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Resumo 

O disco da articulação temporomandibular (ATM) é um tecido fibrocartilaginoso que suporta e 

lubrifica a articulação. Devido a esta importante característica e ao facto de apresentar uma 

baixa capacidade de regeneração intrínseca, está altamente predisposta a sofrer lesões 

traumáticas ou degeneração, incluindo nas estruturas ósseas da articulação. Em casos mais 

avançados de disfunção discal, a sua remoção total é essencial para diminuir a dor e aumentar 

a função oral. No entanto, é necessário um substituto para a estabilização da articulação, para 

a correção da oclusão dentária e para prevenir a degeneração nas estruturas ósseas. 

Existem algumas tentativas no campo da engenharia de tecidos para encontrar um substituto 

adequado, mas a investigação persiste. O interesse em tecidos xenogénicos descelularizados 

tem vindo a aumentar, pelo que o presente estudo se centrou no desenvolvimento de um 

potencial disco de ATM baseado na descelularização de discos de borrego. Para este fim, 

diferentes protocolos de descelularização foram avaliados testando diferentes 

agentes/concentrações, tais como solventes (etanol/acetona), detergentes (sulfato de sódio 

dodecilo e Triton X-100) e enzimas (accutase). Um método físico (um ciclo de congelamento 

e descongelamento) foi também combinado com os dois detergentes. Uma análise completa 

da morfologia (peso, espessura e dimensões mediolateral e anteroposterior) e testes de 

compressão dos discos nativos e acelulares foram realizados para avaliar se havia alterações 

nas propriedades do disco. Foram aplicadas análises univariadas e multivariadas por 

espectroscopia de infravermelhos da transformada de Fourier para avaliar o impacto dos 

agentes de descelularização nos componentes da matriz extracelular (MEC), tais como 

colagénio e glicosaminoglicanos (GAGs). Além disso, o microscópio electrónico de varrimento 

e a microtomografia computorizada permitiram a visualização da morfologia do disco, 

permitindo a avaliação do MEC e a remoção do conteúdo celular. 

Através desta tese foi possível realizar um estudo preliminar no qual foram avaliados 

diferentes métodos de descelularização, onde as experiências mostraram que a combinação 

de congelamento e descongelamento seguida de 0,1% de Triton X-100 leva à remoção 

completa das células, preservação da morfologia e do comportamento mecânico, enquanto 

que o colagénio e os GAGs são minimamente afetados. São propostos estudos futuros para 

a otimização deste protocolo, tais como a implementação de mais ciclos de congelamento e 

descongelamento e a combinação com a enzima accutase. 

Palavras-chave: disco da articulação temporomandibular, distúrbios discais, engenharia de 

tecidos, descelularização, matriz extracelular 
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Abstract 

The temporomandibular joint (TMJ) disc is a fibrocartilaginous tissue that supports and 

lubricates the joint. Due to this important feature and the fact that presents low intrinsic 

regeneration capacity, is highly predisposed to suffering traumatic injuries or degeneration, 

including all structures of the joint. In more advanced cases of disc dysfunction, its total 

removal is essential to decrease pain and increase oral function. However, a substitute is 

needed for joint stabilization, correct dental occlusion and to prevent degeneration in the 

remaining bone structures. 

Some attempts in the field of tissue engineering to find a suitable substitute have been done, 

but the research persists. Interest in decellularized xenogeneic tissues has been increasing, 

so the present study has focused on developing a potential TMJ disc based on the 

decellularization of lamb discs. To this end, different decellularization protocols were evaluated 

by testing different agents/concentrations, such as solvents (ethanol/acetone), detergents 

(sodium dodecyl sulfate and Triton X-100) and enzymes (accutase). A physical method (one 

cycle of freeze and thaw) was also combined with the two detergents. A complete analysis of 

the morphology (weight, thickness and mediolateral and anteroposterior dimensions) and 

compression tests of the native and acellular discs were performed to evaluate if there were 

changes in the properties of the disc. Univariate and multivariate analyses by Fourier transform 

infrared spectroscopy were applied to assess the impact of the decellularization agents on the 

extracellular matrix (ECM) components, such as collagen and glycosaminoglycans (GAGs). 

Moreover, scanning electron microscope and micro-computed tomography allowed the 

visualization of the morphology of the disc, enabling the evaluation of the ECM and the removal 

of complete cell content. 

Through this thesis it was possible to carry out a preliminary study in which different methods 

of decellularization were evaluated, where experiments showed that the combination of 

freezing and thawing followed by 0.1% Triton X-100 leads to the complete cell removal, 

preservation of morphology and mechanical behaviour, while collagen and GAGs are 

minimally affected. Future studies are proposed for the optimization of this protocol such as 

the implementation of more freeze and thaw cycles and the combination with accutase 

enzyme. 

 

 

Keywords: temporomandibular joint disc, disc disorders, tissue engineering, decellularization, 

extracellular matrix 
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Chapter 1: Introduction 

1.1 Background 

Cartilage is a connective tissue that functions as load-bearing and is divided into three types: 

articular cartilage, elastic cartilage, and fibrocartilage. They are present in different zones of 

the skeleton but predominantly in joints and where flexible support is needed. All of them differ 

in their matrix composition. Because cartilage is an avascular tissue with a low metabolic rate, 

it presents low regeneration and repair capacity after trauma or injury (Mescher et al., 2018). 

Nowadays, hearing about damage or degeneration in our body's articulations, such as the 

knee, hip, shoulders and ankle, regardless of their cause, is something common and several 

clinical options are available. However, the temporomandibular joint (TMJ) is one of the least 

understood joints of our body that allows performing activities such as communicating, eating 

and smiling (MacBarb et al., 2011). When these functions are compromised, strongly affecting 

the quality of life, we are faced with temporomandibular disorders (TMD). 

The peak age for TMD is between 20 and 40 years, with a decreased prevalence in younger 

and older people. There are distinct onset ages for specific diseases: 30 years for the 

appearance of disc dislocations (DD) and 50 years for the onset of inflammatory/degenerative 

dysfunctions (Manfredini et al., 2011). The articular disc is crucial for the correct movement of 

the TMJ and, in severe cases of DD, can lead to thinning or perforation of it. Osteoarthritis is 

also a common dysfunction, but its relationship with DD is still debatable (Donahue et al., 

2019).  

Food and Drug Administration (FDA) has approved products for articular cartilage repair 

(Sutherland et al., 2015).However, for fibrocartilage and especially the TMJ disc, this does not 

exist yet. Although the avascular structure of the cartilage is considered a challenge for its 

repair, it is also due to its dense extracellular matrix (ECM) that it can be considered almost 

nonimmunogenic since it physically protects the cells present in the ECM in case of graft 

rejection, opening a wide option for the use of allogeneic or xenogeneic tissues (Benders et 

al., 2013). 

Decellularized xenogeneic tissues are ideal for load-bearing or high ECM content tissues, 

resembling the characteristics and properties of the native one (Chan et al., 2008). Different 

commercial products are available from xenogeneic tissues, e.g. porcine dermis or porcine 

urinary bladder for soft tissues (Crapo et al., 2011). Tissue Engineered (TE) decellularized 

extracellular matrix (dECM) approaches could help in search of an engineered-disc construct. 

However, its application for the TMJ disc is still in the early stages. 



 

2 

 

1.2 Thesis Scope 

Decellularized tissues are a well-known matter in the biomedical field. Through research in 

PubMed.org, it is possible to observe that this area is being increasingly explored and evolving 

over the years (Figure 1). 

 

Figure 1 - Evolution of the decellularization area over the years. Retrieved from PubMed.org (30th of 
January of 2021) with the research designation “decellularization”, where 4222 results were found. 

 

Despite this, a TMJ disc based on decellularized xenogeneic tissues that mimic the native 

properties and functions has not been fully explored. The production of a material that has the 

characteristics required for implantation is highly dependent on the type of tissue under study 

and the decellularization agent used, which is also depend on the concentration, exposure 

time, temperature and post-processing. 

The first use of dECM for TE of the TMJ disc was powdered porcine urinary bladder ECM 

encapsulated within sheets of the same material, and although an in vivo implantation in dogs 

led to proper tissue formation, it is necessary to perform an analysis of the remaining bone 

structures (Brown et al., 2011, 2012). Regarding the studies that evaluate methods of TMJ 

disc decellularization, five papers are found in the literature. A full description of these articles 

will be given in section 3.1, but briefly, the first investigation was performed on porcine discs, 

where three different reagents were tested (sodium dodecyl sulfate (SDS), Triton X-100 and 

ethanol/acetone) (Lumpkins et al., 2008). Since then, different authors have tried to improve 

the decellularization process by including the retrodiscal tissue (Matuska et al., 2018), as well 

as to implement artificial microporosities for cell diffusion (Juran et al., 2015; Matuska et al., 

2018), but by always evaluating a chemical decellularization procedure. More recently, an 
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3 

injectable hydrogel based on dECM porcine discs was developed based on the combination 

of physical, chemical and enzymatic decellularization methods, but a decrease in the 

glycosaminoglycans (GAGs) content was found (Liang et al., 2020). A sixth paper can also be 

considered in this topic. Despite a decellularization process was carried out based on the 

results of the above-mentioned articles, it did not study the results of decellularization, but 

rather studied different methods of sterilization (Matuska et al., 2015). 

Although there is already some research on disc decellularization, its investigations are limited 

to a few decellularization agents, such as chemical agents, or if a more complete protocol is 

applied the biochemical content is affected. Thus, the main objective of this work was to 

develop a potential TMJ disc subtitute based on the decellularization of lamb discs. For this 

purpose, different decellularizing agents were tested, including physical, enzymatic and 

chemical. The evaluation of these included analysing whether the cellular content was 

removed, as well as, the effects on the ECM both in terms of biochemical content and 

biomechanical behaviour. 
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Chapter 2: State-of-Art 

2.1 The Temporomandibular Joint 

The masticatory system is composed of a set of anatomical structures that are responsible for 

complex biopsychosocial functions. These functions provide distinctive and selective daily 

functions including chewing, swallowing, eating and yawning, as well as emotional 

expressions, such as smiling, laughing and screaming. The TMJ is a complex articulation that 

is formed by bones, joints, ligaments, teeth, and muscles. Its organisation allows proper 

masticatory performance, bite force, and mandibular mobility (Asadi et al., 2018; Riera‐Punet 

et al., 2018).  

The TMJ (Figure 2) is positioned on both sides of the skull and it is the most commonly used 

joints in the body. It moves from 1500-2000 times a day. It is a bicondylar joint that articulates 

the condyle of the mandible against the glenoid fossa and the articular eminence of the 

temporal bone, allowing crucial normal mouth functions (Bae et al., 2013). 

There is an articular disc between the mandible and the maxilla that divides the TMJ into two 

compartments: lower and upper. The lower compartment, which is formed from the association 

of the mandible with the articular disc, is considered a ginglymoid joint because it provides a 

hinging movement in one plane. The upper compartment that is formed by the association of 

the articular disc with the glenoid fossa is considered an arthrodial joint because it provides a 

gliding movement. These two types of movements classify the TMJ as a ginglymoarthrodial 

joint, one of the most complex in the human body. Besides this classification, the TMJ can also 

be characterised as a compound joint since the articular disc acts as an unossified bone to 

allow complex movements (Demerjian et al., 2018; Okeson et al., 2019). 

 

Figure 2 - Skull with different anatomical structures. 
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2.1.1 Glenoid Fossa and Articular Eminence 

The glenoid or mandibular fossa and the articular tubercle or eminence are bony structures of 

the TMJ that belong to the temporal bone (Figure 3) (Norton et al., 2016). The temporal bone 

also contains the postglenoid process, which is located anterior to the external acoustic meatus 

canal. The glenoid fossa has a concave shape that is larger than the mandibular condyle and 

ideal for the interaction of these articular surfaces. The top of the fossa presents a thin 

thickness (1.0 - 1.2 mm), so it is functionally impossible to support the necessary stresses 

(Ramdhan et al., 2019; Sakul et al., 2019).  

The articular eminence appears in the lower edge of the zygomatic arc, anterior to the 

mandibular fossa (Sakul et al., 2019) and medial to the posterior margin of the zygomatic 

process (de Pontes et al., 2019). The path and type of movement performed by the disc 

condyle complex, as well the rotation of the disc, is determined by the morphology of the joint 

eminence, as they slide back and forth along the mandibular movement (de Pontes et al., 

2019; Rabelo et al., 2017).  

 

Figure 3 - Temporal bone structures. 

2.1.2 Mandibular Condyle 

The mandible, which forms the lower jaw, is divided into five regions (Figure 4): body, ramus, 

coronoid process, condylar process and alveolar process (Norton 2016b). The mandibular 

condyle has a convex configuration, that leans forward on the neck, with an angle of 

approximately 30º. It articulates indirectly with the glenoid fossa, on its anterior and superior 

surfaces, and directly with the TMJ disc (Kurup et al., 2017; Tamimi et al., 2016).  

Both the glenoid fossa and the mandibular condyle are covered by fibroelastic tissue called 

fibrocartilage (Hargitai et al., 2018). It is a thick tissue where the transmission of vector forces 

occur throughout the disc (Sakul et al., 2019). Similar to the disc, which will be explained in the 
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following topic, the condylar cartilage functions as a load-bearing cushion that protects the 

underlying bone (Stocum et al., 2018). 

 

Figure 4 - Mandibular structures. 

2.1.3 Articular Disc 

2.1.3.1   Morphology 

The TMJ disc is composed of dense fibrous connective tissue that is free of vessels and nerve 

fibres. It is only minimally innervated in the periphery of the disc (Okeson et al., 2019). It is 

located between the condyle and the glenoid fossa. It is in contact with these articulated 

surfaces and attached to the joint, and thus it is able to move freely (Willard et al., 2011). 

The disc has multiple morphological classifications due to its differences in thickness. As seen 

in Figure 5, it is divided into three regions in the anteroposterior zone: the anterior, intermediate 

and posterior bands. The intermediate band can be divided into medial, central and lateral 

regions, exhibiting mediolateral variation. In the sagittal plane, the intermediate zone is the 

thinnest and gives the disc its biconcave shape. The disc is thicker in the posterior zone 

compared to in the anterior zone. It is also thicker medially than laterally from an anterior view. 

In the mediolateral dimension, the anterior and posterior zones are longer than the 

anteroposterior dimension. Moreover, due to the varying properties of the surfaces of the TMJ 

disc, it can be classified into superior and inferior regions (Morales et al., 2016; Okeson et al., 

2019; Willard et al., 2011).  

Since the TMJ is a structure involved in several important roles, the articular disc serves 

numerous purposes as it disseminates the complex loads to which it is subjected. It aids in 

joint lubrication, increases congruence between the articulating surfaces, absorbs shocks and 

smooths the movement by acting as a load-bearing (Vapniarsky et al., 2018; Willard et al., 

2011). When performing daily functions, there are several mechanical forces, including shear, 

tensile, compression and rotation, indicating that the disc has a high resilience potential (Juran 

et al., 2015). 
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The disc is located between the condylar and mandibular fossa complex, depending on 

whether the mouth is closed or open. The morphology of this complex defines the form of the 

disc (Donahue et al., 2019; Okeson et al., 2019), and its exceptional properties and 

architecture are what provide the proper lubrication and stress-bearing functions for the TMJ 

(Willard et al., 2011).  

The disc can adapt to its functional demands due to its flexibility and versatility. However, these 

properties may lead to irreversible morphological changes. Destructive forces or structural 

variations may occur in the joint and, consequently, modify the biomechanical properties of the 

original disc (Okeson et al., 2019). 

 

Figure 5 - Lamb articular disc and different morphological views. Abbreviations: PT - posterior; AT - 
anterior; MD - medial; LT – lateral and CT - central. 

2.1.3.2   Cells and Biochemical Composition 

Fibrocartilage is the tissue that constitutes the disc. It is composed of cells and an ECM. This 

comprises GAGs, aggrecans, water and elastin fibres (Shu et al. 2015). It contains a 

heterogeneous family of cells composed of fibroblasts (70%) and chondrocytes (30%), hence 

called fibrochondrocytes. The global cellularity per gram of tissue is reportedly between 20 and 

50 million cells, but this number may differ among species. Regardless of the actual number, 

fibrochondrocytes are found in all species. A comparative study discovered that the anterior 

and posterior band presented higher cell density values in rat, porcine and goat disc, whereas 

for the human the same result was found but the differences with the remaining regions was 

not that pronounced compared to the other animal species (Kalpakci et al., 2011).  

The ECM is composed of macromolecules and fluids. The principal macromolecules present 

in the disc are collagen and proteoglycans (PGs) (David et al., 2016; Willard et al., 2011). 

Water content ranges from 66% to 80% and decreases slightly with age (Detamore et al., 

2003). 
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Collagen, in total, comprises 37% of the wet weight, 50% of the wet volume or 69–85% of the 

dry weight, where collagen I is the most abundant biochemical component. Elastin and GAGs 

comprise 3-7% and 1-10% of the dry weight, respectively (Acri et al., 2019).  

Collagen fibre alignment is anisotropic, but there is a common orientation (Figure 6). There is 

a ring structure on the periphery of the disc. The fibres in the intermediate zone align in the 

anteroposterior direction. It is possible to observe a transitional region in the centre of the disc 

due to the fact that the fibres of the intermediate zone meet the fibres of the anterior and 

posterior bands that in turn are aligned in the mediolateral direction (Stocum et al., 2018; 

Willard et al., 2011). 

 

Figure 6 - Collagen fibre alignment. 

2.1.3.3   Biomechanical Properties 

Although the disc has exceptional characteristics, when the condyle moves there is 

deformation of the ECM solid component and pressurisation of the fluid changes causing disc 

fatigue. This phenomenon occurs due to the tangential tensile forces that are created (Wu et 

al., 2017). During dynamic loading there is a difference of fluid flow into and out of the disc, 

which causes the disc to behave in a less rigid manner than under static loads (David et al., 

2016). 

The biochemical composition and orientation define the mechanical properties of the disc, so 

its regeneration remains a challenge (Legemate et al., 2016). Regarding collagen, the elastic 

properties of the articular disc are associated with the anisotropic fibre orientation. The 

direction of the fibre alignment as well as the degree of these alignments changes from region 

to region. Thus, the disc presents heterogeneous mechanical properties (Gutman et al., 2018). 

The tensile modulus of the posterior band is half of the intermediate zone, due to the 

anteroposterior alignment of the fibres in the intermediate zone, which are perpendicular to the 

applied load. There is a substantial difference in the tensile variation in the anteroposterior 

direction, where the medial and lateral disc sections are less rigid compared to the central disc 

region (Willard et al., 2011). The disc has an elasticity that is derived more from collagen fibres 
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and less from PGs, and thus the compressive elastic modulus is lower than its tensile modulus 

(David et al., 2016).  

In general, collagen fibres play a key role in disc stabilisation, so a simple break in this complex 

network can alter its mechanical properties. The disc plays an important role in mandibular 

kinematics and defines the anteroposterior path of the joint. Thus, a simple deviation of the 

disc can lead to internal disruption and, consequently, alter its biomechanical properties 

(Fazaeli et al., 2016) 

Due to trauma, pathology or even ageing, the biomechanical properties of the disc may 

change. Until adulthood, the amount of collagen increases and the amount of water remains 

constant, phenomena that increase disc elasticity (Nakano et al., 1996). When there is damage 

due to increased friction and a consequent increase in shear stress, GAGs recomposition 

occurs and changes the mechanical properties of the disc (Stanković et al., 2013). 

2.1.4 Articular Disc Attachments and Bilaminar Zone 

The articular disc is bound by peripheral attachments (lateral, medial, posterior and anterior 

directions) that maintain its position and stability (Donahue et al., 2019; Matuska et al., 2018). 

It is attached inferiorly to the anterior condyle and superiorly to the eminence, in the anterior 

direction. Moreover, the disc is fixed to the bilaminar zone, which is also fixed superiorly to the 

temporal bone and inferiorly to the posterior condyle, in the posterior direction. The disc 

attachment merges into the joint capsule laterally and medially. Due to this multifaceted 

arrangement, it is possible to have a wide opening of the mouth because the disc and the 

condyle function as a single element. This complex also allows the condyle to rotate relatively 

to the disc (Willard et al., 2011).  

In the bilaminar zone, the posterior part of the disc has the most significant attachment, termed 

retrodiscal tissue, that is located posterior to the disc and connected to the temporal bone. It 

is vascularised, innervated and comprises connective tissue (Matuska et al., 2018; Sakul et 

al., 2019; Talmaceanu et al., 2018). This tissue is attached to the disc superiorly and inferiorly 

through two laminas called the superior retrodiscal lamina and inferior retrodiscal lamina, 

respectively. Both superior and inferior laminas have defined functions. They prevent disc 

slippage when opening the mouth and prevent excessive rotation of the disc, respectively 

(Sakul et al., 2019). 

As mentioned above, the disc acts as a trampoline by distributing the load and absorbing 

shock. The disc is connected by the attachments and, thus it is easier to dissipate applied 

loads. The attachments present less GAGs and collagen II content and higher cellularity 

compared to the articular disc (Murphy et al., 2013; Willard et al., 2012). This disc and the 
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attachments can suffer from pathological remodelling or deterioration in the case of damage 

or illness. These issues interfere with the regular joint role. Eventually, this dysfunction may 

lead to the removal of the disc and alter the performance of the remaining structures (Matuska 

et al., 2018). 

2.1.5 Capsule and Synovial Membrane  

The TMJ is surrounded by an articular capsule that is coated by a synovial lining, a dense 

connective tissue composed in endothelial cells that produce synovial fluid. This tissue 

surrounds the internal surfaces of the joint capsule, except the disc and surrounding cartilage, 

and forms a fibroelastic, highly vascular synovial membrane (David et al., 2016; Okeson et al., 

2019). It contains an intimal and subintimal layer, both composed mainly of fibroblasts and 

macrophage-like cells (David et al., 2016). In a healthy TMJ, the key component of the synovial 

fluid that determines the viscosity and, consequently, reduces friction is hyaluronic acid (HA) 

(Stanković et al., 2013). 

In terms of size, the capsule is wider than the articular surfaces to allow the condyle to move 

forward in a smooth way during protraction (Sakul et al., 2019). The capsule is connected to 

the neck of the mandible and the articular surfaces of the temporal bone (Ramdhan et al., 

2019). 

As mentioned above, the joint is divided into the superior and inferior compartments, and 

synovial fluid fills both cavities. The volumes present in the superior and inferior joint 

compartments are 1.2 ml and 0.9 ml, respectively (David et al., 2016). The synovial fluid has 

many purposes in order to provide normal TMJ function. Its composition includes a 

proteoglycan (PG), lubricin, that it is synthesized by the chondrocytes present in the cartilage 

and the fibroblastoid synovial lining cells. This PG minimises friction and allows lubrication 

during condylar movements due to a surface tension that spreads the fluid to the cartilage 

(Balatgek et al., 2018; David et al., 2016). Furthermore, because the articular surfaces are 

avascular, the synovial fluid serves as a medium for nutrients providing the required 

metabolites to the fibrocartilages and also serves to eliminate waste products (Okeson et al., 

2019; Willard et al., 2011). A study demonstrated that there is more space in the superior joint 

for males. Additionally, in patients with disorders, this same cavity is smaller (de Pontes et al., 

2019). 

2.2 Temporomandibular Joint Disorders 

Throughout this chapter, TMJ has been described as a complex load-receiving structure. 

Therefore, it is predisposed to extreme or unbalanced loading that can produce dysfunctional 

remodelling that is often asymptomatic and may affect joint function (Urtane et al., 2016). The 
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ability of TMJ components to adapt to normal or abnormal behaviours defines joint health 

(Schilling et al., 2013). 

TMD are a heterogeneous group of conditions related to the anatomy, functionality, 

dysfunctions and pathologies of the TMJ and associated structures (Aryaei et al., 2016). They 

are the second most common musculoskeletal condition and affect approximately 5 to 12% of 

the population. The major problem that results from these conditions is orofacial pain, which 

affects the health and quality of life of the individual (Riera‐Punet et al., 2018; Shoukri et al., 

2019). 

Approximately 50 to 75% of adults and 60 to 70% of the general population have shown at 

least one sign of TMD, but only 1 to 3% of the population seeks treatment (Armijo-Olivo et al., 

2016; Chisnoiu et al., 2015). Symptoms include bruxism, muscle soreness, reduced range of 

jaw motion, joint sounds and chronic pain that can affect the ears, eyes, neck and face or 

produce headache. The pain is usually experienced in the chewing muscles and the 

preauricular region (Aryaei et al., 2016; Bitiniene et al., 2018; Gil-Martínez et al., 2018). 

Symptoms have a three to five times higher incidence in women compared to men (Gil-

Martínez et al., 2018), but this difference may be related to the fact that women seek treatment, 

whereas men do not (Bitiniene et al., 2018). 

Although TMJ is able to adapt to changes in functional load within physiological limits (Roberts 

et al., 2018) there are some factors that can increase a person´s predisposition to develop 

TMD, including poor posture, trauma, parafunctional habits, changes in occlusion and physical 

and emotional problems including stress, anxiety or depression (Figure 7) (Armijo-Olivo et al., 

2016; Bartley et al., 2018; Bitiniene et al., 2018; Nascimento Falcão et al., 2017). Stress affects 

the appearance of the disorder and its evolution (Urbani et al., 2019). A study demonstrated 

that the association between poor sleep quality and the onset of a TMD is mediated by stress. 

The authors concluded that improving sleep and reducing stress may help reduce the risk of 

developing a disorder (Sanders et al., 2017). There is also a relationship between TMD and 

long-term  back pain (Wiesinger et al., 2007). 
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Figure 7 - Schematic diagram of temporomandibular disorders (TMD) development. 

2.2.1 Articular Disc Dysfunctions 

A subset of disc-related TMD involves internal derangement (ID) or DD, disc thinning and disc 

perforation. As it will be explained in the following topic, disc thinning and perforation could be 

related to ID, where these events represent 5-15% of ID patients. However, it may not only be 

related to this problem (Donahue et al., 2019; Vapniarsky et al., 2018). Biomechanical 

unbalance or extreme loading can also lead to damage in the articular disc (Tanaka et al., 

2000). 

2.2.1.1 Disc Displacement 

The relationship between the disc and the other articulating joint structures has been 

recognized as a TMD. An abnormal position or malfunction of the disc alters the condylar 

position relatively to the glenoid fossa. This malfunction leads to DD or internal derangement 

of the TMJ (Rabelo et al., 2017). Up to 70% of TMD patients suffer from DD (Aryaei et al. 

2016). Most of the times DD is asymptomatic, but brief pain and dysfunctions may occur 

(Sperry et al., 2019). With age and trauma, the disc may decrease in thickness, more 

specifically in its central region, and compromise its normal function (Balatgek et al., 2018).  

DD is associated with any disorder that affects the anatomical features of the TMJ and, 

consequently, its function (Warmling et al., 2015). With DD, there is displacement and 

excessive extension of retrodiscal tissue and associated ligaments, a phenomenon that 

enhances tissue deformation and underlies a loss of elasticity (Machon et al., 2017). However, 

it can also alter the morphological features of the osseous structures (Rabelo et al., 2017). 
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The disc can adopt eight abnormal positions, but the most common are the anterior and 

anterior-lateral displacements, and the rarest is the posterior. The dislocation can either be 

partial or complete (Lalue-Sanches et al., 2015). As seen in Figure 8, when the disc is not in 

its normal position, and if a click is heard when opening the mouth, the disc has repositioned 

itself. This condition is referred to as DD with reduction (DDwR). If the sound is not heard when 

opening the mouth, the disc has not returned to its original position, and the condition is called 

DD without reduction (DDwoR) (Michelotti et al., 2019; Okeson et al., 2017; Slater et al., 2019).  

There are two further possible classifications: i) DD with limited opening and ii) DD without 

limited opening. Both cases occur without reduction. In the first former, there is a limited 

mandibular opening with a maximum of 40 mm. In the latter, there is no limited opening and 

the mandibular opening is a minimum of 40 mm (de Leeuw et al., 2018). 

 

Figure 8 - Normal jaw function (A). Disc displacement (B) with reduction and (C) without reduction. 
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2.2.1.2 Disc Structural Changes 

The articular disc presents a biconcave shape. However, some morphological deformations 

may be found. These deformations may be classified as lengthened, biconvex, thickening, 

folded and rounded (Incesu et al., 2004; Katzberg et al., 2005; Orhan et al., 2006; Taşkaya-

Yılmaz et al., 2001).  

DD is the main problem that leads to disc deformation. This deformation is mostly found on 

joints with DDwoR and begins with the thickening and enlargement of the posterior band of the 

articular disc (Incesu et al., 2004; Katzberg et al., 2005; Orhan et al., 2006). Hasan & 

Abdelrahman (2014) supported these facts by proving that the risk of degenerative changes 

increased with the prevalence of an anterior DDwoR, being the anterior displacement the most 

frequent type of occurrence. It was also found a relationship between the articular structures 

and the anterior DD, where deterioration may occur to the disc and its ligaments if there is a 

posterior condylar position.  

Disc degeneration leads to the formation of fibrous tissue and loss of normal TMJ disc 

morphology, such as thinning and perforation (Bae et al., 2014; Incesu et al., 2004). 

In conditions of closed-mouth position and teeth contact, if there is an extreme and long load, 

it could cause the thinning of the disc in the central band (Ivkovic et al., 2018). Moreover, cases 

of displacement could also lead to thinning of the posterior band (Figure 9) (Vladimir Machon 

et al., 2012). 

Disc perforation could be related to osteoarthritis, rheumatic/inflammatory disease, or ID 

(Embree et al., 2015), normally with anterior DDwoR (Muñoz-Guerra et al., 2013). It usually 

ruptures in the bilaminar zone and the lateral part of the disc, but depending on the type of DD 

it can perforate in different places (Liu et al., 2010). The major problems related to perforation 

is the fact that the disc loses its functionality of lubrication due to interference with the synovial 

fluid, leading to increased friction between the articular structures of the TMJ and, 

consequently, resulting in hypertrophy (Kim et al., 2018; Muñoz-Guerra et al., 2013). 

A more recent study classified the deformities based on closed-mouth images and categorized 

them into folded, flattened, eyeglass and amorphous. The authors concluded that disc 

perforation increases with the eyeglass and amorphous shapes, age, abnormal joint space, 

and 2 or more structural changes in the condyle and fossa bones (Kim et al., 2018).  
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Figure 9 - Temporomandibular disc thinning and perforation in an anterior view. 

2.2.2 Management for Temporomandibular Disc Disorders 

The comprehension of the pathogenesis and evolution of TMD are still unknown. TMD are 

marked by (i) displacement, thickening, and/or perforation of the articular disc, (ii) reduction to 

complete loss of the articular fibrocartilage, (iii) sclerosis and remodelling of supporting bone, 

and (iv) periarticular osteophyte formation (Aryaei et al., 2016). Therefore, a viable way to 

manage these disorders will be through the application of medical therapies that will allow the 

reduction of the symptoms and hypertonic muscles, consequently improving the mobility of the 

joint and surrounding structures. Conventional TMJ treatments can be divided into non-

invasive, minimally invasive and invasive (Dashnyam et al., 2018; Khan et al., 2013). In an 

early stage of the disease, non-invasive treatments are ideal, while in the final stage the best 

option is an invasive method. However, there is no fully effective treatment and repeating 

therapy is still a possibility (Aryaei et al., 2016). Though, the effectiveness of conservative 

treatments varies from 70 to 95% (Lalue-Sanches et al., 2015). In terms of the surgical 

procedure, there is still some debate regarding its ability to manage pain and dysfunction, even 

though only 5% of TMD patients undergo this practice. For non-surgical, the success rate is 

60%, although the possibility of an unresponsive treatment could happen (Chandrashekhar et 

al., 2015). 

2.2.2.1 Non-Invasive 

A large part of TMD patients does not benefit from surgical procedures, especially if referring 

to muscle disorders (Dolwick et al., 2019). Noninvasive treatments include physical therapy, 

occlusal splints, pharmacological methods, or acupuncture (Dashnyam et al., 2018). Physical 

therapy is used to relieve the symptoms of TMD, such as pain, to help lubricate and maintain 

jaw normal function. It includes neuromuscular stabilization, electrostimulation, low-intensity 

ultrasound, low-level laser therapy, and exercises (Cobo et al., 2019; Ingawalé et al., 2009; 

Khan et al., 2013). For anterior DDwoR, joint mobilization exercises were shown to be more 

effective than splints in improving mouth range and reducing pain after 8 weeks of treatment 

(Haketa et al., 2010), whereas joint mobilization exercises and massages alone did not show 

significant improvement after 6 weeks of treatment (Craane et al., 2012). 
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Occlusal splints are removable plastic devices that fit into the dentition, that can be used to 

repositioning the teeth or to prevent contact between them and, consequently, the clenching 

or grinding effect (bruxism) or myofascial pain. However, there is still some controversy in 

whether it is an appropriate treatment or not (Deshpande et al., 2010; Ingawalé et al., 2009). 

A systematic review showed no evidence of occlusal splint efficacy for TMD (List et al., 2010). 

However, some authors demonstrated temporary satisfactory results of anterior repositioning 

splints for treating DDwR (Liu et al., 2017; Pihut et al., 2018). 

Pharmacological therapy is the primary intervention to be performed in the case of TMD and 

the main goal is to manage pain and discomfort, rather than being a curative therapy 

(Mujakperuo et al., 2010). It can be used drugs, as analgesics, anti-depressants, muscle 

relaxants, or non-steroidal anti-inflammatory drugs (Dashnyam et al., 2018). At last, 

acupuncture or laser acupuncture, where specific points of the body are stimulated, have also 

been shown to be effective in reducing signs of TMD, such as myofascial pain (Fernandes et 

al., 2017).h 

Disadvantages of this type of treatments include the possibility of cardiovascular problems, 

gastrointestinal poisonousness and anaphylaxis and the fact that it is limited to restore severe 

or chronic disorders (Dashnyam et al., 2018). For all the treatments the long-term solutions 

effectiveness still needs confirmation (Cobo et al., 2019)  

2.2.2.2 Minimally invasive 

Minimally invasive treatments include arthrocentesis, arthroscopy or injections. Arthrocentesis 

is a safe, repeatable and clinically easy to execute procedure, where a needle is inserted inside 

the affected joint and aspirated, followed by injection of a therapeutic fluid. It can be done under 

local anaesthesia and it helps to normalise jaw opening and disc abnormal positions 

(Chandrashekhar et al., 2015; Ingawalé et al., 2009; Nitzan et al., 2018).  

Arthroscopy is performed by making a small incision near to the patient´s ear and inserting an 

instrument that allows joint visualization. It can be used as a diagnostic tool or to perform 

surgical procedures, such as lavage of the TMJ, lysis of adhesions or inflamed tissue, 

reposition of the articular disc or medicaments injection. It is a low-cost and well-tolerated 

procedure (Connor et al., 2017; Ingawalé et al., 2009; Israel et al., 2016).   

Several authors investigate the effectiveness of these procedures to manage ID. Arthroscopy 

lavage and lysis were shown to have an 86.7% efficacy when assessing pain and jaw opening 

(Smolka et al., 2008) and in a 5-year study, a success rate of 67% when assessing joint loading 

sign, TMJ noise, TMJ pain, and muscle pain (Hossameldin et al., 2018). Arthrocentesis was 

effective in repositioning the dislocated disc, along with decreased pain in DDwoR patients 

(Grossmann et al., 2019) and effective in improving jaw opening and pain decrease for patients 
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with ID with closed lock (Malik et al., 2014). TMJ closed lock may be caused by the anchored 

disc phenomenon. A study compared these two minimally procedures and concluded that both 

of them could treat this condition, whereas non-invasive treatments failed (Sanromán et al., 

2004). Furthermore, a combination of arthrocentesis and occlusal splints is effective in 

managing discomfort in anterior DDwoR patients (Lee et al., 2013). 

Via intra-articular injections, diverse medications can be administered directly to the target site 

within the joint space. Medications include corticosteroids, platelet-rich plasma from blood, HA, 

analgesics, and anti-depressants (Aryaei et al., 2016; Dashnyam et al., 2018). Due to the large 

presence of the HA in the synovial fluid and, consequently, its role in lubrication, HA injection 

has been widely studied for the management of ID. HA proved effective (Basterzi et al., 2009; 

Bonotto et al., 2014) and after arthrocentesis (Alpaslan et al., 2001; Ungor et al., 2015). In 

short-term treatments, HA presents similar outcomes to corticosteroids, but in long-term 

treatments HA presents better results (Machado et al., 2013). HA combined with 

corticosteroids or arthrocentesis alone are effective for ID, but considering the simplicity of the 

injection, this one is preferred (Marzook et al., 2020). Platelet-rich plasma did not show 

improvement after 2 years of the procedure (Fernández Sanromán et al., 2016), but compared 

with arthrocentesis showed better results (Hancı et al., 2015).  

Side effects include dizziness, dry mouth, and probably drug dependence (Aryaei et al., 2016; 

Dashnyam et al., 2018). In the early stages of the disease, they help to relieve pain, but in a 

chronic situation, they are not effective (Cobo et al., 2019). The delivery of nano- or micro-

biomaterials, drugs, and stem cells for therapeutic proposes have also been investigated, but 

further in vitro and in vivo studies need to be performed (Dashnyam et al., 2018). 

2.2.2.3 Invasive  

In TMD, especially for disc disorders or ID, surgical procedures are the last line of treatment. 

However, when nonsurgical clinical options fail, an open joint surgical (arthrotomy) option is 

taken into account. (Han et al., 2019). In this option, there can be adjustments to the TMJ 

components or the replacement of the entire or parts of the joint (Aryaei et al., 2016). 

Regarding the joint disc, it can be repaired/reshaped and/or repositioned (discopexy or 

discoplasty) or completely removed (discectomy) (Frederick Liu et al., 2013; Renapurkar et al., 

2018). Disc repositioning should be performed in healthy joint discs that can be placed in their 

native position without tension (Dolwick et al., 2001). This procedure was effectively achieved 

during arthroscopic procedures for TMJ ID (McCain et al., 2015; Zhang et al., 2010). However, 

a meta-analysis assessing the management of ID, concluded that open surgery is more 

effective than arthroscopic surgery in reducing pain, but it has similar results concerning 

maximum inter-incisal opening and maxillary function (Al-Moraissi et al., 2015). Kondoh et al. 
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(2003) investigated a new open surgery, with a 5-year follow-up, for reshaping the inferior 

surface of the articular disc without repositioning the disc, with a success rate of 91%. Despite 

these results, there is still some controversy regarding long-term successful outcomes of these 

procedures, as disc tend to return to their displaced position, and repair tends to fail due to the 

disc avascular structure (Dimitroulis et al., 2011b; Dolwick et al., 2001; Miloro et al., 2010). 

Discectomy is the most common conducted intracapsular surgery (Ângelo et al., 2018) for 

unsalvaged deformed, displaced ou perforated discs. It can be performed with or without a 

replacement. Although discectomy without replacement results in reduction of pain and range 

of motion, crepitation and degenerative changes to the remaining articular surfaces tend to 

appear (Han et al., 2019; Liu et al., 2013; Renapurkar et al., 2018). The first synthetic 

replacements that emerged were Teflon-Proplast and silicone rubber that led to foreign-bodies 

reactions (Kaplan et al., 1988; Westesson et al., 1987). Also, autogenous grafts such as 

temporalis muscle flat (Smith et al., 1999), auricular cartilage (Matukas et al., 1990), full-

thickness skin (Dimitroulis et al., 2006), dermal grafts (Meyer et al., 1988) and dermal-fat grafts 

(Dimitroulis et al., 2004) were developed, but a critical review states that none of them satisfies 

the necessities for a successful replacement of the disc after discectomy (Dimitroulis et al., 

2011a). Moreover, there are no different success rates between discectomy alone compared 

with autogenous replacement, neither between the autogenous options (Kramer et al., 2005). 

Joint replacement with prosthetics is the last stage of TMD management and it should only be 

applied when nonsurgical strategies fail. It consists of removing and replacing the TMJ 

structures that are highly injured with a prosthesis. There are three FDA approved prostheses 

for total joint replacement: Christensen prosthesis; TMJ Concepts device; and Biomet 

Microfixation system. Although they present good outcomes (Gerbino et al., 2017; Ingawalé et 

al., 2009) the disadvantages of prostheses are the possibility of wear and tear residues and, 

consequently, occurrence of inflammatory responses, metal fatigue and loose screws leading 

to mechanical failure, the cost of the device and the potential for secondary surgery (Quinn et 

al., 2016). 

2.3 Tissue Engineering of the Temporomandibular Disc 

As described above, existing clinical options are appropriate for early or more advanced stages 

of dysfunction and there is no intermediate treatment option. Also, there is no consistently fully 

effective treatment and consensus in what treatment to choose, being highly dependent on the 

doctor’s experience. Thus, the search for a solution for the complex regeneration of the disc 

and improvement of the patient's dysfunction has been investigated in the area of TE. With TE 

it is possible to produce implants capable of renewal, performing an adequate mechanical and 
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biological performance and, at the same time, integrating with the host structures for a 

successful repair of a failing tissue or organ (Patnaik et al., 2014).  

To develop an optimized strategy for TMJ disc TE, the selection of the proper biomaterials, 

approaches, and consequent characterisation is essential. It is then, with the selected 

biomaterials, that cells are incorporated and exposed to stimuli to build the desired ECM 

microenvironment (Allen et al., 2006). 

2.3.1 Biomaterials and Current Status in Research   

For a successful TE of the TMJ disc, the first big challenge passes through the selection of the 

appropriate biomaterial for an optimal mechanical response. Biomaterials can be characterized 

as materials for use in medical devices or for repairing biological tissues or organs. They can 

be divided into natural (animal or human origin), or synthetic materials (Chan et al., 2008; Chen 

et al., 2016). They must meet several requirements to be applied in TE: biocompatibility with 

the host, to avoid an inflammatory response; biodegradability, to allow the material to be 

replaced by a suitable tissue; appropriate mechanical properties relative to the tissue function; 

and adequate permeability and architecture, such as porosity, to allow the transport and 

exchange of oxygen, nutrients, and waste (Armiento et al., 2018; Nasution et al., 2016). This 

mechanism is important due to the avascular structure of the disc and the fact that it is through 

mechanical stimuli of the synovial fluid that cells receive glucose and oxygen  (Juran et al., 

2015). 

The current aim of biomaterials is to serve the necessary medical or surgical purposes to be 

safely implanted in the human body (Ramdan et al., 2016). Upon implantation, they can be 

used to provide a biodegradable support structure, with desirable shape and integrity for an 

intended period of time, effectively providing functionality, support and attachment to the cells 

and give rise to the creation and maturation of new tissue (Chen et al., 2016).  

2.3.1.1 Natural Biomaterials 

Natural biomaterials are derived from natural forms. They have a wide variety of applications 

in the biomedical field in the repair or replacement of biological tissues and organs. They 

present great biological requirements, such as biocompatibility, biodegradability, bioactivity, 

promote cell adhesion, proliferation and/or differentiation, which are essential for tissue 

construction. Moreover, they present similar behaviour to the biological macromolecules 

present in human tissues, which is an advantage. Despite these benefits, in certain situations, 

they present immunological reactions and some degree of variability, and there is the 

possibility of disease transmission. Another important fact is that natural materials can degrade 

at temperatures below their melting point (Manoukian et al., 2019; Nasution et al., 2016; 
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Ramdan et al., 2016). This property can be a problem regarding material processability, which 

result in low mechanical properties and unstable degradation rates (Cao et al., 2014). 

Within the natural materials used for TMJ disc TE it is possible to find alginate alone (Almarza 

et al., 2004) or in combination with chitosan (Bousnaki et al., 2018), collagen (Kobayashi et 

al., 2015), and a combination of fibrin and chitosan (Wu et al., 2014). 

2.3.1.2 Synthetic Biomaterials  

Compared to natural biomaterials, synthetic ones present several advantages, such as their 

availability and reproducibility as they are controllable and easy to process. For TE purposes, 

they can be modified according to the characteristics of the implant site to present adequate 

mechanical (stiffness, porosity and elasticity), physical and biochemical properties and 

degradation rate. The major issue with these materials is the structural difference 

comparatively to native tissues, which may lead to a negative effect on biocompatibility 

(Grigore et al., 2017; Manoukian et al., 2019; Qian et al., 2019). One of the major issues 

associated with them is limited cell adhesion sites and homogeneous cell proliferation, which 

compromises tissue synthesis. Still, some biomaterials have high biocompatibility and 

incorporate well into the human body (Manoukian et al., 2019). 

Several studies have shown the potential of synthetic biomaterials in the regeneration of the 

TMJ disc and the materials used were polylactide acid (Mäenpää et al., 2010), polyamide 

monofilaments and expanded polytetrafluoroethylene (Springer et al., 2001), polyglycolic acid 

and poly-L-lactic acid (Allen et al., 2008), poly (glycerol sebacate) (Hagandora et al., 2013) 

and poly(ε)-caprolactone alone (Legemate et al., 2016) or in combination with polyethylene 

glycol diacrylate hydrogel (Moura et al., 2020). 

2.4 Decellularization of xenogeneic tissues 

Cartilage has a low regeneration capacity and therefore, different substitutes have been focus 

of research to repair cartilage defects. Cartilage matrix can be collected from different sources, 

but access to allogeneic or autologous donor tissue is restricted, so the interest in using 

xenogeneic tissues for cartilage constructions has been increasing, where the TE field can 

offer a positive alternative. Regardless, for these tissue types, decellularization and sterilization 

methods are required with the aim of removing the immunogenic components that lead to the 

infection and disease transmission (Benders et al., 2013; Lumpkins et al., 2008; Schwarz et 

al., 2012). 

Decellularization aims to preserve the organic, biological activity and three-dimensional (3D) 

architecture, as the immunogenic and inflammatory components, such as cells and antigens, 

are removed. The ECM is composed of proteins (collagen and elastin), cell adhesion proteins 
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(fibronectin and laminin), GAGs and PGs, and growth factors (Gupta et al., 2017; Keane et al., 

2016).  

The dECM has immense potential to serve as a beneficial material for tissue damage repair 

as it preserves the native environment by providing cells with the necessary elements, such 

as support and biochemical components, that are needed to provide their proliferation and/or 

differentiation. ECM organization and compounds differ from tissue to tissue (Kim et al., 2019; 

Sutherland et al., 2015), but in terms of cartilage, the two major components are collagen and 

PGs, that include bioactive factors, such as growth factors (e.g. transforming growth factor-

beta, fibroblast growth factor and insulin-like growth factor), integrins, and functional peptides 

(Benders et al., 2013).  

The benefits and disadvantages of using a dECM are referred to in Table 1 (Benders et al., 

2013; Chan et al., 2008; Garreta et al., 2017; Hoshiba et al., 2010). 

Table 1 - Advantages and disadvantages of decellularized tissues and organs. 

Advantages Disadvantages 

(i) preservation of the ECM structure and its 

composition that induces tissue 

organization and remodelling 

(ii) modulates cell performance: seeding, 

migration and/or differentiation 

(iii) ECM components are conserved across 

species, so it does not elicit rejection 

(iv) exhibits mechanical properties and 

environment similar to the native tissue 

(v) dECM organ guarantees the upkeep of 

the necessary cell and phenotypes 

functions 

(vi) unlimited access to obtain ECM 

(vii) the positive relationship between cost 

and effectiveness 

(i) ECM architecture variation from different 

species or donors  

(ii) possibility of remaining cell content, 

eliciting negative reactions 

(iii) the difficulty of obtaining an intact ECM 

(iv) heterogeneous cell distribution after 

recellularization 

 

It is possible to decellularize a tissue or whole organ and after obtaining the acellular scaffold 

there can be various ways of application (Figure 10): (i) recellularization, where the cells 

repopulate the matrix; (ii) direct implantation; (iii) use as a cell culture substrate; and (iv)  

transform to create (iv-1) ECM sheets where is used as a mesh or patch graft or, (iv-2)  ECM 

tubular grafts, e.g vascular tissue or process to (iv-3) ECM powder or particles, that can be 

suspended in a solution or used as it is; alternatively, it can be solubilized to form an injectable 
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hydrogel (e.g. for minimally invasive treatments). These applications can be used in 

combination with other biomaterials (Chen et al., 2016; Edgar et al., 2018; Hussey et al., 2018). 

 

Figure 10 - Decellularization possible applications. 

2.4.1 Effects on Extracellular Structure 

The biomechanical properties, ECM composition, and structure and architecture of the tissue 

may be disturbed after decellularization and its negative effects are highly dependent on the 

applied agent. Also, the process of tissue collection and sterilization may lead to changes in 

the biomechanical behaviour, since it is related to the hydration and the 3D arrangement of the 

tissue. These characteristics are important for tissue regeneration. With respect to cartilage, 

more decellularization protocols are needed as their cells are incorporated along with the 

dense ECM. Because of this, GAGs may be depleted leading to a loss of water, consequently, 

the collagen network is affected, altering its biomechanical viscoelastic properties (Benders et 

al., 2013; Chen et al., 2016; Gilpin et al., 2017). 

Therefore, to minimize these consequences the search and selection for the adequate 

decellularization agent to a specific tissue or organ is essential. 

2.4.2 Assessment of Decellularized ECM 

After decellularization, the evaluation of the acellular scaffold is important to prove its quality 

and that the necessary features are present. For this, it needs to be in consideration and 

confirm that (i) all cellular and genetic material was removed; (ii) the ECM components and its 
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architecture are preserved; (iii) there are no residual chemical agents; and (iv) that the 

mechanical behaviour is maintained (Garreta et al., 2017; Gilpin et al., 2017). All to prevent 

toxic and inflammatory reactions and prevent negative cell and host outcomes. Regarding 

EMC components and their structural organisation as well as their mechanical behaviour, there 

should be similar conservation to the native tissue (Crapo et al., 2011; Garreta et al., 2017). 

These characteristics can be evaluated from different methods, such as histological or 

immunohistochemistry analyses, gel electrophoresis, biochemical assays, Scanning Electron 

Microscopy (SEM) and Micro-Computed Tomography (Micro-CT) (Hrebikova et al., 2015). 

2.4.3 Decellularization Agents and Methods 

Choosing the right animal species for a specific tissue is a critical step, and the decellularization 

method depends on the tissue choice, as cells and structure density, lipid content, and tissue 

thickness and shape vary. Decellularization includes physical, chemical, and biological agents 

or methods and all of them can eliminate cellular components. However, they also adversely 

affects the ECM. A combination of these methods could enhance the decellularization 

approach (Hoshiba et al., 2010; Keane et al., 2015; Lumpkins et al., 2008). 

Tissues that undergo physical treatment are consider devitalized, more than decellularized 

since it only lyses cells and the debris are maintained in the tissue. It preserves more the ECM 

constituents and arrangement. Still, since it presents some part of cellular content, it will lead 

to immunological responses. This way, this type of treatment is usually applied in combination 

with chemical or biological ones. The success of a chemical treatment depends on the agent 

concentration, exposure time and tissue type. Enzymes, included in the biological category, 

are mostly applied after chemical treatment (Kim et al., 2019; Sutherland et al., 2015).  

A complete description of the different reagents and techniques are described in Table 2 

(Crapo et al., 2011; Gupta et al., 2017; Hrebikova et al., 2015; Keane et al., 2015, 2016). 
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Table 2 - Decellularization agents and methods commonly used. 

Method/Agent Mechanism of action Results on ECM 
P

h
y
s
ic

a
l 

Freeze and thaw 

Temperature ranging from freezing (ex:  -80ºC) with 

ice crystals formation leading to cell lysis by 

breaking the cell membrane, and thawing (ex: 

25ºC) 

Ice crystals may disrupt the ECM; cellular material remnants 

Pressure or force 
Their application burst cells and the act of removing 

tissue eliminates cells 
Damage or disrupt the ECM 

Electroporation 
Pulsed electric field leads to cell lysis by breaking 

the cell membrane 
Causes oscillation disrupting the ECM 

C
h
e
m

ic
a
l 

Acids and Bases 
Hydrolysis cytoplasmatic constituents; degrades 

nucleic acids 
Collagen, GAGs and growth factors are damaged 

Hypotonic and Hypertonic 

Solutions 

Induces osmotic shocks causing cell lysis; DNA-

protein interactions are disrupted 

Cellular material is lysed but not effectively removed.  Hypo 

and hypertonic agents’ alternation may decrease GAGs 

Solvents (e.g. alcohols and 

acetone) 
Dehydration causes cell lysis and removes lipids Proteins precipitate and tissue may become stiff 

Organic solvents (e.g. 

Tributyl phosphate) 
Protein-protein interactions are disrupted 

Collagens, GAGs and biomechanical behaviour may be 

affected; residual cytoskeletal proteins may remain 

Ionic detergents 

(SDS) 

Dissolute cell and nuclear membranes, lipids and 

DNA 

Effective in removing cellular material and cytoplasmatic 

proteins; disruption of the spatial arrangement; GAGs and 

growth factors may be removed; damages collagen 

Sodium deoxycholate (SD) 

Effectiveness in removing cellular material dependent on 

tissue thickness; disruption of the spatial arrangement; 

GAGs removal 

Triton X-200 

Higher effectiveness in removing cellular material from thin 

tissues; greater spatial arrangement disruption than other 

detergents 

Non-ionic detergents 
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Triton X-100 
Disrupt more DNA-protein, lipid-lipid, lipid-protein 

interactions, rather than protein-protein interactions 

Higher effectiveness in removing cellular material from thin 

tissues; disruption of the spatial arrangement and decrease 

in GAGs content. 

Zwitterionic detergents 

CHAPS Presents ionic and non-ionic characteristics  
Effective in removing cellular material; minor disruption of the 

spacial arrangement; cytoplasmatic proteins remnants 

B
io

lo
g
ic

a
l 

Chelating agent (e.g. 

Ethylenediamine tetraacetic 

acid (EDTA)) 

Cell adhesion is destroyed by binding metallic ions Usually used with trypsin. Alone it is ineffective 

Enzymes 

Endo/Exo nucleases 

Catalyze the hydrolysis of the interior or terminal 

bonds of ribonucleotide and deoxyribonucleotide 

chains 

Hard to eliminate from the tissue 

Trypsin 
Cleaves peptide bonds on the carboxyl side of the 

amino acids arginine and lysine 

Spatial arrangement disruption after long time exposure; 

ECM components are removed 

Dispase Cleaves fibronectin and collagen IV peptides 
Spatial arrangement disruption after long time exposure; 

fibronectin and collagen IV may be removed 

Esterases Cell phospholipid content is hydrolysed GAGs decrease; spatial arrangement is preserved 

T
e
c
h
n
iq

u
e
s
 

Perfusion 
Usually applied in whole organs; Enables agent 

exposure and helps in cell removing 

Causes pressure that can damage ECM and decreases 

growth factors 

Agitation and immersion Enables agent exposure and helps in cell removing 
Agent choice, degree of agitation or sonication, and time of 

exposure are all parameters than can affect ECM 

Pressure gradient Enables agent exposure and helps in cell removing Pressure damages ECM 

Supercritical Fluid 
Uses pressure to burst cells; enables agent 

exposure and helps in cell removing 
Pressure damages ECM 
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Chapter 3: Materials and Methods 

3.1 Tissue preparation 

Lamb's heads (6 to 8 months) were obtained from butchers and the TMJ discs were dissected 

from their joints. They were carefully removed and the remaining retrodiscal tissue and 

ligaments were cut. All samples used for the proposed work were not perforated, cut or injured 

(Figure 11). All samples were morphologically evaluated in weight, thickness with a digital 

calliper and the mediolateral and anteroposterior dimensions with software Image J. Discs 

were stored in 0.1 M phosphate buffered saline (PBS) (pH= 7.4) at 4°C until use. 

 

Figure 11 - Intact (A) and injured (B, C) lamb native discs 

3.2 Decellularization procedures  

Lamb discs were divided into 15 sets, including the native control, to test different 

decellularization protocols. The agents and/or methods used were: i) freeze and thaw; ii) SDS; 

iii) Triton X-100; iv) Accutase; v) ethanol/acetone; and vi) a combination of them. Different 

agent concentrations were tested and in Table 3 and Table 4 there is a full description of the 

protocols. 

Decellularization procedures were performed in an orbital agitator at room temperature (RT) 

for 24 hours at 150 rpm, except for the Accutase in which it was used for 2 hours at 37⁰C at 

100 rpm. A cycle of freeze and thaw was performed by freezing the samples in -20⁰C for 24h, 

followed by a thaw in a water bath at 37⁰C.  

Afterwards, extensive washing was performed with PBS, 2×45min and 2×60min at 150 rpm. 

After decellularization, discs were morphologically analysed as performed after dissection. 

Discs were stored in 0.1 M PBS (pH= 7.4) at 4°C until use. 
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Table 3 - Different chemical agents used and their decellularization conditions 

Group Chemical Treatment Rpm/Time/Temperature 

Control - - 

1 1:1 solution of ethanol (96%) and acetone (99.5%) 

150/24h/RT 

2 0.1% SDS 

3 0.5% SDS 

4 1% SDS 

5 0.1% Triton X-100 

6 0.5% Triton X-100 

7 1% Triton X-100 

8 Accutase 100/2h/37°C 

Table 4 - Combination of the physical and chemical agents used for decellularization 

Group Physical Treatment Chemical Treatment 

9 

1 cycle of freeze and thaw                      

(-20°C followed by 37°C) 

0.1% SDS 

10 0.5% SDS 

11 1% SDS 

12 0.1% Triton X-100 

13 0.5% Triton X-100 

14 1% Triton X-100 

3.3 Micro-Computed Tomography 

To evaluate the internal structure of the native and acellular tissues, images were obtained 

with Micro-CT equipment (SkyScan 1174TM, Bruker, Kontich, Belgium). Before visualisation, 

the discs were immersed in 2.5% (w/v) glutaraldehyde with 0.1%M of PBS for 30 minutes to 

cell fixation. Then, they were subjected to ethanol dehydration cycles of 30%, 70%, and 96% 

for 30 minutes each. The staining was performed with hexamethyldisilazane (HMDS) by 

immersing the samples for 2h and left to air-dry for at least 2h. 

3.4 Scanning Electron Microscope 

To analyse the effects of the decellularizing agents on the ECM structure of the scaffolds, as 

well as the removal of the cellular content, SEM (Tescan, Vega 3) was performed, with an 

electron beam of 10 kV, on portions of the disc. For visualisation, the discs were prepared as 

for Micro-CT and then sputter-coated with gold/palladium. A sterilization procedure was 

implemented in which samples were subjected to ultraviolet radiation (UV) light for 2h while 

submerged in 70% ethanol, followed by UV light overnight. 
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3.5 Fourier-Transform Infrared Spectroscopy Analysis 

The whole molecular composition of the native disc and the discs subjected to the different 

decellularization protocols were analysed by Fourier-transform infrared (FTIR) spectroscopy 

with an attenuated total reflectance detection mode (Alpha FT-IR, Bruker) in the mid-infrared 

region (400 to 4000 cm-1), with a resolution of 4 cm-1 and 64 scans per spectrum. All spectra 

were corrected in relation to an analysis conducted without a biological sample. Spectra were 

acquired with OPUS® software (version 6.5, Bruker) and triplicate spectra were acquired for 

each sample. 

The 5 morphological regions of the disc (medial, lateral, central, posterior and anterior) were 

analysed. Three independent samples of the native disc and from each decellularization 

protocol were analysed. Both cellular and acellular ECM samples before their analysis were 

kept in 0.1 M PBS (pH= 7.4) at 4°C.  

3.5.1 Univariate and Multivariate analysis 

For univariate analysis, different ratios between adjacent spectral bands were determined. The 

second derivative spectra were also considered for collagen and GAGs quantitative analysis. 

The second derivative was calculated from each spectrum using a Savitzky-Golay filter with a 

second-order polynomial over a 15-point window followed by uni-vector normalization. 

Multivariate analysis was performed by principal component analysis (PCA). Pre-processing 

and processing were conducted on Matlab R2012b (Mathworks Natick, MA, USA). 

3.6 Mechanical Assays 

The native and decellularized discs were subjected to compression testing using a texture 

analyser with a 1.2 mm min–1 extension rate and a 50 kg load cell until a compression of at 

least 55% was achieved. (TA.XTplusC, Stable Micro Systems, UK). Three samples of the 

native disc and each decellularization protocol were tested. During the tests, the discs were 

removed from the refrigerator where they were stored at -4°C and tested at RT. Compression 

modulus was calculated from the linear region of the stress-strain curve.  

3.7 Statistical Analysis 

Statistical differences between samples were evaluated on GraphPad Prism 8 software. For 

morphological and FTIR analysis, a two-way ANOVA was performed except for the 

quantification of biochemical components of the native disc, where a one-way ANOVA was 

conducted. For the mechanical assays, a one-way ANOVA was also performed. All tests were 

calculated with Fisher's LSD post-hoc analysis, with a confidence interval of 95%.  
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Chapter 4: Results and Discussion 

4.1 Selection of the Animal Model 

The choice of animal to study is key to the translation of its application to clinical practice so 

that it can successfully replace the human TMJ disc.  Different authors have been investigating 

different animal models and the pig is considered to be the gold standard as it resembles the 

human anatomy when compared to the rabbit, goat, and cow (Kalpakci et al., 2011). Recently 

a review of different physiological, anatomical and practical considerations on the different 

animals studied in the literature was conducted and it was concluded that sheep and goats 

should be the first choice for a TMJ TE approach as they present several advantages when 

compared to pig, such as they are easy to obtain, inexpensive and present an easily accessible 

surgical site (Almarza et al., 2018). Even more, the TMJ fibrocartilage of Black Merino sheep 

is histologically similar to that of humans (Ângelo et al., 2018). Since the obtaining of sheep 

discs was scarcer, it was chosen to perform this work with lamb discs. 

4.2 Selection of the Decellularization Methods 

Decellularization is a technique that allows the retention of the extracellular cartilaginous 

structure of the disc, while the cellular content is removed. However, it is necessary to 

investigate appropriate techniques and reagents, as a balance between cell removal and 

unwanted matrix degradation needs to be achieved. Moreover, it is dependent on the tissue 

under study. For this, the chosen decellularization techniques and reagents for the TMJ disc 

were based on a literature review of some established methods. The search began by finding 

articles about the decellularization of the TMJ disc and cartilage in general. These articles are 

described by the selected reagent. 

Ionic detergents are characterized by the presence of a head group that could have a positive 

(cationic) or negative (anionic) charge. SDS is an anionic detergent that forms micelles and 

solubilizes membrane proteins (Seddon et al., 2004). The first study on TMJ disc 

decellularization was in a porcine animal model and reported that 1% (m/v) of SDS agitation 

for 24h at 25⁰C followed by PBS washes is an appropriate reagent for this purpose since 

histological results demonstrated a complete cell removal, maintaining the mechanical 

properties, although collagen fibres became compressed (Lumpkins et al., 2008). Juran et al. 

(2015) also evaluated the use of 1% (m/v) SDS agitation for 24h followed by 

deoxyribonuclease solution and results demonstrated that the ECM also exhibits collagen fibre 

compaction, but with higher compressive modulus compared to porcine native disc. A 

lyophilization and rehydration approach was shown to be effective in recovering its collagen 

organization and mechanical behaviour.  
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When investigating the TMJ disc with its retrodiscal tissue, 0.1% (m/v) SDS agitation for 48h 

followed by PBS washes has been shown to be effective in removing cells while maintaining 

the anterior-posterior tensile behaviour. However, tissue swelling has been found. Although 

the retrodiscal tissue is not the topic of this work, authors propose a combination of 0.1% (m/v) 

SDS and 2:1 solution of chloroform (99.8%)/ methanol (99.8%) for the decellularization of the 

disc-retrodiscal tissue complex, as cells and lipidic content were removed, respectively 

(Matuska et al., 2018). Preliminary studies by Matuska et al. (2018) demonstrated that 

concentrations between 0.1% and 1% (m/v) SDS in culture media lead to cell solubilization. 

Also, it has been shown that lower concentration of SDS result in lower collagen degradation, 

as well as, there is a lower risk of detergent residues in the tissue which may lead to cytotoxic 

effects. 

Triton X -100 is a nonionic detergent that is characterized by the presence of an uncharged 

hydrophilic head (Seddon et al., 2004). Regarding the TMJ disc, this detergent has only been 

used by Lumpkins et al. (2008), in a concentration of 1% for 24h at 25⁰C, where, cells were 

removed, but energy dissipation ability decreased due to the existence of a softer disc. For 

SDS, as described, 0.1% and 1% concentrations have already been tested, and although it 

has been mentioned that both remove cells, a complete analysis of the biochemical 

components of the ECM has not been conducted. Thus, these two concentrations were tested 

in this work, adding a mid-term concentration of 0.5% to better understand its impact. For 

comparison, Triton X-100 was also used, using the same concentrations and conditions. 

Alcohols, such as ethanol, and acetone have the capacity to lysate cells and remove lipid 

content (Crapo et al., 2011). A combination of 1:3  (vol.%) acetone/ethanol was used for 24h 

at 25⁰C to decellularize a porcine TMJ disc and, although cells were removed, the disc turned 

stiffer, dehydrated and with an increased energy dissipation (Lumpkins et al., 2008). Also, a 

combination of 1:1 solution of acetone (99.5%)/ ethanol (96%) for decellularization of the 

porcine TMJ disc for 48h led to cell removal, maintaining disc tensile anterior-posterior 

behaviour, but it became thinner (Matuska et al., 2018). Considering these results, it was 

proposed to replicate the 1:1 solution of acetone (99.5%)/ ethanol (96%), but with the alteration 

to decellularize for only 24h to assess the impact on the compression behaviour of the disc. 

Freezing and thawing cycles are characterized by the formation of ice crystals which, 

consequently, lead to cell bursts. Moreover, since it allows the opening of the ECM, if there 

are further decellularization treatments, there is a greater fluidity of reagents diffusion 

(Schneider et al., 2016). Regarding the stability of the maintenance of the mechanical 

properties with this physical treatment, Allen & Athanasiou (2005) investigated from one to five 

freezing and thawing cycles, at -20°C during 6-18h followed by RT thaw, and demonstrated 

that there was no change in the mechanical behaviour of the hogs TMJ discs. However, if it is 
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frozen for more than 30 days there are differences in the viscoelastic properties (Calvo-Gallego 

et al., 2017). Despite this, in both studies, only the intermediate/central zone was analysed. 

Also, osteochondral dowels obtained from the tibial plateaus when frozen at -20°C or -80°C 

for 24h followed by thawing at 37.5°C did not result in any alteration of its mechanical behaviour 

(Szarko et al., 2010). The effectiveness of cell removal in tendon horses has also been shown 

to be more effective when five cycles of freeze and thaw (liquid nitrogen followed by 37°C) are 

combined with a detergent  (1% SDS or Triton X-100) compared to the detergent alone (Burk 

et al., 2014). 

Considering these papers, for the present work it was chosen to test one freeze and thaw cycle 

of -20°C for 24h followed by thaw at 37°C. Despite articles in the literature that used this 

technique in the TMJ disc used thawing at RT, it was decided to use a higher thaw temperature, 

but not too high to lead to a greater diffusion of the reagent and remove more cells. In addition, 

this method was implemented following the different concentrations of SDS and Triton X-100 

tested to assess the existence of any pattern. 

Accutase solution contains proteolytic and collagenolytic enzymes for cell detachment. 

Although not often used in decellularization, this enzyme has been used to replace 

trypsin/EDTA, which in turn is widely used for this purpose. In cell digestion accutase has 

demonstrated higher cell viability, but also higher cell apoptosis. Although this later one is not 

preferable in cell dissociation, for decellularization this may be a positive outcome (Li et al., 

2015). 

Decellularization procedures were performed under continuous agitation. For the washing 

steps, and because SDS and Triton X-100 are detergents, PBS media was renewed until no 

more bubbles were formed. For comparison, for the remaining reagents the same procedure 

was conducted, two washing steps of 45min and two washing steps of 1h in PBS.  

4.3 Morphological Evaluation 

The preservation of the morphological characteristics is essential for the success of the 

engineered-disc. To analyse the effects of the decellularizing reagents in the disc morphology, 

thickness, weight and mediolateral and anteroposterior dimensions were analysed. Table 5 

shows discs before and after treatments, where it is possible to see the changes. The 

ethanol/acetone discs became stiffer and darker in colour, while for SDS and Triton X-100, 

including the freeze-thaw treatment, the discs become whitened. For accutase, on the other 

hand, there seems to be no noticeable changes. Interestingly, comparing the native discs, it is 

possible to observe different morphologies, in which some discs are more elongated, others 

more rounded and some present a more prominent medial zone, demonstrating the 

morphological variability of lamb TMJ discs. 
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Table 5 – Gross morphology of the discs before and after decellularization treatments: Ethanol/Acetone; 
0.1%, 0.5% and 1% SDS; freeze and thaw followed by 0.1%, 0.5% and 1% SDS; accutase; 0.1%, 0.5% 
and 1% Triton X-100; and freeze and thaw followed by 0.1%, 0.5% and 1% Triton X-100, where FT is 
freeze and thaw and Triton X-100 is Tri. 

Sample                        Native                   Treated 

Ethanol/Acetone 

                                               

0.1% SDS 

                                               

0.5% SDS 

                                               

1% SDS 

                                               

FT 0.1% SDS 

                                               

FT 0.5% SDS 

                                               

FT 1% SDS 

                                               

Accutase 

                                               

0.1% Tri 

                                               

0.5% Tri 

                                               

1% Tri 

                                               

FT 0.1% Tri 

                                               

FT 0.5% Tri 

                                               

FT 1% Tri 
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The following morphological evaluation included all disc used for the FTIR spectroscopy (N=3) 

and mechanical testing (N=3). The native discs used for the proposed work presented a 

thickness of 1.62 ± 0.674 mm, an anteroposterior dimension of 13.44 ± 0.645 mm, a 

mediolateral dimension of 23.35 ± 1.109 mm and weighted 0.385 ± 0.029 g. Thickness 

variations of the discs upon the different treatments can be observed in Figure 12 – Ai, Aii. 

Measurements were taken in the posterior zone, since it is the thickest portion of the disc. 

Results revealed that all SDS treatments led to tissue swelling, where thickness increase was 

most pronounced for 0.5% SDS, with a 47.6% increase (p<0.001), and for freeze and thaw 

followed by 1% SDS with a 39.2% increase (p<0.001). 1% SDS led to an increase of 35.4% 

(p<0.01) and freeze and thaw followed by 0.5% SDS of 28.8% (* p<0.05). For treatments with 

0.1% SDS (with and without freeze and thaw), ethanol/acetone, accutase and Triton X-100 no 

statistical differences were found.  

SDS results are in agreement with the literature, where decellularization with 0.1% SDS only 

led to a 17% increase in thickness (Matuska et al., 2018) and that with higher SDS 

concentrations (1%), this increase is more pronounced (Matuska et al., 2018). Interestingly, in 

the present work, the addition of freeze and thaw was advantageous for 0.1% and 0.5% SDS 

where there was less swelling. However, for 1% SDS the opposite occurred, although the 

difference was of only 3.8%. For ethanol/acetone, Matuska & McFetridge (2018)  also indicated 

tissue swelling (increase of around 6%). However, in the present study, compaction was found 

(decrease of 17.5%). Although the decellularization solution is the same, the differences found 

may be due to the decellularization time (24h vs 48h) and to the animal model used (lamb vs 

pig). 

Regarding the tissue weight (Figure 12 – Bi, Bii), for accutase and higher concentrations of 

SDS, 0.5% and 1%, including freeze and thaw, there was a weight increase, in which for 1% 

SDS was statistically different at 5% significance (increase of 26.9%). For the remaining 

treatments, there was a weight decrease, more pronounced in the ethanol/acetone with 17.5%, 

but not statistically significant. In the porcine discs, opposite results were found for 0.1% SDS 

and ethanol/acetone, in which tissue increased 16% and 3%, respectively (Matuska et al., 

2018). Once again, these differences may be due to decellularization time (24h vs 48h) and 

animal model used (lamb vs pig). 

Anteroposterior (Figure 12 – Ci, Cii) and mediolateral (Figure 12 – Di, Dii) dimensions were 

also evaluated. In the anteroposterior dimension, all treatments led to a decrease in length, 

where differences of 5% significance are found in the ethanol/acetone treatment (decrease of 

10.0%) and the 1% Triton X-100 (decrease of 12.5%). In the mediolateral dimension, all 

treatments also led to a decrease in length, except for freeze and thaw followed by either 0.1% 

or 0.5% SDS. Although there were no statistical differences for all methods, the ethanol 
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treatment was the one that led to the greatest change, in which there was a decrease of 8.90%. 

The difference by which the anteroposterior measurement presents major differences may be 

explained by the fact that collagen fibres in the intermediate zone are oriented 

anteroposteriorly, leading to a decrease in their length as a consequence of the 

decellularization methods. 

Lumpkins et al. (2008) also found a decrease in both dimensions when porcine TMJ discs were 

decellularized with a solution of 1:3  (vol.%) acetone/ethanol, whereas for 1% SDS no change 

occurred. Contradictorily, for the same animal specie, Matuska et al. (2018) found an increase 

in both dimensions for 50% ethanol/ 50% acetone (the same solution as the present work but 

for 48h decellularization) and a decrease after 0.1% SDS.   
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Figure 12 - Relative thickness (Ai), weight (Bi) and anteroposterior (Ci) and mediolateral lengths (Di) of 
the decellularized discs, before and after the treatments and its correspondent percentage of increase 
or decrease (Aii, Bii, Cii, Dii). EtOH/Acet is ethanol/acetone, FT is freeze and thaw and Triton X-100 is 
Tri. Statistically significant were calculated with a two-way ANOVA with Fisher's LSD post-hoc analysis 
and differences are represented by a bracket (* p<0.05, ** p<0.01 and *** p<0.001). 
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4.4 FTIR Spectroscopy Analysis 

To evaluate the decellularization process of a cartilaginous tissue, usually diverse laborious 

and complex methods are conducted, based on histology and biochemical testing (Tint et al., 

2019). FTIR spectroscopy may present complementary information concerning the molecular 

characterization of the sample, while enabling a simple, rapid (spectra is normally acquired in 

1 min) and economic (expensive reagents are not required) analysis (Araújo et al., 2020; Baker 

et al., 2014). 

FTIR spectroscopy is characterized by the absorption of infrared radiation by the sample, 

resulting in a spectrum that represents chemical vibrational modes. In biological tissues, the 

main chemical bonds represented in the spectra are proteins, lipids, nucleic acids and 

carbohydrates (Belbachir et al., 2009; Malek et al., 2014). Despite the advantages of this 

technique, it lacks specificity due to overlap bands and even due to common bonds present in 

different molecules (Rieppo et al., 2012). One approach to overcome this issue is the 

calculation of the second derivative, which improves the spectral band resolution (Saarakkala 

et al., 2010).  

In Figure 13-A it is possible to visualize the spectra of the native lamb TMJ disc, with two strong 

absorptions representing amide I at 1630 cm-1 which is assigned to C=O stretch vibrations, and 

amide II at 1550 cm-1 which is assigned to N-H bending and C-N stretching vibrations. Since 

both collagen and PGs have these molecules in their constitution, both have contributions in 

the amides. However, since collagen is the main constituent of cartilage, it is believed to be 

dominant in these regions. Smaller absorptions are found between 2875 and 2963 cm-1 related 

to CH3 symmetric and asymmetric vibrations, respectively, and in the 1749 cm-1 related to the 

C=O symmetric vibrations. The 1454 cm-1 band is assigned to CH3 asymmetric bending 

vibrations, at 1402 cm-1 is present the COO- symmetric vibration and at 1338 cm-1 the CH2 side 

chains vibrations of collagen. In the raw spectra is possible to visualize a shoulder at 1376 cm-

1 that in the second derivative is highlighted (Figure 13-B), and is related to CH3 symmetric 

bending vibration of GAGs (sulfated and non-sulfated). The amide III region presents 

contributions from different bonds. The higher band, at 1240 cm-1, is assigned to C-N stretching 

and N-H bending, as well as, SO3
- asymmetric stretching vibrations of sulfated GAGs. At this 

band, the PO2
- asymmetric stretch also from nucleic acids can also be assign. The two lower 

bands of the amide III region, at 1283 and 1203 cm-1
, are related to the collagen vibrations in 

this region with CH2 wagging vibration from the glycine backbone and proline sidechain. The 

sugar bands are present between 1033 and 1160 cm-1 and represent the carbohydrates and 

nucleic acids. The 1160 cm-1 band is assigned to C-O stretching vibrations of the carbohydrate 

residues. The C-O stretching vibrations of the carbohydrate residues in collagen and PGs are 

found at 1033 and 1080 cm-1, with the addition that this later band also presents an assignment 
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of PO2
- asymmetric from nucleic acids. The band 1052 cm-1 is assigned to C-O stretching 

vibrations of the carbohydrate residues in PGs and SO3
- asymmetric stretching vibrations of 

sulfated GAGs (Heise et al., 1997; Malek et al., 2014; Movasaghi et al., 2008; Saarakkala et 

al., 2010; Wood et al., 2016). 

 

Figure 13 - Spectrum of the native TMJ disc (A) and its second derivative (B), where ν= stretching, δ= 
bending, ω= waggins, s= symmetric and as= asymmetric vibrations. 

4.4.1 Spectral Band Ratios on the non-pre-processed FTIR spectra 

The first evaluation was carried out on the spectra without processing and consisted of the 

ratio analysis between adjacent bands. Ratios between bands are less dependent on the 

optical path, i.e. from the sample quantity or thickness analysed, and baseline problems.  

Some ratios found in the literature related to collagen degradation and orientation were 

evaluated. The ratio between the area under the band at 1338 cm-1 (1325-1355 cm-1) and the 

amide II region (1588-1485 cm-1), indicates collagen integrity, where its decrease results from 
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collagen degradation. For example, this ratio decreases with osteoarthritis increase (Bi et al., 

2006; Boskey et al., 2007; Oinas et al., 2016; West et al., 2005). The ratio between amide III 

(1240 cm-1) and 1450 cm-1 bands is an indicator of the triple helix conformation of collagen and 

must be equal to or greater than 1. In gelatine, which is composed of denatured collagen, the 

value is 0.59 (Gopinath et al., 2004; Guzzi Plepis et al., 1996). Regarding the orientation of the 

collagen network, the ratio between the amide I (1700-1588 cm-1) and amide II (1588-1485 cm-

1) area bands have been used, where polarised infrared light can be used to determine its 

specific orientation, as perpendicular or parallel (Bi et al., 2005; Camacho et al., 2001). In the 

present work, this ratio was applied without the use of this equipment because, although the 

orientation of the collagen fibres in the disc is not assessed, it is possible to know if there was 

any alteration in them. 

Table 6 presents the bands analysed in the present work. Although a specific designation to 

these ratios is difficult due to the spectral overlapping, some designations were defined 

according to the most common components in cartilage. 

Table 6 - Spectral band ratios evaluated to assess differences between the native disc and 
decellularization procedures, and their corresponding assignments, where ν= stretching, δ= bending, s= 
symmetric and as= asymmetric vibrations. 

Ratios Assignment 

1033/1052 Sugar  

1082/1052 Sugar  

1082/1240 Sugar/Amide III 

1160/1082 Sugar  

1203/1240 Amide III 

1283/1240 Amide III 

1317/1338 Collagen CH2 side chains 

1376/1338 Sulfated GAGs/Collagen 

1402/1454 νs COO-/ δas CH3 

1534/1550 Amide II 

1610/1630 Amide I 

1749/1630 Lipids/ Amide I 

2875/2963 Lipids 

Amide I/Amide II Collagen orientation 

1338/Amide II Collagen integrity 

1240/1454 Triple helix conformation of collagen 

 

 



 

41 

4.4.1.1 Native disc 

First, the differences between the 5 morphological regions on the native disc were conducted. 

In Table 7 it is possible to observe that in the sugar region there are significant statistical 

differences between regions, except in the posterior-anterior and lateral-central region which 

is consistent in all calculated ratios. At 1082/1050 cm-1 ratio it is possible to observe that there 

are no differences between any region. However, when rationed to amide III, the statistical 

difference is p<0.001. Interestingly, in the amide III band ratios, there are no differences 

between regions.  

Collagen CH2 side chains present differences between lateral-anterior (p<0.05), medial-central 

(p<0.01), medial-lateral (p<0.001) and posterior-medial (p=0.01) regions. When the sulfated 

GAGs band is rationed to collagen, these regions lower their significance value by one point, 

lateral-anterior (ns), medial-central (p<0.05), medial-lateral (p<0.01) and posterior-medial 

(p<0.05). 

The ratio 1402/1454 cm-1 shows a significant difference of 5% in the medial-lateral and 

posterior-medial region and the amide II band in the same way, except that in the lateral-medial 

region the significant difference is 0.1%. Due to the similarity of the results and the fact that 

they are attributed to the presence of proteins, the small difference that exists may be due to 

1054 cm-1 band that also has influences from lipids. Amide I and lipids do not present significant 

statistical differences between regions.  

Willard et al. (2011) refers that collagen fibres of the native disc are orientated in a ring 

conformation in the periphery and in the anteroposterior direction in the intermediary zone. 

This way, differences of amide I/amide II ratio is indicative of different conformations. Results 

showed a statistical difference at 5% significance between anterior/posterior regions and the 

medial region (mediolateral and anteroposterior orientation, respectively). Furthermore, the 

fibres in the central region are anteroposterior aligned, which resulted in a difference at 1% 

significance when compared to the anterior region (Figure 14). Despite these correlations, it 

was also expected the same results for the remaining zones, where the fibres are 

perpendicularly oriented. However, this ratio was used for a gross analysis of the collagen and, 

as referred, the use of polarised infrared light would be a complementary technique for a more 

detailed evaluation of the collagen orientation.  

As a final observation, it is possible to conclude that the posterior-anterior and lateral-central 

regions are similar to each other because no statistical differences were found in any ratio. 

The medial-posterior is the one that presents statistical differences in almost all the ratios, 

being these two regions completely distinct from each other.  
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Table 7- Statistically significant differences at diverse spectral bands ratios between the 5 regions of 
the native disc, evaluated by Two way ANOVA with Fisher's LSD post-hoc analysis and represented by 
* p<0.05, ** p<0.01 and *** p<0.001. 

 Anterior Central Lateral Medial Posterior 

(1033/1052 || 1082/1052) 

Anterior (0.972 ± 0.032 || 1.09 ± 0.012)  ns ns ns ns 

Central (1.00 ± 0.024 || 1.09 ± 0.010) **  ns ns ns 

Lateral (1.00 ± 0.018 || 1.09 ± 0.018) * ns  ns ns 

Medial (0.941 ± 0.033 || 1.11 ± 0.016) ** *** ***  ns 

Posterior (0.974 ± 0.032 || 1.10 ± 0.017) ns ** * **  

(1082/1240 || 1160/1082) 

Anterior (0.841 ± 0.067 || 0.768 ± 0.030)  *** ns ** ns 

Central (0.788 ± 0.048 || 0.808 ± 0.016) ***  ns *** ** 

Lateral (0.779 ± 0.033 || 0.790 ± 0.026) *** ns  *** ns 

Medial (0.879 ± 0.046 || 0.734 ± 0.038) *** *** ***  ** 

Posterior (0.828 ± 0.063 || 0.772 ± 0.041) ns *** *** ***  

(1203/1240 || 1283/1240) 

Anterior (0.748 ± 0.024 || 0.789 ± 0.018)  ns ns ns ns 

Central (0.735 ± 0.015 || 0.784 ± 0.015) ns  ns ns ns 

Lateral (0.731 ± 0.008 || 0.772 ± 0.015) ns ns  ns ns 

Medial (0.752 ± 0.013 || 0.784 ± 0.018) ns ns ns  ns 

Posterior (0.749 ± 0.015 || 0.781 ± 0.022) ns ns ns ns  

(1317/1338 || 1376/1338) 

Anterior (0.966 ± 0.029 || 1.04 ± 0.019)  ns ns ns ns 

Central (0.952 ± 0.021 || 1.03 ± 0.012) ns  ns * ns 

Lateral (0.943 ± 0.018 || 1.02 ± 0.011) * ns  ** ns 

Medial (0.986 ± 0.015 || 1.05 ± 0.010) ns ** ***  * 

Posterior (0.956 ± 0.027 || 1.03 ± 0.018) ns ns ns **  

(1402/1454 || 1534/1550) 

Anterior (0.956 ± 0.029 || 0.855 ± 0.043)  ns ns ns ns 

Central (0.944 ± 0.019 || 0.855 ± 0.021) ns  ns ns ns 

Lateral (0.934 ± 0.028 || 0.834 ± 0.025) ns ns  *** ns 

Medial (0.963 ± 0.016 || 0.876 ± 0.20) ns ns *  * 

Posterior (0.938 ± 0.027 || 0.855 ± 0.029) ns ns ns *  

(1610/1630 || 1749/1630) 

Anterior (0.668 ± 0.007 || 0.075 ± 0.008)  ns ns ns ns 

Central (0.677 ± 0.007 || 0.075 ± 0.009) ns  ns ns ns 

Lateral (0.671 ± 0.007 || 0.072 ± 0.007) ns ns  ns ns 

Medial (0.658 ± 0.008 || 0.072 ± 0.005) ns ns ns  ns 

Posterior (0.671 ± 0.012 || 0.078 ± 0.005)) ns ns ns ns  

(2875/2963 || Amide I/Amide) 

Anterior (0.570 ± 0.008 || 1.41 ± 0.060)  * ns ** ns 

Central (0.574 ± 0.010 || 1.38 ± 0.030) ns  ns ns ns 

Lateral (0.571 ± 0.013 || 1.39 ± 0.018) ns ns  ns ns 

Medial (0.584 ± 0.012 || 1.38 ± 0.021) ns ns ns  * 

Posterior (0.581 ± 0.013 || 1.40 ± 0.023) ns ns ns ns  
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Figure 14 - Differences in collagen orientation calculated from amide I/amide II (table 7) in all the 
morphological regions of the disc. Statistically significant differences were evaluated by Two way 
ANOVA with Fisher's LSD post-hoc analysis and represented by * p<0.05, ** p<0.01 and *** p<0.001. 

To evaluate the impact of the decellularization treatments in the ECM, a comparison among 

the different regions of native and treated discs was also conducted. FTIR spectra of the 

decellularized disc for all regions are presented in Figure 15 and statistically significant 

differences are presented in Table 8 for the anterior region, Table 9 for the central region, 

Table 10 for the lateral region, Table 11 for the medial region and Table 12 for the posterior 

region. A summarised conclusion of the results can be seen in the appendix 1. Furthermore, 

by analysing the spectra it is possible to see that there was no alteration or addition of bands, 

showing that there was no detergent residues present in the samples. 

4.4.1.2 Ethanol/Acetone Decellularization 

This treatment presents differences in the sugar bands in all regions, but mainly in the anterior 

and medial region, where there are differences at 0.1% significance in the 1082/1240 and 

1160/1082 cm-1 band ratio. The 1082/1050 cm-1 band ratio is the only one that does not present 

differences when compared to the native disc in all regions. In the amide III band, no 

differences are found in the central and lateral region, and in the other zones, differences are 

only found in the 1203/1240 cm-1 band ratio. As this band is assigned to carbohydrate and 

proteins, this could mean that collagen and GAGs content may have changed. For collagen 

CH2 side chains and sulfated GAGs/collagen ratios, only the central region exhibits significant 

differences of 5% significance and 1% significance, respectively. Amide II is only different in 

the posterior zone and amide I in the posterior and medial zone, being the latter more affected 

(p<0.001). Lipids values are maintained in the anterior zone, but the central, lateral, and 

posterior are different at a 5% significance, and the medial zone at a 0.1% significance. 

However, when ratio to the amide I, no differences are found between regions.  

The orientation of the collagen has changed in the anterior and posterior zone with a 

significance of 5%, being oriented in a lower helical conformation, as this value has decreased. 

Concerning collagen degradation, there was a statistical difference for the 1338/amide II ratio, 
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with the reduction of the values in the anterior, lateral (p<0.05) and posterior (p<0.001) zone, 

indicating that there was degradation. However, for the ratio 1240/1454 cm-1, there was a 

statistical difference only in the posterior zone (p<0.05). Despite these results, as mentioned 

above, the complete degradation of collagen is present when the ratio value is 0.5, so although 

the values decrease, they are not close to it. This indicates that a degradation process of 

collagen may have started, especially in the posterior region, and is likely to be more 

pronounced if decellularization treatment with ethanol/acetone is longer. This is in accordance 

with (Arun Gopinath et al., 2014) where the collagen maintains its triple helix conformation, but 

becomes thermodynamically unstable in the presence of ethanol.  

4.4.1.3 SDS Decellularization 

All SDS samples show large differences when compared to native discs. For SDS alone, the 

sugar band area for each ratio shows a difference of 0.1% significance, for 0.5% and 1% SDS. 

For 0.1% SDS the same situation occurs, except for the ratio 1082/1052 cm-1 that the 

difference is smaller for the lateral (p<0.01), medial (p<0.05) and posterior (p<0.01) region. 

Freeze and thaw samples were highly affected (p<0.001) at 1082/1240 cm-1 ratio band in all 

regions and 1160/1082 cm-1 ratio band in the anterior and posterior. The remaining ratios vary 

across the region and the concentration of SDS, where some do not even present statistical 

differences, specifically freeze and thaw followed by 0.1 and 0.5% SDS. The addition of a 

freeze and thaw cycle has not led to as many chemical changes when compared to SDS alone, 

consequently lower SDS concentrations are preferable.  

In the amide III band, the 1283/1240 cm-1 ratio band is statistically different at 0.1% significance 

in all regions and all samples. For the 1203/1240 cm-1 ratio band a gradual increase in the 

statistical difference occurs between SDS alone and freeze and thaw followed by SDS. The 

0.1% SDS and freeze and thaw followed by 0.1% SDS do not show statistical differences in 

all regions except the 0.1% SDS which shows a p>0.05 in the lateral zone. This indicates that 

this band, which is attributed to proteins and carbohydrates, has fewer changes with a lower 

SDS concentration.  

For collagen CH2 side chains and sulfated GAGs/collagen ratios, the medial region is 

statistically different at 0.1% significance in all regions and all samples. But, once again, 

freezing and thawing followed by 0.1% SDS is the one with lower statistically differences. In 

the anterior and posterior regions at 1376/1338 cm-1 ratio band, there is a difference at 1% 

significance and in the central region, there are no statistical differences. In the lateral zone in 

either the ratios, there are no differences. 

The 1402/1454 cm-1 ratio is highly affected (p<0.001), except for the freeze and thaw followed 

by 0.1% SDS in the lateral (ns) and central (p<0.01) zones. Amide II band does not present 
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modifications in the lateral zone for all freeze and thaw samples and in the anterior zone for 

freeze and thaw followed by 1% SDS. Amide II band also presents some high changes in the 

central, medial and posterior zone (p<0.001). Interestingly, in the anterior zone, freeze and 

thaw followed by 1% SDS present a lower significant difference (p<0.05) and in the lateral 

zone, no significant changes are found in the freeze and thaw treatments. Amide I band does 

not show a consistent pattern between regions and samples, but it is possible to visualize that 

the freeze and thaw treatments are less affected. Lipids values also do not present a consistent 

pattern, but major changes are not found in all samples. Mainly, 0.1% and 0.5% SDS are 

unaltered in all regions and the lateral region is less affected. This is in accordance with 

Matuska et al. (2018), where it was shown that 0.1% SDS is ineffective in removing lipids from 

the retrodiscal tissue of the porcine disc.  

The orientation of collagen only changed at higher SDS concentrations (alone or with freezing 

and thawing). Since SDS treatment lead to a ratio increase, that probably is due to an increase 

of collagen helical orientation compared to the native. This change can be explained by the 

fact that collagen fibre compaction was found in decellularization with 1% SDS (Juran et al., 

2015; Lumpkins et al., 2008), possibly changing its conformation. Regarding collagen 

degradation, although values are almost all statistically different, except in freeze and thaw 

followed by 0.1% SDS in the central and lateral region and 0.1% SDS and freeze and thaw 

followed by 0.5% SDS in the lateral region, its increase indicates that the integrity of the 

collagen is favoured.  

4.4.1.4 Accutase Decellularization 

Accutase treatment led to significant changes in the sugar bands. The 1082/1052 cm-1 ratio is 

the one less affected, where differences are only found in the anterior zone (p<0.05) and the 

1033/1052 cm-1 ratio is the one with major changes in all regions (p<0.001). Amide III band 

does not present significant differences, except in the central region in both ratios (p<0.001) 

and in the lateral region at 1282/1240 cm-1 ratio (p<0.05). Collagen CH2 side chains, sulfated 

GAGs/collagen, COO- symmetric stretch/ CH3 asymmetric bend and amide II ratios are 

extremely altered in all regions (p<0.001). 

Amide I band presents statistical differences at 0.1% significance in the anterior, lateral and 

posterior zone, and in the central region a 5% difference. Lipids 2875/2963 cm-1 ratio was 

highly altered (p<0.001) in all regions, but the 1749/1630 cm-1 ratio it is only different in the 

central (p<0.001) and medial (p<0.01) zones.  

Collagen orientation presents higher values in all regions with statistical differences at 0.1% 

significance, which means that collagen is oriented with higher helical conformation compared 

to the native disc. No collagen degradation was found, as 1240/1454 cm-1 band ratio presents 
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no statistical differences in all regions and, although 1338/amide II is statistically different 

(p<0.001), their values increased, which is not indicative of degradation. 

4.4.1.5 Triton X-100 Decellularization 

The sugar ratios, 1033/1052 and 1082/1052 cm-1 in the anterior and posterior zones present 

similar results, where the first band is highly affected, and the later band only presents 

significative differences in freeze and thaw followed by 1% Triton X-100. The 1060/1082 cm-1 

band ratio is also highly altered for all samples (p<0.001), except for freeze and thaw followed 

by 1% Triton X-100 that statistical differences are only found in the medial region (p=0.01). 

Amide III band presents mixed results between samples, wherein the anterior and posterior 

zones 1203/1240 cm-1 band ratio presents no statistically differences in any sample, in the 

lateral and medial zone only the freeze and thaw followed by 0.1% Triton X-100 presents no 

differences and the remaining samples of this zone and the central zone present statistical 

differences at 0.1% significance. 

For collagen CH2 side chains and sulfated GAGs/collagen ratios, in general, the anterior, 

medial and posterior region are extremely different (p<0.001), except for freeze and thaw 

followed by the higher concentrations of Triton X-100. Contradictorily for 1317/1338 cm-1 band 

ratio only freeze and thaw followed by 1% Triton X-100 is affected in the central (p<0.05) and 

lateral (p<0.001) region. 

Amide II band presents no statistically significant differences in freeze and thaw followed by 

1% Triton X-100 in any region, whereas the freeze and thaw followed by 0.5% Triton X-100 in 

the central zone is different at 5% significance, in the anterior and posterior at 1% significance, 

and the medial at 0.1% significance. The remaining samples are extremely affected in all 

regions (p<0.001), except in the lateral region for freeze and thaw followed by 0.1% Triton X-

100 (p<0.01). For amide I band the anterior and lateral region present no statistically significant 

differences in any sample. For the remaining regions, a pattern was not found, but it seems 

that, for the medial and posterior region, samples with freeze and thaw are preferable, while 

for the central regions the Triton X-100 samples. Lipids in 2875/2963 cm-1 band ratio are 

different in all regions for all samples. 

Collagen orientation was extremely affected in all samples and regions (p<0.001), except for 

freeze and thaw followed by 0.5% Triton X-100 in the anterior (p<0.05) and posterior zone (ns). 

Concerning the degradation of collagen, the values for the 1338/amide II cm-1 area ratio have 

increased, so no degradation has been found. Furthermore, the ratio of bands 1240/1454 cm-

1 does not show significant differences, supporting the results obtained. However, this rise in 

values was more accentuated in the central and medial regions for all samples and for the 

remaining regions for samples of Triton X-100 only.



 

47 

(A)  

(B)  

(C)   

(D)   

(E)   

Figure 15 - FTIR spectra of the native and decellularized discs in the anterior (A), central (B), lateral (C), medial (D) and posterior (E) zones, where EtOH/Acet 
is ethanol/acetone, FT is freeze and thaw and Triton X-100 is Tri 
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Table 8 - Mean and standard deviation values of spectral bands ratios of the native disc and the different decellularization procedures, considering the anterior 
zone of the disc. EtOH/Acet is ethanol/acetone, FT is freeze and thaw and Triton X-100 is Tri. Statistical significant differences are presented and calculated 
against the native disc using a Two-way ANOVA with Fisher's LSD post-hoc analysis and represented by * p<0.05, ** p<0.01 and *** p<0.001. 

 

Table 9 - Mean and standard deviation values of spectral bands ratios of the native disc and the different decellularization procedures, considering the central 
zone of the disc. EtOH/Acet is ethanol/acetone, FT is freeze and thaw and Triton X-100 is Tri. Statistical significant differences are presented and calculated 
against the native disc using a Two-way ANOVA with Fisher's LSD post-hoc analysis and represented by * p<0.05, ** p<0.01 and *** p<0.001. 

 

Ratios Native EtOH/Acet 0.1% SDS 0.5% SDS 1% SDS FT 0.1% SDS FT 0.5% SDS FT 1% SDS Accutase 0.1% Tri 0.5% Tri 1% Tri FT 0.1% Tri FT 0.5% Tri FT 1% Tri

1033/1052 0.972 ± 0.032 1.00 ± 0.024** 1.04 ± 0.020*** 1.04 ± 0.012*** 1.03 ± 0.037*** 1.04 ± 0.019*** 0.968 ± 0.030 0.976 ± 0.014 1.04 ± 0.010*** 1.04 ± 0.012*** 1.04 ± 0.012*** 1.04 ± 0.012*** 1.04 ± 0.015*** 1.02 ± 0.018*** 1.02 ± 0.025***

1082/1052 1.09 ± 0.012 1.09 ± 0.014 1.07 ± 0.012 1.04 ± 0.024*** 0.922 ± 0.056*** 1.07 ± 0.039 1.03 ± 0.051*** 0.995 ± 0.016*** 1.12 ± 0.010* 1.09 v 0.015 1.08 ± 0.014 1.08 ± 0.016 1.08 ± 0.020 1.08 ± 0.012 1.06 ± 0.024*

1082/1240 0.841 ± 0.067 0.773 ± 0.049*** 0.646 ± 0.019*** 0.592 ± 0.015*** 0.590 ± 0.030*** 0.699 ± 0.027*** 0.677 ± 0.024*** 0.646 ± 0.019*** 0.745 ± 0.037*** 0.799 ± 0.039* 0.819 ± 0.051 0.807 ± 0.041 0.762 ± 0.054*** 0.804 ± 0.040* 0.798 ± 0.057*

1160/1082 0.768 ± 0.030 0.809 ± 0.015*** 0.833 ± 0.022*** 0.867 ± 0.010*** 0.877 ± 0.042*** 0.829 ± 0.014*** 0.817 ± 0.055*** 0.841 ± 0.015*** 0.791 ± 0.015 0.822 ± 0.023*** 0.823 ± 0.023*** 0.830 ± 0.017*** 0.829 ± 0.012*** 0.820 ± 0.014*** 0.791 ± 0.015

1203/1240 0.748 ± 0.024 0.723 ± 0.012* 0.744 ± 0.013 0.770 ± 0.024 0.798 ± 0.047*** 0.746 ± 0.021 0.830 ± 0.036*** 0.833 ± 0.022*** 0.731 ± 0.019 0.759 ± 0.013 0.766 ± 0.018 0.765 ± 0.022 0.733 ± 0.032 0.751 ± 0.016 0.754 ± 0.015

1283/1240 0.789 ± 0.018 0.795 ± 0.025 0.709 ± 0.043*** 0.664 ± 0.015*** 0.640 ± 0.036*** 0.726 ± 0.010*** 0.651 ± 0.021*** 0.640 ± 0.015*** 0.776 ± 0.023 0.809 ± 0.010* 0.823 ± 0.016*** 0.820 ± 0.019** 0.797 ± 0.028 0.812 ± 0.016* 0.822 ± 0.017***

1317/1338 0.966 ± 0.029 0.954 ± 0.026 0.903 ± 0.009*** 0.885 ± 0.016*** 0.904 ± 0.027*** 0.931 ± 0.030*** 0.915 ± 0.024*** 0.931 ± 0.013*** 0.900 ± 0.015*** 0.925 ± 0.008*** 0.936 ± 0.007*** 0.932 ± 0.018*** 0.943 ± 0.012** 0.941 ± 0.019** 0.962 ± 0.011

1376/1338 1.04 ± 0.019 1.03 ± 0.020 0.955 ± 0.005*** 0.970 ± 0.008*** 0.982 ± 0.025*** 1.02 ± 0.023** 0.999 ± 0.017*** 1.01 ± 0.010*** 0.978 ± 0.011*** 0.989 ± 0.006*** 0.999 ± 0.006*** 0.993 ± 0.009*** 1.01 ± 0.011*** 1.00 ± 0.013*** 1.02 ± 0.007**

1402/1454 0.956 ± 0.029 0.950 ± 0.026 0.885 ± 0.021*** 0.846 ± 0.009*** 0.861 ± 0.014*** 0.908 ± 0.038*** 0.860 ± 0.022*** 0.876 ± 0.010*** 0.833 ± 0.015*** 0.921 ± 0.008*** 0.931 ± 0.009** 0.921 ± 0.018*** 0.943 ± 0.017 0.928 ± 0.024** 0.960 ± 0.019

1534/1550 0.855 ± 0.043 0.870 ± 0.034 0.751 ± 0.036*** 0.756 ± 0.040*** 0.780 ± 0.037*** 0.800 ± 0.034*** 0.806 ± 0.052*** 0.828 ± 0.024* 0.745 ± 0.012*** 0.767 ± 0.010*** 0.779 ± 0.009*** 0.776 ± 0.025*** 0.811 ± 0.022*** 0.822 ± 0.031** 0.835 ± 0.023

1610/1630 0.668 ± 0.007 0.675 ± 0.006 0.633 ± 0.029*** 0.646 ± 0.015*** 0.660 ± 0.009 0.660 ± 0.007 0.665 ± 0.019 0.675 ± 0.012 0.645 ± 0.008*** 0.663 ± 0.007 0.664 ± 0.006 0.665 ± 0.013 0.661 ± 0.014 0.669 ± 0.008 0.665 ± 0.009

1749/1630 0.075 ± 0.008 0.070 ± 0.005 0.071 ± 0.007 0.073 ± 0.006 0.073 ± 0.005 0.067 ± 0.011 0.090 ± 0.026*** 0.081 ± 0.005 0.081 ± 0.004 0.092 ± 0.006*** 0.091 ± 0.010*** 0.091 ± 0.008*** 0.074 ± 0.013 0.085 ± 0.008* 0.075 ± 0.019

2875/2963 0.570 ± 0.008 0.564 ± 0.008 0.577 ± 0.018 0.576 ± 0.006 0.593 ± 0.015*** 0.583 ± 0.016* 0.584 ± 0.021* 0.577 ± 0.007 0.533 ± 0.010*** 0.509 ± 0.007*** 0.505 ± 0.009*** 0.509 ± 0.010*** 0.533 ± 0.020*** 0.530 ± 0.015*** 0.508 ± 0.033***

Amide I/Amide II 1.41 ± 0.060 1.36 ± 0.041* 1.42 ± 0.032 1.44 ± 0.031 1.44 ± 0.021 1.43 ± 0.036 1.49  ± 0.057*** 1.47 ± 0.024* 1.52 ±  0.080*** 1.61 ± 0.039*** 1.61 ± 0.055*** 1.63 ± 0.050*** 1.47 ± 0.071* 1.51 ± 0.057*** 1.51 ± 0.023***

1338/Amide II 0.159 ± 0.008 0.155 ± 0.005* 0.169 ± 0.004*** 0.168 ± 0.003*** 0.168 ± 0.002*** 0.165 ± 0.005** 0.169  ±  0.008*** 0.165 ± 0.001** 0.171 ± 0.04*** 0.176 ± 0.003*** 0.175 ± 0.005*** 0.176 ± 0.003*** 0.163 ± 0.004 0.166 ± 0.008** 0.161 ± 0.004

1240/1454 1.02 ± 0.020 0.991 ± 0.025 1.11 ± 0.038*** 1.15 ± 0.034*** 1.22 ± 0.103*** 1.08 ± 0.032*** 1.21  ±  0.061*** 1.24 ± 0.038*** 1.02 ± 0.014 1.03 ± 0.007 1.02 ± 0.021 1.02 ± 0.011 1.01 ± 0.021 0.995 ± 0.023 0.998 ± 0.021

Ratios Native EtOH/Acet 0.1% SDS 0.5% SDS 1% SDS FT 0.1% SDS FT 0.5% SDS FT 1% SDS Accutase 0.1% Tri 0.5% Tri 1% Tri FT 0.1% Tri FT 0.5% Tri FT 1% Tri

1033/1052 1.00 ± 0.024 1.04 ± 0.015** 1.06 ± 0.004*** 1.05 ± 0.013*** 1.04 ± 0.018*** 1.04 ± 0.029*** 1.00 ± 0.033 1.02 ± 0.039* 1.04 ± 0.008*** 1.03 ± 0.006** 1.04 ± 0.010*** 1.03 ± 0.008** 1.04 ± 0.015*** 1.02 ± 0.009* 1.03 ± 0.020**

1082/1052 1.09 ± 0.010 1.08 ± 0.008 1.08 ± 0.009 1.05 ± 0.018*** 1.02 ± 0.035*** 1.07 ± 0.024* 1.02 ± 0.033*** 1.03 ± 0.037*** 1.08 ± 0.016 1.05 ± 0.007*** 1.05 ± 0.009*** 1.04 ± 0.004*** 1.05 ± 0.015*** 1.04 ± 0.010*** 1.02 ± 0.028***

1082/1240 0.788 ± 0.048 0.733 ± 0.028** 0.639 ± 0.021*** 0.607 ± 0.012*** 0.611 ± 0.032*** 0.703 ± 0.023*** 0.658 ± 0.028*** 0.620 ± 0.030*** 0.802 ± 0.028 0.867 ± 0.018*** 0.862 ± 0.033*** 0.862 ± 0.030*** 0.822 ± 0.056 0.881 ± 0.036*** 0.847 ± 0.038***

1160/1082 0.808 ± 0.016 0.829 ± 0.010 0.848 ± 0.013** 0.877 ± 0.014*** 0.870 ± 0.044*** 0.832 ± 0.011 0.823 ± 0.028 0.855 ± 0.014*** 0.829 ± 0.024 0.863 ± 0.013*** 0.859 ± 0.011*** 0.862 ± 0.009*** 0.854 ± 0.009*** 0.864 ± 0.008*** 0.829 ± 0.024

1203/1240 0.735 ± 0.015 0.718 ± 0.010 0.745 ± 0.011 0.772 ± 0.016*** 0.773 ± 0.028*** 0.744 ± 0.019 0.806 ± 0.025*** 0.790 ± 0.039*** 0.780 ± 0.020*** 0.818 ± 0.007*** 0.814 ± 0.014*** 0.818 ± 0.014*** 0.785 ± 0.034*** 0.823 ± 0.017*** 0.821 ± 0.018***

1283/1240 0.784 ± 0.015 0.766 ± 0.014 0.705 ± 0.014*** 0.681 ± 0.015*** 0.674 ± 0.036*** 0.742 ± 0.012*** 0.669 ± 0.020*** 0.664 ± 0.017*** 0.818 ± 0.020*** 0.867 ± 0.015*** 0.860 ± 0.007*** 0.858 ± 0.010*** 0.841 ± 0.024*** 0.867 ± 0.016*** 0.871 ± 0.024***

1317/1338 0.952 ± 0.021 0.932 ± 0.016* 0.902 ± 0.007*** 0.891 ± 0.013*** 0.891 ± 0.016*** 0.933 ± 0.021* 0.910 ± 0.015*** 0.903 ± 0.028*** 0.917 ± 0.010*** 0.953 ± 0.011 0.951 ± 0.010 0.946 ± 0.012 0.945 ± 0.013 0.960 ± 0.011 0.970 ± 0.017*

1376/1338 1.03 ± 0.012 1.01 ± 0.011** 0.991 ± 0.006*** 0.971 ± 0.009*** 0.973 ± 0.011*** 1.02 ± 0.017 0.995 ± 0.009*** 0.985 ± 0.018*** 0.979 ± 0.004*** 0.955 ± 0.006*** 0.997 ± 0.007*** 0.990 ± 0.008*** 1.00 ± 0.007*** 0.999 ± 0.007*** 1.01 ± 0.007**

1402/1454 0.944 ± 0.019 0.931 ± 0.020 0.881 ± 0.008*** 0.861 ± 0.011*** 0.856 ± 0.011*** 0.918 ± 0.019** 0.871 ± 0.010*** 0.870 ± 0.016*** 0.899 ± 0.014*** 0.948 ± 0.014 0.937 ± 0.011 0.932 ± 0.013 0.936 ± 0.010 0.944 ± 0.012 0.964 ± 0.031*

1534/1550 0.855 ± 0.021 0.848 ± 0.014 0.775 ± 0.010*** 0.763 ± 0.021*** 0.760 ± 0.036*** 0.806 ± 0.038*** 0.803 ± 0.039*** 0.787 ± 0.036*** 0.754 ± 0.008*** 0.795 ± 0.015*** 0.780 ± 0.016*** 0.785 ± 0.021*** 0.791 ± 0.034*** 0.827 ± 0.026* 0.833 ± 0.37

1610/1630 0.677 ± 0.007 0.682 ± 0.006 0.652 ± 0.007*** 0.660 ± 0.009** 0.669 ± 0.012 0.666 ± 0.004* 0.672 ± 0.008 0.668 ± 0.014 0.665 ± 0.009* 0.688 ± 0.006* 0.683 ± 0.008 0.687 ± 0.010* 0.673 ± 0.020 0.696 ± 0.10*** 0.692 ± 0.009**

1749/1630 0.075 ± 0.009 0.073 ± 0.007 0.069 ± 0.006 0.069 ± 0.004 0.073 ± 0.010 0.062 ± 0.013** 0.071 ± 0.015 0.073 ± 0.005 0.100 ± 0.006*** 0.109 ± 0.003*** 0.108 ± 0.007*** 0.111 ± 0.005*** 0.093 ± 0.015*** 0.11 ± 0.007*** 0.094 ± 0.020***

2875/2963 0.574 ± 0.010 0.561 ± 0.005* 0.581 ± 0.012 0.570 ± 0.006 0.600 ± 0.015*** 0.569 ± 0.010 0.576 ± 0.008 0.571 ± 0.009 0.500 ± 0.014*** 0.486 ± 0.006*** 0.479 ± 0.007*** 0.484 ± 0.007*** 0.504 ± 0.014*** 0.489 ± 0.008*** 0.463 ± 0.039***

Amide I/Amide II 1.38 ± 0.030 1.36 ± 0.026 1.40 ± 0.046 1.46 ± 0.034** 1.46 ± 0.040** 1.43 ± 0.013 1.45 ± 0.047** 1.44 ± 0.053* 1.68 ± 0.073*** 1.75 ± 0.043*** 1.78 ± 0.035*** 1.79 ± 0.024*** 1.66 ± 0.060*** 1.73 ± 0.055*** 1.72 ± 0.032***

1338/Amide II 0.161 ± 0.005 0.160 ± 0.004 0.167 ± 0.003** 0.171 ± 0.003*** 0.173 ± 0.004*** 0.169 ± 0.006 0.168 ± 0.005** 0.169 ± 0.003*** 0.181 ± 0.006*** 0.182 ± 0.004*** 0.184 ± 0.003*** 0.186 ± 0.002*** 0.177 ± 0.003*** 0.180 ± 0.005*** 0.177 ± 0.007***

1240/1454 1.01 ± 0.015 1.00 ± 0.014 1.09 ± 0.017*** 1.13 ± 0.029*** 1.15 ± 0.062*** 1.06 ± 0.024*** 1.16 ± 0.036*** 1.18 ± 0.049*** 1.02 ± 0.013 1.01 ± 0.017 1.01 ± 0.012 1.02 ± 0.010 1.01 ± 0.019 0.993 ± 0.015 0.996 ± 0.025
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Table 10 - Mean and standard deviation values of spectral bands ratios of the native disc and the different decellularization procedures, considering the lateral 
zone of the disc. EtOH/Acet is ethanol/acetone, FT is freeze and thaw and Triton X-100 is Tri. Statistical significant differences are presented and calculated 
against the native disc using a Two-way ANOVA with Fisher's LSD post-hoc analysis and represented by * p<0.05, ** p<0.01 and *** p<0.001. 

 

Table 11 - Mean and standard deviation values of spectral bands ratios of the native disc and the different decellularization procedures, considering the medial 
zone of the disc. EtOH/Acet is ethanol/acetone, FT is freeze and thaw and Triton X-100 is Tri. Statistical significant differences are presented and calculated 
against the native disc using a Two-way ANOVA with Fisher's LSD post-hoc analysis and represented by * p<0.05, ** p<0.01 and *** p<0.001. 

 

Ratios Native EtOH/Acet 0.1% SDS 0.5% SDS 1% SDS FT 0.1% SDS FT 0.5% SDS FT 1% SDS Accutase 0.1% Tri 0.5% Tri 1% Tri FT 0.1% Tri FT 0.5% Tri FT 1% Tri

1033/1052 1.00 ± 0.018 1.03 ± 0.015** 1.04 ± 0.019*** 1.05 ± 0.013*** 1.04 ± 0.023*** 1.04 ± 0.021*** 0.984 ± 0.024 0.981 ± 0.028* 1.04 ± 0.015*** 1.04 ± 0.014*** 1.04 ± 0.011*** 1.04 ± 0.014*** 1.04 ± 0.010*** 1.02 ± 0.009* 1.03 ± 0.021**

1082/1052 1.09 ± 0.018 1.09 ± 0.015 1.06 ± 0.021** 1.05 ± 0.021*** 1.02 ± 0.048*** 1.06 ± 0.032* 1.01 ± 0.032*** 1.02 ± 0.039*** 1.10 ± 0.012 1.08 ± 0.019 1.07 ± 0.010* 1.06 ± 0.012** 1.07 ± 0.008* 1.06 ± 0.015** 1.03 ± 0.020***

1082/1240 0.779 ± 0.033 0.739 ± 0.038* 0.666 ± 0.031*** 0.604 ± 0.020*** 0.573 ± 0.013*** 0.704 ± 0.028*** 0.660 ± 0.027*** 0.649 ± 0.032*** 0.760 ± 0.028 0.814 ± 0.050* 0.849 ± 0.53*** 0.849 ± 0.041*** 0.792 ± 0.018 0.830 ± 0.023** 0.836 ± 0.053**

1160/1082 0.790 ± 0.026 0.822 ± 0.009** 0.843 ± 0.018*** 0.874 ± 0.017*** 0.877 ± 0.024*** 0.831 ± 0.017*** 0.822 ± 0.021** .831 ± 0.033*** 0.803 ± 0.019 0.840 ± 0.031*** 0.847 ± 0.021*** 0.845 ± 0.018*** 0.937 ± 0.024*** 0.832 ± 0.017*** 0.803 ± 0.019

1203/1240 0.731 ± 0.008 0.715 ± 0.011 0.756 ± 0.016* 0.67 ± 0.019** 0.776 ± 0.037*** 0.745 ± 0.016 0.824 ± 0.026*** 0.826 ± 0.034*** 0.743 ± 0.019 0.779 ± 0.033*** 0.796 ± 0.026*** 0.794 ± 0.023*** 0.752 ± 0.018 0.773 ± 0.019*** 0.788 ± 0.017***

1283/1240 0.772 ± 0.015 0.778 ± 0.017 0.708 ± 0.010*** 0.676 ± 0.019*** 0.649 ± 0.023*** 0.733 ± 0.013*** 0.654 ± 0.018*** 0.647 ± 0.016*** 0.792 ± 0.015* 0.832 ± 0.044*** 0.848 ± 0.024*** 0.848 ± 0.015*** 0.817 ± 0.008*** 0.832 ± 0.016*** 0.853 ± 0.018***

1317/1338 0.943 ± 0.018 0.941 ± 0.021 0.924 ± 0.019* 0.896 ± 0.013*** 0.893 ± 0.020*** 0.936 ± 0.020 0.920 ± 0.014** 0.920 ± 0.024** 0.912 ± 0.013*** 0.935 ± 0.035 0.951 ± 0.015 0.950 ± 0.011 0.948 ± 0.01 0.956 ± 0.010 0.981 ± 0.009***

1376/1338 1.02 ± 0.011 1.02 ± 0.011 1.01 ± 0.015** 0.972 ± 0.009*** 0.975 ± 0.015*** 1.02 ± 0.016 1.00 ± 0.010** 1.01 ± 0.014** 0.998 ± 0.006*** 0.922 ± 0.015*** 1.00 ± 0.007*** 0.998 ± 0.005*** 1.01 ± 0.016 1.01 ± 0.009* 1.03 ± 0.010

1402/1454 0.934 ± 0.028 0.943 ± 0.026 0.900 ± 0.017*** 0.868 ± 0.010*** 0.856 ± 0.016*** 0.922 ± 0.023 0.878 ± 0.015*** 0.875 ± 0.019*** 0.898 ± 0.013*** 0.933 ± 0.038 0.942 ± 0.014 0.938 ± 0.011 0.945 ± 0.024 0.947 ± 0.012 0.980 ± 0.014***

1534/1550 0.834 ± 0.025 0.848 ± 0.023 0.791 ± 0.021*** 0.763 ± 0.028*** 0.786 ± 0.022*** 0.815 ± 0.019 0.817 ± 0.028 0.812 ± 0.041 0.76 ± 0.012*** 0.760 ± 0.040*** 0.779 ± 0.020*** 0.787 ± 0.015*** 0.800 ± 0.023** 0.818 ± 0.017 0.854 ± 0.021

1610/1630 0.671 ± 0.007 0.678 ± 0.005 0.658 ± 0.010* 0.666 ± 0.013 0.656 ± 0.010** 0.668 ± 0.006 0.671 ± 0.007 0.675 ± 0.014 0.647 ± 0.008*** 0.667 ± 0.015 0.675 ± 0.015 0.677 ± 0.013 0.662 ± 0.008 0.672 ± 0.009 0.681 ± 0.005

1749/1630 0.072 ± 0.007 0.064 ± 0.004 0.065 ± 0.006 0.065 ± 0.005 0.063 ± 0.03 0.063 ± 0.009 0.072 ± 0.009 0.071 ± 0.007 0.079 ± 0.007 0.094 ± 0.008*** 0.100 ± 0.014*** 0.098 ± 0.010*** 0.078 ± 0.016 0.088 ± 0.006*** 0.081 ± 0.016

2875/2963 0.571 ± 0.013 0.558 ± 0.008* 0.578 ± 0.012 0.568 ± 0.007 0.589 ± 0.012** 0.570 ± 0.013 0.578 ± 0.007 0.58 ± 0.010 0.522 ± 0.010*** 0.498 ± 0.010*** 0.492 ± 0.008*** 0.494 ± 0.011*** 0.519 ± 0.013*** 0.510 ± 0.010*** 0.484 ± 0.033***

Amide I/Amide II 1.39 ± 0.018 1.38 ± 0.037 1.42 ± 0.031 1.45 ± 0.04* 1.42 ± 0.052 1.42 ± 0.031 1.46 ± 0.035** 1.47 ± 0.073** 1.56 ± 0.056*** 1.67 ± 0.064*** 1.72 ± 0.064*** 1.71 ± 0.061*** 1.55 ± 0.069*** 1.59 ± 0.062*** 1.60 ± 0.054***

1338/Amide II 0.162 ± 0.005 0.158 ± 0.00* 0.165 ± 0.004 0.170 ± 0.003*** 0.169 ± 0.002** 0.163 ± 0.004 0.166 ± 0.004 0.168 ± 0.003** 0.174 ± 0.003*** 0.179 ± 0.006*** 0.181 ± 0.005*** 0.180 ± 0.004*** 0.169 ± 0.008** 0.169 ± 0.004** 0.166 ± 0.006

1240/1454 1.02 ± 0.017 1.01 ± 0.018 1.10 ± 0.012*** 1.13 ± 0.032*** 1.19 ± 0.055*** 1.07 ± 0.024*** 1.20 ± 0.039*** 1.22 ± 0.046*** 1.03 ± 0.023 1.03 ± 0.027 1.02 ± 0.019 1.01 ± 0.012 1.01 ± 0.013 1.00 ± 0.013 1.00 ± 0.024

Ratios Native EtOH/Acet 0.1% SDS 0.5% SDS 1% SDS FT 0.1% SDS FT 0.5% SDS FT 1% SDS Accutase 0.1% Tri 0.5% Tri 1% Tri FT 0.1% Tri FT 0.5% Tri FT 1% Tri

1033/1052 0.941 ± 0.033 0.998 ± 0.015*** 1.05 ± 0.010*** 1.04 ± 0.026*** 1.03 ± 0.035*** 1.04 ± 0.024*** 0.953 ± 0.025 0.958 ± 0.034 1.01 ± 0.022*** 1.04 ± 0.012*** 1.03 ± 0.016*** 1.03 ± 0.009*** 1.04 ± 0.026*** 1.00 ± 0.013*** 0.994 ± 0.018***

1082/1052 1.11 ± 0.016 1.09 ± 0.009 1.09 ± 0.016* 1.05 ± 0.027*** 1.00 ± 0.066*** 1.08 ± 0.031* 1.05 ± 0.020*** 1.06 ± 0.019*** 1.22 ± 0.016 1.07 ± 0.014*** 1.08 ± 0.014** 1.06 ± 0.021*** 1.09 ± 0.019* 1.06 ± 0.019*** 1.05 ± 0.014***

1082/1240 0.879 ± 0.046 0.787 ± 0.028*** 0.647 ± 0.028*** 0.597 ± 0.019*** 0.585 ± 0.027*** 0.697 ± 0.025*** 0.714 ± 0.028*** 0.694 ± 0.039*** 0.825 ± 0.056** 0.852 ± 0.048 0.868 ± 0.059 0.875 ± 0.037 0.797 ± 0.051*** 0.866 ± 0.030 0.909 ± 0.065

1160/1082 0.734 ± 0.038 0.806 ± 0.010*** 0.829 ± 0.010*** 0.843 ± 0.006*** 0.881 ± 0.038*** 0.813 ± 0.017*** 0.746 ± 0.029 0.765 ± 0.037* 0.765 ± 0.038* 0.837 ± 0.024*** 0.838 ± 0.034*** 0.833 ± 0.025*** 0.825 ± 0.013*** 0.828 ± 0.030*** 0.765 ± 0.038*

1203/1240 0.752 ± 0.013 0.720 ± 0.012** 0.740 ± 0.013 0.768 ± 0.028 0.796 ± 0.051*** 0.742 ± 0.017 0.826 ± 0.022*** 0.818 ± 0.026*** 0.760 ± 0.018 0.795 ± 0.027*** 0.974 ± 0.030*** 0.803 ± 0025*** 0.747 ± 0.029 0.789 ± 0.020*** 0.813 ± 0.041***

1283/1240 0.784 ± 0.018 0.797 ± 0.016 0.695 ± 0.015*** 0.666 ± 0.018*** 0.643 ± 0.039*** 0.726 ± 0.018*** 0.655 ± 0.017*** 0.649 ± 0.016*** 0.786 ± 0.017 0.842 ± 0.022*** 0.844 ± 0.019*** 0.848 ± 0.027*** 0.812 ± 0.023** 0.847 ± 0.025*** 0.868 ± 0.033***

1317/1338 0.986 ± 0.015 0.975 ± 0.013 0.912 ± 0.015*** 0.887 ± 0.015*** 0.914 ± 0.025*** 0.931 ± 0.021*** 0.918 ± 0.015*** 0.922 ± 0.016*** 0.924 ± 0.015*** 0.949 ± 0.012*** 0.958 ± 0.016*** 0.955 ± 0.017*** 0.952 ± 0.017*** 0.972 ± 0.014 0.990 ± 0.014

1376/1338 1.05 ± 0.010 1.05 ± 0.011 1.00 ± 0.011*** 0.979 ± 0.012*** 0.991 ± 0.020*** 1.02 ± 0.019*** 1.01 ± 0.014*** 1.01 ± 0.013*** 1.00 ± 0.011*** 1.00 ± 0.006*** 1.01 ± 0.011*** 1.00 ± 0.009*** 1.02 ± 0.015*** 1.02 ± 0.006*** 1.03 ± 0.005***

1402/1454 0.963 ± 0.016 0.975 ± 0.011 0.891 ± 0.012*** 0.856 ± 0.008*** 0.874 ± 0.008*** 0.910 ± 0.021*** 0.872 ± 0.013*** 0.884 ± 0.013*** 0.903 ± 0.015*** 0.948 ± 0.012 0.948 ± 0.015 0.950 ± 0.018 0.946 ± 0.021* 0.964 ± 0.014 0.979 ± 0.010

1534/1550 0.876 ± 0.20 0.887 ± 0.027 0.766 ± 0.013*** 0.736 ± 0.023*** 0.781 ± 0.044*** 0.908 ± 0.026*** 0.788 ± 0.033*** 0.803 ± 0.030*** 0.755 ± 0.014*** 0.777 ± 0.017*** 0.785 ± 0.021*** 0.790 ± 0.017*** 0.805 ± 0.027*** 0.833 ± 0.021*** 0.857 ± 0.020

1610/1630 0.658 ± 0.008 0.680 ± 0.009*** 0.646 ± 0.010* 0.640 ± 0.009*** 0.662 ± 0.008 0.663 ± 0.006 0.660 ± 0.014 0.670 ± 0.011* 0.651 ± 0.009 0.676 ± 0.016*** 0.677 ± 0.016*** 0.680 ± 0.011*** 0.657 ± 0.013 0.675 ± 0.011** 0.685 ± 0.014***

1749/1630 0.072 ± 0.005 0.064 ± 0.003 0.069 ± 0.008 0.061 ± 0.005* 0.064 ± 0.005 0.061 ± 0.006* 0.068 ± 0.004 0.068 ± 0.004 0.087 ± 0.008** 0.098 ± 0.009*** 0.104 ± 0.019*** 0.102 ± 0.008*** 0.078 ± 0.016 0.089 ± 0.008*** 0.094 ± 0.012***

2875/2963 0.584 ± 0.012 0.560 ± 0.009*** 0.579 ± 0.007 0.574 ± 0.006 0.591 ± 0.009 0.579 ± 0.011 0.573 ± 0010 0.568 ± 0.008* 0.534 ± 0.012*** 0.494 ± 0.010*** 0.505 ± 0.011*** 0.495 ± 0.012*** 0.530 ± 0.014*** 0.508 ± 0.013*** 0.50 ± 0.012***

Amide I/Amide II 1.38 ± 0.021 1.35 ± 0.041 1.40 ± 0.044 1.45 ± 0.035** 1.44 ± 0.022** 1.40 ± 0.043 1.50 ± 0.038*** 1.48 ± 0.038*** 1.59 ± 0.061*** 1.71 ± 0.070*** 1.70 ± 0.087*** 1.73 ± 0.070*** 1.53 ± 0.073*** 1.61 ± 0.048*** 1.66 ± 0.096***

1338/Amide II 0.154 ± 0.002 0.152 ± 0.003 0.167 ± 0.002*** 0.171 ± 0.001*** 0.168 ± 0.005*** 0.164 ± 0.005*** 0.168 ± 0.003*** 0.168 ± 0.003*** 0.177 ± 0.003*** 0.182 ± 0.006*** 0.182 ± 0.008*** 0.182 ± 0.003*** 0.167 ± 0.005*** 0.170 ± 0.003*** 0.171 ± 0.006***

1240/1454 1.02 ± 0.020 0.999 ± 0.019 1.13 ± 0.031*** 1.16 ± 0.036*** 1.23 ± 0.081*** 1.08 ± 0.030*** 1.21 ± 0.046*** 1.23 ± 0.036*** 1.05 ± 0.019 1.03 ± 0.011 1.03 ± 0.017 1.03 ± 0.016 1.02 ± 0.015 1.00 ± 0.022 1.00 ± 0.017
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Table 12 - Mean and standard deviation values of spectral bands ratios of the native disc and the different decellularization procedures, considering the posterior 
zone of the disc. EtOH/Acet is ethanol/acetone, FT is freeze and thaw and Triton X-100 is Tri. Statistical significant differences are presented and calculated 
against the native disc using a Two-way ANOVA with Fisher's LSD post-hoc analysis and represented by * p<0.05, ** p<0.01 and *** p<0.001. 

 

 

 

 

 

 

 

 

 

 

Ratios Native EtOH/Acet 0.1% SDS 0.5% SDS 1% SDS FT 0.1% SDS FT 0.5% SDS FT 1% SDS Accutase 0.1% Tri 0.5% Tri 1% Tri FT 0.1% Tri FT 0.5% Tri FT 1% Tri

1033/1052 0.974 ± 0.032 1.00 ± 0.021** 1.05 ± 0.012*** 1.05 ± 0.011*** 1.02 ± 0.027*** 1.04 ± 0.014*** 1.00 ± 0.036** 0.966 ± 0.030 1.04 ± 0.008*** 1.05 ± 0.017*** 1.05 ± 0.013*** 1.05 ± 0.017*** 1.04 ± 0.023*** 1.00 ± 0.027** 1.01 ± 0.024***

1082/1052 1.10 ± 0.017 1.09 ± 0.010 1.07 ± 0.018** 1.05 ± 0.020*** 0.977 ± 0.048*** 1.08 ± 0.028 1.05 ± 0.031*** 1.02 ± 0.039*** 1.12 ± 0.017 1.10 ± 0.012 1.10 ± 0.008 1.10 ± 0.016 1.09 ± 0.015 1.10 ± 0.023 1.06 ± 0.021***

1082/1240 0.828 ± 0.063 0.777 ± 0.036** 0.646 ± 0.023*** 0.599 ± 0.025*** 0.603 ± 0.038*** 0.681 ± 0.030*** 0.638 ± 0.028*** 0.662 ± 0.029*** 0.745 ± 0.024*** 0.770 ± 0.050** 0.774 ± 0.027** 0.765 ± 0.049*** 0.749 ± 0.049*** 0.810 ± 0.024 0.820 ± 0.053

1160/1082 0.772 ± 0.041 0.802 ± 0.016* 0.826 ± 0.016*** 0.873 ± 0.022*** 0.873 ± 0.056*** 0.815 ± 0.012*** 0.848 ± 0.063*** 0.817 ± 0.039*** 0.791 ± 0.019 0.826 ± 0.023*** 0.829 ± 0.018*** 0.813 ± 0.023*** 0.824 ± 0.026*** 0.796 ± 0.037* 0.791 ± 0.019

1203/1240 0.749 ± 0.015 0.723 ± 0.009* 0.750 ± 0.012 0.768 ± 0.013 0.803 ± 0.043*** 0.743 ± 0.017 0.798 ± 0.033*** 0.835 ± 0.039*** 0.735 ± 0.021 0.751 ± 0.018 0.752 ± 0.008 0.741 ± 0.020 0.729 ± 0.023 0.743 ± 0.011 0.772 ± 0.024

1283/1240 0.781 ± 0.022 0.790 ± 0.017 0.691 ± 0.010*** 0.675 ± 0.024*** 0.637 ± 0.031*** 0.712 ± 0.014*** 0.661 ± 0.026*** 0.640 ± 0.017*** 0.777 ± 0.019 0.800 ± 0.017* 0.799 ± 0.009 0.790 ± 0.015 0.791 ± 0.028 0.798 ± 0.016 0.835 ± 0.020***

1317/1338 0.956 ± 0.027 0.948 ± 0.020 0.902 ± 0.014*** 0.879 ± 0.011*** 0.905 ± 0.023*** 0.919 ± 0.020*** 0.887 ± 0.019*** 0.914 ± 0.027*** 0.895 ± 0.010*** 0.910 ± 0.014*** 0.917 ± 0.011*** 0.912 ± 0.012*** 0.934 ± 0.018** 0.938 ± 0.009* 0.965 ± 0.012

1376/1338 1.03 ± 0.018 1.03 ± 0.017 0.999 ± 0.008*** 0.965 ± 0.010*** 0.982 ± 0.018*** 1.01 ± 0.013** 0.981 ± 0.019*** 0.996 ± 0.018*** 0.978 ± 0.010*** 0.983 ± 0.007*** 0.86 ± 0.012*** 0.986 ± 0.006*** 1.01 ± 0.015*** 1.01 ± 0.005*** 1.02 ± 0.012

1402/1454 0.938 ± 0.027 0.939 ± 0.024 0.974 ± 0.013*** 0.839 ± 0.014*** 0.856 ± 0.013*** 0.900 ± 0.025*** 0.833 ± 0.028*** 0.857 ± 0.016*** 0.873 ± 0.012*** 0.903 ± 0.017*** 0.903 ± 0.017*** 0.900 ± 0.015*** 0.931 ± 0.018 0.919 ± 0.012* 0.960 ± 0.023*

1534/1550 0.855 ± 0.029 0.885 ± 0.031* 0.771 ± 0.012*** 0.744 ± 0.014*** 0.790 ± 0.040*** 0.802 ± 0.021*** 0.767 ± 0.027*** 0.811 ± 0.050*** 0.749 ± 0.007*** 0.758 ± 0.014*** 0.763 ± 0.011*** 0.765 ± 0.015*** 0.810 ± 0.028*** 0.819 ± 0.025** 0.850 ± 0.025

1610/1630 0.671 ± 0.012 0.681 ± 0.010* 0.646 ± 0.008*** 0.647 ± 0.017*** 0.665 ± 0.016 0.661 ± 0.011 0.649 ± 0.016*** 0.666 ± 0.019 0.646 ± 0.007*** 0.662 ± 0.010 0.659 ± 0.006* 0.659 ± 0.009* 0.633 ± 0.017 0.664 ± 0.007 0.675 ± 0.006

1749/1630 0.078 ± 0.005 0.073 ± 0.008 0.074 ± 0.005 0.079 ± 0.008 0.080 ± 0.008 0.063 ± 0.010*** 0.087 ± 0.021 0.088 ± 0.011* 0.084 ± 0.014 0.090 ± 0.009* 0.093 ± 0.009** 0.085 ± 0.007 0.071 ± 0.008 0.090 ± 0.009* 0.077 ± 0.019

2875/2963 0.581 ± 0.013 0.566 ± 0.010* 0.591 ± 0.009 0.579 ± 0.009 0.612 ± 0.016*** 0.586 ± 0.013 0.597 ± 0.011* 0.587 ± 0.012 0.537 ± 0.021*** 0.516 ± 0.009*** 0.519 ± 0.013*** 0.525 ± 0.010*** 0.540 ± 0.014*** 0.540 ± 0.014*** 0.500 ± 0.037***

Amide I/Amide II 1.40 ± 0.023 1.34 ± 0.031* 1.38 ± 0.035 1.46 ± 0.036* 1.44 ± 0.031 1.40 ± 0.038 1.46 ± 0.049** 1.48 ± 0.028*** 1.51 ± 0.072*** 1.58 ± 0.047*** 1.58 ± 0.034*** 1.55 ± 0.056*** 1.46 ± 0.095 1.48 ± 0.057*** 1.53 ± 0.083***

1338/Amide II 0.161 ± 0.004 0.153 ± 0.004*** 0.167 ± 0.002** 0.171 ± 0.001*** 0.169 ± 0.005*** 0.166 ± 0.003* 0.171 ± 0.005*** 0.168 ± 0.003*** 0.172 ± 0.004*** 0.177 ± 0.004*** 0.176 ± 0.003*** 0.175 ± 0.004*** 0.165 ± 0.007* 0.164 ± 0.007 0.162 ± 0.007

1240/1454 1.02 ± 0.020 0.981 ± 0.020* 1.12 ± 0.024*** 1.13 ± 0.051*** 1.21 ± 0.072*** 1.10 ± 0.017*** 1.15 ± 0.062*** 1.23 ± 0.055*** 1.01 ± 0.018 1.02 ± 0.010 1.03 ± 0.012 1.03 ± 0.014 1.01 ± 0.023 1.01 ± 0.030 0.99 ± 0.015
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4.4.2 Second Derivative FTIR Spectra 

Since through FTIR spectroscopy it is possible to visualize absorptions bands that are specific 

to certain molecules, it is possible to perform a quantitative analysis of the collagen and GAGs 

present in the TMJ discs (Saarakkala et al., 2010). Different methods have been applied to 

quantify these components. Collagen can be estimated by integrating the area under the amide 

I band (1720 cm-1 to 1590 cm-1) and PG content can estimated by: (i) integrating the area under 

the carbohydrate band (1140 cm-1 to 985 cm-1); or (ii) by the ratio of the carbohydrate region 

to the Amide I. Although this later ratio is performed to eliminate thickness variations of the 

sample, (Kim et al., 2005; Spalazzi et al., 2013; Zhou et al., 2018) the amide I region has also 

presented influence of the GAGs (Rieppo et al., 2012).  

Different authors have proved the feasibility of the second derivative technique for the 

quantitative analysis of collagen and GAGs in articular cartilage of steers and humans 

compared to the analysis of the raw spectra (Rieppo et al., 2013, 2012). Considering this, the 

collagen content was estimated with 1338 cm-1 band, the sulfated GAGs content around 1052 

cm-1 band and sulfated and non-sulfated GAGs around 1376 cm-1 band. 

4.4.2.1 Native Disc Regionally Content 

A quantitative analysis of the GAGs and collagen between the five morphological regions of 

the native disc was performed (Table 13 and Figure 16). 

Different values are found in the literature for GAGs content, but it generally comprises 1-10% 

of its dry weight, where 5% is the most frequent reported value in the literature. Chondroitin 

sulfate and dermatan sulfate are believed to be the most abundant GAGs present in the disc, 

comprising 75-93% of the total GAGs content, followed by HA with 5-20%. In minor quantities, 

keratan sulfate and heparin sulfate are also present (Allen et al., 2006; Detamore et al., 2003). 

Detamore et al. (2005) investigated the biochemical content of the porcine TMJ disc and 

reported 5.3 ± 1.2% (dry weight) of GAGs content . Chondroitin sulfate was 75% of the total 

GAGs content (4.4 times more than dermatan sulfate, 8.2 times keratan sulfate and 164 times 

HA content).  

Regionally, the GAGs content varies among species. In the porcine TMJ disc, GAGs are more 

predominant in the intermediary zone and less predominant in the posterior zone. It is also 

more predominant medially than laterally (Almarza et al., 2006). In bovine and human discs it 

is more concentrated in the central region than the periphery (Kopp et al., 1976; Nakano et al., 

1996). However, in other separate study no differences were found in GAGs content in human 

discs (Kuo et al., 2010). More recently, Kalpakci et al. (2011) conducted a comparative study 

of the regional biochemical content in human, cow, goat, pig and rabbit TMJ discs, highlighting 
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a high variability among species. Generally, in all species, the central, medial, and lateral zone 

have more GAGs than the posterior and anterior zone. In the human disc, significantly lower 

content in the anterior zone is found compared to the remaining regions.  

All studies mentioned above, only measured sulfated GAGs, except for the Nakano & Scott 

(1996) that also evaluated HA in bovine disc. For the human TMJ disc, sulfated GAGs were 

higher in the medial region, and statistically different from the central and lateral region 

(Kalpakci et al., 2011). This is in accordance with the results found in the current work, where 

the medial zone has a higher concentration of sulfated GAGs and statistical differences are 

found with the central and medial zone at a 0.1% significance and with the anterior and 

posterior at 5% significance. The central region was the one with the lowest sulfated GAGs 

content in the lamb disc, whereas in the human disc it was the anterior.  

For sulfated and non-sulfated GAGs content in the lamb disc, it is not possible to compare with 

any study, but results point that the lateral and posterior region presents more concentrated 

GAGs. However no statistical differences are found with the central or lateral region. The 

regions that are significant different at 5% significance is the lateral-medial and posterior-

medial zones. 

Collagen comprises 37% of the wet weight, 50% of the wet volume or 69–85% of the dry weight 

of the disc. Collagen I is the most abundant biochemical component, but small quantities of 

collagen II, III and non-fibrillar collagens (VI, IX, XII) are also present (Detamore et al., 2003; 

Willard et al., 2011). As GAGs, the distribution of collagen varies among species. In the porcine 

disc, the highest content occurs in the intermediate zone (Almarza et al., 2006), whereas in 

the human disc no statistically differences were found (Kuo et al., 2010). Kalpakci et al. (2011) 

observed the same results for the human disc and for the goat, which is comparable with the 

present study due to the fact that the two are ruminants, where collagen are more concentrated 

in the posterior region. The lamb disc present higher collagen content in the central region. 

However, no statistical differences are found with the posterior region. The lateral region in the 

goat disc presents the lower content and no statistical differences are found with the central 

and medial region, whereas in the lamb disc is the medial region and is statistically different at 

1% significance from the lateral and central region. 
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Table 13 - Statistically significant differences between the 5 regions of the native disc for GAGs and 
collagen content, concerning some bands at the derivative FTIR spectra, evaluated by One-way ANOVA 
with Fisher's LSD post-hoc analysis, and represented by * p<0.05, ** p<0.01 and *** p<0.001. 

  Anterior Central Lateral Medial Posterior 

1052 || 1376 

Anterior    ns ns ns ns 

Central  *   ns ns ns 

Lateral ns ns   * ns 

Medial * *** ***   * 

Posterior ns * ns *   

1338 

Anterior           

Central *         

Lateral ns ns       

Medial ns ** **     

Posterior ns ns ns **   

 

 

Figure 16 – Collagen and GAGs distribution along the lamb TMJ disc. Values presented as mean±SD. 

It is worth to mention that the studies found in the literature differ from the present one, in which 

staining protocols are used. The spectral band associated with collagen is more pronounced 

than the GAGs band, which is in accordance with the native ECM disc components, having 

higher collagen content than GAGs. However, and as mentioned, the studies only analyse 

sulfated GAGs due to the complexity and difficulty of implementing a protocol that also detects 

HA, thus, the implementation of the quantification by FTIR spectroscopy may open the 

possibility to perform this study more effectively by analysing all types of GAGs present in the 

disc, and cartilage in general. Although with this type of evaluation, in which the second 
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derivative is used, the quantitatively exact value of the biochemical components is not 

obtained, with the use of more complex multivariate methods it may be possible. 

4.4.2.2 Glycosaminoglycans content 

GAGs are carbohydrate complexes that are divided into sulfate and non-sulfated. The first 

ones include chondroitin sulfate, dermatan sulfate, keratan sulfate, heparin and heparan 

sulfate. The latter includes HA (Gandhi et al., 2008).  

The sulfated GAGs band is normally found at 1064 cm-1 in human and bovine articular 

cartilage, whereas in rat elastic cartilage, this band is not found (Vidal et al., 2016). In the native 

TMJ disc, a more prominent and consistent band between samples is found at 1052 cm-1 

(Figure 17-A), which is in the range of the symmetric stretching of SO3
- (1072–1040 cm−1) 

(Mohamed et al., 2020).  

For a quantitative analysis of the sulfated GAGs, the analysis of band for the decellularized 

discs was evaluated and a shift in bands of ± 2 cm-1 was accepted. In the ethanol/acetone 

treatment, this band was located in the 1052 cm−1 (Figure 17-B). However, for the remaining 

treatments, there was a shift of this band to higher wavelengths. For all SDS samples, this 

band was located at 1060 cm−1 (Figure 17-C, D, E, F, G, H), in accutase was located between 

1052-1062 cm−1 (Figure 17-I) and for Triton X-100 samples between 1048-1064 cm−1 (Figure 

17-J, K, L, M, N, O). It is known that lower infrared frequencies absorbed by a bond, means a 

larger mass of the bonded atoms, so the change in location of the bands found for sulfated 

GAGs is due to a change in the composition of the sample (Merlic et al., 2000). More 

specifically to decrease of mass in the SDS samples, since the band has changed to a higher 

wavenumber. Interestingly, for accutase and Triton X-100 samples, there was a wide variability 

between replicas, where bands have changed to higher and lower wavenumbers, meaning 

that there was both mass decrease and increase. The same phenomenon was found for the 

quantitative analysis of the GAGs, which include sulfated and non-sulfate, at a band 1376 cm-

1. For the native, ethanol/acetone and SDS samples treatments they were located at this band 

(Figure 17-A-H). However, for accutase, it was between 1375-1380 cm-1 (Figure 17-I) and for 

Triton X-100 samples between 1371-1380 cm-1 (Figure 17-J-O). 
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Figure 17 – Second derivative FTIR spectra of the native (A) and decellularized discs: ethanol/acetone (B), 0.1% SDS (C), 0.5% SDS (D) 1% SDS (E), freeze 
and thaw followed by 0.1% SDS (F), 0.5% SDS (G) 1% SDS (H), accutase (I), 0.1% Triton X-100 (J), 0.5% Triton X-100 (K) 1% Triton X-100  (L), freeze and 
thaw followed by 0.1% Triton X-100 (M), 0.5% Triton X-100 (N) and 1% Triton X-100 (O).
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For sulfate GAGs quantitative analysis and comparing all treatments with the native (Figure 

18, Table 1 of Appendix 2), ethanol/acetone treatment only leads to differences in the medial 

zone, where its content decreased by 38.8%. All SDS samples were largely affected (p<0.001) 

in all zones except for 0.1% SDS in the medial zone and freeze and thaw followed by 0.1% 

SDS in which no significant differences in content were found. Interestingly, it was expected a 

decrease in value, however, there was an increase. Accutase and all Triton X-100 samples 

maintained their sulfated GAGs content in the central and lateral region. For accutase, 0.1% 

Triton X-100, 0.5% Triton X-100 and freeze and thaw followed by 0.1% Triton X-100 similar 

results are present, where the anterior zone content decreased at 1% significance (decrease 

of 64.2%, 65.3%, 59.8% and 59.6%, respectively), the medial zone at 0.1% significance 

(decrease of 52.9%, 72.7%, 65.5%, and 67.7%, respectively) and the posterior zone at 5% 

significance (decrease of 54.9%, 53.6%, 51.1%, 44.8%, respectively). 1% Triton X-100 

decreased 53.0% in the anterior region, 64.8% in the medial region and 53.9% in the posterior 

region. Freeze and thaw followed by 0.5% Triton X-100 present differences at 1% significance 

in the anterior (decrease of 57.9%) and medial regions (decrease of 46.5%), whereas freeze 

and thaw followed by 1% Triton X-100 is only affected in the medial region with a decrease of 

43.9%. 

Considering these results and arranging the treatments from the least to the most affected in 

sulfated GAGs, the following order can be established (Figure 1 of appendix 3): 1) freeze and 

thaw followed by 0.1% SDS; 2) ethanol/acetone; 3) freeze and thaw followed by 1% Triton X-

100; 4) freeze and thaw followed by 0.5% Triton X-100; 5) 1% Triton X-100; 6) accutase, 0.1% 

Triton X-100, 0.5% Triton X-100 and freeze and thaw followed by 0.1% Triton X-100; 7) 0.1% 

SDS and 8) 0.5% and 1% SDS and freeze and thaw followed by either 0.5% or 1% SDS.  

Regarding sulfated and non-sulfated GAGs at band 1376 cm-1 (Figure 19, Table 2 of Appendix 

2), ethanol/acetone treatment only led to an increase in 44.6% in the central region. Once 

again, the SDS samples were largely affected (p<0.001), except for the freeze and thaw 

followed by 0.1% SDS, that although it was also affected in the central region at 1% 

significance (increased of 62%), in the lateral region no difference was found. There was also 

an increase of GAGs content in accutase samples at a 0.1% significance. For all triton X-100 

samples, except for the freeze and thaw followed by 1% Triton X-100, only the central and 

lateral zone are unaffected, whereas in the remaining zones variations of the increase in the 

GAGs content was found. Interestingly, for freeze and thaw followed by 1% Triton X-100, 

GAGs content diminished 54.8% in the lateral zone. 

Once again, considering these results and arranging the treatments from the least to the most 

affected in GAGs, the following order can be established (Figure 2 of appendix 3): 1) 

ethanol/acetone; 2) freeze and thaw followed by 1% Triton X-100; 3) freeze and thaw followed 



 

57 

by 0.5% Triton X-100; 4) 0.5% Triton X-100; 5) 0.1% Triton X-100; 6) 1% Triton X-100; 7) 

freeze and thaw followed by 0.1% Triton X-100; 8) freeze and thaw followed by 0.1% SDS and 

9) remaining samples of SDS and accutase. 

 

Figure 18 - Box-plot graphs of the sulfated GAGs bands at second derivative spectra from the disc with 
or without (i.e. native) decellularization procedures for the anterior (A), central (B), lateral (C), medial 
(D) and posterior (E) zone. EtOH/Acet is ethanol/acetone, FT is freeze and thaw and Triton X-100 is Tri.  
Statistically significant differences are presented and calculated against the native disc using a Two-
way ANOVA with Fisher's LSD post-hoc analysis, and represented by * p<0.05, ** p<0.01 and *** 
p<0.001. 
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Figure 19 - Box-plot graphs of the sulfated and non sulfated GAGs bands at second derivative spectra 
from the disc with or without (i.e. native) decellularization procedures for the anterior (A), central (B), 
lateral (C), medial (D) and posterior (E) zone. EtOH/Acet is ethanol/acetone, FT is freeze and thaw and 
Triton X-100 is Tri. Statistically significant differences are presented and calculated against the native 
disc using a Two-way ANOVA with Fisher's LSD post-hoc analysis, and represented by * p<0.05, ** 
p<0.01 and *** p<0.001. 

Although there is an increase in the content of both the sulfated and all the GAGs (sulfated 

and non sulfated), this is not due to a relative increase in content but rather to possible 
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degradation in GAGs, which, consequently, led to an increase in absorbance of infrared 

radiation. This was confirmed earlier where there was a shift of the bands to higher 

wavenumbers. Although the Triton X-100 samples were the least changed, it was possible to 

detect a great shift in the position of the bands between replicates, unlike the SDS that bands 

positions were consistent between replicates. For 1376 cm-1 band of the GAGs there was no 

shift in it, pointing that the Triton X-100 strongly interacts with the GAGs, destabilizing them in 

a randomized way. 

As referred, although 1052 cm-1 band is used to estimate sulfated GAGs, this band is also 

associated with C-O vibrations, which helps to explain the differences in results between the 

two GAGs bands and that it is not only related to the fact that HA is not being accounted for. 

Considering this, the 1376 cm-1 band seems to be a more appropriate band to quantify GAGs 

content as attributed to the CH3 vibrations, which are present in all GAGs (Rieppo et al., 2012).

         

4.4.2.3  Collagen content 

As referred 1338 cm-1 band is assigned o CH2 side chains of collagen and it is used to analyse 

collagen content. In all decellularization procedures, this band was unaltered as it is possible 

to observe in Figure 17.  

In Figure 20 and Table 3 of Appendix 2 the statistically significant differences are represented 

for the collagen content. Ethanol/acetone treatment led to an increase in the collagen content 

of 36.9% in the anterior region, 23.1% in the central region and 19.0% in the posterior region. 

From all SDS samples, the freeze and thaw followed by 0.1% SDS treated samples, were the 

less affected, where only the medial region increased 45.3%. The remaining SDS samples are 

affected at 0.1% significance, in particular upon 1% SDS treatment. The lateral region is the 

less impacted, where for the 0.5% SDS there is a difference at 5% significance (increase of 

22.3%). Collagen content for accutase treated samples led to a difference at 0.1% significance 

in the anterior, medial and posterior zone (increase of 65.0%, 51.2% and 39.8%, respectively) 

and 5% significance in the lateral zone (increase of 20.2%).  

For the Triton X-100 treated samples, some variations were found. In the anterior and posterior 

region, there was an increase in the collagen content, in the central and lateral regions there 

was a decrease and in the medial region, depending on the sample, both an increase and 

decrease derivative absorbances occurred. Despite these variations, not all of them are 

statistically significant. Samples treated by freeze and thaw followed by 0.1% SDS were the 

least affected ones, where only in the anterior region presented a 31.2% increase in the 

collagen. For samples not treated with freeze and thaw, only the medial region maintained 

unchanged, where the anterior region was the most affected.  
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Considering these observations, the decellularization treatments by increase impact on 

collagen to the most affected, are (Figure 3 of appendix 3): 1) freeze and thaw followed by 

0.1% Triton X-100; 2) freeze and thaw followed by 0.1% SDS; 3) 1% Triton X-100; 4) 

ethanol/acetone; 5) 0.1% and 0.5% Triton X-100; 6) freeze and thaw followed by 0.5% Triton 

X-100; 7) freeze and thaw followed by 1% Triton X-100; 8) accutase; 9) freeze and thaw 

followed by 0.5% SDS; 10) 0.1% SDS and freeze and thaw followed by 1% SDS; 11) 0.5% 

SDS and 12) 1% SDS. 

 

Figure 20 - Box-plot graphs of the collagen bands at second derivative spectra from the disc with or 
without (i.e. native) decellularization procedures for the anterior (A), central (B), lateral (C), medial (D) 
and posterior (E) zone. EtOH/Acet is ethanol/acetone, FT is freeze and thaw and Triton X-100 is Tri. 
Statistically significant differences are presented and calculated against the native disc using a Two-
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way ANOVA with Fisher's LSD post-hoc analysis, and represented by * p<0.05, ** p<0.01 and *** 
p<0.001. 

Once again there was an increase in the derivative absorbance values. However, without 

affecting the band position and according to the previous band ratios determination at 

1338/amide II and 1240/1454 cm-1, no collagen degradation was found. This points most 

probably to alteration of the collagen conformation, leading to more exposed amino acids 

residues and a consequent increase of infrared radiation absorption. Moreover, the increase 

was most pronounced on the SDS samples, as with the agitation method this detergent starts 

removing the surface cells of the disc and, only then, the ones present inside the ECM. With 

this, the first eliminated cells may release protease enzymes that are capable of destroying 

proteins present in the disc, in this case, collagen (Yusof et al., 2019). Interestingly, by 

quantifying the components by biochemical assays, an increase in collagen and a decrease in 

GAGs was also found in the decellularization of a porcine TMJ disc with a combination of 

freeze and thaw, 1% Triton X-100, hypotonic Tris–hydrochloric acid buffer and trypsin methods 

(Liang et al., 2020) and in the decellularization of a bovine meniscus with a combination of a 

sonication system and 0.1% SDS (Yusof et al., 2019). 

4.4.3 Principal Component Analysis 

Although different authors have performed a univariate analysis of the biochemical 

components of cartilage, a multivariate analysis helps to analyse spectrum characteristics and 

information more effectively. Principal component analysis (PCA) is a type of multivariate 

analysis that allows a qualitative interpretation, transforming the information extracted from 

correlated spectral variables into non-correlated variables, termed principal components (PC). 

The final information is converted into an orthogonal PC graph, where each spectrum is 

represented by a point, thus minimizing the data (Araújo et al., 2020; Mainreck et al., 2012). 

For this purpose, PCA was conducted with the second derivative spectra between 900-3800 

cm-1. The spectral limits were not considered, to minimise noise amplification, due to 

derivatives in the PCA.   

To analyse the native disc regionally, PCA was performed. As seen in Figure 21 a great 

dispersion between the same region of the disc is found, demonstrating the high biological 

variability that exists between the discs.  
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Figure 21 - Principal components analysis of the native disc in its five morphological regions 

In Figure 22 it is possible to observe the spectral data of the decellularized and native TMJ 

disc, where all samples present a great variability due to the wide dispersion of the data.  

Ethanol and acetone decellularization have some overlap with the native disc, pointing to a 

whole molecular similarity between them, which is in concordance with the results so far, since 

this decellularization procedure presented a lower impact on collagen and GAGs content. SDS 

treated samples are localised in the first and second quadrant and no major differences are 

found within this sample, except for the freeze and thaw followed by 0.1% SDS that seem to 

be more separated from the remaining SDS samples and closer to the native disc. This sample 

in the quantitative analysis was the one that most closely resembled the native disc with a low 

significant impact on its biochemical components. Accutase presents a similar pattern to the 

native disc and although there were major alterations in the biochemical content, the analysis 

of the spectral ratios for evaluating spectral differences did not point to major alterations. Triton 

X-100 samples are localised in the third and fourth quadrant and no major differences are 

found within the samples, except for the freeze and thaw followed by 0.1 Triton X-100 samples 

that seem to be closer to the pattern of the TMJ disc. Interestingly, it can be observed that the 

SDS and Triton X-100 samples give rise to completely different molecular compositions as 

they are represented on opposite sides regions of the score-plot. Furthermore, it was observed 

that SDS treated samples, presented more similar molecular compositions between them in 

relation to samples treated with Triton X-100. This was in accordance with results from the 

previous sections, where: i) a sequence was found within the SDS samples, where the higher 

the concentration, the higher the impact of the ECM; and ii) with freezing and thawing, the 

impact was lower but also with a gradually increasing concentration. In the Triton X-100 treated 

samples, this pattern was more difficult to observe. 
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Figure 22 - Principal components analysis of the second derivative spectra of the decellularized and 
native discs. EtOH/Acet is ethanol/acetone, FT is freeze and thaw and Triton X-100 is Tri. 

4.5 SEM Analysis 

TMJ disc collagen fibres form bundles that exhibit a wavy shape (Detamore et al., 2003). The 

same pattern was observed by SEM on TMJ lamb discs. However, upon the first examination 

of the discs, a large number of bacteria was found (Figure 23-A), leading to the need to apply 

a sterilisation method that effectively eliminated these immunogenic components. To do so, 

three methods were tested on native discs: (i) 1% streptomycin and fungizone overnight; (ii) 

1% streptomycin and fungizone combined with UV light overnight; and (iii) 2h of UV light while 

submerged in 70% ethanol, followed by UV light overnight. The latter was shown to be the 

most effective in removing the bacteria found in all samples (Figure 23-B). 

Analysing cell content, for ethanol/acetone decellularization, it was not completely removed 

Figure 23-C). For SDS samples, cellular content removal varied between samples. Results 

obtained revealed that only with 1% SDS, all cellular content was completely removed (Figure 

23-F). With the concentrations of 0.1% SDS, 0.5% SDS and freeze and thaw followed by 0.5% 

SDS some remanent debris was found (Figure 23-D, E, H). Interestingly, for freeze and thaw 

followed by 0.1% SDS and 1% SDS, cellular clusters were noted (Figure 23-G, I). For freeze 

and thaw followed by 0.1% SDS is important to highlight that some observations are not related 

to cells, but rather to collagen fibre ends. This same observation exists in the accutase (Figure 

23-J) and Triton X-100 (Figure 23-K-P) samples, where all cellular content was removed.  
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Regarding collagen ultrastructure, for all decellularization procedures, no major changes were 

found. This is in accordance with the previous results, where no collagen degradation was 

found upon calculation of the ratios 1338/amide II cm-1 and 1240/1454 cm-1. Despite this, as 

calculated with the second derivative 1338 cm-1 band, collagen content increases for almost 

all protocols. However, it does not lead to changes in their integrity. This was also found by 

Yusof et al. (2019) for decellularized bovine meniscus. Contradictorily, for rabbit tendon-to-

bone insertion decellularization, collagen content decreased, but its integrity remained (Guo et 

al., 2015).  
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(A) Native without sterilization (B) Native with sterilization (C) EtOH/Acet 

 

 

 

 

 

 

(D) 0.1% SDS (E) 0.5% SDS (F) 1% SDS 
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(G) FT 0.1% SDS (H) FT 0.5% SDS (I) FT 1% SDS 

 

 

 

 

 

 

(J) Accutase (K) 0.1% Tri (L) 0.5% Tri 
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(M) 1% Tri (N) FT 0.1% Tri (O) FT 0.5% Tri 

 

 

 

 

 

 

(P) FT 1% Tri    

 

     

Figure 23 - Scanning electron microscopy analysis of the native without sterilization (A) and with sterilization (B) and decellularized discs: ethanol/acetone (C), 
0.1% SDS (D), 0.5% SDS (E) 1% SDS (F), freeze and thaw followed by 0.1% SDS (G), 0.5% SDS (H) 1% SDS (I), accutase (J), 0.1% Triton X-100 (K), 0.5% 
Triton X-100 (L) 1% Triton X-100  (M), freeze and thaw followed by 0.1% Triton X-100 (N), 0.5% Triton X-100 (O) and 1% Triton X-100 (P). EtOH/Acet is 
ethanol/acetone, FT is freeze and thaw and Triton X-100 is Tri. Scale bar is 50 µm and 20 µm.
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4.6 Micro-CT Analysis 

As referred, TMJ disc is mainly composed of collagen and GAGs and histological analysis of 

the porcine TMJ disc stained with Masson's trichrome reports that the collagen fibres, which 

stains blue, are distributed along the periphery of the disc (Figure 24) (Tappert et al., 2020). 

 

Figure 24 – Porcine TMJ disc histological staining with Masson's trichrome, where collagen is 
highlighted in blue. Retrieved from Tappert et al. (2020). 

 

For visualisation of the internal structure of the native TMJ disc and the discs subjected to the 

different decellularization methods, Micro-CT analysis was performed to portions of the disc. 

Based on Figure 24 and the images obtained, a relation was established and it was possible 

to extract 3 parameters: percentage of (i) collagen, (ii) extracellular matrix (without collagen) 

and (iii) porosity of the discs (Table 14). 

As expected, the native disc presents a higher collagen content (60.3%) than the remaining 

ECM components and a lower porosity (6.84%). When subjected to ethanol/acetone treatment 

this remained, but a higher porosity was found (41.4%). 0.1% SDS and freeze and thaw 

followed by 0.1% SDS have similar results (34.0% and 31.8%, respectively), where the 

collagen content was lower than the other components, and the porosity is also higher than 

the native disc. 1% SDS also presents lower collagen fibres (9.46%) and higher porosity 

(63.9%), whereas when treated with freeze and thaw, similar results to native disc were 

obtained. 0.5% SDS presents an impressive high collagen content (84.8%) and for the 

remaining ECM components, a lower value is found (8.85%). When freeze and thaw are 

applied, once again, similar results to the native disc were found.  

Accutase presented high collagen content (84.6%) and low porosity (1.94%). For Triton X-100 

samples, 0.1% with and without freeze and thaw similar results were obtained, where collagen 

fibres are low (12.5% and 28.6%, respectively) and porosity is higher (55.3% and 37.6%, 

respectively). 0.5% Triton X-100 presents high porosity (81.0%) and low collagen content 

(3.99%). 0.5% Triton X-100 and 1% Triton X-100 (with and without freeze and thaw) had similar 

results to the native disc. 
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The overall results highlight that freezing and thawing allow the disc structure to be maintained, 

as discussed in the previous sections where, for the quantification of collagen and GAGs, with 

this technique better results were shown. The differences found between the disc’s ECM may 

be due to the removal of cellular content leading to possible pore opening or possible 

components degradation. Analysing these differences, it should be considered that only 1 

portion of the disc was analysed, not considering its morphological regions and that there is 

great biological variability. Despite this, the internal structure was similar between the discs, 

making it possible to extract these different parameters. 

Table 14 - Percentage of collagen, remaining ECM (without collagen) and porosity of the native and 
decellularized discs obtained by Micro-CT. EtOH/Acet is ethanol/acetone, FT is freeze and thaw and 
Triton X-100 is Tri. 

Treatment 
ECM (without 
collagen) (%) 

Collagen (%) Porosity (%) 

Native 32.9 60.3 6.84 

EtOH/Acet 17.8 40.7 41.4 

0.1% SDS 45.7 20.2 34.0 

0.5% SDS 8.85 84.8 6.38 

1% SDS 26.6 9.46 63.9 

FT 0.1% SDS 43.3 24.9 31.8 

FT 0.5% SDS 31.9 62.0 6.05 

FT 1% SDS 36.9 52.2 10.9 

Accutase 13.4 84.6 1.94 

0.1% Tri 32.2 12.5 55.3 

0.5% Tri 14.9 3.99 81.0 

1% Tri 24.6 66.5 8.94 

FT 0.1% Tri 33.8 28.6 37.6 

FT 0.5% Tri 34.8 61.2 4.06 

FT 1% Tri 38.1 50.7 11.2 
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4.7 Compression Tests 

The mechanical performance of the TMJ disc is defined by the cooperation of the different 

ECM components and it is characterised as a viscoelastic structure, as it helps to absorb stress 

and distribute loads on the disc, cartilage and bone components (David et al., 2016; Fazaeli et 

al., 2019). The different ECM components have the following functions: (i) elastin helps to 

restore the disc original shape, (ii) GAGs provide the compressive properties and (iii) collagen 

provides the tensile properties, and also helps in its compressive behaviour (Detamore et al., 

2003; Fazaeli et al., 2016; Gutman et al., 2018). 

Native lamb discs presented a compressive modulus of 2.36 ± 0.072 MPa. When subjected to 

the ethanol/acetone decellularization treatment the compressive modulus there was an 

increase of ~40% (3.31 ± 0.660 MPa) (p<0.01), whereas for accutase no statistical differences 

were found (2.72 ± 0.087 MPa) (Figure 25-A, D). Regarding SDS samples (Figure 25-B, D), 

0.1% SDS was statistically significant at 5% significance, where there was an increase of more 

than 20% (2.92 ± 0.303 MPa), whereas when treated with freeze and thaw, the modulus was 

slightly lower, becoming closer to the native disc (2.73 ± 0.098 MPa). 0.5% SDS modulus was 

~8% lower than the native (2.18 ± 0.328 MPa) and when treated with freeze and thaw 

presented a decrease to 1.88 ± 0.062 MPa, although both were not statistically different. On 

the contrary, 1% SDS presented a modulus of 2.68 ± 0.556 MPa and when treated with freeze 

and thaw the value increased at 1% significance to 3.19 ± 0.259 MPa. 

For the Triton X-100 samples (Figure 25-C, D), the concentration 0.1% had a compressive 

modulus similar to the native disc (2.35 ± 0.108 MPa), and with increasing concentration, this 

module gradually increases, where 0.5% had a modulus of 2.51 ± 0.046 MPa and 1% had a 

modulus of 2.67 ± 0.261 MPa. With the application of freezing and thawing, there was also a 

successive increase of the modulus with increasing concentration, where 0.1% had a modulus 

of 2.72 ± 0.278 MPa, 0.5% a modulus of 2.84 ± 0.377 MPa and 1% a modulus of 3.06 ± 0.478 

MPa, the latter being statistically different from the native (p<0.05). 



 

71 

 

Figure 25 – Typical stress-strain graphs of the native discs (N=3) (A, B, C): ethanol/acetone and 
accutase (A), SDS samples (B), Triton X-100 samples (C) and correspondent compressive modulus 
(D). Statistically significant differences are represented by * p<0.05 and ** p<0.01. 

The increase in the ethanol/acetone was excepted as the disc became stiffer. According to 

Lumpkins et al. (2008), a decellularization solution of 25%acetone/75%ethanol for 24h in 

porcine disc led to an increase in the instantaneous and steady-state modulus and peak stress, 

whereas, for the same solution used in the present work, but decellularization for 24h the 

tensile young’s modulus was unchanged (Matuska et al., 2018). The concentration of 1% 

Triton X-100 for 24h in porcine discs led to a decrease in the instantaneous and steady-state 

modulus and peak stress due to a softer disc (Lumpkins et al., 2008), whereas in the present 

work, compression modulus increased 13%. For SDS samples in porcine discs, the 

concentration of 1% SDS for 24h led to no changes in the instantaneous and steady-state 

modulus and peak stress (Lumpkins et al., 2008), but for compression modulus there was an 

increase of more than 100% (from 1.65 ± 0.25 to 3.49 ± 1.01 MPa), corroborating with the 

present results (Juran et al., 2015). 

No relationship was found between the compression modulus and the collagen and GAGs 

quantitative results. For ethanol/acetone, GAGs were mostly maintained, and collagen content 

increased. Since the compression behaviour increased due to a stiffer disc, it is possible that 

some interaction with the collagen fibres occurred. In contrast, for accutase, the GAGs and 

collagen content was altered, but its mechanical behaviour did not change. For the SDS 

samples, for both biochemical components, there was always a gradual increase with 

increasing concentration, and with the addition of the freeze-thaw treatment, the increase was 
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not pronounced. These samples when tested mechanically led to an increase in compressive 

modulus, except for the samples with 0.5% SDS (with and without freeze and thaw), where 

there was a decrease. Interestingly, freeze-thaw followed by 0.1% SDS was little affected 

biochemically, and biomechanically had a closer modulus to the native ones. In general, the 

Triton X-100 samples were little affected biochemically, and a relationship between the 

different concentrations was difficult to find. For GAGs content, the freeze and thaw followed 

by 1% Triton X-100 were little affected. On the other hand, for collagen content, the closest to 

native collagen content was the freeze and thaw followed by 0.1% Triton X-100, where there 

was no relationship with the mechanical behaviour where there was always a continuous 

increase.  

As mentioned, although it was expected that the change in biochemical content would lead to 

a relationship with the mechanical tests, this did not occur. Furthermore, the literature states 

this. Reports found the loss of sulfated GAGs, but maintenance of the mechanical properties 

after decellularization of porcine (Stapleton et al., 2008) and bovine (Yusof et al., 2019) 

meniscus tissue.  
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Chapter 5: Conclusion and Future Work 

The use of xenogeneic materials instead of synthetic ones could be an alternative for a TMJ 

engineered dis. However, the assessment of the decellularization procedure is crucial to 

understand its success/unsuccess and to effectively transpose this technique into clinical 

practice, as a suitable replacement for the TMJ disc needs to be accomplished.  

In the present study, a preliminary study was developed by testing and characterising different 

decellularization agents/methods on TMJ lamb discs. A combination of 1:1 ethanol/acetone 

solution did not exhibit good results as a stiffer, dehydrated material with a higher 

anteroposterior dimension was obtained, and although no major changes were found in its 

biochemical content, the mechanical modulus increased. Accutase led to changes in the 

collagen and GAGs content. Nevertheless, cellular content was removed and mechanical 

behaviour and morphology remained unchanged. For SDS samples two overall outcomes can 

be extracted: the implementation of one freeze and thaw cycle and a lower concentration 

(0.1%) leads to better biochemical, biomechanical and morphological results. However, 

cellular content was found. For higher concentrations, its biochemical content is highly 

affected. For Triton X-100 samples, all cellular components were removed, and disc 

morphology was unaltered, except for 1% Triton X-100 whose anteroposterior dimension 

increased. The implementation of one freeze and thaw cycle also led to better results and 

when followed a higher concentration (1%) led to higher compression modulus, whereas the 

lower (0.1% and 0.5%) maintained its properties. Of the lower concentrations, 0.1% was the 

one which led to a few disrupt of the collagen content.  

The work developed present promising results towards the optimal TMJ bioengineered 

substitute. Considering these results, freezing and thawing followed by 0.1% Triton X-100 

seems to be the protocol to be used to effectively decellularize the lamb TMJ disc. However, 

more iterations should be tested and, thus, I propose as future work, to implement more cycles 

of freezing and thawing, as well as, to combine the accutase to this protocol, creating a further 

optimized protocol that combines a physical, chemical and enzymatic decellularization 

methods. Although freezing and thawing followed by 0.1% SDS did not effectively remove all 

cells, it seems logical that the same methodology is applied, comparing these two reagents. 

In addition to assessing biochemical content regionally, the removal of cellular content can 

also be performed by this method. This may be relevant, as taking into consideration the 

organisation of the collagen it is likely that in certain regions cells are more trapped in the 

matrix, leading to different degrees of cellular content removal. Regarding the biochemical 

components evaluated by FTIR and to better understand the results, it is suggested to make 

collagen degradations with collagenase and HA degradations with hyaluronidase, separately, 
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to understand their effect on the fibrocartilaginous disc. Furthermore, correlation studies 

between the band values analysed and real quantification studies would be of interest to 

confirm the efficacy of the bands chosen. 
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Appendix 

Appendix 1 – Spectral Band Ratios on the non-pre-processed FTIR spectra results. 

 

 

Figure 1 – Outline of the results obtained in respect of the spectral bands used in a general way for the five regions of the disc 
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Appendix 2 - Quantitative analysis of the GAGs and collagen content by second derivative spectra of the native and decellularized discs. 

Table 1 - Mean and standard deviation values of the sulfated GAGs bands at second derivative spectra from the disc with or without (i.e. native) decellularization 
procedures. EtOH/Acet is ethanol/acetone, FT is freeze and thaw and Triton X-100 is Tri. Statistically significant differences are presented and calculated against 
the native disc using a Two-way ANOVA with Fisher's LSD post-hoc analysis and represented by * p<0.05, ** p<0.01 and *** p<0.001. 

 

Table 2 - Mean and standard deviation values of sulfated and non sulfated GAGs bands at second derivative spectra from the disc with or without (i.e. native) 
decellularization. EtOH/Acet is ethanol/acetone, FT is freeze and thaw and Triton X-100 is Tri. Statistically significant differences are presented and calculated 
against the native disc using a Two-way ANOVA with Fisher's LSD post-hoc analysis and represented by * p<0.05, ** p<0.01 and *** p<0.001. 

 

Table 3 - Mean and standard deviation values of collagen bands at second derivative spectra from the disc with or without (i.e. native) decellularization 
procedures. EtOH/Acet is ethanol/acetone, FT is freeze and thaw and Triton X-100 is Tri. Statistically significant differences are presented and calculated against 
the native disc using a Two-way ANOVA with Fisher's LSD post-hoc analysis and represented by * p<0.05, ** p<0.01 and *** p<0.001. 

 

 

 

Anterior -0.011 ± 0.003 -0.009 ± 0.003 -0.019 ± 0.003** -0.028 ± 0.003*** -0.040 ± 0.017*** -0.012 ± 0.002 -0.026 ± 0.009*** -0.037 ± 0.006*** -0.004 ± 0.001** -0.004 ± 0.001** -0.004 ± 0.001** -0.005 ± 0.002* -0.004 ± 0.002** -0.005 ± 0.001** -0.008 ± 0.003

Central -0.007 ± 0.002 -0.004 ± 0.002 -0.0017 ± 0.002*** -0.026 ± 0.005*** -0.033 ± 0.007*** -0.010 ± 0.002 -0.027 ± 0.004*** -0.030 ± 0.010*** -0.005 ± 0.003 -0.004 ± 0.001 -0.004 ± 0.003 -0.005 ± 0.002 -0.004 ± 0.002 -0.003 ± 0.001 -0.007 ± 0.003

Lateral -0.008 ± 0.002 -0.005 ± 0.003 -0.018 ± 0.004*** -0.025 ± 0.004*** -0.039 ± 0.012*** -0.009 ± 0.003 -0.030 ± 0.006*** -0.035 ± 0.007*** -0.005 ± 0.002 -0.005 ± 0.001 -0.005± 0.002 -0.006 ± 0.002 -0.005 ± 0.002 -0.005 ± 0.002 -0.007 ± 0.002

Medial -0.015 ± 0.005 -0.009 ± 0.002* -0.015 ± 0.002 -0.029 ± 0.006*** -0.045 ± 0.016*** -0.012 ± 0.002 -0.026 ± 0.005*** -0.025 ± 0.003*** -0.007 ± 0.002*** -0.004 ± 0.001*** -0.005 ± 0.002*** -0.005 ± 0.002*** -0.005 ± 0.002*** -0.008 ± 0.004** -0.008 ± 0.004**

Posterior -0.011 ± 0.005 -0.008 ± 0.003 -0.020 ± 0.002*** -0.024 ± 0.006*** -0.041 ± 0.011*** -0.013 ± 0.004 -0.026 ± 0.010*** -0.032 ± 0.008*** -0.005 ± 0.002* -0.005 ± 0.001* -0.005 ± 0.002* -0.005 ± 0.001* -0.006 ± 0.002* -0.008 ± 0.004 -0.008± 0.002

FT 1% Tri            

(1050-1055 cm-1)

0.1% Tri             

(1049-1062 cm-1)
0.5% Tri                  

(1050-1064 cm-1)

1% Tri                

(1052-1063 cm-1)

FT 0.1% Tri                 

(1050-1059 cm-1)

FT 0.5% Tri                

(1048-1056 cm-1)

1% SDS                  

(1060 cm-1) 

FT 0.1% SDS             

(1060 cm-1) 

FT 0.5% SDS            

(1060 cm-1) 

FT 1% SDS (1060 

cm-1) 

Accutase             

(1052-1062 cm-1)
Region

Native                    

(1052 cm-1) 

EtOH/Acet (1052 

cm-1) 

0.1% SDS                        

(1060 cm-1) 

0.5% SDS                  

(1060 cm-1) 

Anterior -0.006 ± 0.004 -0.007 ± 0.005 -0.019 ± 0.003*** -0.018 ± 0.002*** -0.017 ± 0.003*** -0.013 ± 0.007*** -0.018 ± 0.003*** -0.018 ± 0.002*** -0.016 ± 0.003*** -0.010 ± 0.003** -0.012 ± 0.004*** -0.010 ± 0.002** -0.011 ± 0.001** -0.011 ± 0.003*** -0.006 ± 0.006

Central -0.007± 0.004 -0.011 ± 0.004* -0.017 ± 0.002*** -0.016 ± 0.002*** -0.017 ± 0.003*** -0.012 ± 0.003** -0.017 ± 0.002*** -0.017 ± 0.003*** -0.014 ± 0.004*** -0.007 ± 0.002 -0.008 ± 0.002 -0.008 ± 0.002 -0.010 ± 0.002 -0.008 ± 0.003 -0.006 ± 0.005

Lateral -0.008± 0.004 -0.007 ± 0.003 -0.015 ± 0.002*** -0.014 ± 0.002*** -0.016 ± 0.002*** -0.010 ± 0.005 -0.016 ± 0.004*** -0.018 ± 0.003*** -0.015 ± 0.002*** -0.008 ± 0.004 -0.009 ± 0.002 -0.006 ± 0.003 -0.0010 ± 0.003 -0.006 ± 0.002 -0.004 ± 0.003**

Medial -0.004 ± 0.003 -0.003 ± 0.003 -0.015 ± 0.003*** -0.016 ± 0.002*** -0.014 ± 0.001*** -0.013 ± 0.003 -0.016 ± 0.003*** -0.015 ± 0.003*** -0.014 ± 0.002*** -0.008 ± 0.002* -0.007 ± 0.003 -0.008 ± 0.003** -0.009 ± 0.004*** -0.004 ± 0.003 -0.003 ± 0.003

Posterior -0.008 ± 0.005 -0.009 ± 0.005 -0.020 ± 0.002*** -0.018 ± 0.002*** -0.018 ± 0.002*** -0.014 ± 0.007*** -0.020 ± 0.003*** -0.021 ± 0.003*** -0.019 ± 0.003*** -0.012 ± 0.003** -0.014 ± 0.003*** -0.013 ± 0.003** -0.011 ± 0.002* -0.012 ± 0.002** -0.008 ± 0.003

Region
FT 1% Tri                           

(1371-1378 cm-1)

0.1% Tri                     

(1373-1380 cm-1)

0.5% Tri                      

1373-1378 cm-1)

1% Tri                       

(1375-1380 cm-1)

FT 0.1% Tri                          

(1375-1378 cm-1)

FT 0.5% Tri                             

(1373-1377 cm-1)

1% SDS                      

(1376 cm
-1

) 

FT 0.1% SDS                     

(1376 cm-1) 

FT 0.5% SDS                        

(1376 cm-1) 

FT 1% SDS                     

(1376 cm-1) 

Accutase                  

(1375-1380 cm-1)

Native                   

(1376 cm
-1

) 

EtOH/Acet (1376 

cm
-1

) 

0.1% SDS               

(1376 cm-1) 

0.5% SDS                    

(1376 cm-1) 

Region Native EtOH/Acet 0.1% SDS 0.5% SDS 1% SDS FT 0.1% SDS FT 0.5% SDS FT 1% SDS Accutase 0.1% Tri 0.5% Tri 1% Tri FT 0.1% Tri FT 0.5% Tri FT 1% Tri

Anterior -0.026 ± 0.006 -0.036 ± 0.007** -0.047 ± 0.004*** -0.047 ± 0.007*** -0.043 ± 0.010*** -0.032 ± 0.015 -0.040 ± 0.009*** -0.040 ± 0.003*** -0.044 ± 0.006*** -0.038 ± 0.004*** -0.033 ± 0.007* -0.037 ± 0.006*** -0.035 ± 0.006* -0.037 ± 0.004** -0.031 ± 0.005

Central -0.034 ± 0.007 -0.042 ± 0.006* -0.048 ± 0.005*** -0.045 ± 0.004*** -0.047 ± 0.007*** -0.033 ± 0.009 -0.043 ± 0.005** -0.046 ± 0.008*** -0.036 ± 0.007 -0.027 ± 0.004* -0.022 ± 0.008*** -0.028 ± 0.007 -0.028 ± 0.004 -0.025 ± 0.006** -0.020 ± 0.007***

Lateral -0.033 ± 0.006 -0.037 ± 0.007 -0.039 ± 0.006 -0.041 ± 0.004* -0.044 ± 0.007*** -0.031 ± 0.011 -0.039 ± 0.007 -0.039 ± 0.008 -0.040 ± 0.006* -0.030 ± 0.008 -0.025 ± 0.005* -0.028 ± 0.005 -0.030 ± 0.006 -0.027 ± 0.007* -0.020 ± 0.005***

Medial -0.023 ± 0.006 -0.025 ± 0.005 -0.039 ± 0.005*** -0.041 ± 0.003*** -0.035 ± 0.004*** -0.033 ± 0.008** -0.035 ± 0.007*** -0.033 ± 0.006*** -0.034 ± 0.006*** -0.024 ± 0.005 -0.024 ± 0.008 -0.026 ± 0.009 -0.027 ± 0.005 -0.020 ± 0.005 -0.013 ± 0.008**

Posterior -0.033 ± 0.011 -0.040 ± 0.006* -0.049 ± 0.006*** -0.050 ± 0.006*** -0.045 ± 0.008*** -0.034 ± 0.010 -0.047 ± 0.009*** -0.045 ± 0.006*** -0.046 ± 0.004*** -0.040 ± 0.005* -0.038 ± 0.008 -0.042 ± 0.007** -0.037 ± 0.009 -0.039 ± 0.005 -0.030 ± 0.005
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Appendix 3 – Results for the quantitative analysis of the GAGs and collagen content by second 
derivative spectra in a summarised form for the five regions of the disc. 

 

Figure 1 – Results of the second derivative for the sulfated GAGs considering the five regions of the 

disc and ordered from the least affected to the most. 

 

Figure 2 – Results of the second derivative for the sulfated  and non-sulfated GAGs considering the 

five regions of the disc and ordered from the least affected to the most. 

 

Figure 3 – Results of the second derivative for the collagen considering the five regions of the disc 

and ordered from the least affected to the most. 

 




