboratory for proliferation. The damaged

cartilage area is then prepared for implantation by cleaning the cartilage down

to the healthy surrounding cartilage. Cultured chondrocytes are injected under

the periosteal flap and sealed with fibrin glue [45]. Thanks to breakthroughs in

technology, many variations of the ACI technique, such as Matrix-Assisted Au-

tologous Chondrocyte Implantation (MACI) have been developed. Additionally,

a novel method derived from ACI uses a sponge-like scaffold made of hyaluro-

nan, which is seeded with autologous chondrocytes and used to cover the defected

cartilage site [46].
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The minced cartilage technique is considerably one of the newest tech-

niques. In this procedure, the patient’s cartilage tissue harvests, and mincing them

into tiny fragments. These fragments are placed on a scaffold and reimplanted into

the damaged area of the joint. In comparison to ACI, a greater surface area may

be created and implanted for cartilage repair in the same surgical session by chop-

ping and equally distributing the tissue on the scaffold. This technique benefits

from the natural ability of the body to regenerate cartilage and may lead to more

natural repair [47, 48].

Microfracture is one of the marrow stimulation techniques among abra-

sion arthroplasty, drilling to treat cartilage defects. It is a very frequent procedure,

which involves creating small holes in the underlying bone so that blood, bone mar-

row, and stem cells produced from the marrow may reach the defect location. This

process aims to propagate self-regeneration in the damaged cartilage [48, 49].

Mesenchymal stem cells that have been obtained from bone marrow

and other sources can offer another alternative and a plentiful supply of cells for

cartilage treatment methods. By adopting tissue-engineering, gene therapy, and

cell therapy approaches, adult marrow stromal cells are being studied as potential

therapies for abnormalities in connective tissues, such as articular cartilage [48, 49].

Embryonic stem cells are less differentiated than are less differentiated

than mesenchymal stem cells. They exhibit a greater near-infinite potential for

self-renewal and can be directed to create every type of cell found in the body [48].

However, the use of these cells for cartilage treatment is not yet as widespread as

other stem cell types due to their rarity, high acquisition costs and the need for

specialized expertise to administer them [50, 51].
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Gene therapies use viral or non-viral vectors to insert genes that encode

growth factors (such as TGF-b), anti-inflammatory cytokines, or matrix proteins,

aiming to enhance chondrocyte function and fix cartilage structure. Protein-based

therapies, like using TGF-b in the culture medium can be challenging, due to

the short half-lives of proteins, need to be administered often, being costly and

challenging and posing risks such as high doses that may cause undesired side

effects in other tissues [48, 52]. Gene editing methods like CRISPR/Cas9 are

also being investigated as promising alternatives for defects such as osteoarthritis

[52, 53]. These methods have a potential to improve cartilage repair and fix genetic

defects. However, there are still many unanswered questions about the safety,

effectiveness, and application of these gene treatments [54].

2.4 Tissue Scaffolds: A Novel Treatment Approach

The treatment of articular cartilage defects has remained one of the largest

challenges in health sector for a long time [55]. Conventional methods that aim to

repair the defects, usually either using tissues taken from the patient or adding dif-

ferent material on the defected tissue. However, these treatments have significant

disadvantages such as limited regenerative capacity, long recovery times and low

success rates. Specifically, the limited ability of articular cartilage to regenerate

itself is the effectiveness of conventional methods [55, 56].

In this context, the need for novel treatment methods is increasing undoubt-

edly and tissue engineering applications are emerging as an innovative strategy

with a promising approach in the treatment of articular cartilage injuries. Tissue

engineering majorly focuses on repairing and regeneration to treat defected tissues
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in the body by using biomaterial, cells or biomolecules [10]. This approach aims

to build synthetic structures that mimic the structural, functional, and biologi-

cal features of native tissue. These structures are named tissue scaffolds. The

use of tissue scaffolds plays a critical role for cells to organize correctly and form

functional tissue in the native environment [11].

Tissue scaffolds are aimed to provide the physical support that is neces-

sary for cells to adhere, proliferate and differentiate. These scaffolds are based

on biocompatible and biodegradable materials that can heal the defected tissue

while allowing cells to behave as they would in the native environment [11]. By

using different materials and manufacturing techniques, different types of tissue

scaffolds can be designed and optimized according to the specific requirements of

the targeted area and scope of treatment. For a successful application of scaffolds

into a host, scaffolds must carry some properties as shown in Table 2.2 [57].

Table 2.2
Summary of desirable scaffold properties[57].

Scaffold
Characteristics Desirable Properties

Bioactivity Interaction and binding of scaffold material with host tissue.

Biodegradability Controlled scaffold degradation which can complement tissue
ingrowth while maintaining sufficient support.

Scaffold
Architecture

Interconnected pores allow diffusion and cell migration, and a
large surface area for cell-scaffold interaction.

Mechanical
Properties

Compressive, elastic and fatigue strength comparable to host
tissue.

Biocompatibility Non-toxic and non-inflammatory scaffold components and break
down products avoiding immune rejection.

Scaffolds for cartilage tissue treatment in order to promote cell adhesion,

cell migration, and development should have a suitable architecture, controlled
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degradation, proper mechanical properties and adequate biocompatibility to pro-

vide a suitable environment that is close to the native tissue. Numerous structural

characteristics, such as permeability, interconnectivity, porosity and pore size are

also crucial for cartilage regeneration [42, 58].

In monolayer cultures, chondrocytes are tend to dedifferentiate, so the tissue

scaffolds must be designed in three dimensions in order to prevent chondrocytes

from dedifferentiating [49]. As grown on flat surfaces, chondrocytes are unable to

synthesize certain proteins required for the formation of cartilage. It is possible

to enhance tissue ingrowth, cell migration, seeding and development by using a

highly porous membrane with an interconnected macropore network. It is also

necessary to ensure the diffusion of oxygen and delivery of nutrients and products

of metabolism. The formation of regenerated cartilage tissue is related to regulated

and controlled biodegradation, which is mostly dependent on the materials that are

used in production of tissue scaffolds. The byproducts of breakdown must be easily

removed and should be non-toxic to the body. It is essential that scaffolds preserve

suitable stiffness, strength, and flexibility properties to facilitate integration and

tissue growth. All these variables are crucial for cell cultivation of scaffolds and

particularly following implantation into the body. All these parameters of scaffolds

should be tailored for different cell types [42].

Countless types of biomaterials have been used in tissue engineering applica-

tions, natural and synthetic polymers are the most significant ones. Additionally,

ceramic materials can be used, especially when paired with polymers to create

composite materials that have better mechanical and biological qualities [59].

Natural polymers possess several beneficial properties that make them ideal
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for use as scaffolds. They typically exhibit excellent adhesion, good biocompati-

bility, and reduced toxicity during the degradation process of the scaffold [58]. On

the other hand, there are also some drawbacks about natural polymers. First of

all, it is difficult to manage the rate of degradation. Since the body is a system

in constant motion, there are many different parameters. Therefore, adjusting the

rate of degradation is very critical and challenging. Additionally, natural poly-

mers generally have low breaking loads. However, if the polymer is cross-linked,

mechanical characteristics increase significantly [59, 60].

Synthetic polymers can also offer significant advantages over natural poly-

mers. Their porosity, degradation rate and mechanical properties can be cus-

tomized for particular applications which is their main advantage [59]. Generally,

they are less expensive than the natural ones and they also can be produced in

vast amounts under controlled conditions. Moreover, the majority of synthetic

polymers show nearly independent hydrolytic degradation from the host tissue.

Although synthetic polymers offer advantages over natural ones in some aspects,

inevitably there are some aspects where they are inferior. One of the significant

drawbacks of synthetic polymers is the degradation process of synthetic polymers

into unwanted byproducts, like acids that can provoke inflammation at higher

concentrations [59, 60].

2.5 Fabrication Techniques for Tissue Scaffolds

Tissue scaffolds can be produced from various materials, such as 3D mem-

branes (sponge-like), hydrogels, nanofibers or combinations of these and many

others. In order to produce a tissue scaffold for a specific purpose, the architec-
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tural, mechanical and biochemical properties of the scaffold are crucial aspects.

Additionally, selecting an appropriate production method is essential to achieve a

scaffold with the desired properties [48, 57, 58].

Solvent casting/particulate leaching is one of the traditional methods

of scaffold production that starts with the dissolving of a polymer in an organic

solvent. The process makes use of porogens, which are materials that may be

mixed into a mold and then dissolved after the mold has hardened to produce

pores in a specified shape and size [57, 61].

Gas foaming is a great alternative to avoid the use of harsh solvents

employed in solvent casting/particulate leaching methods. This process forms a

highly porous structure by using carbon dioxide; a gas bubble to nucleate and

expand within the polymer [57, 62].

Electrospinning is a widely used scaffold fabrication method that is ca-

pable of producing nanofibrous interconnected porous scaffolds. In this method,

a generated electric field to pull charged polymer solutions as fine thread from

a capillary tube or a needle toward a negatively charged collector plate. Fibers

ranging from micro to nanometers can be sequentially created and deposited to

form a scaffold that may contain composite materials and biomolecules [57, 62].

Freeze drying starts with a polymer solution freezing, which creates sol-

vent ice crystals coated in polymer aggregates. A vacuum is then used to lower the

pressure in the environment until it is lower than the frozen solvent’s equilibrium

vapor pressure. This causes the solvent to sublimate from the solid phase straight

into gas. There remains a dry polymer scaffold with an interconnected porous
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structure when the solvent has entirely sublimated [57, 61].

Phase separation involves, forcing a solution to de-mix into two phases,

one of which has a high polymer concentration (or polymer-rich phase) and the

other of which has a lower polymer concentration (or polymer lean phase) [59].

There are several methods for phase separation. Thermally induced phase sepa-

ration (TIPS) is one of the most common methods on use. This method relies on

altering the system’s free energy through temperature changes. After the solution

separates, the solvent is eliminated via extraction, evaporation, or freeze-drying

[59, 62]

2.6 3D Printing

The conventional techniques for fabricating scaffolds, which have been briefly

reviewed thus far, often provide restricted control over the dimensions, pore size

and interconnectivity [57]. Advances in computer-aided design and modeling pro-

grams, as well as breakthroughs in 3D printing technology tissue scaffold fabrica-

tion methods, have entered a new era.

3D Printing method makes possible to produce scaffolds with small-scale

and large-scale designs. It is a method of manufacturing that may create con-

trolled interior structures and geometries of 3D objects, including pore size. This

manufacturing method has been extensively used in tissue engineering and regen-

erative medicine to create scaffolds or cell-laden structures with improved control

over material and cell localization in 3D technology [63]. The scaffold provides

cells with a 3D structure and mechanical support for their attachment and pro-
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liferation, ultimately growing into a functional tissue-engineered construct (TEC)

[30].

3D printing technology offers the possibility to precisely control the prop-

erties of the biomaterial and structure produced. This control plays a critical

role in creating a suitable microenvironment for cells to attach, proliferate and

migrate. For example, pore size, density and structure accelerate the integration

of cells into the scaffold and tissue regeneration [64]. Compared to traditional

methods, mass production of scaffolds with 3D printing technology can be realized

more quickly and cost-effectively. Furthermore, this technology enables the use of

various biomaterials and allows scaffolds to be detailed at both micro and macro

scales[63].

In 3D printing, a wide range of materials can be used, including: nat-

ural polymers such as collagen, gelatin, hyaluronic acid (HA), alginate, chitin

and chitosan; synthetic polymers such as polylactic acid (PLA) and polygly-

colic acid (PGA), polycaprolactone (PCL), polyethylene glycol (PEG); bioceram-

ics such as Hydroxyapatite (HAp), Tricalcium Phosphate (TCP), bioactive glass

and inorganic materials; composites where more than one type of material is used

together such as natural and synthetic polymer mixtures and ceramic-polymer

mixtures.[64]. These materials can be used according to the mechanical and bio-

logical needs of the tissue to be studied.

3D printers can be customized based on the properties of the materials to be

used as well as the requirements of the material wanted to be produced. Different

printing technologies come with various advantages and disadvantages.
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Inkjet bioprinters create three-dimensional structures by spraying bioinks

layer by layer onto the targeted surface. In these printers, the bioink is sprayed in

small droplets by a piezoelectric or thermal mechanism and these droplets come

together to form a structure. The advantages of these printers include high res-

olution, low cost and the ability to precisely place biomolecules. It also makes it

possible to print cells with biomaterials [63].

Extrusion printers extrude mixtures that contain polymers, hydrogels or

cells by applying pressure through a needle or nozzle, and this material is deposited

layer by layer to form a 3D structure. The flow rate through the nozzle is adjusted

according to the viscosity of the material used and parameters such as printing

speed. The extrusion method is ideal for scaffold production in tissue engineering

by controlling the mechanical properties and pore structures of the biomaterial

[63].

Selective Laser System (SLS) technology is based on the principle of

sintering powdered biomaterials layer by layer using a laser. This type of printer

is ideal for the production of complex internal structures and scaffolds with high

mechanical strength. Although it provides high resolution, it is more costly to use

because it is laser-assisted [64].

Fused Deposition Modelling (FDM) technology is generally used for

prototyping purposes. Thermoplastics such as PLA and PETG are melted and

printed layer by layer in specified shapes [61]. This method is especially suitable

for structures that require low resolution and mechanical strength [65].
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Stereolithography (SLA) Printers create 3D structures by hardening

photopolymer resins with UV light. This method is preferred for high-resolution

and fine-detailed structures. It is suitable for the polymerization of biomaterials,

although it has some limitations in terms of the placement of cells and providing

biological functionality [65].

For instance, if a whole osteochondral tissue is to be mimicked, in addi-

tion to the cartilage tissue, the cancellous bone, which has a completely different

composition and properties, must also be mimicked. For this, either an extru-

sion printer with multiple extrusion features or the production of each segment

separately and combining them using various chemical methods is needed [66, 67].

2.7 Polymers in the Fabrication of Tissue Scaffolds

A polymer mixture of Gelatin and Methylcellulose was chosen to produce

tissue scaffolds for 3D printing using a pneumatic extrusion-based printer, aiming

to mimic articular cartilage tissue.

2.7.1 Gelatin

Gelatin is a naturally occurring macromolecular protein derived from the

partial hydrolysis of collagen found in connective tissues, bones and skin of animals

[12]. It contains a high content of amino acids, including glycine, proline and 4-

hydroxyproline, and forms a structure favorable for gel formation. It also contains a

large amount of carbonyl (C=O), amine (-NH) and hydroxyl (-OH) groups[16, 19].
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The strength of the gel depends on the content of proline and hydroxyproline,

which increase hydrogen bonding with water and contribute to the triple-helical

structure [14, 68, 69].

Figure 2.5 Chemical Structure of Gelatin [12].

Gel strength, a critical property for evaluating gelatin, is influenced by fac-

tors such as the extraction process, amino acid composition and molecular weight.

Higher temperatures during extraction can disrupt the α and β chains of gelatin,

weakening its network and reducing gel strength [12, 69]. Furthermore, during ex-

traction, gelatin can be produced as Type A if it is obtained by acidic processing

and Type B if it is obtained by alkaline processing, and this type of processing

determines the pH range and general properties of the gelatin produced [14].

Despite its favorable properties, gelatin has inherent limitations such as

poor mechanical strength and brittleness and is often crosslinked, usually with

substances such as EDC-NHS, for greater stability. This approach improves me-

chanical properties without compromising biocompatibility as EDC is non-toxic

and does not remain in the final product. Crosslinking also prevents rapid degra-

dation in aqueous environments, thus enhancing the performance of the scaffold

in tissue engineering applications [70, 71].
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Gelatin solutions exhibit temperature-dependent behavior, sol at about

40°C and gel upon cooling due to the reformation of collagen triple helices. The

heat reversibility of gelatin due to its modest binding energy enables the develop-

ment of biomedical systems that require responsive material properties. [12, 13,

14].

Gelatin is a natural polymer and is highly biocompatible and promotes

cell adhesion and proliferation, making it ideal for tissue engineering applications,

including scaffolds for wound healing [19, 71]. Its biodegradability ensures safe use

in a variety of medical and non-medical fields [12, 72].

Gelatin is a versatile biopolymer frequently used in tissue engineering stud-

ies due to its biocompatibility, biodegradability, thermally reversible structure,

easy production, easy processing, low cost and wide accessibility despite its me-

chanical limitations. For all these reasons, Gelatin was determined as one of the

polymers to be used in the study.

2.7.2 Methylcellulose

Methylcellulose (MC) is a water-soluble cellulose derivative obtained by

replacing some of the hydroxyl groups (-OH) of cellulose with methoxy groups

(-OCH3) through a methylation process. This chemical modification makes methyl-

cellulose a material with an amphiphilic characteristic, capable of interacting

with water and exhibiting temperature variable properties; exhibiting thermally-

reversible crosslinking behavior [15, 16].
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Figure 2.6 Chemical Structure of Methylcellulose [73].

Although MC is widely recognized on paper and less favored in practice,

its potential in this area is attracting increasing interest [16]. Unlike proteins,

MC form a strong gel at temperatures above 50°C [16]. Methylcellulose undergoes

a physical sol-gel transition when it reaches a temperature (30-80°C) known as

the low critical solubility temperature (LCST). The gelation process is shaped by

hydrogen bonds and intermolecular interactions of hydrophobic groups. DSC (Dif-

ferential Scanning Calorimetry) analyses at different MC concentrations revealed

that MC has a multi-step thermal reversible gelation mechanism. [15, 74]. The

chemical structure of methylcellulose presents a unique feature by providing a bal-

ance between hydrophilic and hydrophobic regions. Hydrophobic regions in the

structure of MC form water cages surrounded by water molecules, and as the tem-

perature increases, these cages are disrupted, hydrophobic interactions between

methylcellulose molecules are strengthened and gel structure is formed [15, 75].

Solutions of MC in water form temporary bonds between hydrophobic regions as

the temperature increases, which increases the physical strength of the gel. While

the viscosity of the solution decreases at low temperatures, the viscosity increases

when the gelation temperature is approached. This thermogelation process is re-

versible and the gel returns to its solution when cooled again [74, 75].
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Gelation mechanism which is known to be influenced by intermolecular

hydrophobic relationships, is complex and not yet fully understood. Numerous

studies have investigated the thermal gelation process, but the application of scal-

ing laws to methylcellulose has not been sufficiently investigated [74]. In addition,

there is a significant increase in porosity when the MC content increases in poly-

mer solutions. This may be due to the hydrophilic character of MC, which leads

to the formation of a spongy structure between open pores [17].

The ability of MC to transform into a thermoreversible hydrogel in water

makes it attractive for use in biomedical fields, particularly in tissue engineering,

cell or growth factor transport and drug delivery systems. As the mechanical prop-

erties of the gel can be tuned by temperature, it can transition to a solid hydrogel

form at body temperature, enabling it to function in the biological environment

[15, 17]. Furthermore, MC shows degradation at high temperatures (200°C and

above) and this thermal stability makes it ideal for temperature-sensitive applica-

tions [74].

Overall, both polymers are considered promising candidates for tissue scaf-

fold materials due to their ease of processing, cost-effectiveness, and their similar

mechanical and structural properties.
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3. MATERIALS AND METHODS

3.1 Preparation of Hydrogel

The hydrogel solution is prepared with DI water, Sigma-Aldrich M7140

Methylcellulose and Sigma-Aldrich G1890 Porcine Gelatin, by setting Methylcel-

lulose concentration (w/v) to 10%, 12.5% and 15% while setting Gelatin concen-

tration at 20% (w/v). Methylcellulose is added into a beaker on a stirrer which is

set 42°C at 1500 rpm, for 15 minutes. The beaker’s mouth is sealed with parafilm

to prevent evaporation. Then, gelatin is added and stirred for another 15 minutes.

Temperature may increase to encourage dissolution. After that, the prepared hy-

drogel is taken from the beaker with the aid of a syringe to be cast in a Teflon

mold and also transferred into the syringe of the 3D printer.

3.2 3D Printing

Scaffolds were fabricated using Axo A1 pneumatic 3D printer, operated

through Repetier Host software, which served both as a slicer and a printer control

program. Firstly, The scaffold shape was designed as a mesh with dimensions of

11.25 mm x 11.25 mm x 2 mm. The infill density was set at 20%, as native

cartilage’s porosity is approximately 80% [76]. After various trials, the speed of

the nozzle was set to 8mm/s and the temperature was fixed at 42°C, to prevent

denaturation of Gelatin [13]. Printing was performed using 21-gauge (0.83 mm)

needles. The pressure that pushes the hydrogel through the nozzle was manually

adjusted to maintain consistency in the scaffold’s shape and flow characteristics.
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Table 3.1
Printing Parameters of Tissue Scaffolds.

Concentration 10 MC 12.5 MC 15 MC
Pressure (psi) 8-10 15-20 20-30

Temperature (°C) 42 42 42
Printing Speed (mm/s) 8 8 8

Infill Density (%) 20 20 20

3.3 Crosslinker Preparation and Application

Sigma-Aldrich 03450 N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hy-

drochloride, also known as EDC, was used as the crosslinker. To prepare a 50mM

solution, in 10 mL of 90% ethanol, 0.095g of EDC was dissolved. 1 mL of prepared

solution was used to fully immerse each scaffold in 15-well plates. The scaffolds

were then incubated in the EDC solution at 4°C for 1 hour, followed by washing

with deionized (DI) water.

Figure 3.1 Preliminary Printing of MC-Gelatin Hydrogel.
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3.4 Characterization Studies

3.4.1 Printing Accuracy

To assess the printing accuracy of the scaffolds that were produced (n=6),

they were photographed in the same frame with a ruler to calculate the dimensions

and porosity later ImageJ software. The area of produced scaffolds is calculated

as Ai. The theoretical value, represented as A, is calculated by taking the sliced

image directly from the slicer program Repetier Host. To calculate the printing

accuracy Eq. 3.1 was used [77].

%Printing Accuracy = [1− Ai− A

A
] ∗ 100 (3.1)

Figure 3.2 A scaffold used for measuring Printing Accuracy.
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3.4.2 Fourier Transform Infrared (FTIR) Spectroscopy Analysis

To assess the chemical interactions between Methylcellulose and Gelatin at

determined concentrations Thermo Scientific Nicolet 380 FTIR spectrometer was

used (n = 3). The spectrum of the samples was recorded between 4000-400 cm−1 at

room temperature. FTIR analysis was conducted at the Chemistry Department of

Boğaziçi University. The results were assessed and arranged in OMNIC software.

The data obtained from the software were processed and visualized in Microsoft

Excel.

3.4.3 Mechanical Evaluation - Compression Test

Methylcellulose-Gelatin based scaffolds containing 10%, 12.5%, and 15%

MC respectively, were prepared with 5 samples per set (n=5). The tests were per-

formed at Boğaziçi University Biomedical Engineering Institute, where the spec-

imens were tested on Universal Test Machine with Nexygen Plus software. Each

sample was loaded starting from 2N until they completely torn apart. The data

obtained from the software were processed in Microsoft Excel and Stress-Strain

graphs and Compressive modulus values at each concentration were calculated.

3.4.4 Contact Angle Measurement

Contact angles of Methylcellulose-Gelatin blend hydrogel in a bulk form

which were cast in Teflon molds, were measured by KSV Instruments LTD CAM101

at room temperature at Boğaziçi University Chemistry Laboratory. Samples were

photographed every second for 15 seconds. Three samples were tested for each
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study group (n=3). The photos were processed using the Drop Analysis plugin

installed on ImageJ to calculate the contact angles. In the 15-second measure-

ment period, it was decided to make a comparison based on the photos at the 6th

second.

3.4.5 Swelling and Degradation Studies

To understand the characteristics of the scaffolds better, swelling-degradation

studies were conducted. 3 samples were prepared for each MC concentration (n=3)

and placed into 24-well plates.

The weight of each scaffold was recorded both before and after it was dried

for 24 hours at 37°C. Following that, 1.5 ml of PBS solution was added to each

well for the experiment, and they were incubated for 1, 4, 7, 10, and 14 days. PBS

solution changed every other day.

After the specified incubation time, the samples were placed on tissue paper

and dried on both sides before their final weight was measured as Mf. Using Mi

and Mw, where Mi represents the initial dry mass, Mf the final dry mass, and Mw

the wet weight, the %Water Uptake was calculated according to Eq. 3.2 [78].

%Water Uptake = 100 ∗ Mw −Mi

Mi
(3.2)
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In parallel with the swelling tests, degradation tests were also conducted.

To determine the degradation by calculating %Weight Loss, Eq. 3.3 was used [78].

%Weight Loss = 100 ∗ Mi−Mf

Mi
(3.3)

3.4.6 pH Study

Along with degradation and swelling tests, pH measurement was also per-

formed. pH measurements of the scaffolds(n=3) which were again immersed in

PBS solution each time before changing the PBS solution until they were com-

pletely dissolved in PBS. Measurements taken by Thermo Scientific-Orion Star

A211 pH meter.

3.4.7 Statistical Analysis

Statistical evaluation of the results was done by One-Way ANOVA with

Tukey’s Post-Hoc Test through IBM SPSS (Statistical Package for the Social Sci-

ences, version 28.0.1) software. One-Way ANOVA allows comparing the means of

more than one group at the same time, while Tukey’s Post-Hoc test allows pairwise

comparisons between groups to determine which groups have statistically signifi-

cant differences. In the results, P value is less than 0.05 (p ≤ 0.05) was considered

statistically significant.
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4. RESULTS

4.1 Printing Accuracy

Dimensional changes occurred in tissue scaffolds printed with a pneumatic

3D printer depending on the methylcellulose concentration. The printing accuracy

was calculated according to the amount of deviation from the theoretical value and

resulted as 10MC 92.33% (±0.61), 12.5MC 90.09% (±1.62), 15MC 89.55% (±4.61)

and visualized in Figure 4.1. According to One-Way ANOVA results, no significant

difference was found between the groups (F= 1.411, p = 0.232). In addition to

that, in the pairwise comparisons of groups conducted using Tukey’s Post-Hoc

Test, no significant differences were found too.

Figure 4.1 Printing Accuracy of Scaffolds.
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4.2 Fourier Transform Infrared Spectroscopy Analysis

Figure 4.2 FTIR spectrum of Methylcellulose - Gelatin scaffolds.

According to the results, there is a peak between 3100-3300 cm−1 band

which indicates a -OH stretching in Gelatin-Methylcellulose scaffolds. Also, it

may referred to as -NH stretching vibrations. Both groups are commonly found in

gelatin and methylcellulose [17, 79, 80].

The peaks around 2980 cm−1 attributed to the asymmetric and symmetric

stretching vibration of C-H respectively, primarily from the methyl (-CH3) and

methoxy (-OCH3) groups [17]. The spectra also illustrate absorption bands around

1600 cm−1 which correspond to the amide I band, mainly due to C=O stretching

vibrations in gelatin [79, 80].

Beyond the functional region, in the fingerprint region:
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Peaks around 1456 cm−1 this band is associated with (-CH) bending vibra-

tions, reflecting the methyl and methoxy groups in methylcellulose. Also, another

peak can be seen between the 1050-1150 cm−1 band, which is likely related to

C-O-C stretching from the ether linkages, which can be attributed to the polysac-

charide backbone of methylcellulose. The peaks beyond 1000 cm−1 are related

to methoxy (-OCH3) groups, which are functional groups consisting of a methyl

group (-CH3) attached to an oxygen atom [17, 79]. The region between also 1,000

and 1500 cm−1 shows bending and stretching vibrations of various bonds such as

C-H, C-O, C-N, and ether bonds [80, 81].

The amount of absorption is almost always changed by the MC concentra-

tion. As the MC concentration increases, the amount of absorption increases as

well.
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4.3 Mechanical Evaluation - Compression Test

Compression tests were conducted to understand the mechanical properties

of the scaffolds and to assess their similarity with native tissue.

Figure 4.3 Stress-Strain values (above) and Compressive Modulus (below) of scaffolds.
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Stress-Strain values are obtained by compression tests on Universal Test

Machine, by these results each composition’s compressive modulus were calculated.

The compressive modulus is calculated on the ratio of the stress values to the strain

% values [82]. According to the Compressive Modulus values of scaffolds, 10 MC

(1.609 ± 0.264 kPa) is significantly higher than 12.5 MC (0.915 ± 0.537 kPa) and

15 MC (0.748 ± 0.150 kPa).

The One-Way ANOVA results revealed a statistically significant difference

between groups (F = 58.27, p ≤ 0.001). However, with regards to the pairwise

comparisons of groups conducted using Tukey’s Post-Hoc Test, there’s a signif-

icant difference (p < 0.001) between 10MC and other groups, yet the difference

between 12.5MC and 15MC is not significant(p = 0.107). It can be concluded that,

concentration has a critical role in the differences between compressive modulus

according to these results.

Also, during the compression tests, it was qualitatively observed that the

samples that were torn apart, crystallized and changed color.

Figure 4.4 Normal vs. Color-Changed Scaffold due to Compression.
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4.4 Contact Angle Measurement

Figure 4.5 Images taken during Contact Angle Measurement.

Figure 4.6 Water Contact Angle of samples containing different Methylcellulose concentrations.

The effect of concentration on the contact angle in the samples is shown in

Figure 4.6. 15MC (57.80 ±1.41) shows a greater contact angle value than 12.5MC

(48.36 ±0.66) and 10MC (41.40 ±0.91). As a result of One-Way ANOVA, it was

observed that there was a significant difference between the groups (F = 186,441,

p < 0.001). In the pairwise comparisons done by Tukey’s Post-Hoc Test, the

differences between the groups were statistically significant (p < 0.001).
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4.5 Swelling & Degradation Study

Swelling and Degradation characteristics of the scaffolds were observed by

the study which was continued for 14 days by keeping the scaffolds in PBS solution

at 37°C, and their results were visualized in Figure 4.7 and 4.8

Figure 4.7 Swelling results of scaffolds after 1, 4, 7, 10 and 14 days of incubation in PBS.

According to the One-Way ANOVA performed on the results of the swelling

tests, no significant difference was found. In addition, Tukey’s Post Hoc Test

applied as a pairwise comparison has showed that there was no significant difference

between the groups. It was observed that the samples were able to absorb water up

to almost 4 times their weight, and a decrease in this ratio was observed, although

not linearly over time. A steady decrease can only be observed in the 15MC group.
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Figure 4.8 Degradation rate of scaffolds after 1, 4, 7, 10 and 14 days of incubation in PBS.

According to the graph, weight loss was correspondingly higher in groups

with higher methylcellulose concentrations. However, the One-Way ANOVA per-

formed on the results of the degradation tests, no significant difference was found

(p = 0.187). Similarly, there was no significant difference between the groups ac-

cording to the results of multiple comparisons made with the Tukey’s Post Hoc

Test method.

Figure 4.9 Degradation Process of Scaffolds at the Day 32.
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4.6 pH Studies

Figure 4.10 pH measurement of scaffolds immersed in PBS until dissolved.

Changes in the PBS solution which is scaffolds immersed, are demonstrated

in Figure 4.10. After the first day of immersion, pH tends to decrease by around

2%. After the fourth day, it increased in each group and a fluctuating graph was

formed but remained above the initial values. On day 36, the 10MC group was

completely dissolved in PBS, followed by 12.5MC on day 42 and 15MC on day 48.

The mean values of groups were calculated as 10 MC 7.35 ±0.14, 12.5MC 7.43

±0.136, 15MC 7.47 ±0.12.

According to the One-Way ANOVA output, no significant difference was

observed between the groups (p = 0.058). Additionally, Tukey’s Post Hoc Test

revealed no significant differences in the pairwise comparisons between the groups.
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5. DISCUSSION

5.1 Printing Accuracy

Printing Accuracy is a method that is used to measure the efficiency of a

print which is done by a 3D printer. Adjusting the pore size is important to opti-

mize cell infiltration [77]. According to the calculations on different Methylcellu-

lose concentrations, an inverse correlation was observed between Methylcellulose

concentration and printing accuracy. However, according to statistical analysis,

these differences were not significant, they were not substantial enough to create

statistically distinguishable differences.

When the standard deviations of the groups were analyzed, it was seen that

as MC concentration increased, the variability in printing increased as well. Ac-

cordingly, although a high MC concentration provides advantages in many aspects,

it is prone to creating problems in printing efficiency and accuracy.

According to the results obtained here, the parameters used during the

printing of the scaffolds need to be optimized. In addition to parameters such

as printing speed, temperature, pressure, nozzle width, and ambient temperature;

measuring and adjusting the viscosity of the prepared mixture will also be advan-

tageous in obtaining a more optimal printing accuracy.
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5.2 Fourier Transform Infrared Spectroscopy Analysis

Fourier transform infrared (FTIR) spectroscopy is one of the most used an-

alytical techniques. It can be employed to characterize samples in various forms,

including liquids, solutions, pastes, powders, films, fibers, and gases. This anal-

ysis allows for the simultaneous determination of organic components, including

chemical bonds and organic content [81].

Since -OH groups and -NH groups between 3100 - 3330 cm−1 form hydro-

gen bonds which enhance intermolecular interactions. These bonds also increase

the attraction between polymer chains. This contributes to scaffolds maintaining

their structural integrity under compression and it also can contribute to slowing

down their degradation. Also, -OH groups are known to increase hydrophilicity.

As hydrophilicity increases, cell adhesion and biocompatibility are also known to

increase [83].

Although C-H bonds around 2980 cm−1 and 1450 cm−1 are less directly

involved in hydrogen bonding, they affect the overall molecular packing and hy-

drophobic interactions in the polymer matrix. Stronger packing can slightly in-

crease the compressive strength and stiffness of the scaffold by reducing free volume

and limiting chain mobility. Methyl groups are associated with increase flexibil-

ity [84]. This peak remains relatively constant between MC groups, indicating

minimal effect on mechanical properties due to changes in C-H content.

The amide band observed around 1660 cm−1 is usually associated with the

presence of protein. These groups are found in gelatin, especially in amino acid

residues that form the protein structure. This may be due to the presence of C=O
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(carbonyl) stretching that may correspond to gelatin in the scaffold [79]. The pres-

ence of amide groups is very important for the evaluation of the biocompatibility

and degradation of the material. It increases the interaction of the scaffold with

cells and promotes cell attachment and proliferation which is very important for

the scaffold in tissue regeneration [85]. Also, due to the presence of peptide bonds

in gelatin helps to maintain its structural framework. These bonds also promote

hydrogen bonding with surrounding groups, increasing the material’s ability to

withstand stress and deformation. The peaks may indicate changes in the struc-

tural conformation of gelatin or its interaction with methylcellulose due to the

processes in the production or post-production of the scaffolds. Higher concentra-

tions of methylcellulose may have disrupted some of the natural hydrogen bonds

of gelatin, potentially altering the mechanical flexibility or stiffness of the scaffold.

The C-O-C stretching observed in the range 1050 - 1150 cm−1 represents

the ether bonds in methylcellulose and indicates the structural integrity of the

methylcellulose component. Ether bonds in methylcellulose can also interact with

water, although not as strongly as hydroxyl groups. Ether bonds impart some

flexibility to the polymer chains and may reduce overall stiffness compared to a

fully hydrogen bonded network. However, these bonds help maintain flexibility in

the scaffold. As the concentration of methylcellulose increases, the amount of ether

bond increases, which can also affect the structural properties of the scaffolds and

could also impact its degradation and water absorption behavior[86].

As methylcellulose concentration increases, the -OH groups that increase

with the concentration, increase hydrogen bonding which is potentially making

the scaffold stiffer and less elastic. However, more ether bonds provide flexibility

that can counteract some stiffness and provide a stable, flexible scaffold with mod-
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erate strength. In the case where methylcellulose concentration is low, it results in

fewer ether linkages and hydroxyl groups and leads to a stiffer structure, probably

due to the peptide network of gelatin. This may result in greater hardness but

lower elasticity, as supported by the results of mechanical tests. In summary, hy-

droxyl (-OH) and amide groups contribute most to scaffold strength and stiffness

through hydrogen bonding, while ether (C-O-C) linkages contribute to flexibility

and elasticity. Varying the concentration of methylcellulose allows for the adjust-

ment of the balance between these properties, enabling the scaffold to be optimized

for specific mechanical requirements in tissue engineering applications.

5.3 Mechanical Evaluation - Compression Test

In tissue engineering for articular cartilage, aligning the mechanical proper-

ties of tissue scaffolds with natural cartilage is critical. As the stress-strain graph

visualized in Figure 4.3 is examined, scaffolds exhibit a character similar to the

native articular tissue. It can be inferred that all of the samples have properties

such as low stiffness, high elongation and high elasticity [28].

Human articular cartilage has a compressive modulus ranging from 240 to

1000 kPa [30, 31]. However, one of the major limitations of using natural polymers

in hydrogels is their reduced mechanical integrity [31]. Compared to real human

articular cartilage, scaffolds have a compressive modulus range of 150 to 1300 times

less. At this point, it can be concluded that the prepared tissue scaffolds are far

from mimicking the native tissue mechanically. In terms of compressive modulus,

it was observed that the 10MC group exhibited a higher value; closer to the native

tissue. Accordingly, it can be concluded that scaffolds become less stiff (even more
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than desired) as methylcellulose concentration increases.

As a result, it would be a better choice to prefer the group containing 10%

MC when proceeding to the application phase. However, it may be preferable to

add various ingredients to the scaffolds or change the geometric structure to mimic

the native tissue more closely.

Quantitatively observed phenomena the color change of the scaffolds that

are torn under compression, similar to a broken glass losing its transparency. Ac-

cording to Metelli, irregular reflection and scattering of light due to irregularities

on their surfaces and distortions in their internal structures. This situation pre-

vents the light from traveling homogeneously in the material and creates an opaque

appearance [87]. Furthermore, the addition of EDC to scaffolds increases the co-

valent bonds, and hence the stiffness, while at the same time altering the surface

roughness and water retention capacity [72]. In this context, the mechanical hard-

ening and roughness increase observed in the polymers after crosslinking may lead

to changes in light scattering during compression, which may cause the scaffolds

to appear more opaque or white.

5.4 Contact Angle Measurement

Contact angle measurement gives an idea about the surface energy of a

sample. Surfaces with high surface energy have a low contact angle and retain

liquids better, in other words, as the contact angle value decreases, the hydrophilic

character of the measured samples increases[87]. A low contact angle is of great

importance in cell studies, for better adhesion of cells to the scaffold surface. It
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is possible to improve biocompatibility by optimizing the contact angle of surface

coatings [89].

Contact angle measurements were performed on cartilage samples to study

how surface properties, particularly wettability, influence lubrication. It was found

that the contact angle decreased significantly when the cartilage lost its phospho-

lipid layer. This change in the contact angle is a strong indicator of the cartilage’s

ability to maintain lubrication [90, 91].

The surface of different materials is characterized by their wettability, which

can be classified as non-wettable (highly hydrophobic (θ ∼ 90-180°)) or wettable

(highly hydrophilic (θ ∼ 0-45°)). In healthy cartilage, the contact angle is typically

around 103°. However, this angle can drop below 70°or even to 60°in degenerated

cartilage, when cartilage tissue is in contact with dry air. In synovial fluid, it can

possess superhydrophilic characteristic (θ ∼ 0°) [92]. Articular cartilage’s ability

to transition between hydrophilic and hydrophobic states is a critical adaptation

for maintaining joint health. It allows the cartilage to function efficiently in wet

environments while also responding to changes in hydration and environmental

conditions [89, 91]. The degradation of this balance, such as in osteoarthritis,

compromises its function, leading to increased friction and joint wear [6].

The results showed a correlation between methylcellulose concentration and

contact angle. As long as MC concentration increases the contact angle also in-

creases, so the surface energy gets decreased, and the wetting ratio as well, and so

the material bears hydrophobic characteristics. This is similar to the characteris-

tics of cartilage tissue in contact with air[92].
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However, natural articular cartilage has a transitional character, and can be

hydrophobic or hydrophilic depending on its condition, and the scaffolds that are

produced have managed to mimic this tissue. On the other hand, tissue scaffolds

main role is to induce cell proliferation in the tissue in which they are implanted

and to perform a repair and healing activity. The hydrophilicity of the scaffold

material plays a critical role in supporting chondrocyte attachment, proliferation,

and overall functionality. For this reason, it would be more appropriate to choose

the most hydrophilic one from the measured groups.

According to the results, the 15MC group has the highest contact angle

value and it is closest to the native tissue in similar measurement conditions, its

character closer to hydrophobic. Due to the excess of hydroxyl (-OH) groups in

the FTIR results, the 15MC group is expected to be more hydrophilic. Likewise, in

the Water Uptake experiment, the 15 MC group exhibited a higher water uptake

in the first 24 hours, it also indicating a more hydrophilic character. This can

be attributed to the amphiphilic characteristics of Methylcellulose. The increase

in hydrophobic character is due to the higher concentration of methyl groups in

the structure when the concentration of methylcellulose increases. In addition to

this, it also has the highest variability. Therefore, it would not be a good choice

for the application. The 10 MC concentration exhibited the lowest contact angle,

indicating a hydrophilic surface with less variability. This property is advantageous

for tissue engineering applications where nutrient diffusion and cell attachment

have an importance.
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5.5 Swelling & Degradation Study

PBS solution mimics the physiological conditions of the human body and

therefore both swelling and degradation assays are studied under these conditions

[93].

Swelling is a very important property for biomaterials; it helps in the

absorption of nutrients and growth factors and promotes new tissue formation

[94, 95]. Similar to natural cartilage tissue, scaffolds require high swelling be-

havior or water uptake. A low water uptake can inhibit nutrient diffusion, while

a high-water uptake can affect the integrity of the biomaterial over time [95].

Scaffolds with swelling behavior resist compressive forces in cartilage as well as

supporting nutrient transport. Therefore, designing scaffolds suitable for cartilage

tissue requires a porous geometry containing hydrophilic groups in their structure.

Water uptake is higher in porous structures, in contrast, the bonds formed

using crosslinkers make the structure denser and as the structure density increases,

the swelling rate of the hydrogel decreases because the network becomes tighter

and the water retention capacity decreases [95]. This bonding also increases hy-

drophobicity and according to Arıcı ’s study showed that the most hydrophobic

working group also had the lowest degree of swelling [96].

A hydrogel network placed in water absorbs water and swells, this causes

the polymer chains within the structure to stretch and tend to dissolve by the effect

of hydration or osmotic pressure driving force. This causes to polymer chains lose

their elasticity, which initally gives them their swelling property.Therefore, the

swelling capacity decreases over time.[97]. In case of excessive swelling, hydrogel
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scaffolds may exhibit enlarged dimensions that do not fit the defect site. Therefore,

they need to have appropriate swelling behaviors that match the defect site [95].

According to the swelling results,

It is possible to observe the effects of hydrophobicity caused by methyl

groups when the methylcellulose concentration increases. Due to the hydropho-

bic character induced by these groups, it is seen that water uptake decreases as

the concentration of methyl cellulose increases. Although there is no statistically

significant difference between the groups. 10MC and 12.5MC groups would not

be a good choice as they are too unstable for practical use. 15MC group may be

more suitable for long-term applications as they are able to absorb water quickly

and then retain it and showing a more balanced and controlled decrease. Working

with this concentration of methylcellulose has the potential to both attract high

amount of water initially, then retain it better over time.As spotted on the study,

decreasing water uptake over time may indicate that the scaffold structure is be-

ginning to deteriorate or dissolve. Also, scaffolds may gradually begin to dissolve

or become structurally brittle as they absorb water. This deterioration can lead

to a reduced water absorption capacity. It can be concluded that presence of more

gelling agents such as MC causes more water retention. In long-term experiments,

it is likely that some of the liquid into which the scaffold is immersed will be lost

through evaporation or diffusion [98].

Degradation rate is crucial for the biomaterials as it regulates new tissue

formation and breakdown of the scaffold. During tissue regeneration, degrada-

tion of the scaffold can trigger the environment to the reconstruction of tissue by

changing ion concentrations [99].
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Degradation of scaffolds induces by water absorption which leads to chain

scission [95]. As water permeates the polymer structure, it induces swelling, which

initiates the formation of oligomers and monomers. When these smaller molecules

diffuse out of the scaffold, the weight decreases as well [100]. Degradation is also

related with the functional groups surrounded by water molecules. Therefore the

number of functional groups playing a significant role to determine the degradation

rate [95].

Functional groups, such as carbonate and ester groups, are susceptible to

attack by water molecules. In addition to these groups, various factors affect

the degradation rate of polymers, including pH, copolymer composition, types

of bonds within the biopolymer structure and water absorption. Environmental

factors also have a major impact on the degradation process. Besides temperature

and pressure, pH is one of the most important factors [100].

Chemical and physical changes accompany the degradation of biodegrad-

able polymers, closely linked to the substrate concentration. Additionally, material

composition is a crucial factor in determining both the hydrophilicity and degra-

dation rate. Besides composition, A high surface area/volume ratio is also known

as another value that increases the degradation rate. Also, with covalent bonds es-

tablished by crosslinking, it is known that the degradation process can be modified

[100].

The results showed a correlation between MC concentration and weight loss.

It is known that as MC concentration increases, hydrophilicity increases depend-

ing on the amount of hydroxyl groups [15]. However, as the MC concentration

increases, methyl groups become dominant, while the effect of hydroxyl groups
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decreases. Therefore, as the MC concentration increases, the hydrophobicity of

the scaffold becomes more evident. As the hydrophobic character increases, the

water uptake of the scaffold decreases and this affects the degradation rate [95].

This can be explained by the amphiphilic nature of methylcellulose [15]. Initially,

the hydrophilic groups in the structure attracted a high amount of water from

the environment, which would typically lead to faster degradation. However, the

hydrophobic character introduced by the effect of methyl groups may have slowed

down the degradation by reducing water uptake, thus allowing the scaffolds to

remain stable for a longer period of time, even though they lose more weight.

Besides, the 10MC group gave more consistent results with a lower vari-

ability value compared to the other groups. Therefore, it may be a better choice

to prefer the 10MC group.

5.6 pH Study

pH is an extremely important parameter for biocompatibility [99]. pH

control is critical to control the rate of degradation. By adjusting the pH, the

biodegradation rate of the scaffold can be controlled by affecting ionic bonding

and crosslinking, thus ensuring chemical stability. However, the importance of pH

control is not limited to degradation. It is also an important parameter for tissue

repair and structure formation [100]. It is possible to alter the surface charge by

pH changes, which in turn can affect hydrophilicity and subsequent cell adhesion

[29]. In general, neutral or slightly basic pH levels (7.2-7.4) provide an optimal

environment for cell adhesion and proliferation [101].
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Collagen II constitutes 90-95% of articular cartilage tissue [25]. Electro-

static and hydrophobic interactions drive collagen fibril formation. Ionization and

electrostatic interactions between amino acids are regulated by factors such as pH

[101]. The optimal pH value for forming organized collagen fibrils is 7; at a lower

or higher pH, collagen usually transforms into globular or disordered structures. In

addition to environmental factors such as pH and temperature, its concentration

also has an effect on collagen formation [95].

During the study, the pH changes in the groups were observed between 7 -

7.60, and the averages were calculated between 7.35 - 7.47. This result is very close

to mimicking the native tissue environment, as the pH was set at 7.4 in studies

with real human articular cartilage environment [29, 92].

According to the results, as the methylcellulose concentration increased, the

pH measured during the experiment also increased. This increase in pH can be

attributed to the byproducts of the degraded scaffolds. This may also, explain the

fluctiatons in Figure 4.10. 12.5MC group is the closest to the pH of native tissue.

It can be concluded that all samples exhibit similar properties since the differences

are not significant and very close.
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6. CONCLUSION

In this study, Methylcellulose-Gelatin-based tissue scaffolds were produced

using different Methylcellulose concentrations. As a result of the characterization

studies performed with 10%, 12.5% and 15% methylcellulose concentrations, while

keeping the gelatin ratio constant at 20%, the suitability of the produced scaf-

folds for the repair of cartilage tissue defects and which group would be a better

candidate was evaluated.

Scaffolds that were produced demonstrate a similar property to real human

articular cartilage. However, their mechanical properties are much lower than

the native tissue. Adding new polymers, carbon nanotubes, graphene oxide, or

changing the infill rate or scaffold architecture to increase the mechanical properties

may be considerable, which can enhance the strength, stiffness, toughness, also

swelling behavior, and water uptake [95]. After comparisons between groups, it can

be concluded that the 10MC group demonstrates a better mechanical performance,

making it more suitable for native cartilage tissue. According to CAM results, it

has more hydrophilic character which enhances its potential for cell adhesion and

growth. However, since swelling and degradation experiments may vary depending

on the intended use of the scaffold, these studies alone do not provide sufficient

insights without accompanying cell studies. Although the results of studies such

as pH and swelling did not show a significant difference, here, as in most of the

analyses, the lower variability of the results also favors the 10MC group.

Cell studies are planned as part of future research, which will ultimately de-

termine the usability of the produced scaffolds as an alternative treatment method.



60

REFERENCES

1. National Cancer Institute (NCI), "Definition of vitality -
NCI Dictionary of Cancer Terms," www.cancer.gov, 2011.
https://www.cancer.gov/publications/dictionaries/cancer-terms/def/vitality
(accessed Jun 20, 2024).

2. Murat, D., M. Byrne, and A. Komeili, "Cell Biology of Prokaryotic Organelles,"
Cold Spring Harbor Perspectives in Biology, Vol. 2, no. 10, pp. a000422-a000422,
2010.

3. Zimmerman, J. R., and C. V. Mow, "Physiology of Synovial Joints and Articular
Cartilage," Elsevier eBooks, pp. 149-178, 1994.

4. Lane, N. E., and R. S. Panush, "Exercise and the musculoskeletal system,"
Bailliére’s Clinical Rheumatology, Vol. 8, no. 1, pp. 79-102, 1994.

5. March, L., and C. Little, "Articular Cartilage In Health and Disease," Elsevier
eBooks, pp. 77-95, 2010.

6. Krishnan, Y., and A. J. Grodzinsky, "Cartilage Diseases," Matrix Biology, Vol.
71-72, pp. 51-69, 2018.

7. World Health Organization, "Osteoarthritis," www.who.int, 2023.
https://www.who.int/news-room/fact-sheets/detail/osteoarthritis (accessed
May 15, 2024).

8. Osteoarthritis Action Alliance, "OA Prevalence and Burden,"oaaction.unc.edu
https://oaaction.unc.edu/oa-module/oa-prevalence-and-burden/ (accessed May
15, 2024).

9. Kwon, H., W. E. Brown, C. A. Lee, D. Wang, et al., "Surgical and Tissue
Engineering Strategies for Articular Cartilage and Meniscus Repair," Nature
Reviews Rheumatology, Vol. 15, no. 9, pp. 550-570, 2019.

10. National Institute of Biomedical Imaging and Bioengineering,
"Tissue Engineering and Regenerative Medicine," nih.gov, 2009.
https://www.nibib.nih.gov/science-education/science-topics/tissue-engineering-
and-regenerative-medicine (accessed Sep 09, 2024).

11. Guarino, V. J., M. G. Raucci, A. Ronca, V. Cirillo, and L. Ambrosio, "Multi-
functional Scaffolds for Bone Regeneration," pp. 95-117, 2014.



61

12. Joy, J. M., A. Padmaprakashan, A. Pradeep, P. T. Paul, R. J. Mannuthy, and
S. Mathew, "A Review on Fish Skin-Derived Gelatin: Elucidating the Gelatin
Peptides-Preparation, Bioactivity, Mechanistic Insights, and Strategies for Sta-
bility Improvement," Foods, Vol. 13, no. 17, pp. 2793-2793, 2024.

13. Farrugia, C. A., and M. J. Groves, "Gelatin Behaviour in Dilute Aqueous
Solution: Designing a Nanoparticulate Formulation," The Journal of Pharmacy
and Pharmacology, Vol. 51, no. 6, pp. 643-649, 1999.

14. Mukherjee, I., and M. A. Rosolen, "Thermal Transitions of Gelatin Evalu-
ated Using DSC Sample Pans of Various Seal Integrities," Journal of Thermal
Analysis and Calorimetry, Vol. 114, no. 3, pp. 1161-1166, 2013.

15. Niemczyk-Soczynska, B., P. Sajkiewicz, and A. Gradys, "Toward a Better Un-
derstanding of the Gelation Mechanism of Methylcellulose via Systematic DSC
Studies," Polymers, Vol. 14, no. 9, p. 1810, 2022.

16. Soppa, K., and S. Zumbuhl, "Stress-strain Behavior of Gelatin, Sturgeon Glue,
and Methylcellulose at Fluctuating Relative Humidity, "Working Towards a Sus-
tainable Past ICOM-CC 20th Triennial Conference Preprints, 2023.

17. Nadour, M., F. Boukraa, A. Ouradi, and A. Benaboura, "Effects of Methylcel-
lulose on the Properties and Morphology of Polysulfone Membranes Prepared by
Phase Inversion," Materials Research-ibero-american Journal of Materials, Vol.
20, no. 2, pp. 339-348, 2017.

18. Martinez-Diaz, G. J., D. Nelson, W. C. Crone, and W. J. Kao, "Mechanical
and Chemical Analysis of Gelatin-Based Hydrogel Degradation," Macromolecu-
lar Chemistry and Physics, Vol. 204, no. 15, pp. 1898-1908, 2003.

19. Elblbesy, M. A., T. A. Hanafy, and B. A. Kandil, "Effect of Gelatin Concen-
tration on the Characterizations and Hemocompatibility of Polyvinyl Alcohol-
Gelatin Hydrogel," Bio-Medical Materials and Engineering, Vol. 31, no. 4, pp.
225-234, 2020.

20. Xia, Y., K. I. Momot, Z. Chen, C. T. Chen, D. Kahn, and F. Badar, "Intro-
duction to Cartilage," pubs.rsc.org, Vol. 1, pp. 1-43, 2016.

21. Imhof, H., M. Breitenseher, F. Kainberger, and S. Trattnig, "Degenerative
Joint Disease: Cartilage or Vascular Disease?," Skeletal Radiology, Vol. 26, no.
7, pp. 398-403, 1997.

22. Gorbachova, T., Y. Melenevsky, M. Cohen, and B. W. Cerniglia, "Osteochon-
dral Lesions of the Knee: Differentiating the Most Common Entities at MRI,"
Radiographics: a Review Publication of the Radiological Society of North Amer-
ica, Inc, Vol. 38, no. 5, pp. 1478-1495, 2018.

23. Davis, S., M. Roldo, G. Blunn, G. Tozzi, and T. Roncada, "Influence of the
Mechanical Environment on the Regeneration of Osteochondral Defects," Fron-
tiers in Bioengineering and Biotechnology, Vol. 9, 2021.



62

24. Nasiri, N., S. Taheri, S. Hosseini, and M. B. Eslaminejad, "Introduction to
Cartilage Tissue: Development, Structure, and Functions," Cartilage: from Bi-
ology to Biofabrication, pp. 1-20, 2023.

25. Wei, W., and H. Dai, "Articular Cartilage and Osteochondral Tissue Engineer-
ing Techniques: Recent Advances and Challenges," Bioactive Materials, Vol. 6,
no. 12, pp. 4830-4855, 2021.

26. Sophia Fox, A. J., A. Bedi, and S. A. Rodeo, "The Basic Science of Articular
Cartilage: Structure, Composition, and Function," Sports Health: A Multidisci-
plinary Approach, Vol. 1, no. 6, pp. 461-468, 2009.

27. Xiao, F., J. Tang, X. Huang, W. Kang, and G. Zhou, "A robust, Low swelling,
and Lipid-lubricated Hydrogel for Bionic Articular Cartilage Substitute," Jour-
nal of Colloid and Interface Science, Vol. 629, pp. 467-477, 2022.

28. Eschweiler, J., N. Horn, B. Rath, M. Betsch, et al., "The Biomechanics of
Cartilage - An Overview," Life, Vol. 11, no. 4, p. 302, 2021.

29. Kabir, W., C. Di Bella, P. F. M. Choong, and C. D. O’Connell, "Assessment of
Native Human Articular Cartilage: A Biomechanical Protocol," Cartilage, Vol.
13, no.2-suppl, pp. 427S437S, 2020.

30. Little, C. J., N. K. Bawolin, and X. Chen, "Mechanical Properties of Nat-
ural Cartilage and Tissue-Engineered Constructs," Tissue Engineering Part B:
Reviews, Vol. 17, no. 4, pp. 213-227, 2011.

31. Beck, E. C., M. Barragan, M. H. Tadros, S. H. Gehrke, and M. S. Detamore,
"Approaching the Compressive Modulus of Articular Cartilage with a Decellu-
larized Cartilage-based Hydrogel," Acta Biomaterialia, Vol. 38, pp. 94-105, 2016.

32. Patterson, S. E., and C. N. Dealy, "Mechanisms and Models of Endoplasmic
Reticulum Stress in Chondrodysplasia," Developmental Dynamics, Vol. 243, no.
7, pp. 875-893, 2014.

33. Konarski, W., T. Pobozy, K. Konarska, M. Derczynski, and I. Kotela, "Un-
derstanding Osteochondritis Dissecans: A Narrative Review of the Disease Com-
monly Affecting Children and Adolescents," Children, Vol. 11, no. 4, pp. 498-498,
2024.

34. Amaya-Amaya, J., A. Rojas-Villarraga, R. D. Mantilla, and J.-M. Anaya,
"Rheumatoid arthritis", El Rosario University Press, 2013.

35. Pauli, R. M., "Achondroplasia: A Comprehensive Clinical Review," Orphanet
Journal of Rare Diseases, Vol. 14, no. 1, 2019.

36. Borgia, F., R. Giuffrida, F. Guarneri, and S. Cannavo, "Relapsing Polychon-
dritis: An Updated Review," Biomedicines, Vol. 6, no. 3, p. 84, 2018.

37. Zamora E. A., and R. Naik, "Calcium Pyrophosphate Deposition Disease,"
PubMed, 2020.



63

38. Brien, E. W., J. M. Mirra, and R. Kerr, "Benign and Malignant Cartilage
Tumors of Bone and Joint: Their Anatomic and Theoretical Basis with an Em-
phasis on Radiology, Pathology and Clinical Biology," Skeletal Radiology, Vol.
26, no. 6, pp. 325-353, 1997.

39. Institute for Quality and Efficiency in Health Care, "Osteoarthritis of the
Knee: Overview", National Library of Medicine Books, 2024.

40. Cui, A., H. Li, D. Wang, J. Zhong, Y. Chen, and H. Lu, "Global, Regional
Prevalence, Incidence and Risk Factors of Knee Osteoarthritis in Population-
based Studies," EClinicalMedicine, Vol. 29-30, no. 100587, 2020.

41. Bone and Joint Initiative USA, "The Burden of Musculoskeletal Diseases in
the United States - Prevalence, Societal and Economic Cost", 4th ed., United
States Bone and Joint Initiative (USBJI), 2016.

42. Wasyleczko, M., W. Sikorska, and A. Chwojnowski, "Review of Synthetic and
Hybrid Scaffolds in Cartilage Tissue Engineering," Membranes, Vol. 10, no. 11,
2020.

43. Du, M.-H., Y. Ding, X. Shi, and R.-J. Xu, "The Periosteal Autografts Trans-
plantation for Cartilage Defects of the Hip in Older Children With Developmen-
tal Dysplasia as an Adjunctive Procedure," Medicine, Vol. 95, no. 17, p. e3432,
2016.

44. Dou, Z., D. Muder, M. Baroncelli, A. Bendre, et al., "Rat Perichondrium
Transplanted to Articular Cartilage Defects Forms Articular-like, Hyaline Car-
tilage," Bone, Vol. 151, p. 116035, 2021.

45. Langsjö, T. K., A. I. Vasara, M. M. Hyttinen, M. J. Lammi, et al., "Quantita-
tive Analysis of Collagen Network Structure and Fibril Dimensions in Cartilage
Repair with Autologous Chondrocyte Transplantation," Cells Tissues Organs,
Vol. 192, no. 6, pp. 351-360, 2010.

46. Kon, E., P. Verdonk, V. Condello, M. Delcogliano, et al., "Matrix-Assisted
Autologous Chondrocyte Transplantation for the Repair of Cartilage Defects of
the Knee," The American Journal of Sports Medicine, Vol. 37, no. 1_suppl, pp.
156-166, 2009.

47. McCormick, F., A. Yanke, M. T. Provencher, and B. J. Cole, "Minced Ar-
ticular Cartilage-Basic Science, Surgical Technique, and Clinical Application,"
Sports Medicine and Arthroscopy Review, Vol. 16, no. 4, pp. 217-220, 2008.

48. Jeng, L., Francois, and M. Spector, "Articular Cartilage," Elsevier eBooks,
pp. 761-777, 2010.

49. Nam, Y., Y. A. Rim, J. Lee, and J. H. Ju, "Current Therapeutic Strategies for
Stem Cell-Based Cartilage Regeneration," Stem Cells International, Vol. 2018,
pp. 1-20, 2018.



64

50. Perera, J. R., P. K. Jaiswal, W. S. Khan, and A. Adesida, "Embryonic vs.
Mesenchymal Stem Cells in Cartilage Repair," Journal of Stem Cells, Vol. 7, no.
2, pp. 105-11, 2012.

51. Grogan, S., J. Kopcow, and D. D’Lima, "Challenges Facing the Translation
of Embryonic Stem Cell Therapy for the Treatment of Cartilage Lesions," Stem
Cells Translational Medicine, 2022.

52. Li, X., L. Shen, Z. Deng, and Z. Huang, "New Treatment for osteoarthritis:
Gene Therapy," Precision Clinical Medicine, Vol. 6, no. 2, 2023.

53. Chen, Y., X. Luo, R. Kang, K. Cui, et al., "Current Therapies for Osteoarthri-
tis and Prospects of CRISPR-based genome, epigenome, and RNA Editing in
Osteoarthritis Treatment," Journal of Genetics and Genomics, 2023.

54. Zhu, W., T. Niu, Z. Wei, B. Yang, and X. Weng, "Advances in Biomaterial-
Mediated Gene Therapy for Articular Cartilage Repair," Bioengineering, Vol. 9,
no. 10, pp. 502-502, 2022.

55. Canadas, R. F., S. Pina, A. P. Marques, J. M. Oliveira, and R. L. Reis,
"Cartilage and Bone Regeneration-How Close Are We to Bedside?," Elsevier
eBooks, pp. 89-106, 2016.

56. Roseti, L., and B. Grigolo, "Current Concepts and Perspectives for Articular
Cartilage Regeneration," Journal of Experimental Orthopaedics, Vol. 9, no. 1,
2022.

57. Safinsha S., and M. Ali, "Composite Scaffolds in Tissue Engineering," Mate-
rials Today: Proceedings, Vol. 24, pp. 2318-2329, 2020.

58. Krishani, M., W. Y. Shin, H. Suhaimi, and N. S. Sambudi, "Development
of Scaffolds from Bio-Based Natural Materials for Tissue Regeneration Applica-
tions: A Review," Gels, Vol. 9, no. 2, p. 100, 2023.

59. Conoscenti, G.,"PLLA-based Scaffolds for Osteochondral Tissue Regeneration
via Thermally Induced Phase Separation Technique, Thesis, Universita degli
Studi di Palermo, Italy, 2017.

60. Reddy, M. S. B., D. Ponnamma, R. Choudhary, and K. K. Sadasivuni, "A
Comparative Review of Natural and Synthetic Biopolymer Composite Scaffolds,"
Polymers, Vol. 13, no. 7, p. 1105, 2021.

61. Turnbull, G., J. Clarke, F. Picard, P. Riches, et al., "3D Bioactive Composite
Scaffolds for Bone Tissue Engineering," Bioactive Materials, Vol. 3, no. 3, pp.
278-314, 2018.

62. Ahmed, S., V. M. Chauhan, A. M. Ghaemmaghami, and J. W. Aylott, "New
Generation of Bioreactors That Advance Extracellular Matrix Modelling and
Tissue Engineering," Biotechnology Letters, Vol. 41, no. 1, pp. 1-25, 2018.



65

63. Mani, M. P., M. Sadia, S. K. Jaganathan, A. Zahran, et al., "A Review on 3D
Printing in Tissue Engineering Applications," Journal of Polymer Engineering,
Vol. 42, no. 3, pp. 243-265, 2022.

64. Abdelaziz, A. G., H. Nageh, S. M. Abdo, M. S. Abdalla, et al., "A Review
of 3D Polymeric Scaffolds for Bone Tissue Engineering: Principles, Fabrication
Techniques, Immunomodulatory Roles, and Challenges," Bioengineering, Vol.
10, no. 2, p. 204, 2023.

65. Bracaglia, L. G., B. T. Smith, E. Watson, N. Arumugasaamy, A. G. Mikos,
and J. P. Fisher, "3D Printing for the Design and Fabrication of Polymer-based
Gradient Scaffolds," Acta Biomaterialia, Vol. 56, pp. 3-13, Jul 2017.

66. Bhaskar, R., J. Butt, and H. Shirvani, "Experimental Analysis of Plastic-Based
Composites Made by Composite Plastic Manufacturing," Journal of Composites
Science, Vol. 6, no. 5, p. 127, 2022.

67. Rajzer, I., A. Kurowska, A. Jablonski, S. Jatteau, et al., "Layered
Gelatin/PLLA Scaffolds Fabricated by Electrospinning and 3D printing for Nasal
Cartilages and Subchondral Bone Reconstruction," Materials & Design, Vol. 155,
pp. 297-306, 2018.

68. Sha, X.-M., Z.-Z. Hu, Y.-H. Ye, H. Xu, and Z.-C. Tu, "Effect of Extraction
Temperature on the Gelling Properties and Identification of Porcine Gelatin,"
Food Hydrocolloids, Vol. 92, pp. 163-172, 2019.

69. Mishra, B. P., N. B. Maheswarappa, B. E., Rao, R. Banerjee et al., "Extrac-
tion and Characterization of Pig Skin Gelatin Compared to Commercial Porcine
Gelatin," Journal of Meat Science, Vol. 18, no. 1, pp. 36-42, 2023.

70. Arıcı Ş., and D. Ege, "Effect of Gelatin Concentration on the Mechanical Prop-
erties and in Vitro Degradation Behaviour of gelatin/carboxymethyl cellulose-
based 3D Printed Scaffolds," MRS Advances, Aug 2024.

71. Sionkowska, A., K. Kulka-Kaminska, P. Brudzynska, K. Lewandowska, and L.
Piwowarski, "The Influence of Various Crosslinking Conditions of EDC/NHS on
the Properties of Fish Collagen Film," Marine Drugs, Vol. 22, no. 5, pp. 194-194,
2024.

72. Das, M. P., S. P. R., K. Prasad, V. J, and R. M, "Extraction and Characteriza-
tion of Gelatin: A Functional Biopolymer," International Journal of Pharmacy
and Pharmaceutical Sciences, Vol. 9, no. 9, p. 239, 2017.

73. AbMole Science, "Methylcellulose | 9004-67-5," Abmole.com, 2024.
https://www.abmole.com/products/methyl-cellulose.html (accessed Nov 13,
2024)

74. Li, L., "Thermal Gelation of Methylcellulose in Water: Scaling and Thermore-
versibility," Macromolecules, Vol. 35, no. 15, pp. 5990-5998, Jun 2002.



66

75. Desbrieres, J., M. Hirrien, and S. B. Ross-Murphy, "Thermogelation of Methyl-
cellulose: Rheological Considerations," Polymer, Vol. 41, no. 7, pp. 2451-2461,
2000.

76. Zhang, S., S. Vijayavenkataraman, W. F. Lu, and J. Y. H. Fuh, "A Review on
the Use of Computational Methods to Characterize, Design, and Optimize Tissue
Engineering Scaffolds with a Potential in 3D Printing Fabrication," Journal of
Biomedical Materials Research, Vol. Part B:, no. Applied Biomaterials, 2018.

77. Kreller, T., T. Distler, S. Heid, S. Gerth, R. Detsch, and A. R. Boccaccini,
"Physico-chemical Modification of Gelatine for the Improvement of 3D Print-
ability of Oxidized Alginate-Gelatine Hydrogels Towards Cartilage Tissue Engi-
neering," Materials & Design, Vol. 208, p. 109877, 2021.

78. Ege, D., R. Cameron, and S. Best, "The Degradation Behavior of Nanoscale
HA/PLGA and α-TCP/PLGA Composites," Bioinspired Biomimetic and
Nanobiomaterials, Vol. 3, no. 2, pp. 85-93, 2014.

79. Hassan, N., T. Ahmad, N. M. Zain, and S. R. Awang, "Identification of Bovine,
Porcine and Fish Gelatin Signatures Using Chemometrics Fuzzy Graph Method,"
Scientific Reports, Vol. 11, no. 1, 2021.

80. InstaNANO, "FTIR Functional Group Database Table with Search,"
InstaNANO.com, 2021. https://instanano.com/all/characterization/ftir/ftir-
functional-group-search (accessed Oct 23, 2024).

81. Nandiyanto, A. B. D., R. Oktiani, and R. Ragadhita, "How to Read and In-
terpret FTIR Spectroscope of Organic Material," Indonesian Journal of Science
and Technology, Vol. 4, no. 1, pp. 97-118, Mar 2019.

82. Jastrzebski, Z. D., Nature and Properties of Engineering Materials, Interna-
tional ed, Wiley, 1959, p. 571.

83. Simonsen, M. E., Z. Li, and E. G. Sogaard, "Influence of the OH Groups on the
Photocatalytic Activity and Photoinduced Hydrophilicity of Microwave Assisted
Sol-gel TiO2 Film," Applied Surface Science, Vol. 255, no. 18, pp. 8054-8062,
2009.

84. Gunasekaran, S., R. K. Natarajan, and A. Kala, "FTIR Spectra and Mechan-
ical Strength Analysis of Some Selected Rubber Derivatives," Spectrochimica
Acta. Part A, Molecular and Biomolecular Spectroscopy, Vol. 68, no. 2, pp. 323-
330, 2007.

85. Lian. R., P. Xie, L. Xiao, Z. Iqbal, et al., "Rational Design and Fabrication
of Biomimetic Hierarchical Scaffolds with Bone-Matchable Strength for Bone
Regeneration," Frontiers in Materials, Vol. 7, 2021.

86. Mndlovu, H., P. Kumar, L. C. du Toit, and Y. E. Choonara, "A Review of
Biomaterial Degradation Assessment Approaches Employed in the Biomedical
Field," NPJ Materials Degradation, Vol. 8, no. 1, pp. 1-19, 2024.



67

87. Metelli, F., "The Perception of Transparency," Scientific American, Vol. 230,
no. 4, pp. 90-98, 1974.

88. Huhtamaki, T., X. Tian, J. T. Korhonen, and R. H. A. Ras, "Surface-wetting
Characterization Using contact-angle Measurements," Nature Protocols, Vol. 13,
no. 7, pp. 1521-1538, 2018.

89. Menzies, K. L., and L. Jones, "The Impact of Contact Angle on the Biocom-
patibility of Biomaterials," Optometry and Vision Science, p. 1, 2010.

90. Pawlak, Z., K. Q. Yusuf, R. Pai, and W. Urbaniak, "Repulsive Surfaces and
Lamellar Lubrication of Synovial Joints," Archives of Biochemistry and Bio-
physics, Vol. 623-624, pp. 42-48, 2017.

91. Pawlak, Z., and R. Pai, "Cartilage Wear in Healthy and Osteoarthritis Joints,"
Open Journal of Orthopedics, Vol. 13, no. 2, pp. 55-61, 2023.

92. Pawlak, Z., W. Urbaniak, and A. Oloyede, "Natural Articular Joints: Model
of Lamellar-roller-bearing Lubrication and the Nature of the Cartilage Surface,"
Elsevier eBooks, pp. 253-310, 2013.

93. McBath, R. A., and D. A. Shipp, "Swelling and Degradation of Hydrogels Syn-
thesized with Degradable poly(β-amino ester) Crosslinkers," Polymer Chemistry,
Vol. 1, no. 6, p. 860, 2010.

94. Jayasree, R., S. Sampath, R. P. Nankar, and M. Doble, "Accelerated Self-
Hardening Tetracalcium Phosphate Based Bone Cement with Enhanced Strength
and Biological Behaviour," Transactions of the Indian Institute of Metals, Vol.
68, no. S2, pp. 299-304, 2015.

95. Meesane, J., "Mimicked Tissue Engineering Scaffolds for Maxillofacial and
Articular Cartilage Surgery", Springer Nature Springer Nature, 2022.

96. Arıcı , Ş., E. Güben-Kacmaz, A. R. Kamali, and D. Ege, "Influence of
Graphene Oxide and Carbon Nanotubes on Physicochemical Properties of Bone
Cements," Materials Chemistry and Physics, Vol. 293, pp. 126961-126961, 2022.

97. Wang, R., C. Cheng, H. Wang, and D. Wang, "Swollen Hydrogel Nanotech-
nology: Advanced Applications of the Rudimentary Swelling Properties of Hy-
drogels," ChemPhysMater, 2024.

98. Kaczmarek-Szczepanska, B., I. Polkowska, M. Malek, J. Kluczynski, et al.,
"The Characterization of Collagen-based Scaffolds Modified with Phenolic Acids
for Tissue Engineering Application," Scientific Reports, Vol. 13, no. 1, p. 9966,
2023.

99. Güben, E., "In Vitro Studies of Carboxymethyl Cellulose / Gelatin and Cal-
cium Phosphate / Calcium Sulfate Cement Based Composites for Bone Tissue
Engineering, Master Thesis, Boğaziçi University,Istanbul,Turkey, 2019.



68

100. Zhang, H., L. Zhou, and W. Zhang, "Control of Scaffold Degradation in
Tissue Engineering: A Review," Tissue Engineering Part B: Reviews, Vol. 20,
no. 5, pp. 492-502, 2014.

101. Achilli, M., and D. Mantovani, "Tailoring Mechanical Properties of Collagen-
Based Scaffolds for Vascular Tissue Engineering: the Effects of pH, Temperature
and Ionic Strength on Gelation," Polymers, Vol. 2, no. 4, pp. 664-680, 2010.


