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Summary 

Lower Back Pain (LBP) is known to be a major health issue worldwide with a 

significant socioeconomic impact and it is widely accepted that LBP is associated with 

degeneration of the intervertebral disc (IVD). IVD degeneration is thought to initiate within 

the nucleus pulposus (NP), a highly hydrated gel-like matrix rich in proteoglycans (PG) 

and glycosaminoglycans (GAG). Being an avascular structure, the nutrient supply within 

the IVD is limited, resulting in a compromised microenvironment with limited oxygen and 

glucose, a low pH and the presence of inflammatory factors which are responsible for cell 

death and loss of structural integrity. Cell-based therapies have sought to restore the heathy 

tissue composition by implanting healthy cells to the degenerated site. However, several 

limitations are associated with cell-based techniques, including poor cell retention and the 

need of extensive 2D expansion to obtain the required cell numbers.  

The overall aim of this thesis was to develop an injectable and biomimetic 

biomaterial that can aid nasal chondrocytes (NC) in the regeneration of the NP region of 

the IVD. Specifically, this thesis set out to explore: i) the development of an injectable and 

biomimetic biomaterial system to permit cell delivery to the area of interest, ii) the potential 

of NCs as an alternative cell source due to their ability to synthesise NP-like tissue, iii) the 

influence of the harsh microenvironmental conditions typical of the degenerated disc niche 

on the ability of NCs to remain viable and deposit de novo matrix.  

This thesis began with the development of an injectable biomaterial derived from 

decellularised and solubilised disc extracellular matrix (ECM) to be employed as a cell 

carrier. In an attempt to meet the initial requirements of biomimicry, functionalised 

chondroitin sulfate (fCS) was added to the material composition. The addition of fCS to 

the gel composition was found to enhance key physical characteristics of the hydrogels 

such as high swelling capacity and short gelation time and to influence NC matrix 

deposition capacity by enhancing the synthesis of sGAG. 

The thesis continued by investigating how microenvironmental conditions may 

affect viability and matrix production of NCs and NP cells under varying pH (7.1, 6.8 and 

6.5) and with the presence of physiologically relevant levels of inflammatory cytokines 

such as IL-1β and TNF-α. It was found that acidity of the media is the main factor 

influencing the biological behaviour of cells in culture, while the presence of inflammatory 
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cytokines had negligible effects in 3D culture conditions. Moreover, it was found that 

culture in degenerative conditions is more detrimental to NP cells than NCs, causing 

increased cell death and poor matrix synthesis. 

Further, the effects of culturing NCs at different seeding densities (1x106, 2.5x106, 

5x106 and 10x106 cells/ml) were investigated and results demonstrated a correlation 

between higher seeding density and both decreased cell viability and matrix accumulation. 

Finally, a disc explant model was developed with the aim of testing the potential of 

the developed decellularised ECM biomaterial and NCs in simulated degenerative disc 

conditions in comparison to NP cells.  Results from this study, demonstrated that NCs 

possess a more robust and higher resilience to degenerated disc-like culture conditions 

compared to NP cells, which translated into higher viability and the synthesis of NP-like 

matrix. 

In conclusion, this work provides early stage validation for a two-step regenerative 

approach that involves the use of NCs isolated from a nasal biopsy, expanded in vitro and 

injected in situ in low numbers in a NP ECM-derived hydrogel previously functionalised 

with CS. Moreover, it also provides important insights on the influence of environmental 

acidity and physiological inflammatory conditions on the biological behaviour of NCs and 

NP cells, which may be critical in determining the optimal opportunity for surgical 

intervention. 
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1 Chapter 1 - Introduction 

 Intervertebral disc degeneration – a widespread socioeconomic 
burden 

Lower Back Pain (LBP) is known to be a major health issue worldwide with a 

significant socioeconomic impact due to the debilitating nature of its symptomatology (Vos 

et al., 2012). Although it is well established that the causes of LBP are multifactorial and 

can be associated with mechanical injury, genetic predisposition  or even lifestyle activities 

(Patel et al., 2011, Magnusson et al., 1996, Lefevre-Colau et al., 2009), its primary cause 

can be identified with intervertebral disc (IVD) degeneration (Vergroesen et al., 2015, 

Luoma et al., 2000). Degeneration of the IVD is generally an age-associated process, 

however, risk factors such as smoking, obesity and injuries may result in a premature and 

faster onset of the degenerative cascade. As a consequence, the majority of the global 

population is affected by IVD degeneration, with 70% experiencing LBP at least once in 

their life (Manchikanti and Hirsch, 2015, Bogduk et al., 2013). Moreover, it has been 

estimated that annual costs for LBP amount to up to $500 billion in the US and £12 billion 

in the UK, further highlighting the need of a valid alternative to the available therapies for 

IVD degeneration (Dieleman et al., 2016, Yelin et al., 2016, Maniadakis and Gray, 2000). 

The IVD can be divided into three main parts: the Nucleus Pulposus (NP) in the 

centre of the disc, the Annulus Fibrosus (AF) around the NP and the Cartilaginous 

Endplates (CEP) interfacing with the vertebral bodies at the top and bottom of the disc. The 

biochemical composition of the healthy NP consist mainly of collagen type II fibres , 

proteoglycans (PG) and glycosaminoglycans (GAG) (Whatley and Wen, 2012, Roughley, 

2004). The high presence of PGs and GAGs is responsible for the high osmotic pressure 
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typical of the healthy NP, which is important to maintain its shock absorbing capacity and 

the regular flow of nutrients and waste metabolites across the disc (Urban and Maroudas, 

1981, Singh et al., 2009). When the disc is subjected to compressive loads, in fact, water is 

drawn out of the disc, carrying waste metabolites to the blood vessels at its periphery. As 

the load is relieved, the osmotic pressure in the NP draws water back in, carrying nutrients 

from the AF and CEPs.  

As degeneration progresses, processes of matrix catabolism cause the PG and GAG 

content of the NP to diminish drastically resulting in disc dehydration with concomitant 

hampering of nutrient availability and metabolic waste by-products accumulation (Bartels 

et al., 1998). Moreover, the age-related process of CEP calcification further contributes to 

the obstruction of nutrient flow (Grant et al., 2016, Tomaszewski et al., 2015, Wong et al., 

2019). Evidence suggests that the lack of nutrient availability and the environmental acidity 

caused by the accumulation of cellular by-products such as lactic acid, significantly inhibits 

viability and matrix deposition abilities of cells residing in the NP (Bibby and Urban, 2004). 

The reduced number of viable cells in addition to the increased synthesis and release of 

catabolic enzymes, results in an imbalance on in tissue homeostasis which further 

contributes to the disruption of tissue integrity. As a consequence of reduced hydration and 

the catabolism of structural macromolecules, the disc loses the ability to withstand 

mechanical loads to the point that, if the load exceeds the critical limit, the AF tears and 

the NP bulges out, eventually pressing on the adjacent spinal nerves causing acute LBP 

(Raj, 2008, Watanabe et al., 2007, Benneker et al., 2005). 

Initial treatments of LBP and early stages of disc degeneration typically involve the 

prescription of pain medications and long periods of rest (Gilbert et al., 2013). Other 

strategies used in later stages of degeneration, such as after herniation of the disc has 
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occurred, consist in drastic surgical interventions (nucleotomy, spinal fusion, total disc 

replacement). Although these treatments may be successful in alleviating pain, they do not 

treat the root cause of degeneration, neither restore the biomechanical function of the IVD. 

There is therefore a need for an alternative approach, which aims at providing a long-term 

solution, rather than just short-term pain relief.  

 Cell-based therapy as a strategy for tissue regeneration 

Other strategies that have been proposed to restore disc integrity and provide pain 

relief from LBP are cell-based therapies. The main objective of such therapies is to enhance 

matrix deposition in order to restore the heathy tissue composition by implanting healthy 

cells to the degenerated location. Commercially available therapies have taken different 

approaches to the regeneration of the NP and have succeeded to some extent. For example, 

Autologous Disc Cell Transplantation (ADCT) has been commercially available for the 

past ten years and the results summarised in the EuroDISC study showed that patients who 

received the injection of expanded disc cells showed greater disc rehydration and pain 

reduction compared to patients that did not receive the treatment (Meisel et al., 2007). 

However, several limitations are associated with the ACDT technique, including poor cell 

yields after disc cell isolation and the need of extensive 2D expansions to obtain the 

required cell numbers, which could limit their regenerative potential due to 

dedifferentiation effects (Ciapetti et al., 2012, Gruber and Hanley, 2000).  

Chondrocytes derived from different sources such as ear, rib cartilage and nose have 

been investigated for their application in cartilage regeneration (Tay et al., 2004, van Osch 

et al., 2001, Kafienah et al., 2002). Numerous studies have shown that chondrocytes are 

generally capable of synthesising a distinct range of matrix components similar to native 
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cartilage (Isogai et al., 2006, Henderson et al., 2007, Fulco et al., 2014, Tsaryk et al., 2017, 

Tay et al., 2004). Among the various cell sources analysed in the literature, nasal septal 

cartilage represents an attractive tissue source for NP regeneration as it has been 

demonstrated that nasal chondrocytes (NC) provide for good cell yields and exhibit a high 

chondrogenic potential even post expansion (Kafienah et al., 2002, Henderson et al., 2007, 

Tay et al., 2004, Vedicherla and Buckley, 2017b). 

 Tissue-derived biomaterials – a biomimetic approach for cell 
delivery 

Many of the clinical trials and animal studies involving cell-based therapies, have 

used injectable delivery of cellular suspensions in saline solutions, which has been shown 

to be associated with a number of critical limitations, such as cell damage due to shear 

forces and cell leakage post-injection (Xing et al., 2018, Vadala et al., 2012). One strategy 

that has been investigated to overcome this limiting condition has been the use of a 

biomaterial as a delivery vehicle. Hydrogels can, in fact, support injected cells with a 3D 

network, which is more conducive to cell survival, proliferation and synthesis than a simple 

saline solution. Moreover, it has been demonstrated that cell behaviour and differentiation 

state can be greatly influenced by the extracellular matrix (ECM) in a cell’s immediate 

surroundings (Sun et al., 2012, Nelson and Bissell, 2006), which has led to the concept that 

a biomaterial fabricated from ECM could be used as cell delivery vehicle and could provide 

physical protection and biochemical support (Flegeau et al., 2017).  

The ECM is a complex network of proteins and macromolecules produced by cells 

residing in different tissues and deposited to form their 3D environment. It is also 

continuously remodelled by cells to dynamically adapt to the mechanical stresses and 

biochemical stimuli the different tissues might experience (Brown and Badylak, 2014, 
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Flegeau et al., 2017). Due to its dynamic nature, the ECM varies greatly in composition 

and it is highly specific for each type of tissue it forms. Many research groups are studying 

the bioactivity of tissue-specific ECM in relation to several types of cells for tissue 

regeneration. It has been demonstrated that tissue-specific ECM incorporation into a carrier 

material is able to drive the differentiation of stem cells towards a cell lineage coherent 

with the tissue used in absence of exogenously supplied growth factors (Romanazzo et al., 

2018, Burnsed et al., 2016). 

However, the use of xenogeneic tissue-specific ECM requires a rigorous process of 

decellularisation in order to evade the potential of an immune reaction that could be induced 

by foreign DNA or cell membrane epitopes present in the tissue (Badylak and Gilbert, 

2008). Many methods of decellularisation have been developed. Unfortunately, there isn’t 

a theoretical framework that allows a researcher to know a priori which particular 

decellularisation process will yield optimal results for the tissue or the applications of 

interest. As a result, the methods for tissue decellularisation described in literature can vary 

widely depending on tissue type and specific application (Heath, 2019). While the main 

focus of decellularised ECM bio-scaffolds is for organ transplantation use, parallel research 

is being performed for the manufacture of biomaterials derived from decellularised ECM 

with Badylak and colleagues having pioneered the field by characterising hydrogels 

(produced from powders of decellularised ECM) derived  from porcine urinary bladder 

(UB) matrix (Gilbert et al., 2005, Freytes et al., 2008, Badylak, 2007).  

From a tissue engineering perspective, the use of decellularised tissue specific 

ECM-derived hydrogel as a cell carrier material holds the advantage of being already 

composed by the main structural components of the tissue in its healthy state, and it is 

therefore able to mimic the healthy tissue composition more effectively than a synthetic 

biomaterial.    
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 The disc microenvironment: how pH and inflammation affect tissue 
regeneration 

In the process of engineering an efficient treatment for tissue regeneration, it is 

necessary to take into consideration the environmental characteristics of the tissue to 

regenerate. Cell-based therapies described above have shown great potential in improving 

the degenerative conditions of the disc and alleviating the long-term symptoms of LBP. 

However, the performance of cells strongly depends on their environmental conditions, and 

the regenerative potential of cell-based therapies is usually examined in vitro in ideal 

culture conditions, which share very little characteristics with the degenerated disc 

microenvironment.  

The IVD is characterised by large concentration gradients of nutrients and 

metabolites across its sections, with significantly lower concentrations of glucose and 

oxygen in the central NP compared to outer AF and in particular to standard culture 

conditions (Wong et al., 2019). Due to the low concentration of oxygen in the NP, the cells 

populating the tissue rely on anaerobic respiration and produce lactate as a by-product of 

glycolysis, which in turn causes the local pH to be lower than generally measured in other 

tissues. In healthy conditions lactate diffuses out of the NP through diffusion across the AF 

and the CEPs. However, as degeneration progresses, diffusion of nutrients and metabolites 

is hindered, causing lactate accumulation and the consequent acidification of the local 

microenvironment, which has been shown to be detrimental to cell viability.  

Another well documented effect of the progression of disc degeneration is the 

release of inflammatory cytokines (Molinos et al., 2015b). Specifically, a significant 

number of studies have recognised the connection between the development of degenerated 

disc disease and the overexpression and synthesis of several inflammatory cytokines. In 

particular, the expression of inflammatory cytokines IL-1β and TNF-α have been shown to 
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be upregulated in vivo in patients with chronic low back pain, and to be responsible in vitro 

of the upregulation of catabolic enzymes and the downregulation of structural 

macromolecules such as aggrecan and collagen type II (Sutovsky et al., 2017, Vo et al., 

2013, Studer et al., 2007). 

It appears clear, therefore, that such a challenging and hostile microenvironment 

cannot be overlooked in the process of establishing a potential cell-based therapy for the 

treatment of the degenerated disc. On the contrary, tailoring the therapeutic system based 

on the ability of the cellular component to better respond in vitro to the limiting 

environmental conditions typical of the degenerated disc may benefit the overall efficacy 

of the system once tested in vitro. 

 Ex-vivo explant culture models – an innovative method to assess 
therapeutic potential 

Once the therapeutic potential has been established in vitro, in vivo models would 

be a logical next step to further investigate the clinical efficacy of a novel regenerative 

strategy. There have been numerous studies that have sought to find the ideal animal model 

for disc degeneration and ranged widely across different species (rat, rabbit, goat, pig) 

(Crevensten et al., 2004, Chen et al., 2009, Wang et al., 2015b, Zhang et al., 2011b, Acosta 

et al., 2011). Although small animal models have been often used for economic reasons 

being the less expensive and readily available option, they can hardly recapitulate the 

conditions of the degenerated human disc, having a different cell type and anatomy from 

that found in humans (Alini et al., 2008, Jin et al., 2018). Larger animal models, on the 

other hand, are expensive and in some cases such as in pigs, the presence of notochordal 

cells in adult specimens alters the patterns of development of degeneration that are seen in 

humans (Omlor et al., 2009). However, despite not being used for in vivo applications, 
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bovine caudal discs are commonly recognised as a suitable model for in ex vivo studies of 

the IVD (Pfannkuche et al., 2020, McDonnell and Buckley, 2021). In fact, they have been 

shown to share similarities in regards to the mechanical properties, cell population and 

density, and biochemical characteristics with human discs (Ishihara et al., 1996, Boubriak 

et al., 2013, Bezci  et al., 2019). Nevertheless, ex vivo organ culture models are extremely 

complex models to study experimentally and involve several practical difficulties. Firstly, 

organ models need to be treated enzymatically to induce adequate degeneration in the NP 

(Malonzo et al., 2015). Secondly, in the early stages of development of biomaterial and 

cell-based strategies, it is advantageous to be able to identify and isolate the biomaterial 

and cells from the native tissue to perform post experimental analysis. This is very 

challenging when using ex-vivo organ systems, making it difficult to draw decisive end-

of-study conclusions (Naqvi et al., 2019).  

An interesting and easier approach than both in vivo models and in vitro full organ 

models are explant models. This relatively new approach aims at isolating parts of the organ 

for tissue culture rather than maintaining the whole structure intact, in order be able to 

refine the complexity of the experimental setup and to specifically interrogate different 

aspects of the problem, such as the individual roles of the inflammatory response, the 

microenvironmental conditions and cell types in tissue regeneration. For these reasons, this 

type of approach has been adopted for various tissue types such as cartilage, bone, meniscus 

and cornea (Vainieri et al., 2018, Staines et al., 2019, Grogan et al., 2013, Castro et al., 

2019). However, probably due to the more challenging properties of the NP, explant tissue 

culture models for the IVD have been rarely adopted in literature and represent an almost 

entirely unexplored avenue.  In this thesis, an ex vivo explant culture model was developed 

to overcome this challenge thereby facilitating comparisons and differences between the 

biomaterial and cell types tested to be more readily made. 
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 Objectives  

The global objective of this thesis was to develop an injectable disc ECM-derived 

biomaterial that can aid nasal chondrocytes in the regeneration of the nucleus pulposus 

region of the intervertebral disc (IVD). An overview of the proposed strategy is illustrated 

in Figure 1-1. 

The specific objectives of the studies presented in this thesis work were to: 

i. Develop an injectable and biocompatible hydrogel derived from 

decellularised extracellular matrix from the IVD. 

ii. Explore the effects of functionalised chondroitin sulfate incorporation on the 

rheological properties of the hydrogel and on the matrix forming capacity of 

nasal chondrocytes (NC) in the absence of growth factor supplementation.  

iii. Investigate the effects of physiological concentrations of pro-inflammatory 

cytokines (i.e. IL-1β and TNF-α) and of low pH microenvironmental levels 

on NC’s viability and matrix synthesis ability.  

iv. Compare the functional matrix synthesis capacity of NCs and NP cells in 

representative physiological conditions of degeneration. 

v. Examine the influence of cell density on cell survival and matrix production 

with the aim of determining the optimal seeding density to adopt for the 

regenerative system proposed in this thesis work. 

vi. Develop a disc explant model using caudal bovine discs tissue in simulated 

degenerative disc conditions (i.e. low O2, low glucose, high osmolarity, low 

pH and in the presence of inflammatory cytokines), and compare the 

regenerative potential of the proposed system to an acellular control and a 

nucleus pulposus cell alternative.  
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Figure 1-1 Overview of the research strategy presented in this thesis. ECM from bovine 

caudal disc tissue is isolated, decellularised and solubilised. Following incorporation of 

functionalised chondroitin sulfate, the hydrogel properties were studied, with particular 

attention to the its ability to influence the matrix forming capacity of nasal chondrocytes 

(NC). Subsequently, the functional matrix synthesis capacity of NCs and NP cells was 

compared in culture conditions representative of physiological degeneration. Lastly, the 

regenerative potential of the system proposed in this thesis was investigated in an ex vivo 

explant culture model.  
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2 Chapter 2 – Literature Review 

 The Intervertebral Disc 

The intervertebral disc (IVD) is the largest avascular fibrocartilaginous tissue in the human 

body and is located between adjacent vertebrae. Its primary function is to transmit loads 

through the spine, providing flexibility by allowing torsion and bending movements. It can 

be divided into three distinct anatomical parts: the Nucleus Pulposus (NP), the Annulus 

Fibrosus (AF) and the Cartilaginous Endplates (CEP) (Figure 2-1)  

 

 

 

Figure 2-1 (Left) Schematic representation of the lumbar tract of the spine, (Right) The 

anatomical organisation of the Intervertebral Disc (IVD); at the centre the Nucleus 

Pulposus (NP) surrounded by the transition zone of the inner Annulus Fibrosus (iAF) and 

more externally the Annulus Fibrosus (AF). At the bottom, these regions are confined by 

the Cartilaginous End Plates (CEP), which separate the IVD from the Vertebral Bodies 

(VB). Image adapted from the Spine Technology Handbook, Guerin and Elliot, 2006. 
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The NP, located within the central portion of the IVD, is a gelatinous tissue made 

of proteoglycans and randomly organised collagen fibres, the vast majority of which are 

collagen type II. Conversely, proteoglycans present in the NP are present in different 

amounts and types. The most abundant proteoglycan in the NP is aggrecan and in addition 

to that other smaller types are also present, such as biglycan, lumican and decorin 

(Roughley, 2004, Whatley and Wen, 2012, Feng et al., 2006). The structure of a 

proteoglycan consists of a core protein to which are attached negatively charged chains of 

sulfated glycosaminoglycans (sGAG), chondroitin sulfate (CS) being largely the most 

abundant in the disc. Due to their negative charges, sGAGs attract or imbibe water to the 

NP region, where they are most abundant and are therefore responsible for the local high 

level of hydration. Being confined mainly to the central portion of the IVD, the high-water 

content of this region gives rise to a high osmotic swelling pressure, which is critical for 

the tissue’s shock absorbing capacity.  

 

 

 

Figure 2-2 Schematic representation of axial loads distribution in the IVD. (A) Axial 

view. During axial load, the nucleus pulposus distributes the force radially on the stretched 

annular fibres. (B) Schematic representation of load distribution in a transverse section of 

the IVD. Image adapted from (Raj, 2008). 

 



13 
 

The structural conformation of the NP allows it to absorb axial loads and 

redistribute them radially to the surrounding AF tissue (Figure 2-1). The structure of the AF 

is substantially different from the NP, as its function is to contain the stress related 

deformations of the central portion of the IVD. It consists of 15-25 concentric layers of 

carefully aligned fibres of collagen type I called lamellae (Marchand and Ahmed, 1990). 

Although it is easier to define the end of an anatomical region of the IVD and the beginning 

of another with a simple line, this is not a realistic approximation of the structure that exists 

in vivo. It has been observed that in vivo there is more of a transition zone between the NP 

and the AF that shares a mix of the structural and biochemical characteristics of the two, 

usually referred as inner AF (iAF) (Figure 2-1) (Buckwalter et al., 1985). CEPs confine the 

NP and the AF at the top and bottom and separates them from the adjacent vertebral bodies.   

2.1.1 Cells of the Intervertebral Disc 

Generally there are three cell types the adult human IVD; chondrocytes from the 

CEP, round chondrocyte-like cells residing in the NP and iAF (typically referred to as NP 

cells), and fibroblast-like cells in the AF (Lama et al., 2013, Xu et al., 2018). These cell 

types do not share the same embryological origin. NP cells are thought to originate in the 

notochord and to completely differentiate into a chondrocyte-like phenotype by 8-10 years 

of age (Choi et al., 2008, Urban and Roberts, 1995). These cells appear in the NP in 

extremely sparse clusters of different sizes, however the mechanism of cluster formation 

and its significance are still unclear (Roberts et al., 2006, Trout et al., 1982). The 

embryological origin of AF and CEP cells is the mesoderm (Sivakamasundari and Lufkin, 

2012). In the IVD, AF cells are usually elongated and aligned to collagen type I fibres, 

which is also the type of collagen that they preferentially synthesise and deposit (Urban 
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and Roberts, 2003), while chondrocytes from the CEP produce a type of matrix rich in 

collagen and PGs typical of hyaline cartilage (Lakstins et al., 2020). 

There is also a fourth family of cells that resides in the IVD together with NP, AF and CEP 

cells during the first years of life: notochordal cells. These cells have been shown to hold 

significant regenerative potential for NP tissue (de Vries et al., 2016, de Vries et al., 2019). 

However, after birth and concomitantly with disc ageing, and therefore with the natural 

onset of disc degeneration, notochordal cell density begins to decline and completely 

disappear within 8-10 years (Trout et al., 1982, Kanda et al., 2020). 

One of the most widely documented effects of ageing  and degeneration on IVD 

pathophysiology is a significant decrease in cell number (Liebscher et al., 2011, Zhao et 

al., 2007, Urban et al., 2001, Buckwalter, 1995). Early research from Maroudas et al. sought 

to determine the number of cells present in healthy human lumbar discs by analysing 

histological L4-L5 human IVD sections from three donors, and found it to be 6x106 cells/ml 

throughout the whole disc. Moreover, they found the AF to be three times as dense of 

cellular material as the NP, which sets the NP cell density to 1.5x106 cell/ml circa 

(Maroudas et al., 1975). Eyre et al. later interpreted the results obtained from Maroudas et 

al. and set the standard NP cell density to 4x106 cell/ml (Eyre, 1979). In a more recent 

study, Liebscher et al. analysed 49 cross sections from IVDs (0-86 years) obtained from 22 

different specimens and determined the NP cell density to be approximately 2.8x106 

cells/ml (Liebscher et al., 2011). 

Over the past decade, a number of studies have highlighted a significant decrease in 

cell viability in the NP and AF of discs showing early to advanced stages of degeneration 

compared to the healthy standard, and have provided increasing evidence that cell death 

contributes to the progress of the DDD (Zhang et al., 2016, Ding et al., 2013, Rannou et 

al., 2004, Gruber and Hanley, 1998).  
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 Intervertebral Disc Degeneration 

Disc degeneration (DD) is a multifactorial process and it is believed to initiate in the 

NP (Erwin et al., 2015, Roughley, 2004, Whatley and Wen, 2012). It has been demonstrated 

that with ageing and early disc degeneration the proteoglycan content of the NP decreases 

concomitant with a loss in water content, resulting in reduced swelling pressure (Erwin et 

al., 2015, Buckwalter et al., 1985). The loss of proteoglycan, and consequently dehydration, 

hinders the ability of the disc to distribute mechanical loads, therefore impairing its 

mechanical functionality. As a result of NP dehydration, the IVD begins to collapse (Figure 

2-3). As degeneration progresses, the NP loses its swelling behaviour and becomes less 

elastic, it fails to maintain its original load bearing capacity and the compressive loads it is 

usually subjected to are transferred to the AF. This shift in load transmission results in AF 

fatigue, which in time can tear or rupture and allow NP material to migrate out resulting in 

a herniation (Figure 2-4). Moreover, although the net collagen content in the disc remains 

the same, there is a shift in the type of collagen produced in the NP from type II to type I 

as the degeneration progresses, and cells populating the NP shift to a more fibrotic 

phenotype (Antoniou et al., 1996, Feng et al., 2006, Yee et al., 2016, Zeldin et al., 2020). 

Taken together, these compositional changes result in a change in the NP structure, from a 

highly hydrated gel-like to a fibrous and disorganised one. 
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Figure 2-3 Lumbar intervertebral discs representing different stages of disc 

degeneration. (A) Healthy IVD, the NP is well hydrated and clearly defined. (B) 

Degeneration grade I-II. Early degeneration. It is still possible to distinguish the NP from 

the AF, however hydration is diminished, and it is possible to see a degree of height loss. 

(C) Degeneration grade III. NP space becomes more fibrous, the demarcation between AF 

and NP is difficult to distinguish clearly. (D) Degeneration grade IV. NP structure is 

completely lost, as well as reduced disc height. Image adapted from (Benneker et al., 2005). 
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Figure 2-4 Disc herniation. Sagittal and central section images of L-4 lumbar disc of 

herniated disc. Red arrows indicate bulging of the disc. Image adapted from (Maus, 2010). 

 

Furthermore, over the past decade a number studies have highlighted a significant 

decrease in cell viability in the NP and AF of discs showing early to advanced stages of 

degeneration compared to the healthy standard, and have provided increasing evidence that 

cell death contributes to the biochemical and structural changes observed in the disc, and 

the consequent progression of the DDD (Zhang et al., 2016, Ding et al., 2013, Rannou et 

al., 2004, Gruber and Hanley, 1998).  

2.2.1 Stages of Degeneration 

The structural and biochemical changes that radically alter the properties of the IVD occur 

over a long time period. Effective translation of regenerative therapies requires for the 

identification of an appropriate stage of degeneration at which they can be implemented. 

According to the grading system designed by Pfirrmann et al., it is possible to divide the 

process of disc degeneration into five stages (Pfirrmann et al., 2001, Watanabe et al., 2007) 
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(Table 2.1). A therapeutic strategy to tackle the degeneration of the disc should not be 

implemented after irreversible and critical damages such as AF tearing have already taken 

place, but instead may be more effective during the early stages of degeneration. Tissue 

engineering or regenerative medicine is a promising therapeutic approach in which cells 

are combined with a biomaterial to stimulate extracellular matrix (ECM) synthesis with the 

aim of restoring the disc height and the biochemical composition in early stage 

degeneration.  

Table 2.1 Classification of disc degeneration stages 

 

 Microenvironment of the Intervertebral Disc 

The complex structure of the IVD provides a challenging microenvironment for 

cells residing in it, especially for cells within the NP. As the NP is completely avascular, 

diffusion through the CEP and the AF appears to be the main route of transport for nutrients 

and oxygen to cells residing in the NP (Urban et al., 1982, van der Werf et al., 2007, Urban 

et al., 2004, De Geer, 2018). For CEPs in particular, their main function in the disc could 

be identified as to allow the flow of nutrients and metabolites into and out of the NP 

(Ashinsky et al., 2020, Wong et al., 2019).  

The IVD is characterised by large concentration gradients of nutrients and 

metabolites across its sections, with significantly lower concentrations of glucose (4.5mM-

0.5mM) and oxygen (5.4%-0.2%) in the NP compared to the AF (Jackson et al., 2011, 
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Soukane et al., 2007). At low oxygen concentrations, cells rely on O2-independent 

anaerobic respiration, producing lactate as a by-product of glycolysis. In turn, the 

production of high quantities of lactate in the NP gives rise to a lactic acid concentration 

gradient which increases towards the centre of the disc (1.2 mM – 4.4 mM) (Holm et al., 

1981, Selard et al., 2003). In a healthy disc, lactate is removed from the NP as metabolites 

diffuse out through the CEP and AF. However, in IVD degeneration CEPs undergo physical 

changes such as thinning and calcification (Grant et al., 2016, Tomaszewski et al., 2015, 

Huang et al., 2021), thereby reducing the bidirectional flow of nutrients and metabolites to 

and from the NP region causing local lactate accumulation and a consequent decrease in 

pH (Bartels et al., 1998, Shi et al., 2019a) (Figure 2-5). It is evident, therefore, that the 

equilibrium between the supply of nutrients to the cells in the centre of the disc and the 

removal of  metabolites is precarious and any disruption to these diffusive flows would be 

strongly correlated with the onset of degeneration.  

 

 

Figure 2-5 Microenvironment in the IVD. (A) Diffusion through the CEPs is the main 

nutrient supply route. Cells in the AF are supplied with nutrients through the capillary 

network from the surrounding tissue. (B) In the NP the concentration gradients of nutrients 

(e.g. oxygen, glucose) find their minimum, while the maximum is reached for metabolite 
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concentration (e.g. lactic acid). (C) Schematic showing normalised concentration gradients 

of oxygen, glucose and lactic acid across the NP (Huang et al., 2014). 

 

2.3.1 Effect of acidic pH in the Intervertebral Disc 

In healthy discs, the NP region has been reported to be characterised by a 

physiological pH of 7.1 (Nachemson, 1969). However, the pH of the disc has been shown 

to change significantly with the degree of degeneration, reaching a pH level of 6.8 to 6.5 in 

mildly to severely degenerated conditions respectively (Nachemson, 1969, Sivan et al., 

2014, Urban, 2002). Matrix acidity has been shown to be a critical factor for cell behaviour. 

In fact, Wuertz et al. demonstrated that an acidic environment decreases stem cell 

proliferation and viability (Wuertz et al., 2008) while Han et al. showed that it directly 

inhibits their expression of matrix related genes in 2D cultures (Han et al., 2014). More 

recently, Naqvi et al., while investigating the effects of pH in an alginate 3D culture, found 

that bone marrow stem cell (BMSC) viability decreased with decreasing pH, and that 

matrix accumulation was also negatively affected by low pH (Naqvi and Buckley, 2016). 

Environmental acidity was also demonstrated to be detrimental to the metabolic activity, 

sGAG production, viability and survival of NP cells and articular chondrocytes (AC) 

(Bibby et al., 2005, Razaq et al., 2003, Bibby and Urban, 2004, Gansau and Buckley, 2021).  

Uchiyama et al. investigated the ability of NP cells to express ASIC proteins in low pH 

cultures and found that this expression was required for the survival of these cells  at lower 

physiological pH (Uchiyama et al., 2007). ASICs are extracellular receptors sensitive to the 

presence of Na+ and Ca2+ ions (Zhou et al., 2016, Hu et al., 2012). Once these receptors 

are activated, they allow an influx of ions into the cell which in turn trigger ion-dependent 

proteases, thereby activating a cascade of events that influence the expression of certain 

cell survival genes (Yuan et al., 2010). More recently, Zhao et al demonstrated that 
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extracellular lactate is indirectly responsible for promoting NLRP3 inflammasome 

activation and interleukin-1β (IL-1β) release, by activating ASIC1 and ASIC3 receptors in 

NP cells in vitro (Zhao et al., 2021). ASIC receptors have not only been observed to be 

expressed in cell types such as NP, but also in AC and bone cells (Hu et al., 2012, Yuan et 

al., 2010, Lee et al., 2019). 

2.3.2 Inflammation in Disc Degeneration 

Generally, inflammatory mechanisms are investigated as a response to infection or 

injury, however, recently there has been a trend towards exploring its physiological role in 

tissue homeostasis (Medzhitov, 2008). In a typical inflammatory response to an infection, 

leukocytes are recruited via the vascular network to the site and secrete soluble mediators 

which in turn trigger a series of complex cascades of events that eventually will clear the 

infection and resolve the inflammatory response. However, the IVD is an avascular tissue 

and the onset of the inflammatory response observed in DD cannot possibly follow the 

same course. It is still unclear what exactly triggers the inflammatory response in DD and 

which cell type is involved in the secretion of pro-inflammatory molecules. Medzithov et 

al. suggested one of the possible causes of the inflammatory response could be attributed 

to the accumulation of the by-products of ECM degradation (Medzhitov, 2008). The IVD, 

being a tissue characterised by extremely low cellularity, is mostly composed of ECM 

molecules such as collagens and proteoglycans, which are continuously degraded and 

synthesised in response to external stimuli to maintain tissue homeostasis (Le Maitre et al., 

2004a, Feng et al., 2006, Roughley, 2004). There is evidence that fragments of laminin, 

fibrin and hyaluronan can modulate the infiltration of immune cells in tissues (Vaday and 

Lider, 2000, Noble, 2002, Cazzanelli and Wuertz-Kozak, 2020). Supporting these pieces 

of evidence, a recent study from Zhang et al. has shown in a catabolic enzyme-induced 
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degeneration goat model that increasing levels of inflammatory cytokines are released in 

the disc with increasing levels of degeneration (Zhang et al., 2020). In addition, Quero et 

al. demonstrated that hyaluronic acid fragments led to increased expression levels of pro-

inflammatory and catabolic genes such as IL-1β, IL-6, IL-8, metalloprotease (MMP)-1 and 

-13 in disc cells (Quero et al., 2013). This finding could also indirectly answer the open 

question regarding which family of cells is responsible for the release of inflammatory 

cytokines. In this regard, there is also a robust set of evidence in the literature which indicate 

that leukocyte-like cells might intrinsically be present in the IVD. Jones et al. showed 

evidence of a population of IVD cells able to phagocytise apoptotic cells in vitro (Jones et 

al., 2008), while earlier Nerlich et al., using immunohistochemical analysis demonstrated 

the presence of phagocytic cells in human lumbar discs, claiming that these cells are not 

invading monocytes, but rather transformed resident cells (Nerlich et al., 2002). 

Furthermore, in an investigation on the expression profile of human NP cells, Phillips et al. 

observed that some of these cells were actively synthesising cytokines and chemokines 

(Phillips et al., 2013). 

Another cause of IVD inflammation could be the mechanical overloading. In fact, 

it has been demonstrated that high mechanical strain and compression on IVD cells and on 

intact IVDs in an explant model can alter ECM composition, induce cell apoptosis and 

promote the release of the inflammatory cytokines that eventually contribute to the 

development of DD (Gawri et al., 2014, Walter et al., 2011, Molladavoodi et al., 2020).  

The release of different cytokines during an inflammatory response in the IVD 

depends on the stage of degeneration (Molinos et al., 2015b). Among these pro-

inflammatory cytokines, inflammatory processes correlated with tumour necrosis factor-α 

(TNF-α) and IL-1β and are believed to play a central role in degeneration (Risbud and 

Shapiro, 2014, Johnson et al., 2015, Hoyland et al., 2008, Wang et al., 2020). The pro-
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inflammatory cytokine IL-1β, coupled with its receptor antagonist IL-1Ra, appears to be a 

key regulator of disc cell homeostasis in a healthy disc. However, during DD the balance 

between the synthesis of IL-1β and its receptor antagonist is broken and this imbalance has 

been associated with the upregulation of MMPs and downregulation of matrix related genes 

(Le Maitre et al., 2007, Le Maitre et al., 2005). Results from a recent study by Gorth et al. 

further confirm the pivotal role that IL-1β holds in disc homeostasis. In this study 

researchers used IL-1KO mice to investigate the effects of the suppression of the IL-1 

family signalling pathways, and showed that not only did IL-1 deletion minimally affect 

disc health with wild type and IL-1KO mice showing signs of age-related degeneration, but 

most importantly, rather than preventing degeneration, the knock out of the IL-1 gene 

generally worsened the degenerative phenotype (Gorth et al., 2019). 

TNF-α has also been shown to be upregulated in DD and to be responsible for the 

increased expression of MMP-1, -3 and -12 (Vo et al., 2013) and the decreased expression 

of aggrecan and collagen type II genes (Studer et al., 2007). Furthermore, TNF-α appears 

to be the key cytokine driving neo-innervation processes causing the back pain associated 

with DD (Risbud and Shapiro, 2014, Hayashi et al., 2008, Lyu et al., 2021). Sutovsky et al. 

recently provided strong evidence that various pro-inflammatory cytokines including TNF-

α are upregulated in patients experiencing higher pain intensity and hence might be 

responsible for the chronic low back pain (Sutovsky et al., 2017). 

Although the correlation of IL-1β and TNF-α with disc degeneration is well 

established in vivo, the response to their in vitro supplementation in 2D and 3D cultures 

has been diverse and often conflicting (Purmessur et al., 2013, Hoyland et al., 2008), 

probably due to the extreme variety of culture conditions used in each study (Table 2.2). 
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Table 2.2 Methods of inflammatory cytokines supplementation.  

 

Cell 
type Species Cell 

number 
Culture 
method 

Culture 
period 

Inflammatory 
cytokine 

Cytokine 
concentration Authors 

NP Bovine 2x10
7
 2D 72 

hours IL-1β 10 ng/ml (Smith et al., 
2011) 

NP Human 2x10
5
 2D 72 

hours 
IL-1β 
TNF-α 

100 ng/ml 
50 ng/ml 

(Doita et al., 
2001) 

NP, 
AF Human 24x10

4
 2D 24 

hours IL-1β 0.5-5000 
pg/ml 

(Jimbo et al., 
2005) 

NP Human 1x10
6
 

3D, 
Alginate 

48 
hours IL-1β 10 ng/ml (Le Maitre et 

al., 2007) 

NP Bovine 2x10
7
 2D 48 

hours TNF-α 1-50 ng/ml (Seguin et al., 
2005) 

NP Rat, 
Human - 2D 4-24 

hours 
IL-1β 
TNF-α 

10 ng/ml 
50-100 ng/ml 

(Wang et al., 
2011) 

NP Rat, 
Human 5x10

5
 2D 24 

hours 
IL-1β 
TNF-α 

10 ng/ml 
25-50 ng/ml 

(Wang et al., 
2014) 

NP Rat - 2D 24 
hours 

IL-1β 
TNF-α 

5-20 ng/ml 
25-100 ng/ml 

(Tian et al., 
2013) 

NP, 
AF Rat - Organ 

Culture 10 days IL-1β 
TNF-α 

10 ng/ml 
100 ng/ml 

(Markova et 
al., 2013) 

NP, 
AF Bovine - Organ 

Culture 
3-4 
days TNF-α 100 ng/ml (Walter et al., 

2015) 

NP, 
AF Human - Tissue 

Culture 
48 
hours 

IL-1β 
TNF-α 

10 ng/ml 
10 ng/ml 

(Hoyland et al., 
2008) 

NP Rat 4x10
3
 2D 24 

hours 
IL-1β 
TNF-α 

10 ng/ml 
50 ng/ml 

(Tran et al., 
2014) 

NP, 
AF, 
CEP 

Bovine - Organ 
Culture 7 days TNF-α 200 ng/ml (Purmessur et 

al., 2013) 

NP Rabbit - 2D 16 
hours IL-1β 10 ng/ml (Rannou et al., 

2000) 

NP, 
AF Bovine 4.5x10

6
 

3D, 
Collagen 

24 
hours IL-1β 10 ng/ml (Srivastava et 

al., 2017) 

NP Human 2x10
6
 

3D, 
Alginate 

48 
hours IL-1β 1-100 pg/ml 

1-100 ng/ml 
(Phillips et al., 
2015) 
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 Current Strategies in the Treatment of Disc Degeneration 

Typically, patients presenting symptoms of DD such as back pain, are initially 

treated with pain-relieving drugs and physiotherapy (Gilbert et al., 2013). However, if 

conventional treatments fail and degeneration progresses, surgical procedures are 

sometimes adopted. The current surgical gold standard interventions include micro-

discectomy (removal of the protruding or herniated tissue impinging on nerve root endings) 

or spinal fusion (removal of the entire disc and fusion of the two adjacent vertebrae). 

Nevertheless, these methods are highly invasive and are characterised by a high rate of 

treatment-related complications and often require a second surgery (van den Eerenbeemt 

et al., 2010, Endler et al., 2019). Furthermore, with the increase in the aging global 

population, the incidence of DD increases as well, making such invasive surgeries an 

unfeasible option for many elderly cohorts (Richardson et al., 2007). While these surgical 

approaches alleviate pain, they do not treat the root cause of degeneration, nor restore the 

biomechanical function of the IVD. This has motivated researchers to develop alternative 

biomaterial and cell-based therapies for the treatment of IVD degeneration, with the aim of 

regenerating the damaged tissue rather than simply removing it and providing symptomatic 

pain relief to the patient.  

2.4.1 Growth Factor Therapy 

In growth factor therapy the ability of resident cells to synthesise ECM is improved 

through the injection of specific exogenous proteins that shift the cellular metabolism to an 

anabolic state (Masuda, 2008). Thompson et al. were the firsts to demonstrate that the rate 

of proteoglycan synthesis by IVD cells was enhanced significantly following the addition 

of transforming growth factor-β (TGF-β) (Thompson et al., 1991). Later, Gruber et al. used 

a three-dimensional culture to demonstrate that TGF-β is also able to stimulate the 
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proliferation of AF cells in vitro and that insulin-like growth factor-1 (IGF-1) and platelet 

derived growth factor (PDGF) were both able to reduce the percentage of apoptotic AF 

cells induced by nutrient deprivation in culture (Gruber et al., 1997, Gruber et al., 2000). 

The protective effects of TGF-β on NP cells against cell apoptosis are still being 

investigated to this day, with new interesting insights on its shielding ability against the 

effects of inflammatory cytokines such as TNF-α (Xie et al., 2020). Furthermore, recent 

studies have also provided further insights on the protective effects of TGF-β on BMSCs 

and ACs against the damaging effects of cryopreservation and low pH (Naqvi et al., 2018, 

Gansau and Buckley, 2021). 

Members of the family of bone morphogenic protein (BMP) growth factors are also 

being explored in animal studies and clinical trials (Tim Yoon et al., 2003, Zhang et al., 

2011a, Vincentelli et al., 2019). In a randomised controlled animal study, Leckie et al. 

demonstrated that treatment of punctured rabbit IVDs with  a viral vector carrying the 

BMP2 gene can delay degenerative changes (Leckie et al., 2012). In another animal study, 

Yan et al. investigated the therapeutic potential of poly (lactic-co-glycolic acid) (PLGA) 

microspheres loaded with recombinant human growth and differentiation factor-5 (rhGDF-

5) on punctured rat IVDs and found increases in GAGs and collagen type II content as well 

as restoration of disc height (Yan et al., 2014).  

However, there are major concerns with respect to gene therapy, such as safety and 

duration of gene expression (Vasiliadis et al., 2014). Moreover, the relatively short 

biological half-lives of these growth factors (typically a few hours), poses a limit on the 

clinical translation of these therapies in DD, which is a condition that persists for years. In 

addition, there is robust evidence that NP cells become senescent as degeneration 

progresses and may not be able to respond to growth factor stimulation (Jiang et al., 2013, 

Kim et al., 2009).  
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2.4.2 Cell-based Therapies 

Considering that the disc degeneration process is characterised by a significant loss 

of viable cells and a drastic change in the metabolic activity of the resident population that 

remains viable, a reasonable treatment should aim to increase the number of healthy cells 

that are capable of synthesising appropriate ECM. In this regard, cell-based therapies hold 

great potential, as the transplantation of healthy cells can both address the issue of ECM 

restoration by synthesising and depositing new ECM, and the replenishment of a depleted 

cell population. Adult mesenchymal stem cells (MSC) have often been adopted in cell 

based therapies for tissue regeneration due to their ability to differentiate in vitro towards 

different lineages (Pittenger et al., 2019). However, the use of MSCs is not ideal for a cell-

based disc regeneration therapy for several reasons. Firstly, MSCs require extensive in vitro 

expansions to obtain cell-numbers sufficiently large for regenerative purposes (Kastrinaki 

et al., 2008). Secondly, being pluripotent cells, MSCs are not committed to a specific cell 

line and would therefore require a step of in vitro differentiation towards a discogenic 

lineage prior injection. However, there is currently no consensus in regards to what would 

be the optimal growth factor treatment to induce an NP-like phenotype (Clarke et al., 2014, 

Lan et al., 2019, Sinkemani et al., 2020). Unfortunately, this treatment is a necessary step 

when using MSCs and cannot be neglected, as it has been demonstrated that 

undifferentiated MSCs can only produce sGAG at 20 to 30% of the rate of normal NP cells 

(Allon et al., 2010). Lastly, as previously described, the microenvironmental conditions of 

the NP are singularly harsh and nutrient deprived. Other primary cells, such as 

chondrocytes and dermal fibroblasts, during their differentiation process, develop an 

oxygen and glucose sensing mechanism that allows them to better respond to nutrient 

deprived environments and remain viable and synthesise ECM macromolecules (Pfander 

and Gelse, 2007, Coyle et al., 2009, Shi et al., 2019b). Unlike these primary cells, MSCs 
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lack the ability to autonomously adapt their metabolic activity to the nutrient deprived and 

degenerated environment of the NP (Naqvi and Buckley, 2015, Naqvi and Buckley, 2016, 

Potier et al., 2007, Gansau and Buckley, 2021, Loibl et al., 2019). Interestingly, Mesoblast 

Ltd has recently shown promising results in a Phase III clinical trial in which a suspension 

of different concentrations of allogeneic mesenchymal precursor cells combined with a 1% 

hyaluronic acid gel was injected into the disc of 100 patients using a saline solution as 

placebo control (Amirdelfan et al., 2021). However, although patients who were injected 

cell loaded gels showed improved pain relief compared to the control group, no sign of disc 

height improvement or regeneration was observed radiographically at any point in the study 

for any of the experimental groups, suggesting that MSC treatment may be better suited as 

an opioid alternative, rather than a regenerative means. Taken together, these limitations 

pose a challenge in the use of MSCs as a cell source for disc repair. 

Another regenerative approach for the treatment of DD is the transplantation of NP 

cells to the diseased site. NP cells can be harvested from the patient through micro-

discectomy surgery, enzymatically isolated and culture expanded in vitro before 

reintroduction into the disc. This technique, known as Autologous Disc Cell 

Transplantation (ADCT), has been commercially available for over ten years and the results 

are summarised in the EuroDISC study by Meisel et al. At the second year follow up, 

results showed that patients who received the injection of expanded disc cells showed 

greater disc rehydration and pain reduction compared to patients that did not receive the 

treatment (Meisel et al., 2007). A more interesting approach has been adopted by 

DiscGenics Inc with their IDCT (injectable discogenic cell therapy). After demonstrating 

that an intradiscal injection of discogenic cells extracted from donated adult human tissue 

is able to induce an increase in disc height and has the potential to rebuild the depleted 

tissue within degenerating discs in a rabbit model (Silverman et al., 2020), they were 
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authorised to start a phase I first-in-human clinical trial (ClinicalTrials.gov Identifier: 

NCT03347708), the results of which should be published shortly.  

 

Although these studies highlight promising results, there are still a number of 

concerning issues associated with these therapies. For example, the number of cells that 

can be isolated from the herniated tissue is generally low and would require in vitro culture 

expansion. This could limit regenerative potential due to dedifferentiation effects  which 

could compromise subsequent matrix forming capacity (Gruber and Hanley, 2000, Ciapetti 

et al., 2012). Moreover, due to intradiscal pressure, cell leakage via the needle tract post-

delivery is also a concern (Hiyama et al., 2008, Omlor et al., 2010, Sakai and Andersson, 

2015). However, the major limitation of this technique is the requirement of a two-step 

surgical procedure: the first to harvest the cells and the second to reintroduce them. Recent 

progress in the IDCT technology from DiscGenics might help overcoming this limitation, 

Figure 2-6 Schematic illustrating Autologous Disc Cell Transplantation (ADCT). A 

biopsy of the patient’s NP in taken, NP cells are extracted from it and culture expanded in 

vitro prior to being injected into the disc.. 
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however, clinical trials are at very early stages and conclusive results on the safety of the 

technology are yet to be disclosed.  

2.4.3 Chondrocytes as an alternative cell source for disc repair 

Chondrocytes share a number of phenotypical similarities with NP cells, including 

the ability to synthesise matrix rich in proteoglycans and collagen type II and the fact that 

they are both derived from avascular, hypo cellular and high load-bearing tissues (Ganey 

et al., 2003). Chondrocytes derived from several different sources such as ear (van Osch et 

al., 2001, Okubo et al., 2019), rib cartilage (Tay et al., 2004, Huwe et al., 2018) and nose 

(Kafienah et al., 2002) have already been investigated for their application in cartilage 

regeneration. Gorensek et al. investigated the survival and proliferation of AC in a rabbit 

model for IVD degeneration, showing that AC loaded implants were well tolerated by the 

host 6 months post implantation (Gorensek et al., 2004), while Zhang et al. demonstrated 

in an ex vivo study that AC were also able to enhance proteoglycan deposition after 

transplantation into the IVD (Zhang et al., 2008). However, strong concerns over the use 

of allogenic ACs inducing donor site morbidity and their potential to stimulate a host 

immune response, have limited their commercial exploitation and clinical adoption.  

As an alternative, allogeneic juvenile chondrocytes (JC) have gained attention in the 

past decade due to their promising characteristics. They have been shown to be capable of 

synthesising matrix associated with the two major components of NP tissue, aggrecan and 

collagen type II, and to provide a certain level of regeneration when assessed in a porcine 

model for degeneration (Acosta et al., 2011). Importantly, JC lack the surface markers that 

would induce T-cell immune responses and this characteristic has been demonstrated both 

in vitro and in vivo (Acosta et al., 2011, Adkisson et al., 2010).  
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Intradiscal injection of allogenic JC combined with a fibrin sealant have been 

explored in the United States by ISTO technologies (NuQuTM) (Adkisson, 2011). 

Preliminary clinical results were encouraging, with over 90% of treated patients showing a 

significant reduction in pain. However, ISTO technologies recently terminated a Phase II 

trial for undisclosed reasons (Smith et al., 2018). In addition, it is unclear if JC can produce 

the appropriate ECM composition (i.e. sGAG:Collagen ratio) typically found in NP tissue. 

In fact, it has been documented extensively that the ECM composition of articular cartilage, 

despite being made of the same major components, is significantly different that NP 

(Mwale et al., 2004) and that the ECM synthesised by ACs has a lower sGAG:Collagen 

ratio than healthy NP cells (Silva-Correia et al., 2013). Moreover, this technique shares the 

same limitation as ADCT of requiring massive culture expansion to reach adequate cell 

numbers for regeneration purposes with consequent cell dedifferentiation.   

2.4.4 Limitations of Current Therapies 

Cell-based approaches have made great strides in the last decade. Commercially 

available therapies have taken different approaches to the regeneration of the NP and have 

succeeded to some extent. Nevertheless, there are strong limitations with the commercially 

available techniques that can be summarised in two main points: 

1) Functionality of the cell source   

ADCT requires the use of autologous NP cells harvested directly from the disc of the 

patient being treated. Typically, the tissue being harvested is isolated from an already 

degenerated tissue; the resulting isolated cells may not retain the functional capacity of 

reorganising and rearranging the matrix of the disc required for successful treatment and 

outcomes. This issue is partially solved in the NuQuTM technology with the use of healthy 

JCs. However, even this cell type is not ideal, as it has been demonstrated that the type of 
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matrix they produce is not the same as native NP tissue in terms of sGAG:collagen ratio 

composition. Moreover, the use of JCs involves a series of ethical concerns, as it involves 

the use of juvenile human tissues. In addition, ACs share the same amplification issues as 

NP cells for ADCT. In order to obtain an adequate number of cells to elicit regenerative 

effects, significant culture expansion in vitro is required and it is well established that 

monolayer expansion is responsible for inducing dedifferentiation and loss of synthetic 

ability (Kluba et al., 2005, Gruber and Hanley, 2000). Furthermore, given the harsh 

microenvironmental conditions of the degenerated disc, long-term cell survival in situ post 

injection is also a critical aspect to consider. 

2) Functionality of the carrier material 

The high cell loss observed after cell-only injections into the NP, as in the case of 

ADCT (Hiyama et al., 2008, Omlor et al., 2010) highlights the challenge associated with 

this approach and motivates the development and use of biomaterials as cell carriers, rather 

than a simple saline solution, to safely and effectively deliver and retain cells to the NP. A 

first approach to this issue has been incorporated into the NuQuTM technology, using a 

fibrin sealant as the cell delivery material. However, although fibrin provides a good system 

to maintain injected cells in place and avoid cell loss, it does not necessarily represent the 

best option for a biomaterial for regeneration as it lacks the necessary characteristics of 

adequately supporting cell phenotype, inducing matrix synthesis and deposition and most 

importantly, it does not match the native proteomic composition of the NP (Jorgensen et 

al., 2020, Mwale, 2014).  
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 Nasal Chondrocytes as a Primary Cell Source 

In the research for an appropriate cell source for the regeneration of the disc a 

number of valid factors, such as potential immune rejection, issues of high demand for 

allogeneic donor cells and ethical considerations, make the use of a patient’s own cellular 

material an obvious choice (Kafienah et al., 2002). Given the many challenges and 

limitations highlighted previously for ADCT and NuQuTM, it is pivotal for the progression 

of disc repair strategies to identify an alternative primary cell source.  

Recently, several studies have investigated the regenerative potential of alternative 

cell sources. These studies showed that chondrocytes harvested from different tissue 

sources were capable of generating distinct and unique matrix compositions and structures 

and these characteristics control the quality and specificity of the engineered cartilage 

(Isogai et al., 2006, Henderson et al., 2007, Fulco et al., 2014, Tsaryk et al., 2017, Tay et 

al., 2004, Okubo et al., 2019). Among the various cell sources discussed and analysed in 

the literature, nasal septal cartilage would perhaps provide for an attractive tissue source 

for cell isolation. This tissue is easily accessible to harvest under local anaesthesia and, 

most importantly, it has been demonstrated that nasal chondrocytes (NC) provide for good 

cell yields and exhibit a high chondrogenic potential even post expansion (Kafienah et al., 

2002, Henderson et al., 2007, Tay et al., 2004).  

2.5.1 Nasal Cartilage: Origin and Structure 

Nasal cartilage, or septal cartilage, is an avascular, highly hydrated cartilage type 

characterised by an ECM rich in collagen type II and sGAGs (Aksoy et al., 2012). It is a 

part of the cranial skeleton which develops from the neural crest of the embryonic 

ectoderm. After neurulation, the folding process in vertebrate embryos, groups of cells of 
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the ectoderm acquire a specific conformation that will determine their cell lineage. One of 

the lineages initiated by this process is the neural crest which will, in time, give rise to NCs 

that will develop and form the septal cartilage (Steding and Jian, 2010) (Figure 2-7). It has 

been demonstrated in the past few decades that cells of neural crest origin have the peculiar 

characteristic of having surprisingly high regenerative potential and developmental 

plasticity. In fact, there is evidence that this group of cells is induced to give rise to a number 

of different tissues and organs by specific programmed environmental cues (Le Douarin et 

al., 2004). The ability shown by neural crest cells to contribute to the formation of such a 

large number of tissues, attributes them the status of being multipotent cells (Baggiolini et 

al., 2015). 

 

Figure 2-7 Schematic showing the origin of NCs. The germ cell, following a series of 

steps such as morula formation, blastulation, and gastrulation, eventually forms the layer 

plates of ectoderm, mesoderm and endoderm. Following gastrulation, the ectoderm starts 

to give rise to neural plate; cells between the neural plate and the ectoderm develop into the 

neural crest from which nasal chondrocytes are derived.  
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The plasticity and multi-potency of cells derived from the neural crest, however, 

seems to be dependent on their position in respect to the body axis, with cranial neural cells 

being more plastic than trunk neural crest cells (Couly et al., 1996). Moreover, a correlation 

has been highlighted between lack of Hox gene expression and the ability of cells to be 

reprogrammed by environmental cues (Couly et al., 1996, Le Douarin et al., 2004, 

Krumlauf, 1994). Neural crest-derived cells are Hox-negative in their natural environment 

and become Hox-positive only in response to their site of transplantation. Studies have 

shown that Hox-negative neural crest-derived stem or progenitor cells were able to adopt 

the Hox-positive profile of the host transplantation site, while this switch in the molecular 

fate was not seen with the mesoderm-derived Hox-positive progenitor. Similarly, neural 

crest-derived Hox-negative NCs have been shown to switch their Hox gene expression and 

adopt the Hox-positive profile when transplanted in an articular cartilage defect in a goat 

model (Leucht et al., 2008, Pelttari et al., 2017). These findings support the use of NCs for 

the repair of cartilage defects. 

2.5.2 Nasal Chondrocytes in Pre-Clinical Studies and First-in-Human 
Trials 

Although NCs are derived from a tissue that is not usually subjected to mechanical 

stresses, these cells are particularly resilient to external mechanical stimuli and can adapt 

to a variety of different environments. In fact, NCs have recently emerged as a promising 

autologous cell source in repair strategies for high load bearing tissues such as articular 

cartilage and is supported by multiple in vitro and animal studies (Chen et al., 2018, 

Mumme et al., 2016a, Lim et al., 2020, Noh et al., 2021).  

 Many studies have explored the use of NCs in combination with different 

biodegradable scaffolds for cartilage regeneration since Kafienah et al. published their 
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pioneering study (Kafienah et al., 2002). They showed for the first time the advantages of 

using chondrocytes from the nasal septum, rather than the more commonly used articular 

cartilage derived chondrocytes. Since then the use of NCs was explored for a variety of 

different applications: they were used for the reconstitution of tracheal tissue in vivo 

supported by a polyethylene structure (Ruszymah et al., 2005), in septal cartilage 

regeneration both in vitro and in vivo (Dobratz et al., 2009, Chang et al., 2012), and more 

recently in articular cartilage regeneration applications (Lim et al., 2020, Jeon et al., 2020, 

Li et al., 2020). Pleumeekers et al. compared the regenerative potential of chondrocytes 

isolated from different sources and showed that when cells were encapsulated in alginate 

and subsequently implanted subcutaneously in murine models, NCs were significantly 

superior in terms of sGAG production compared to ACs (Pleumeekers et al., 2014). 

Moreover, in a follow-up study they also showed that, if aided by the presence of BMSCs, 

low NC numbers could yield tissue constructs just as similar to hyaline cartilage as the ones 

obtained by seeding them with high numbers of NCs (Pleumeekers et al., 2015). While 

earlier studies mainly focused on the use of NCs for the regeneration of septal cartilage, 

Vinatier et al. for the first time showed their applicability in weight-bearing conditions in 

the repair of osteochondral lesions (Vinatier et al., 2009b, Vinatier et al., 2009a). In their 

studies expanded rabbit NCs were injected in combination with fibrin or cellulose-based 

hydrogels into osteochondral defects. Although it was possible to observe a certain degree 

of repair, it was unclear if the injected NCs were retained at the defect site and if they 

contributed to repair, which could have been confirmed by labelling the cells. Barandun et 

al. later corroborated the potential highlighted earlier by Vinatier et al. by demonstrating 

the feasibility of NCs to generate composite constructs that resulted in high cartilage matrix 

accumulation and their potential application for the repair of osteochondral lesions 

(Barandun et al., 2015). Moreover, Mumme et al. showed in a goat model that labelled NCs 
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did indeed contribute to the repair of articular cartilage defects more significantly than ACs 

(Mumme et al., 2016b). Shortly after, results of their first-in-human clinical trial were 

published (Mumme et al., 2016a). In the study, 10 patients showing symptomatic articular 

cartilage lesions were treated with cartilaginous grafts made of NCs previously isolated 

from a nasal cartilage biopsy and embedded in an ECM rich in sGAG and type II collagen. 

The study has just recently concluded a phase II trial, the results of which have not yet been 

disclosed (BIO-CHIP Grant agreement ID: 681103).  

More recently, Jeon et al. investigated the regenerative potential of human NC 

injected in spheroid formation in a rat osteochondral defect model. Results from this study 

showed that in comparison to a control of 2D-expanded NCs, NC spheroids showed higher 

viability and greater expression levels of the chondrocyte-specific marker Type II collagen 

(Jeon et al., 2020). Similarly, Chen et al. investigated the significance of NCs in 

combination with an alginate-based hydrogel for the regeneration of a knee defect in a 

rabbit model. The results showed good hyaline-like tissue formation at 6 months post-

surgery with similar mechanical properties to the native cartilage (Chen et al., 2018).  

Vedicherla and Buckley have provided a rationale for the use of NCs in IVD repair 

strategies. They postulate that as NC tissue resulted in higher cell yields and a relatively 

high sGAG to collagen ratio compared to AC, it could be a promising cell source and 

warrants further exploration (Vedicherla and Buckley, 2017b). Their hypothesis has been 

further confirmed in a recent study from Gay et al, where the matrix deposition capacity 

and the collagen specific gene expression levels of NCs have been directly compared to 

ACs and MSCs. Their results further demonstrated that NCs are able to synthesise a type 

of ECM more relevant to disc regeneration than ACs and MSCs even in culture conditions 

mimicking early stages of disc degeneration (low oxygen, low glucose and acidic culture 

media) (Gay et al., 2019). Furthermore, Gryadunova et al. have explored a novel scaffold-
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free approach for NP repair based on spheroids derived from human NCs. Having analysed 

matrix deposition and integration potential of such spheroids in conditions simulating disc 

degeneration, these were injected via a spinal needle in an ex vivo-cultured bovine IVD, 

demonstrating that the spheroids were maintained in the NP seven days post-injection 

(Gryadunova et al., 2021). Although the study does not assess the capacity of NCs to 

integrate within the NP tissue which will warrant further research, it provides a good 

rationale on the potential of NC spheroids as a strategy for minimally invasive NP repair. 

 Extracellular Matrix Derived Biomaterials 

To date, most of the clinical trials and animal studies involving cell-based therapies, 

have used injectable delivery of cellular suspensions in saline solutions (Rossetti et al., 

2016, Lee and Wang, 2017, Xing et al., 2018). However, significant cell loss (up to 90%) 

was observed shortly after injection (Hiyama et al., 2008, Omlor et al., 2010, Vadala et al., 

2012, Bertram et al., 2005). In addition, numerous studies have demonstrated that the 

matrix around cells greatly influences their behaviour or, in the case of stem cells, their 

differentiation fate (Sun et al., 2012, Nelson and Bissell, 2006), which has led to the idea 

that a biomaterial fabricated from ECM could be used as a cell delivery vehicle and could 

provide physical and biochemical protection and support (Flegeau et al., 2017).  

The ECM is a complex network of proteins and macromolecules that provide 

structural support, tissue specific signalling cues and acts as a reservoir of growth factors 

secreted by cells (Brown and Badylak, 2014, Flegeau et al., 2017). The ECM varies greatly 

in composition, as it is produced by different cell types residing in different tissues and 

deposited in a 3D environment. It is also continuously remodelled by the surrounding cells 

to dynamically adapt to the mechanical or biochemical cues the tissue experiences. 

Components of the ECM usually include collagens (of different types according to the 
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specific tissue), proteoglycans, GAGs, elastic fibres and a variety of growth factors and 

signalling molecules. The presence of a particular collagen or a particular proteoglycan or 

type of elastic fibre and the abundance of one component relative to all the others dictates 

its structural and mechanical characteristics (Hastings et al., 2018). In addition to the 

structural role that the ECM composition holds, the effects of ECM on resident cells are 

known to include regulation of cell adhesion, proliferation, differentiation and cell death 

(Hynes, 2009, Brown and Badylak, 2014, Hussey et al., 2018), and these are promoted by 

different mechanisms. The main parameter controlling cell behaviour is the interaction with 

the ECM though adhesion motifs (Kuraitis et al., 2012, Kim et al., 2011). Cells can attach 

and interact with the ECM through the binding of integrin receptors expressed on their 

surface to specific adhesion motifs of ECM proteins. When cells bind an adhesion motif, 

other integrin receptors cluster around forming focal adhesions (FA) (Walters and 

Gentleman, 2015). FAs then act as structural bridges linking the cellular cytoskeleton with 

the surrounding ECM. Once communication is established, the cell senses the 

environmental cues transmitted by the ECM and, in response to these, initiate a cascade of 

events that would lead to the activation of a specific signalling pathway or the 

rearrangement of the cytoskeleton (Walters and Gentleman, 2015, Flegeau et al., 2017). On 

the other hand, the ability of a cell to proliferate or differentiate is mostly determined by 

the interaction of the cell with specific biomolecules such as cytokines or growth factors 

(Mobasseri et al., 2017). These biomolecules, once released, are sequestered by GAGs 

present in the ECM through non-covalent interactions and presented locally to specific 

cellular surface receptors (Hynes, 2009, Mobasseri et al., 2017).  

Many research groups are studying and exploiting the bioactivity of ECM in relation 

to several types of cells for the regeneration of different tissue types. The ability of the 

ECM to drive the differentiation of stem cells towards a specific lineage has been 



40 
 

demonstrated for many stem cell sources and tissues. Romanazzo et al. demonstrated how 

meniscus incorporation in alginate hydrogels alone was capable, in the absence of 

exogenously supplied growth factors, to promote chondrogenesis of fat pad-derived stem 

cells (Romanazzo et al., 2018). Similarly, Burnsed et al. showed in an in vitro study using 

human MSCs that culture in the presence of cartilage-derived ECM could effectively 

stimulate chondrocytic differentiation by upregulating the expression of chondrocyte 

markers and decreasing the secretion of pro-angiogenic factors (Burnsed et al., 2016). 

Extensive research has also been performed on the influence of tissue-specific ECM 

in the treatment of injuries in different tissues. In nerve tissue regeneration, for example, 

Prest et al. showed that treatment with peripheral nerve-derived ECM gel improved repair 

outcomes of a critical length defect in a rat study. The ECM treatment was found to produce 

a more robust bridge of connective tissue in the defect compared to the control after the 

first week in vivo (Prest et al., 2016). Furthermore, Zou et al. investigated the possibility 

of using decellularised nerve tissue as a scaffold for nerve repair with the aim of 

recapitulating with it the microenvironmental cues typical of the native tissue. Their results 

confirmed that the use of tissue specific ECM was indeed able to produce more favourable 

outcomes for the regeneration of peripheral nerve (Zou et al., 2018). The use of native ECM 

has been also explored for bone and cartilage regeneration strategies. Cunniffe et al. 

exploited the intrinsic bio inductive abilities of growth plate matrix to manufacture 

osteoinductive scaffolds for bone regeneration, demonstrating feasibility both in vitro and 

in vivo in a rat study and more recently in a goat model for osteochondral regeneration 

(Cunniffe et al., 2017, Cunniffe et al., 2019).  
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2.6.1 ECM-derived Biomaterials for Disc Regeneration 

A similar paradigm has been followed for disc regeneration applications (Fiordalisi 

et al., 2020). An interesting study from Penolazzi et al. has recently illustrated for the first 

time the ability of decellularised Wharton’s jelly matrix from human umbilical cord to 

restore the degenerated phenotype of human IVD cells isolated from herniated human disc 

tissues (Penolazzi et al., 2020). In their study they show the progressive increase of SOX2 

and SOX9 expression levels in the first seven days of culture, the first being a well-known 

stemness regulator and the second the primary driver during the early stages of 

chondrogenic differentiation (Sarkar and Hochedlinger, 2013), immediately followed by a 

down-regulation of SOX2 and SOX9 together with an up-regulation of TRPS1, a 

chondrogenic transcription factor associated with a lower grade of disc degeneration 

(Penolazzi et al., 2019). 

Disc-derived ECM scaffolds and hydrogels also proved to be able to produce more 

favourable outcomes for the regeneration of the degenerated IVD than synthetic materials. 

Mercuri et al. were the first to propose to use decellularised porcine NP tissue as a scaffold 

for NP tissue engineering (Mercuri et al., 2011). While being characterised by significant 

alterations of mechanical properties compared to the native tissue, they demonstrated that 

the decellularised NP ECM allowed for good cell infiltration and proliferation. 

Subsequently, the material was further evaluated to identify an innate capacity to induce 

stem cell differentiation in the absence of growth factors (Mercuri et al., 2013). Similarly, 

Illien-Junger et al. developed a decellularisation protocol for bovine NP tissue and found 

that this material was also able hold seeded cells and guarantee high viability after 21 days 

of culture (Illien-Junger et al., 2016). In addition to that, Fernandez et al. demonstrated that 

a decellularised bovine NP tissue maintained mechanical properties comparable to the 

native NP tissue (Fernandez et al., 2016). However, both these studies fail to address one 
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of the main requisites for a tissue regeneration strategy, which is the effect that the 

biomaterial has on influencing the seeded cells to produce tissue appropriate matrix. 

Conversely, after proposing a protocol for successful decellularisation and solubilisation of 

porcine NP tissue, Wachs et al showed that NP cells seeded in the obtained hydrogels 

maintained NP-like morphology and increasing sGAG content over time (Wachs et al., 

2017). One of the main limitations of all the studies mentioned above was the loss of matrix 

because of the decellularisation protocols. Although authors have tried to produce 

decellularisation protocols gentle enough to limit this loss, maintaining a balance between 

complete decellularisation and NP ECM retention is an extremely difficult achievement. 

Zhou et al were the first to acknowledge this limitation and to try and supplement the 

obtained decellularised NP scaffold with the missing proportion of CS, showing better 

aggrecan and type II collagen expression in adipose-derived stem cells (ADSC) compared 

to an unsupplemented decellularised NP scaffold and a monolayer control (Zhou et al., 

2018b). According to Zhou et al, the presence of CS in the scaffolds was directly 

responsible for the ADSCs differentiation as it can bind the growth factor TGF-β, which is 

commonly known to favour the differentiation of stem cells towards a chondrocytic 

phenotype. Their theory is supported by a similar study from Xu et al, in which the authors 

sought to find the specific bioactive molecules in their decellularised NP tissue that could 

be responsible for driving stem cell differentiation (Xu et al., 2019, Fiordalisi et al., 2020). 

Interestingly, using mass spectrometry, they discovered that TGF-β1 was among the 

functional proteins that were still retained in the tissue after decellularisation, which they 

speculated could have started the TGF-β signalling pathway that induced the differentiation 

of MSCs towards NP cells in their study.  
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2.6.2  ECM Decellularisation 

The use of tissue specific ECM is only hampered by the immune reaction that could 

be induced by foreign DNA or cell membrane epitopes present within the tissue (Badylak 

and Gilbert, 2008). A number of strategies have been developed that aim to clear the ECM 

of native cells and genetic material while maintaining its structural and biochemical cues 

(Gilpin and Yang, 2017, Gilbert, 2012). The methods used can be simply summarised as 

(i) physical, (ii) chemical, (iii) enzymatic and (iv) a combination of the aforementioned. 

The typical methods and their effects on nuclear material are summarised in Table 2.3.  

 

Table 2.3 Summary of decellularisation methods. Adapted from (Gilbert et al., 2006). 

 

 

Once the ECM has been sufficiently processed to ensure the removal of cellular antigens, 

it can serve as a powerful source of cues to promote structural remodelling of a tissue post-

injury, promoting the formation of a site-specific tissue where implanted and therefore 

minimising the likelihood of scar tissue formation (Gilbert, 2012, Badylak, 2007).  
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However, regardless of a particular treatment, it is a significant challenge to 

decellularise a tissue completely. Nevertheless, it is possible to quantify the amount of 

cellular material that remains, which can be found in the form of double stranded DNA, 

mitochondria or membrane associated molecules. To date, the minimum quantity or 

threshold of cellular material that would elicit an immune response has not been fully 

elucidated. Based on the analysis of in vivo applications of ECM-derived scaffolds,  three 

minimal criteria for successful decellularisation have been identified that, if respected, 

would not induce an immune response (Crapo et al., 2011):  

a) Less than 50 ng of double stranded DNA per mg of ECM dry weight; 

b) DNA fragments of less than 200 base pairs in length; 

c) Lack of visible nuclear material as determined by DAPI (4′,6-diamidino-2-

phenylindole, a fluorescent stain that binds to regions in DNA) or H&E 

(haematoxylin and eosin) staining.  

 

Originally, tissue decellularisation was performed on thin tissues such as urinary bladder 

(UB) and small intestine submucosa, with more recent work being performed on larger, 

complex tissues and organs. Since the first successful whole organ decellularisation of a rat 

heart (Ott et al., 2008), several other protocols have been developed for human-scale organs 

such as: heart (Guyette et al., 2016), lung (Petersen et al., 2010), kidney (Song et al., 2013), 

liver (Yagi et al., 2013) and intervertebral disc (Fernandez et al., 2016). 

While the main focus of decellularised ECM bio-scaffolds is for organ 

transplantation use, parallel research is being performed for the manufacture of 

biomaterials derived from decellularised ECM with Badylak and colleagues having 

pioneered the field by characterising hydrogels (produced from powders of decellularised 



45 
 

ECM) derived  from porcine UB matrix (Gilbert et al., 2005, Freytes et al., 2008, Badylak, 

2007). These studies demonstrated for the first time the feasibility of ECM hydrogel 

production opening new horizons for the production of next-generation ECM hydrogels for 

homologous tissue applications.  

2.6.3 Minimally Invasive Strategies 

Different regenerative therapeutics have been explored to address the challenges 

associated with the use of biomaterials, cells, bioactive molecules, or a combination of 

these three. Injectable biomaterials are an obvious choice as they are compatible with 

minimally invasive surgery (MIS) such as percutaneous image-guided injections, thereby 

reducing the risk of surgery-related complications, improving patient comfort and 

opportunity for rapid recovery by avoiding an open surgical approach (Smith et al., 2018). 

These biomaterials should ideally comply with some key prerequisites, such as being 

biocompatible and biodegradable, having shear thinning properties and complete gelation 

in a relatively short period post injection. Moreover, it is important that these materials 

exhibit mechanical support adequate to ensure cell survival by providing protecting from 

shear stresses and high-pressure gradients typically experienced during injection. It has 

been demonstrated that collagen based biomaterials possess these properties and guarantee 

better outcomes compared to injecting a cell suspension alone in terms of cell survival and 

cell retention post injection (Cai et al., 2015).   

 In Vivo and Ex Vivo Models to assess Therapeutic Potential 

For successful translation of any tissue engineering strategy requires appropriate 

assessment and validation in a suitable model mimicking the end use conditions. In vitro 

models are informative during the initial stages of research and, although they allow high 
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throughput analysis of the effect of multiple variables such as material, cell type, cell 

density and culture conditions, they fail to recapitulate the physiological and mechanical 

conditions of the organ of interest. Several studies have adopted in vivo animal models to 

further validate the regenerative approaches in an attempt to corroborate in vitro findings. 

Crevensten et al. employed an in vivo rat model to demonstrate that MSCs are capable of 

surviving and differentiating into disc cells in vivo, and produce typical disc matrix 

components such as sGAGs and collagen type II (Crevensten et al., 2004). Similarly, Chen 

et al. confirmed the feasibility of an ex vivo culture system using a porcine IVD 

degeneration model in an in vitro culture model. The regenerative effects of MSC and 

platelet-rich plasma treatment was investigated and an upregulation of chondrogenic-

specific genes including Col II and aggrecan was observed, as well as an increase in 

chondrogenic matrix deposition (Chen et al., 2009). A different in vivo model was adopted 

by Zhang et al. while trying to determine whether the injection of allogenic BMSCs into 

rabbit discs could enhance proteoglycan synthesis. They found that transplanted BMSCs 

not only survived in the NP, but were also able to increase both collagen type II and 

aggrecan gene expression (Zhang et al., 2005). Similar results were obtained by Sakai et 

al. after labelled MSCs were injected into degenerated rabbit discs. After 24 weeks post-

transplantation, MSC-transplanted animals saw an increase of  about 91% in disc height 

compared to the sham group (Sakai et al., 2006). Moreover, histological evaluation and 

gene expression analysis confirmed restoration of proteoglycan accumulation in MSC-

transplanted discs. More recently, Wang et al. provided a rationale for the injection of a 

mixture of BMSCs and AF cells in a degenerated rabbit model by showing that co-

transplantation was able to significantly enhance collagen type II and GAG synthesis 

compared to BMSC-injected discs (Wang et al., 2015b).  
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Evidently, small animal models such as rat and rabbit have significant advantages 

with regards to ease of use and cost-effectiveness. However, their clinical relevance is 

limited due to the significant differences in size, mechanical properties and nutrient 

diffusion when compared to the human disc. For this reason, large animal models have also 

been adopted with the intention of better mimicking the human condition of DD. Zhang et 

al. injected autologous BMSCs into goat IVDs previously punctured to induce degeneration 

and observed increased production of proteoglycan, but no significant difference in the 

collagen production was observed between the treated discs and the sham group (Zhang et 

al., 2011b). Furthermore, porcine models for DD have also been used in the preclinical 

assessment of the potential of biological therapies such as allogeneic JC. The results were 

promising and showed that discs treated with JCs produced a matrix rich in collagen type 

II (Acosta et al., 2011). Although large animal models such as porcine and goat share 

anatomical similarities with regard to size and shape with the human IVD (Figure 2-8), 

their use for in vivo testing comes with high cost and involves numerous ethical procedures 

and considerations. Moreover, concerns have been raised with respect to the presence of 

notochordal cells in many animal species which are absent in the adult human disc and 

could therefore alter their patterns of development of degeneration compared to human 

(Omlor et al., 2009). 
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2.7.1 Ex-vivo full organ models 

An alternative and attractive option to in vivo testing includes ex-vivo organ culture 

models. For an organ culture model, the IVD is isolated from the spine whilst maintaining 

the essential parts of the disc (AF, CEPs and NP) as intact as possible, cleared of the blood 

vessels, excess vertebral bodies and tissue that surround it and eventually sterilised and 

placed into a culture chamber or bioreactor. Bovine caudal IVD explants are one of the 

most common models used for whole organ culture due to the many similarities in physical 

and chemical properties when compared to the human lumbar IVDs. Bovine caudal discs 

have in fact been shown to share the same swelling pressure as that of the human disc when 

in a prone position, and in response to hydrostatic pressure, they synthesise similar matrix 

(Ishihara et al., 1996). Furthermore, both bovine and human discs present similar cell 

Figure 2-8 Differences in the intervertebral disc size from different species. (A) human 

lumbar, (B) bovine tail, (C) sheep thoracic, (D) rat lumbar and (E) tail (arrows show the 

intervertebral disc location). Image adapted from (Alini et al., 2008). 
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densities (Maroudas et al., 1975, Boubriak et al., 2013), biochemical compositions and 

distribution, with a prevalence of collagen in the AF region and proteoglycans and high 

water content in the NP region (Bezci  et al., 2019, Oshima et al., 1993). Importantly, a 

critical characteristic that differentiates adult human discs from many animal discs is the 

absence of notochordal cells (Trout et al., 1982). The bovine tail IVDs have also shown to 

share this characteristic in their cell population profile (Butler, 1988, Guehring et al., 2009). 

This model has previously been used in a variety of studies investigating disc metabolism 

(Teixeira et al., 2016, Purmessur et al., 2013), biomechanics (Lee et al., 2006) and disc 

regeneration strategies (Naqvi et al., 2019, Malonzo et al., 2015, Mwale et al., 2014). Naqvi 

et al. injected agarose microspheres loaded with BMSCs while investigating the 

regenerative potential of a priming procedure on BMSCs prior to injection, showing good 

sGAG and collagen deposition in the defect cavity (Naqvi et al., 2019). Similarly, Malonzo 

et al. injected an MSC-seeded thermo-reversible hydrogel in a papain-induced bovine disc 

degeneration model kept under static loading for 7 days and revealed significant 

upregulation of aggrecan and collagen type II related genes (Malonzo et al., 2015). A 

slightly different model was adopted by Mwale et al., which opted for a trypsin treatment 

to create the defect in their bovine coccygeal discs prior to MSCs injection. After a 2-weeks 

culture period they found that sGAG content had significantly increased and the injected 

MSCs had survived and integrated in the trypsin-induced defect (Mwale et al., 2014). 

A common issue with every whole organ culture used for the validation of IVD 

regeneration therapies is the necessity of creating a defect in the explant to simulate a state 

of degeneration. One method often adopted is AF puncture, which involves the disruption 

of the integrity of the AF by puncturing it with a scalpel or a needle of known size. While 

some observed severe changes in cell viability and the synthesis of matrix degrading 

enzymes in punctured discs compared to intact ones (Illien-Junger et al., 2012), others 
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showed that AF puncture creates relatively minor disruptions to the disc biomechanical 

properties (Korecki et al., 2008). NP aspiration is another technique used to create a void 

space in the NP as to facilitate the retention of the treatment strategy and this method 

involves the removal of a part of the NP tissue via needle aspiration (Bertram et al., 2005, 

Naqvi et al., 2019). However, there is no specific method to determine the exact amount of 

NP tissue that has been removed and it is challenging to aspirate the same amount from 

every disc, thereby compromising the reproducibility of this method. In recent years, 

several approaches were investigated to develop disc degeneration models mainly using 

proteases to degrade the collagen and proteoglycan network in the NP region. Roberts et 

al., first explored the use of papain and trypsin to create degenerate the organ (Roberts et 

al., 2008) and the method was later optimised by Chan et al. where they compared the 

degenerative effect of different concentrations of papain injected in the centre of the IVD 

(Figure 2-9). They concluded that at least 30 U/ml of papain was necessary to obtain a 

significant drop in sGAG and water content and to create enough space in the centre of the 

IVD to allow injected cells to remain viable (Chan et al., 2013b).  

 

Figure 2-9 Macroscopic view of the bovine caudal discs 10 days after papain injection. 

(A) Top view of AF+NP with CEP removed. (B) Central section of papain-degenerated 
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disc. (C) Histology of bovine disc papain-induced degeneration model. PBS control (left) 

and papain-treated (right). Images adapted from (Chan et al., 2013b, Malonzo et al., 2015). 

 

However, while they demonstrated that cells maintain better viability when injected in a 

papain-treated disc rather than in an intact disc, they only reached 40% short-term viability 

as their best outcome. Subsequently, Malonzo et al. refined the method further and 

managed to achieve 80% long-term cell survival (Malonzo et al., 2015). It must be noted, 

therefore, that despite all the similarities, bovine coccygeal discs are still not a perfect 

model for human disc degeneration, and their use in ex vivo experiments is still subject to 

continuous optimisation and refinement (Alsup et al., 2017, Demers et al., 2004). For 

example, recent work has shown that culture conditions typically used in organ culture 

settings often result in non-physiological culture conditions (McDonnell and Buckley, 

2021). This has highlighted the need for standardisation of culturing conditions to 

recapitulate the in vivo nutrient microenvironment of the human NP in an ex vivo 

experimental setting, and therefore establish a physiologically relevant model to mimic the 

human disc.  

2.7.2 Ex-vivo Disc Explant culture 

A more simplified and practical version of the whole organ culture model is an ex-

vivo explant culture. In this model a section of the tissue is isolated, sometimes pre-treated, 

cultured and evaluated in a much smaller and therefore much more easily controllable scale. 

There are several reasons behind the adoption of such a reductionist approach. In 

contrast to a whole organ approach, an explant model allows different aspects of the 

regenerative problem to be assessed, such as the matrix deposition capacity of different cell 

types and their influence on native tissue cells already present in the organ. Moreover, the 
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reduced size of this experimental setting compared to a whole organ allows for better 

control of the inflammatory milieu, the variations in local pH and the diffusion of nutrients 

by minimising gradients. In addition, it provides the technical advantage of allowing the 

isolation of the injected biomaterial and eventually cells post culture, which represents one 

of the major limitations for an organ culture as in this setting it is difficult to distinguish 

between the disc tissue and the injected material. While providing a simple and accessible 

means to separately interrogate individual aspects of the research question, an explant 

culture model retains some of the advantages characteristic of the whole organ culture 

model cited in the previous section such as the ability to retain a native cellular composition 

and environment that allows to retain cells in a native tissue structure environment and cell-

cell configurations. 

This type of approach has been adopted for various tissue types such as cartilage 

(Vainieri et al., 2018, Secretan et al., 2010, Vinardell et al., 2009, Sah et al., 1989), bone 

(Staines et al., 2019, Chan et al., 2013a, Chan et al., 2009), meniscus (Grogan et al., 2013, 

Steinert et al., 2007) and cornea (Castro et al., 2019, Wu et al., 2014, Sabater et al., 2013, 

Foreman et al., 1996). However, probably due to the more challenging characteristics and 

biochemical properties of the NP, fewer studies have adopted an explant tissue culture 

model for IVD regeneration. A first approach to the development of an NP explant tissue 

culture system was presented by Le Maitre et al. and later optimised (Le Maitre et al., 

2004b, Le Maitre et al., 2009). Thorpe et al. recently adopted the explant system to 

investigate the efficacy of a novel IVD repair strategy in different conditions (Thorpe et al., 

2017). The system presented in these studies (Fig. 2.9A) proposed to use a confining ring 

around the NP explant to prevent swelling during culture and was shown to inhibit 

proteoglycan loss and promote BMSC differentiation towards a NP-like phenotype 

following injection into the explant during a 21 days culture period. A different approach, 
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based on preventing tissue swelling during culture by modifying the osmolarity of the 

culture medium to mimic that of  the native NP, was adopted by Van Dijk et al. (van Dijk 

et al., 2011, van Dijk et al., 2013). In their studies they demonstrated that by culturing NP 

explants in high osmolarity media (430-570 mOsm), they were able to maintain native 

tissue typical characteristics such as high water and proteoglycan content, and good cell 

viability (van Dijk et al., 2011). Similar results were obtained when using a nylon fibre 

mesh as an “artificial annulus” with the aim of restraining the swelling of the NP explants 

(van Dijk et al., 2013, Krupkova et al., 2016). The model has been adopted in a study by 

Arkesteijn et al. to assess the response of native NP cells present in the explant after an 

injection of notochordal cells over a period of 42 days of culture (Arkesteijn et al., 2017). 

More recently, Hernandez et al. proposed a new disc explant model which involved the 

culture of a NP biopsy in a 2% agarose gel (Hernandez et al., 2020). The overall positive 

results obtained in these studies highlight the potential of explant models in acting as a 

preparatory step after in vitro experiments and larger in vivo animal models. 

 



54 
 

 

Figure 2-10 Experimental NP explant culture systems. (A) Graphical abstract from 

(Thorpe et al., 2017). The system involved the use of a confining ring around the NP explant 

to prevent swelling during culture and BMSC injection. (B) Experimental setup from 

(Arkesteijn et al., 2017). Similar to Thorpe et al, Arkesteijn et al. adopted a permeable 

membrane (left) or a nylon fibre mesh (right) as an “artificial annulus” to restrain the 

swelling of the NP explants during culture. 

 Summary 

Current treatments for LBP mainly focus on alleviating pain symptoms rather than 

addressing the underlying degenerative processes and therefore represent largely 

inadequate solutions. A promising solution could be the adoption of tissue engineering and 
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regenerative medicine strategies. Some of the cell-based studies described earlier in this 

chapter have demonstrated the potential of this approach. However, there are still several 

challenges associated with developing therapeutics for IVD regeneration and this requires 

further research. Aside the fact that known strategies to treat degenerating discs nowadays 

are extremely costly and require the patient to be subjected to more than one surgical 

intervention in the span of a few weeks, one of the main technical difficulties observed for 

cell-based approaches is cell leakage post-injection. Therefore, in order to have successful 

outcomes, a cell-based approach needs to be associated with a biomaterial to prevent cell 

leakage and provide biochemical cues to the injected cells to facilitate their survival and 

induce tissue specific matrix deposition. Moreover, previous research has highlighted the 

need for a suitable cell source for disc regeneration applications that can withstand the harsh 

environmental characteristics of the degenerated disc and synthesise functional matrix post 

injection.  

Furthermore, it has been illustrated how the onset of degeneration induces a 

progressive loss of proteoglycans in the NP and how this causes a decrease in the natural 

ability of the disc to withstand physiological loadings. Thus, given the strong correlation 

that exists between structural stability in the IVD and its biochemical composition, an 

injectable biomaterial used as therapy for DD should be engineered to mimic the 

biochemical composition of the heathy NP in order to restore the fundamental shock-

absorption function of the organ. 

Finally, it is known that the microenvironment of the disc is naturally characterised 

by low oxygen and nutrients, low pH, the presence of a series of cytokines promoting an 

inflammatory condition and a very delicate equilibrium between matrix anabolism and 

catabolism, and that these conditions are aggravated during DD. The impact of the harsh 

microenvironment of the degenerated disc on the regenerative capacity of cells to deposit 
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de novo matrix is a characteristic that has not been addressed in previous studies that used 

cell-based strategies for IVD regeneration. A successful biomaterial-cell system for IVD 

regeneration should therefore be considered, given the potentially disruptive effect that the 

physiological environmental conditions could have on the system’s regenerative process 

and address them in order to obtain appropriate efficiency even in a worst-case scenario. 

In this thesis a novel injectable biomaterial-cell system was developed and 

established which complies with the requirements of minimal invasiveness and bioactivity. 

Using the ECM of healthy bovine caudal discs, a tissue specific-derived biomaterial was 

developed and specifically modified to recapitulate the biochemical content of the heathy 

NP and to provide biochemical cues to encapsulated NCs to promote disc-like matrix 

synthesis. Furthermore, in this thesis the effect of physiological levels of inflammatory 

cytokines on the biomaterial-cell system in conditions mimicking the degenerated disc’s 

environment was studied with the aim of measuring the potency of the regenerative system 

in physiologically degenerated conditions both in vitro and in an ex vivo explant culture 

model.  

2.8.1 Specific Aims 

In this chapter the main characteristics of DD and the current treatment strategies 

are summarised. The review of existing literature has highlighted a number of interesting 

key points. Firstly, a practical application of a cell-based approach for regeneration requires 

the adoption of a carrier biomaterial, and a suitable biomaterial should be developed 

considering the specific properties required by the damaged tissue. Specifically, for NP 

regeneration a biomaterial should mimic the biochemical composition of the healthy organ, 

with abundant sGAG in a collagen type II network, so as to be able to restore its 

physiological load bearing capacity. Also, the need for a novel therapeutic system that can 
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be applied using a minimally invasive surgery suggests that the biomaterial should be 

injectable. Therefore, the overall aim of this thesis was to develop and assess a minimally 

invasive biomaterial associated with NCs in a biomaterial-cell system for IVD 

regeneration. Thus, the aim of Chapter 4 was to develop this biomaterial system and assess 

its bioactivity on NCs in disc-like culture conditions.  

Secondly, the regenerative potential of NCs may be limited by the 

microenvironment of the degenerate disc, characterised not only by low glucose and low 

oxygen, but also by low pH and by the presence of inflammatory cytokines. Therefore, it 

is vital to investigate their response to culture conditions that mimic the physiological 

environment of a degenerated disc. In Chapter 5 the objective was to assess the response 

of NCs to culture in different pH conditions representing different stages of degeneration 

and in the presence of pathologically relevant levels of pro-inflammatory cytokines, and 

compare to NP cells that naturally reside within the disc in an attempt to elucidate if a 

particular cell source is more suitable and can sustain the harsh disc microenvironment.   

Lastly, while an in vitro system represents a good approximation of the in vivo 

conditions, it cannot fully recapitulate the complexities. On the other hand, an ex vivo disc 

explant culture system would be a better representation of the hypoxic, nutrient restricted 

conditions that the therapeutic system would be exposed to in vivo, and therefore is an 

appropriate system to determine its clinical potential prior to in vivo application. In Chapter 

6 the regenerative potential of the biomaterial-cell system was assessed in an ex vivo 

explant model representing disc degeneration.   

 

The overall intent of this thesis work was therefore to lay the bases for a novel 

injectable and cell-based approach for disc regeneration, which involved the use of a 

patient’s own NCs as cell component and a decellularised and CS-functionalised disc ECM 
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material as cell carrier. Since the microenvironmental conditions of the NP are known to 

be particularly harsh and potentially harmful to newly injected cells, the regenerative 

potential of this  novel regenerative strategy needed to be examined in  culture conditions 

that sought to mimic the typical characteristics of the degenerated disc following increasing 

levels of complexities, going from a simple 2D culture to a 3D hydrogel culture and 

eventually a 3D organ culture model.  
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3 Chapter 3 – General Methods 

 Functionalisation of chondroitin sulfate 

Functionalisation of chondroitin sulfate (CS) was performed following a method 

previously described in literature. In this method, CS functionalisation with NHS was 

carried out by buffering the reaction with EDC, which activates carboxyl groups present on 

CS and couples them to NHS at low pH. Through this process, NHS esters are formed that 

allow for efficient conjugation to primary amines at physiologic pH. Briefly, CS was 

dissolved in ultrapure water (UPW) containing 200mM N-Hydroxysuccinimide (NHS) and 

200mM 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) at a 

concentration of 50 mg/ml. The pH of the solution was maintained at 4.75 and the reaction 

was allowed to proceed for 4 hours and terminated by adjusting the pH of the solution to 

7.4. The product of the reaction was dialysed against diH2O at 4°C (MWCO 1kDa) and 

subsequently freeze-dried until further use. 

 ECM extraction and decellularisation 

Nucleus pulpous tissue was harvested from bovine coccygeal discs under aseptic 

conditions. Discs were minced and treated with 20 ml/g of 200mM sodium hydroxide 

(NaOH) at 4°C under constant rotation for 24h. NaOH treated fragments were then washed 

in diH2O, freeze-dried and cryomilled (Spex SamplePrep 6770 Freezer/Mill) to obtain a 

fine powder. Decellularisation process was performed by adding 1 g of ECM powder to 

50ml of 50 mM Tris Buffer, 1 mM MgCl2 solution supplemented with 2 U/ml of 

Benzonase® Nuclease (Merck Millipore, Ireland) and agitated at 37°C for 3 cycles of 1 

hour each. Decellularisation solutions were changed at the end of each cycle.  



60 
 

 Cell Isolation and Monolayer Expansion of Nasal Chondrocytes 

Porcine nasal tissue was obtained from a local abattoir within 24 hours of sacrifice. 

Cells were isolated adopting a protocol previously developed in our lab (Vedicherla and 

Buckley, 2017c). Septal cartilage was finely minced to ~2mm pieces and digested with 

3000 U/ml of collagenase type II (Gibco, Invitrogen, Dublin, Ireland) in serum free Low 

Glucose–Dulbecco’s Modified Eagle Medium (LG-DMEM) supplemented with  penicillin 

(100 U/mL)–streptomycin (100 μg/ml) (PenStrep)  at a ratio of 10ml per gram of cartilage 

for 3 hours under constant rotation at 37°C. The digest was subjected to physical agitation 

using the Gentlemacs™ Tissue Dissociator (Milteny Biotech) and passed through a 40 μm 

cell strainer to separate cells from tissue debris and washed in LG-DMEM supplemented 

with PenStrep and 20% FBS. Cell yield and viability were determined with a 

haemocytometer and trypan blue exclusion. NCs were seeded at an initial density of 5x103 

cells/cm2 in T-175 flasks and expanded to passage two (P2) in LG-DMEM supplemented 

with 10% FBS and 2% PenStrep in a humidified atmosphere at 37°C and 5% O2.  

 Cell Isolation and Monolayer Expansion of Nucleus Pulposus Cells 

For NP cell isolation, porcine spines were obtained from a local abattoir within 24 

hours of sacrifice. IVDs were isolated and annuli fibrosi discarded. NP tissues were minced 

and cultured in T-25 flasks in LG-DMEM supplemented with 10% FBS and 2% PenStrep 

in a humidified atmosphere at 37°C and 5% O2. Once cells had migrated out of the tissue, 

this was removed from the flask and NP cells were expanded to 80% confluence prior being 

transferred at an initial density of 5x103 cells/cm2 in T-175 flasks and expanded to passage 

two (P2) in same culture conditions. 
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 Determination of DNA, Sulfated Glycosaminoglycans and Collagen 
Content 

On termination of culture samples were removed from fully supplemented CDM and 

stored at -80°C until further analysis. Samples were subsequently digested in 500 μl each 

of 100 mM sodium phosphate/5mM Na2EDTA buffer containing 3.88 U/ml of papain 

enzyme and 5mM L-cysteine, pH 6.5 (all from Sigma-Aldrich) at 60oC under constant 

rotation for 12 hours. DNA content was quantified using the Hoechst Bisbenzimide 33258 

dye assay (DNA QF Kit, Sigma-Aldrich). Sulfated glycosaminoglycan (sGAG) content 

was determined using the dimethylene blue dye binding assay. Total collagen content was 

quantified through the measurement of hydroxyproline content. Samples were hydrolysed 

at 110oC in 38% HCl for 18 hours and assayed using a chloramine-T assay (Kafienah and 

Sims, 2004) and a hydroxyproline:collagen ratio of 1:7.69 (Ignat'eva et al., 2017). Media 

obtained from media changes was also analysed for sGAG and collagen content. 

 Assessment of Cell Viability and Morphology 

Cell viability was assessed using a LIVE/DEAD® viability and cytotoxicity assay kit 

(Invitrogen). Samples were washed in PBS followed by a 1 hour incubation in phenol free 

LG-DMEM (Sigma-Aldrich, Dublin, Ireland) containing 4 μM Calcein AM and 4 μM 

Ethidium Homodimer 1 (Cambridge Bioscience, Cambridge, UK). Samples were imaged 

with an Olympus FV-1000 Point-Scanning Confocal Microscope at 515 nm and 615 nm 

channels. Semi-quantitative analysis of cell viability and cell morphology were determined 

using IMAGEJ software (ImageJ, National Institute of Health, Bethesda, Maryland). 
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 Histology and Immunohistochemistry Staining 

Samples were removed from culture, washed in PBS and fixed in 4% 

paraformaldehyde (PFA) solution overnight at 4°C. Fixed samples were dehydrated and 

wax embedded. Sections (8 μm) were obtained with a microtome (Leica RM2125rt, 

Ashbourne, Ireland) and secured to microscope slides (PolylysineTM, VWR, Dublin, 

Ireland). Sections were stained with 1% Alcian Blue 8GX in 0.1 M HCl to assess sGAG 

content and with picrosirius red to assess collagen content. Collagen type I and II were 

evaluated using immunohistochemical techniques. Briefly, sections were treated with 

chondroitinase ABC (Sigma-Aldrich) in a humidified environment at 37°C, followed by 

incubation with 5% Bovine Serum Albumin (BSA) to block non-specific sites. Next, 

collagen type I (Abcam 90395, 1:400) and collagen type II (Santa Cruz sc-52658, 1:400) 

primary antibodies (mouse monoclonal, IgG, Cambridge, UK) were applied overnight at 

4°C, followed by 1 hour incubation with the secondary antibody (Anti-Mouse igG biotin 

conjugate, 1.5:200) (Sigma-Aldrich) and 45 minutes incubation with ABC reagent 

(Vectastain PK-400, Vector Labs, Peterborough, UK). Finally, sections were developed 

with DAB peroxidase (Vector Labs, Peterborough, UK) for 5 minutes. 

 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism (version 7) software. One-

way or Two-way ANOVA were used for analysis of variance. Results are displayed as 

mean ± standard deviation, where N represents the number of biological donors or 

experiments performed and n represents the technical replicates for each 

respectively. Significance was accepted at a level of p<0.05.  
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4 Chapter 4 - Injectable Nucleus Pulposus 
Derived-ECM Hydrogel Functionalised 
with Chondroitin Sulfate 

 Introduction 

As described in Chapter 2, there is still no accepted consensus with respect to the 

biochemical, mechanical and nutritional mechanisms that triggers degeneration of the IVD. 

However, it is clear that one of the effects of this process is the cell-mediated enzymatic 

breakdown of key extracellular matrix (ECM) components (An et al., 2003) and that it 

prevalently occurs in the nucleus pulposus (NP) of the disc (Erwin et al., 2015, Roughley, 

2004, Whatley and Wen, 2012). Chondroitin sulfate (CS) is the most abundant sGAG in 

the NP and is responsible for the high levels of hydration of the tissue and resulting 

biomechanical properties to withstand compressive loads (Hughes et al., 2012). During disc 

degeneration (DD) the sGAG content of the NP decreases resulting in reduced water 

content, and concomitant functional capacity (Erwin et al., 2015, Buckwalter et al., 1985).  

Injectable biomaterials have been widely investigated in an attempt to restore or 

recreate the structural and biochemical composition of a damaged tissue, while at the same 

time having the advantage of being minimally invasive. Although a wide range of natural 

and synthetic polymers have been employed in tissue engineering, materials derived from 

the decellularisation of tissue specific ECM have received considerable attention in the last 

decade due to their high biocompatibility, excellent tissue integration, and intrinsic bio-

inductive factors that can induce differentiation or promote a specific phenotype (Kwon et 

al., 2013, Wu et al., 2015, Romanazzo et al., 2018, Burnsed et al., 2016, Zou et al., 2018, 
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Cunniffe et al., 2017, Fernandez et al., 2016, Mercuri et al., 2013, Illien-Junger et al., 2016, 

Lin et al., 2012).  

However, a major challenge of the decellularisation process is preserving the 

biochemical composition of the native tissue. During a standard decellularisation procedure 

native tissues are generally immersed into a series of water-based solutions. Due to their 

polar nature, GAGs are characterised by high water solubility and tend to disperse into the 

decellularisation solutions, compromising the integrity of the native tissue composition. 

Therefore, in order to retain the biomimetic composition of the material, it is necessary to 

reintroduce the fraction of GAGs lost during the processing of the ECM, and more 

specifically CS. The presence of CS has been shown to have a positive effect in increasing 

matrix production, providing chondro-protection and anti-inflammatory properties 

(Bassleer et al., 1998, Varghese et al., 2008, Tio et al., 2017, Li et al., 2019). Nevertheless, 

it is widely known that the presence of GAGs influences collagen fibril formation, with 

fibril networks forming less readily in a carbohydrate rich environment resulting in 

hydrogels with diminished integrity and poor mechanical properties (Toole and Lowther, 

1968, Lewis et al., 2010, Ruhland et al., 2007, Shepherd et al., 2013). Previous work has 

shown that carboxyl activated or functionalised CS can be combined with collagen to form 

self-crosslinkable hydrogel systems (Gao et al., 2018) overcoming the challenge of 

producing ECM-CS gels with poor mechanical properties and stability.  

In the research of an appropriate cell source for the regeneration of the disc a number 

of important factors, such as potential immune rejection, technical and regulatory issues of 

utilising allogeneic donor cells, make the use of a patient’s own cellular material an obvious 

choice (Kafienah et al., 2002). Among the alternative cell sources discussed and analysed 

in literature, nasal septal cartilage may provide for an attractive tissue source. Recently, 

NCs have shown to represent a promising autologous cell source for articular cartilage 
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repair in several animal studies (Chen et al., 2018, Mumme et al., 2016a) and may offer 

similar potential in IVD repair strategies (Vedicherla and Buckley, 2017b). 

The overall goal of this study was to develop an injectable self-assembled ECM 

hydrogel derived from native disc tissue and assess the effects of functionalised CS 

incorporation on the rheological properties and matrix forming capacity of nasal 

chondrocytes without growth factor supplementation.  

 Methods 

4.2.1 ECM extraction, decellularisation and characterisation 

Nucleus pulpous tissue was harvested from 18-month-old bovine coccygeal discs 

under aseptic conditions. Discs were minced and treated with 20 ml/g of 200 mM sodium 

hydroxide (NaOH) at 4°C under constant rotation for 24h. NaOH treated fragments were 

then washed in diH2O, freeze-dried and cryomilled (Spex SamplePrep 6770 Freezer/Mill) 

to obtain a fine powder. The decellularisation process was performed by adding 1 g of ECM 

powder to 50 ml of 50 mM Tris Buffer, 1 mM MgCl2 solution supplemented with 2 U/ml 

of Benzonase® Nuclease (Merck Millipore, Ireland) and agitated at 37°C for 3 cycles of 1 

hour each. Decellularisation solutions were changed at the end of each cycle. DNA content 

was determined using the quant-iT PicoGreen dsDNA Kit (Invitrogen) and base pair length 

was evaluated using agarose gel electrophoresis. Briefly, digests of decellularised ECM 

and native tissue as comparison were digested and purified using a Qiagen DNeasy® Blood 

and tissue extraction kit according to the manufacturer’s instructions. Purified DNA 

samples were loaded into wells of 1% w/v agarose gel made with Tris Base-EDTA buffer 

and containing ethidium bromide. Gels were run at 80V for 60 minutes and imaged with a 

UV filter to detect DNA bands.  
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4.2.2 Pre-gel fabrication 

Decellularised NP ECM powder was solubilised at a concentration of 4% w/v in 

0.5 M acetic acid solution supplemented with 2.5 mg/ml of pepsin (Sigma). 

Approximatively five bovine coccygeal discs were used to yield 20 ml of 4% solubilised 

ECM (sECM). sECM and functionalised CS (fCS) were mixed to obtain a final gel 

composition of 2% sECM-2% fCS (1:1 group), 2% sECM-1% fCS (1:0.5 group) for the 

initial study. Subsequently, only the 2% sECM-2% fCS composition was maintained (1:1 

NHS+ group) and was compared to a 2% sECM-2% CS gel (1:1 NHS- group). A 2% sECM 

only gel was used as control (1:0) in both studies. The presence of salts in the pre-gel 

solutions was raised to physiological levels by adding 5% v/v 10x phosphate buffered saline 

(PBS) and pH was adjusted to 7.4 by adding small volumes of 4M NaOH. 

4.2.3 Measuring degree of crosslinking using the TNBSA assay 

The degree of crosslinking of CS to the primary amine groups of sECM was 

determined using the 2,4,6-trinitrobenzenesulfonic acid (TNBSA) assay as previously 

described (Monaghan et al., 2014, Garcia et al., 2007). Briefly, after gelation had occurred, 

hydrogels were incubated in 0.1M sodium bicarbonate at pH 8.5. TNBSA (0.01%) was 

added to the samples and incubated for two hours at 37°C under constant agitation. Sodium 

dodecyl sulphate (SDS, 10%) and 1M hydrochloric acid (HCl) were used to terminate and 

stabilise the reaction. Samples were then incubated at 120°C for 15 minutes and the 

absorbance of each sample was read at a wavelength of 335 nm. The concentration of free 

amine groups was quantified by interpolation using a standard curve of known 

concentrations of glycine. 
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4.2.4 Hydrogel characterisation- Swelling ratio, degradation, elution 
kinetics and SEM imaging 

Once gelation had occurred, initial weights of hydrogels were recorded, and samples 

were incubated in PBS at 37°C. At different time points (1, 3, 5 and 8 hours) samples were 

removed from PBS, their weight was recorded and incubated again at the same conditions. 

The swelling ratio was calculated as the ratio of the weight of the swollen sample at 

different time point to that of the initial hydrogel. 

The resistance of different hydrogel compositions to enzymatic digestion was 

evaluated using a collagenase assay (Monaghan et al., 2014). Briefly, hydrogels were 

incubated for 1 hour in 0.1 M Tris-HCl pH 7.4 containing 50 mM CaCl2 at 37°C. 

Subsequently, 100 U/ml of collagenase type II (Gibco, Invitrogen, Dublin, Ireland), was 

added and samples were incubated at 37°C. Degradation buffer was sampled at different 

time points (1, 3 and 5 hrs) and stored at -20°C until biochemical analysis. Collagen content 

within the degradation buffer was quantified through the measurement of hydroxyproline 

content. Hydrogel degradation was expressed as a percentage of initial collagen detected in 

the sample. 

Elution kinetics of CS from hydrogels was assessed under static and dynamic rotation 

conditions at 37°C.  Briefly, after gelation, samples were transferred to 1 ml Eppendorf 

tubes and 1 ml of PBS was added to each tube. In dynamic conditions, samples were 

maintained in agitation at 37°C using a rotator at 5 rpm (Stuart SB3, Cole-Parmer, UK).  

Native NP tissue biopsies served as a comparative control. Supernatants were assessed after 

1, 3 and 6 hours and the sGAG content was determined using the diethylene blue dye 

binding assay. sGAG retention was calculated as a percentage of the initial sGAG content. 
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For SEM imaging, dehydrated samples were prepared by sputter coating with 

gold/palladium for 60s at a current of 40mA. 

4.2.5 Rheological measurements and mechanical testing 

Rheological measurements were performed with a MCR 102 rheometer (Anton-Paar, 

Hertford Herts, UK). In order to determine gelation kinetics, pre-gels with different 

sECM/fCS compositions were tested immediately after mixing. Storage moduli (G’) and 

loss moduli (G’’) were monitored as a function of time at a 10 Hz frequency and 1% strain 

at 37oC. The point of gelation of each pre-gel composition was identified as the crossing 

point between storage and loss moduli curves. After gelation had occurred, a frequency 

sweep analysis (0-100 Hz) was performed maintaining 1% strain at 37oC. Subsequently, 

the stress-relaxation behaviour of different gel compositions was studied by applying 10% 

constant strain and monitoring the relaxation over time at 37oC. 

Mechanical testing was performed on hydrogels (∅ 6 mm x h 3 mm, n=3) in unconfined 

compression using a single column mechanical testing machine (Zwick/Roell Z2.5, 

Herefordshire, UK) and a 5 N load cell. Hydrogels were maintained in a PBS bath at room 

temperature. A preload of 0.01 N was applied for 30s to ensure that the surfaces of the 

hydrogel were in contact with the loading platens and subjected to 20% strain. Stress and 

strain data were recorded to calculate the Young’s modulus.  

The hydrogel mesh size ξ (m) was determined according to the Flory equation (1): 

(1)  𝜉 = $(𝑘!𝑇 𝐺′)⁄!  

With kB representing the Boltzmann constant (J/K) and T the temperature (K)  (Nativel et 

al., 2018, Flory, 1953). The storage modulus G’ is bound to the Young’s modulus E by the 

relation (2): 
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(2) 𝐸 = 2(1 + 𝜈)𝐺" = 3𝐺′ 

where ν is Poisson’s ratio and it is assumed to be the ideal value of 0.5, a reasonable 

approximation for a crosslinked gel (Elbert and Hubbell, 2001). Once combined, equations 

(1) and (2) define ξ as (3): 

(3) 𝜉 = 	 $(3𝑘!𝑇 𝐸⁄ )!  

4.2.6 Cell encapsulation, and culture 

A suspension of monolayer expanded NCs was added to the pre-gel to obtain a final 

cell density of 1x106 cells/ml. 80 μl of cell seeded pre-gel were cast using a 20g gauge 

needle syringe into cylindrical moulds of 6mm diameter and height of 3 mm, the moulds 

were submerged in LG-DMEM supplemented with 10% FBS and 2% PenStrep and 

incubated for 1 hour in a humidified atmosphere at 37°C and 5% O2. After gelation, the 

hydrogels were incubated for 14 days in a Chemically Defined Medium (CDM) consisting 

of LG-DMEM supplemented with 2% PenStrep, 0.25 μg/ml amphotericin B (AmpB), 40 

μg/ml L-proline, 1.5 mg/ml bovine serum albumin (BSA), 4.7 μg/ml linoleic acid, 1% 

insulin-transferrin-selenium (ITS), 50 μg/ml L-ascorbic acid-2-phosphate and 100 nM 

Dexamethasone (all from Sigma Aldrich). Media changes were performed twice weekly 

and conditioned media from changes was stored at 4oC for biochemical assays. Hydrogels 

were assessed through biochemical and histological analyses at days 0 and 14. Gel 

contraction was assessed by measuring the change in diameter of hydrogels and is 

expressed as a percentage decrease at each time point relative to day 0. 
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 Results 

4.3.1 Decellularisation of ECM extracted from the NP  

After completion of the treatment process from NP to ECM powder (Figure 4-1A), 

the material was decellularised and the effectiveness of the decellularisation process was 

assessed. Biochemical results demonstrated that the decellularisation procedure adopted 

successfully yielded a material whose DNA amount is below the decellularisation threshold 

of 50ng/mg (Crapo et al., 2011) (Figure 4-1B). Moreover, the length of DNA base pairs 

remaining in the material post-decellularisation was less than 100 bp (Figure 4-1C). 

However, while efficiently removing DNA material and maintaining the amount of 

collagen present in native tissue (Figure 4-2A, B), the decellularisation process resulted in 

a 96% loss of sGAG when compared to native tissue (Figure 4-2B, C). 



71 
 

 

Figure 4-1 Decellularisation and characterisation. (A) Freshly isolated caudal NP from 

bovine tail (i), NP appearance after NaOH treatment (ii), NP ECM powder after cryomilling 

(iii). (B) Quantification of DNA content in NP samples before and after the 

decellularisation process, *** indicates statistical significance p<0.001. Dashed red line 

indicates threshold of 50ng/mg. (C) Base pair analysis. Agarose gel electrophoresis of DNA 

in NP tissue before and after decellularisation (DNA ladder 100 bp). Results demonstrate 

that the decellularisation procedure adopted successfully yielded a material whose DNA 

amount is below the decellularisation threshold of 50ng/mg. 
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Figure 4-2 Characterisation of decellularised NP tissue. (A) Collagen content in native 

NP and after NaOH treatment normalised by dry weight, (B) Collagen (top) and sGAG 

(bottom) histological evaluation of native and NaOH treated samples stained with 

picrosirius red and alcian blue respectively. (C) sGAG content in native NP and after NaOH 

treatment normalised by dry weight. *** indicates statistical significance p<0.001. N=1 

donor, n=3 discs. While efficiently removing DNA material, the decellularisation process 

resulted in a 96% loss of sGAG when compared to native tissue. 

4.3.2 Incorporation of functionalised CS in gels improves their functional 
behaviour 

Carboxyl activated or functionalised CS interacts with amine groups on collagen 

fibres to form a self-crosslinkable hydrogel system (Figure 4-3A). The effectiveness of 

crosslinking was assessed through the quantification of amine groups available on collagen 

fibres in sECM. The concentration of free amine groups available for crosslinking 

significantly decreases with the addition of fCS in a concentration dependent manner 



73 
 

(Figure 4-3B). Higher amounts of fCS added resulted in decreased free amine groups. 

Swelling capacity was also found to increase with higher amounts of fCS (Figure 4-3C), 

with increased resistance to enzymatic degradation (Figure 4-3D).  

Gel contraction due to cellular activity was also found to decrease with fCS 

incorporation (82% in absence of CS; 47% for fCS containing gels), although no 

concentration dependence was observed (Figure 4-4A). fCS containing gels also exhibited 

different behaviours in response to fast ramp stress-relaxation tests (Figure 4-4B). The 

group containing the highest amount of fCS achieved a higher peak stress compared to the 

other groups, relaxed very rapidly at short times followed by a more gradual relaxation 

profile. Conversely, 1:0.5 and 1:0 groups exhibited a slower relaxation curve at all times. 

The results from the dynamic frequency sweep revealed that G’ was always greater than 

G”, indicating that each material adopted an elastic behaviour in the range of the 

frequencies tested, regardless of the fCS content (Figure 4-4C). At higher frequencies the 

group containing the highest amount of fCS, yielded values of storage moduli that were 

significantly different than the other groups and comparable to values previously  reported 

in the literature for healthy NP tissue under similar testing conditions (Iatridis et al., 1997). 

Moreover, the presence of higher concentrations of fCS in the gel composition resulted in 

shorter gelation times (Figure 4-4D, E). 
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Figure 4-3 Gel characterisation. Solubilised ECM (sECM) and functionalised CS (fCS) 

were mixed to obtain the following gel compositions: 2% sECM-2% fCS (1:1), 2% sECM-

1% fCS (1:0.5). A 2% sECM only gel was used as control (1:0). (A) Chondroitin sulfate 

functionalisation interacts with amine groups present on collagen during crosslinking to 

form self-assembled hydrogels. (B) Quantification of free amine groups post-crosslinking. 

****(p<0.0001), ***(p<0.001). (C) Swelling profile of different compositions of ECM-CS 

gels. (D) Hydrogel enzymatic degradation kinetics. Results are displayed as mean ± 

standard deviation, where N=1 donor, n=3 samples. 
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Figure 4-4 Gel characterisation.  (A) Gel contraction kinetics for different composition 

of gels when seeded with nasal chondrocytes at a density of 1x106 cells/ml for 7 days. ! 

(p<0.05) indicates statistical significance of all experimental groups compared with 1:0, ~ 

(p<0.05) indicates significance compared with 1:1 group. (B) Stress-Relaxation profile of 

1:0, 1:0.5 and 1:1 groups. (C) Frequency sweep tests. (D) Storage (G’) and Loss (G”) 

Moduli curves observed during gelation at 37oC, 10 Hz frequency and 1% strain. (E) 

Comparison of gelation times of hydrogels for different compositions. *(p<0.05). Results 

are displayed as mean ± standard deviation, where N=1 donor, n=3 samples. 

 

4.3.3 Synthesis of sGAG and collagen are dependent on the presence of CS 
in ECM hydrogels 

Based on preliminary testing (data not shown), the highest amount of fCS that is 

possible to add to the material without compromising the structural integrity of the gels was 

found to be at a ratio of 1:1 (2% sECM-2% fCS). We next sought to determine the influence 

of the fCS-ECM hydrogel on NCs using this maximal concentration (1:1) compared to a 

lower fCS concentration (1:0.5), to ascertain if a lower amount is sufficient to promote 

enhanced cell activity, compared to a control without fCS (1:0). Gels were seeded with 
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1x106 cell/ml and cultured in low oxygen (5% O2) conditions in LG-DMEM for 14 days. 

A significant decrease in DNA content was measured at day 14 compared to day 0 in all 

groups examined except 1:0.5 group, although no significant difference was observed 

among the different groups at the same time point (Figure 4-5A). Synthesis of sGAG was 

found to be dependent on the initial gel composition, with significantly more sGAG being 

deposited by cells in gels containing higher initial sGAG (Figure 4-5B, C). sGAG content 

at day 14 was calculated by subtracting sGAG content measured at day 0. Interestingly, 

collagen accumulation did not appear to be influenced by differences in the initial gel 

composition (Figure 4-5D, E). Finally, the sGAG/collagen ratio was found to increase 

linearly with increasing CS present in the initial gel composition (Figure 4-5F).  
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Figure 4-5 The influence of different concentrations of fCS-ECM on NCs. (A) DNA 

content in gels at Day 0 and Day 14. (B) Total sGAG accumulation after 14 days of culture. 

(C) sGAG produced over 14 days of culture normalised to DNA content. sGAG produced 

was determined as the difference between the total amount of sGAG detected at day 14 and 

day 0 (D) Collagen content in day 0 gels and total collagen retained in gels at day 14 and 

in culture media. (E) Collagen produced over 14 days of culture normalised to DNA 

content. Collagen production was calculated by subtracting collagen content at day 0 from 

day 14. (F) sGAG:Collagen ratio. The value was calculated as a ratio between sGAGs and 

collagen produced during the culture period. Results are displayed as mean ± standard 

deviation, where N=3 donors, n=3 samples. While collagen accumulation remains 

unchanged, the synthesis of sGAG is dependent on the initial gel composition, with 

significantly more sGAG being deposited in gels containing higher initial sGAG amounts. 
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4.3.4 The presence of CS in the gel composition positively influences cell 
morphology 

Motivated by previous results demonstrating a higher sGAG/collagen ratio for the 

gel composition of sECM:fCS of 1:1, it was decided to examine in more detail the effects 

of CS incorporation in sECM gels at this ratio. In order to determine the effect of CS 

functionalisation on cell behaviour, CS was incorporated into gels either in a functionalised 

(NHS+) or non-functionalised (NHS-) form and compared to sECM only controls. The 

presence of CS, both functionalised or non-functionalised, was found to positively 

influence the morphology of NCs inhibiting spreading and favouring the adoption of a 

rounded cell shape (Figure 4-6A-C). However, semi-quantitative analysis of cell circularity 

could not corroborate these visual observations (Figure 4-6D). Live/Dead analysis revealed 

similar viability levels (~85%) for all formulations (Figure 4-6E). Interestingly, a 

significant decrease in DNA content was observed at day 14 in the control group (Figure 

4-6F). 
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Figure 4-6 Live/Dead imaging at day 14 of NCs in sECM (no CS) hydrogels (A), NHS- 

gels (B), and in NHS+ gels (scale bar is 300μm) (C) with cell morphology (inset; scale bar 

is 50μm) for the different gel compositions. (D) Semi-quantitative analysis of cell 

circularity. (E) Semi-quantitative analysis of cell viability (%). (F) DNA content at Day 0 

and Day 14. Results are displayed as mean ± standard deviation, where N=3 donors, n=3 

samples. 

4.3.5 CS incorporation is essential to promote sGAG and collagen matrix 
deposition 

When compared to cells in the control group, NCs cultured in CS containing gels 

produced significantly higher amounts of sGAG (Figure 4-7A), the totality of which, 

however, was detected in the culture media. Similar results were observed on a per cell 

basis when normalising sGAG per DNA content (Figure 4-7B). Interestingly, when 

normalised by DNA content, NHS- gels yielded higher sGAG synthesis compared to NHS+ 

functionalised hydrogels. Histological staining demonstrated intense deposition of sGAG 

in the pericellular region of NCs cultured in CS containing gels at day 14, while no 
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appreciable sGAG deposition was visible in the control group at the same time point 

(Figure 4-7C). 

 

Figure 4-7 Synthesis of sGAG. (A) sGAG content at day 0 and day 14. Day 14 

measurements have been represented as sGAG released in the media and sGAG retained in 

the gels.  (B) sGAG produced over 14 days of culture normalised to DNA content. sGAG 

produced was determined as the difference between the total amount of sGAG detected at 

day 14 and day 0. Results are displayed as mean ± standard deviation, where N=3 donors, 

n=3 samples. (C) sGAG histological evaluation with alcian blue/nuclear fast red at day 0 

and day 14. Scale bar is 100μm. The figure shows that CS incorporation is essential to 

promote sGAG and collagen matrix deposition. 
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In terms of collagen content, although the levels of collagen detected at day 14 were similar 

for every sample, (Figure 4-8A), NCs cultured in CS supplemented gels exhibited a reduced 

content at day 14 in comparison with NCs in control gels (no CS) when normalised on a 

per cell basis (Figure 4-8B). Finally, both the CS containing gels showed a significantly 

higher sGAG/collagen ratio than controls, the highest being the NHS- gels (Figure 4-8C). 

Interestingly, immunohistochemical analysis revealed intense collagen type 2 and weak 

collagen type 1 staining in CS containing gels, while an opposite pattern was found for gels 

in the control group with more collagen type I being deposited compared to collagen type 

II (Figure 4-8D).  
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Figure 4-8 Collagen synthesis and sGAG/Collagen ratio. (A) Collagen content in day 0 

gels and total collagen retained in gels at day 14 and in the culture media. (B) Collagen 

produced over 14 days of culture normalised to DNA content. Collagen production was 

calculated by subtracting collagen content at day 0 from day 14 (Media+Gel). (C) 

sGAG:Collagen ratio. The value was calculated as the ratio between sGAGs and collagen 

produced during the culture period. Results are displayed as mean ± standard deviation, 

where N=3 donors, n=3 samples. (D) Immunohistochemical staining for collagen type 2 

and collagen type 1. This staining revealed intense collagen type 2 and weak collagen type 

1 staining in CS containing gels, while an opposite pattern was found for gels in the control 

group, probably indicating dedifferentiation. Scale bar is 100μm.  
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4.3.6 Functionalisation of CS improves mechanical integrity and sGAG 
retention of hydrogels  

Mechanical integrity and stability of gels was assessed optically by comparing the 

degree of shape maintenance upon gelation after 10 minutes of free standing. As showed 

in Figure 4-9A, NHS- gels were unable to maintain structural stability, in contrast with 

control and NHS+ gels. Moreover, the elastic modulus of the three groups of gels was 

determined, with NHS+ gels exhibiting a significantly higher modulus compared to both 

NHS- and control gels (Figure 4-9B). Furthermore, the elastic modulus of NHS+ gels was 

found to be comparable to the values previously reported in literature for native bovine NP 

(Recuerda et al., 2011, Recuerda et al., 2012), but still lower than native human NP (Cloyd 

et al., 2007, Umehara et al., 1996, Cortes et al., 2014). To further characterise the hydrogels 

based on their composition, the average mesh size (ξ), corresponding to the average 

distance between crosslinks in the hydrogel network, was determined using equation (3). 

The analysis revealed a mesh size of 267.4±26.9 nm in NHS+ gels, 842.9±310.2 nm in 

NHS- gels, and 522.5±53.7 nm in the control group. sGAG retention was determined under 

dynamic and static conditions and compared to native NP. After 6 hours of dynamic 

agitation CS present in NHS- gels had been completely depleted, while NHS+, had retained 

50% of the initial GAG content similar to native NP tissue (Figure 4-9C). Under static 

conditions, NHS+ gels retained higher levels of sGAG (>40%) when compared to NHS- 

gels (Figure 4-9D). 
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Figure 4-9 Mechanical characteristics and sGAG retention of hydrogels (Control, NHS+ and 

NHS-). (A) Assessment of the structural stability of cell free ECM-derived hydrogels post 

gelation after 10 minutes of free standing. Scale bar is 5 mm (B) Young’s modulus. (C) 

Retention of sGAGs in hydrogels subjected to dynamic agitation and (D) static conditions. 

Results are displayed as mean ± standard deviation, where n=3 samples and show that 

functionalisation of CS improves mechanical integrity and sGAG retention. (E) SEM 

images of Control, NHS- and NHS+ samples. Scale bar is 200 µm. 

 



85 
 

 Discussion 

The goal of this study was to develop an injectable and self-assembled biomimetic 

tissue derived material and to evaluate its potential as a biomaterial for promoting nucleus 

pulposus regeneration. Although the use of decellularised tissue specific ECM has been 

widely investigated for a variety of tissue engineering (TE) applications (Cunniffe et al., 

2017, Levett et al., 2014, Fernandez et al., 2016, Beck et al., 2016, Gilpin and Yang, 2017, 

Sutherland et al., 2015, Illien-Junger et al., 2016), decellularisation and solubilisation 

techniques inevitably result in significant loss of the sGAG (Fernandez et al., 2016, Illien-

Junger et al., 2016, Guyette et al., 2016, Mercuri et al., 2011). In an attempt to reincorporate 

sGAG to enhance bioactivity and overcome the challenges with poor gelation in a 

carbohydrate rich environment, we successfully functionalised CS as a crosslinker to 

restore the material’s biomimetic and structural characteristics. In the functionalisation 

process we allowed EDC to react with the carboxyl groups of CS forming an unstable 

amine-reactive ester intermediate, which was then stabilised with the addition of NHS. This 

functionalisation strategy has been previously adopted for different tissue engineering 

applications. Cao et al. used this chemistry to develop collagen type II-chondroitin sulfate 

scaffolds for cartilage regeneration (Cao and Xu, 2008), while Lai et al. applied it in the 

preparation of gelatin-chondroitin sulfate scaffolds for corneal regeneration (Lai, 2013), 

both showing improved biosynthetic ability and morphology retention for articular 

chondrocytes and keratocytes respectively. More recently, Gao et al. have investigated the 

physical properties of commercial collagen type II-chondroitin sulfate hydrogels and 

showed that they were able to support survival and proliferation of encapsulated articular 

chondrocytes (Gao et al., 2018). Through the addition of fCS to the gel composition, we 

enhanced desirable characteristics of the hydrogels such as high swelling capacity and short 

gelation time, allowing the functionalised biomaterial to be able to hold 4 times as much 
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water and gel twice as fast compared to sECM hydrogels. One approach for the treatment 

of DD that has been commercially available for the past ten years, comprises of the injection 

of in vitro expanded autologous disc cells into the degenerated disc (Meisel et al., 2007). 

Although the study showed promising results, significant concerns have been raised in 

regards of cell leakage via the needle tract post-delivery (Hiyama et al., 2008, Omlor et al., 

2010). The use of a fast-gelling material such as the one presented in this work could allow 

cells to be immobilised in situ in a shorter time frame and avoid leakage while 

simultaneously ensuring better hydration than an ECM only material.  

Ideally, CS should be added to the gel composition in the same proportion as the 

native NP (Mwale et al., 2004). However, gel formulations with fCS:sECM ratios higher 

than 1 systematically failed to maintain structural stability (data not shown). The effect of 

CS supplementation on metabolism and differentiation has already been observed for 

mesenchymal stem cells (MSCs) (Aisenbrey and Bryant, 2019, Varghese et al., 2008, Wang 

and Yang, 2017) and articular chondrocytes (AC) (Little et al., 2014, Akmal et al., 2005, 

Bassleer et al., 1998, Nishimoto et al., 2005, Ingavle et al., 2012, van Susante et al., 2001) 

for cartilage regeneration applications, however, there is little knowledge about its effect 

on NCs. In the first part of this study we evaluated how different gel compositions influence 

NC behaviour with respect to matrix deposition and found that supplementation with CS 

elevated the levels of matrix sGAG production. This result is consistent with previous 

studies reporting that CS supplementation can improve matrix accumulation for cells in 

either 2D or 3D culture (Ingavle et al., 2012, Little et al., 2014, Wang and Yang, 2017, 

Bassleer et al., 1998, van Susante et al., 2001, Nishimoto et al., 2005). In line with our 

expectations, we found that the increase in sGAG production is dependent on gel 

composition, with a higher ratio of sGAG/Collagen being synthesised by NCs in gels 

prepared with higher amounts of fCS. However, although the presence of CS in the gel 
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composition enhanced sGAG production with a sGAG/Collagen ratio comparable to the 

native bovine NP (typically ranging from 1:1 to 2:1), the ratio was still lower than the native 

human NP, which is typically 3.5:1 (Mwale et al., 2004, Roughley, 2004).  

Chondrocytes are well-known to be phenotypically unstable and undergo de-

differentiation when expanded in 2D monolayer or cultured in 3D collagen scaffolds or 

hydrogels (Caron et al., 2012, Graceffa et al., 2019, Schulze-Tanzil, 2009). The transition 

from chondrocytic to a fibroblastic phenotype has been shown to occur with a dramatic 

change in cell shape and metabolism, and with a marked production of fibro-cartilaginous 

tissue, suggesting a possible relation between the two. The correlation between cell 

morphology and differentiation state has been under intense investigation in the past 

decades (Nuernberger et al., 2011, Hall, 2019, Parreno et al., 2017). The presence of CS 

(functionalised and non-functionalised) was observed to promote a rounded cell 

morphology, while cells exhibited a more spread-like morphology for ECM only gels. The 

result suggests that the presence of CS in the cell microenvironment plays an active role in 

modelling its spatial conformation. There are a number of ways in which a matrix 

macromolecule such as CS can physiologically affect a cell: it can act as a physical barrier 

between the cell and the attachment sites available on the collagen structure, or act as a 

chemical barrier regulating ion exchanges to and from the cell (Huang, 1974). It has 

recently been shown that GAGs can bind and sequester a wide range of proteins, the most 

interesting of which are the families of growth factors (GF) and cytokines. By binding these 

small signalling molecules, GAGs indirectly regulate cell activity by either acting as co-

factor and become readily available to the cell receptor, or by limiting their availability to 

the cell (Hachim et al., 2019, Smock and Meijers, 2018). The presence of CS in the cell 

microenvironment could therefore serve as a reservoir for cytokines and GFs to aid cell-

cell communications, which could possibly help maintain their differentiated state.   
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In contrast with results from previous studies (van Susante et al., 2001, Ingavle et al., 

2012), the presence of CS or fCS did not have a major impact on cell viability. However, 

conflicting results from similar studies showed no change in cell proliferation and viability 

when exposed to CS, suggesting that there is still no consensus regarding the impact of 

sGAG on cell survival (Little et al., 2014, Bassleer et al., 1998, Nishimoto et al., 2005). In 

our study we observed a decrease in the DNA levels at the end of the culture in every group, 

suggesting significant cell death. However, the high viability observed from Live/Dead 

staining at the same time point suggests that cells could have simply leaked out of the gels 

thereby reducing overall DNA content. This could be due to the characteristic typical of 

type II collagen, the main component of sECM, of forming fibre networks perhaps too 

loose to guarantee high cell retention during in vitro culture.  

Interestingly, we found that CS supplementation, regardless of NHS 

functionalisation, was capable of enhancing sGAG production compared to ECM only gels 

while at the same time inhibiting collagen deposition in the absence of growth factor 

stimulation. Immunohistological analysis revealed a substantial difference in the type of 

collagen deposited in the pericellular region, with collagen type II being predominantly 

deposited in CS supplemented gels and collagen type I in ECM only gels. Differentiated 

chondrocytes typically produce two structural macromolecules, cartilage-specific 

proteoglycans and collagen type II. The transition from the synthesis of one type of collagen 

to another is widely known to be highly indicative of the chondrocytes’ differentiation state 

(Benya and Shaffer, 1982, Schnabel et al., 2002, Hamada et al., 2013). Taken together, the 

results suggest that the addition of CS to a native sECM gel facilitates NCs in culture to 

maintain a differentiated phenotype, resulting in the deposition of the appropriate and 

specific ECM.  
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The correlation between the presence of GAGs in solution and the ability of collagen 

to form fibrillar reticulates has been investigated extensively over the years (Toole and 

Lowther, 1968, Lowther and Natarajan, 1972, Ruhland et al., 2007, Stuart and Panitch, 

2008) demonstrating that collagen gel structures are considerably weaker when formed in 

the presence of GAGs. Stuart and Panitch showed in particular how fibrillogenesis in the 

presence of CS in a physiological environment resulted in an increase in void spaces for a 

collagen type I network, which yielded a reduced stiffness (Stuart and Panitch, 2008). 

Interestingly, further investigations on the mechanical properties of our gel compositions 

revealed that when CS is supplemented without any functionalisation (NHS-) the resulting 

gel lacks structural stability and integrity. Another key desired characteristic is the ability 

to retain the incorporated sGAG. Retention kinetics demonstrated that fCS formulations 

were better suited to this aim and elution kinetics and mechanical properties were found to 

be comparable to native tissue, and superior to non-functionalised CS hydrogels. Overall, 

these findings suggest that the addition of CS in the sECM base hydrogel promotes the 

retention of a differentiated phenotype for NCs with concomitant specific ECM deposition, 

and that CS functionalisation is necessary to ensure adequate structural integrity. 

Preliminary in vitro culture experiments performed in our laboratory using NP cells and 

the fCS ECM biomaterial (data not shown), did not reveal any deleterious or negative 

effects in terms of cell viability or in matrix production. This is important as any injected 

material will come in contact with resident NP cells.  

In this work we have successfully developed an injectable self-assembled biomimetic 

biomaterial combining decellularised and solubilised ECM from bovine NP tissue and 

functionalised CS. The inclusion of CS in the composition of the material appears to be 

critical for promoting a rounded cell morphology and subsequent deposition of NP-like 

matrix. However, some limitations should be noted. In this study we have focused on the 
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synthesis of sGAG as an indicator of NP-like matrix production. However, it would be 

important to also determine whether synthesised sGAG are integrated within a 

proteoglycan to reduce the likelihood that they could easily diffuse out of the organ after 

being synthesised. Moreover, animal studies are an important aspect for clinical translation 

and warrant further investigation. Taken together, the results of this study show the 

potential benefit of using the proposed biomaterial in conjunction with NCs to support the 

regeneration of NP tissue.
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5 Chapter 5 - The Influence of Acidic pH and 
Pro-Inflammatory Cytokines IL-1β and 
TNF-α in a Cell-Based Strategy for 
Intervertebral Disc Regeneration 

 Introduction 

As described in Chapter 2, the microenvironment of a degenerative IVD is 

characterised by large concentration gradients of nutrients and metabolites across its 

domain, with significantly lower glucose and oxygen concentrations in the NP compared 

to the AF (Buckley et al., 2018). As a result, cells residing in the NP rely mainly on 

anaerobic respiration to create energy, producing lactate as a by-product of glycolysis, and 

thereby causing acidification of the local microenvironment. With the onset of disc 

degeneration the bidirectional flow of nutrients and metabolites to and from the NP region 

is impaired causing local lactate accumulation and a consequent local decrease in pH 

(Bartels et al., 1998), which can range from pH 7.1 to pH 6.5 in healthy to severely 

degenerated conditions respectively (Nachemson, 1969, Sivan et al., 2014).  

The degeneration of the IVD is believed to be mediated by the abnormal production of 

pro-inflammatory cytokines by NP cells (Molinos et al., 2015a, Shamji et al., 2010). In 

particular, IL-1β and TNF-α have been identified to be involved in disc herniation (Yang 

et al., 2015), nerve ingrowth (Hayashi et al., 2008) and in the upregulation of genes 

encoding matrix-degrading enzymes (Le Maitre et al., 2005, Wang et al., 2011, Le Maitre 

et al., 2007). Although the correlation of IL-1β and TNF-α with disc degeneration is well 

established in vivo, the response to their in vitro supplementation in 2D and 3D cultures has 

been diverse and often conflicting (Purmessur et al., 2013, Hoyland et al., 2008), probably 

due to their supraphysiological supplementation in in vitro experimentation. In fact, the 
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concentration of inflammatory cytokines used in the majority of experiments investigating 

their effects on cells in vitro is usually found to be in the order of ng/ml (Mathy-Hartert et 

al., 2002, Rannou et al., 2000, Wang et al., 2013), while the concentrations of IL-1β and 

TNF-α measured in degenerated human discs were found to be in the order of pg/ml (Altun, 

2016).  

The role of inflammatory cytokines and environmental pH in IVD degeneration can be 

linked to many detrimental effects, however it is difficult to determine which of the two 

has a primary role in disc disease. To fully appreciate the effectiveness of any proposed 

cell therapy for disc regeneration for clinical use, the regenerative capacity of the cellular 

component must be examined under physiologically relevant culture conditions. 

It has been previously demonstrated that NCs are able to remain viable and functional 

in response to NP-like oxygen and glucose levels (Vedicherla and Buckley, 2017b). 

However, their ability to maintain the same viability and functionality in an inflamed and 

acidic microenvironment remains to be elucidated.  

Hence, the primary objective of this study was to determine whether physiologically 

relevant concentrations of pro-inflammatory cytokines IL-1β and TNF-α, or an acidic 

microenvironment impacts cell survival and matrix production of NCs cultured in low 

glucose and low oxygen conditions. Finally, we compared the functional matrix synthesis 

capacity of NCs and NP cells in representative physiological conditions of degeneration.  

 Methods 

5.2.1 Preparation of Media 

All media formulations were prepared from Chemically Defined Medium (CDM) 

containing LG-DMEM supplemented with 0.25 μg/ml AmpB, 2% PenStrep, 100 nM 
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Dexamethasone, 50 μg/ml L-ascorbic acid-2-phosphate, 1% ITS, 4.7 μg/ml linoleic acid, 

40 μg/ml L-proline and 1.5 mg/ml bovine serum albumin (BSA). Media was adjusted to 

pH 7.1, 6.8 and 6.5 by the addition of 400 µl, 450 µl and 500 µl of 3M HCl respectively, 

and 40 µl of 5M lactic acid (LacA) to 50 ml of CDM to obtain physiological lactate levels 

(4 mM) normally found in the IVD (Bartels et al., 1998). Acidic media was subsequently 

incubated overnight in a humidified atmosphere at 37°C and 5% O2.  

5.2.2 2D culture under varying pH and inflammatory conditions 

Expanded NCs were trypsinised, counted using trypan blue staining and seeded into T-25 

flasks at a density of 1x104 cells/cm2. Cells were allowed to adhere to the culture plastic 

overnight, then media was changed to pH modified CDM (pH 7.1, 6.8 and 6.5) containing 

no added cytokines (Control), 125 pg/ml IL-1β, 25 pg/ml TNF-α, or 125 pg/ml IL-1β and 

25 pg/ml TNF-α, and incubated for 7 days in a humidified atmosphere at 37°C and 5% O2. 

One complete media change was performed four days after seeding. Proliferation was 

assessed in terms of DNA content and live/dead cell count with trypan blue stain at day 0 

and 7, and final cell density through crystal violet staining.   

5.2.3 Pre-gel fabrication, cell encapsulation and culture 

Cells were encapsulated in 3D hydrogels fabricated using a disc extracellular matrix 

(ECM) derived biomaterial previously developed in our laboratory (Borrelli and Buckley, 

2020a). Briefly, disc ECM was prepared by solubilising cryomilled powder in 0.5 M acetic 

acid (4% w/v) containing pepsin (2.5 mg/ml, Sigma). Solubilised ECM (sECM) and N-

hydroxysuccinimide (NHS) functionalised CS (fCS) were combined to yield a final gel 

composition of 2% sECM-2% fCS. 5% v/v 10x phosphate buffered saline (PBS) was added 

to the solution and the pH was adjusted to 7.4. A suspension of NCs or NP cells was added 



94 
 

to the pre-gel at a cell density of 1x106 cells/ml. Cell seeded pre-gel was cast into cylindrical 

molds of 6 mm diameter and incubated at 37°C for 1 hour. Following gelation, the hydrogel 

constructs were cultured in pH modified CDM (pH 7.1, 6.8 and 6.5) containing no added 

cytokines (Control), 125 pg/ml IL-1β or 25 pg/ml TNF-α, or a combination of 125 pg/ml 

IL-1β and 25 pg/ml TNF-α, and incubated for 14 days at 37°C and 5% O2 . In the second 

part of the study pH 6.8 groups and groups containing IL-1β or TNF-α only were excluded. 

Media was changed twice weekly and the supernatant was stored at 4°C for biochemical 

analysis.  

 Results 

5.3.1 pH and inflammatory cytokine effects on NC in 2D culture 

There was an increase in the number of viable cells after 7 days of 2D culture for 

pH 7.1 control and pH 7.1 IL-1β groups compared to day 0 levels. Conversely, TNF-α or 

of IL-1β+TNF-α groups did not exhibit significant changes compared to day 0 samples in 

terms of cell number (Figure 5-1A). As expected, there was a decrease in the number of 

viable cells with increasing acidity. However, it is unclear whether lower cell numbers were 

as a result of diminished proliferation, increased cell death, or a combination of both. 

Cellular density as assessed through crystal violet staining confirmed the biochemical 

results with no noticeable differences in cell morphology observed for the different groups 

investigated (Figure 5-1B).   
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Figure 5-1 Effects of pH and inflammatory cytokines on NC proliferative capacity. 

(A) Viable cell count at day 7 for NCs on 2D tissue culture plastic cultured in pH modified 

media (pH 7.1, 6.8 and 6.5) either unsupplemented (control) or supplemented with IL1-β, 

TNF-α or a combination of both. *(p<0.05), ***(p<0.001) and ****(p<0.0001) indicate 

significant differences between groups. Results are displayed as mean ± standard deviation, 

where N=1 donor, n=3 samples. (B) Crystal violet staining of NCs at day 7. Scale bar is 

100 μm. The results in the figure suggest that the acidity of the media interferes with cell 

proliferation. 

 

 

 

 



96 
 

5.3.2 Acidic pH and inflammatory cytokines negatively impact cell viability 
in 3D hydrogels 

When cultured in 3D hydrogels, NCs appeared to be affected by culture conditions 

in a similar fashion to those observed for 2D culture. Semi-quantitative analysis based on 

Live/Dead images of hydrogels at day 14 showed a correlation between culture conditions 

and cell viability with acidic pH negatively influencing cell viability (Figure 5-2A,B). 

Similarly, DNA content was found to be lower for groups cultured in acidic pH media, 

irrespective of the presence of inflammatory cytokines, with the lowest DNA content 

observed for all pH 6.5 media formulations (Figure 5-2C).. 
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Figure 5-2 Cell viability in 3D hydrogels. (A) Live/Dead images of NCs at day 14 

cultured in 3D hydrogels in pH modified media (pH 7.1, 6.8 and 6.5) either unsupplemented 

(control) or supplemented with IL1-β and TNF-α or a combination of both. Scale bar is 300 

μm. (B) Cell viability (%). (C) DNA content (μg) of hydrogels at day 14. *(p<0.05), 

**(p<0.01), ***(p<0.001) and ****(p<0.0001) indicate significant differences between 

groups. Results are displayed as mean ± standard deviation, where N=3 donors, n=3 

samples and show that acidic pH negatively impacts cell viability in 3D hydrogels. 
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5.3.3 Matrix synthesis in response to different pH and inflammatory cytokine 
conditions 

Control ECM hydrogels (no inflammatory cytokines) cultured in media at pH 7.1 

exhibited the highest collagen accumulation which was diminished with increasing acidic 

media formulations. Similar collagen levels were observed for all inflammatory cytokine 

supplemented groups at all pH levels. (Figure 5-3A). The majority of collagen detected at 

day 14 was found to have been released into the culture media (Figure 5-3B). 

Immunohistochemical staining of collagen types I and II did not reveal obvious differences 

in pericellular collagen deposition across the groups (Figure 5-3C). 

Acidity was observed to decrease the ability of cells to synthesise sGAGs, while 

inflammatory cytokine supplementation did not have any noticeable effect (Figure 5-4A). 

All pH 7.1 groups exhibited a sGAG to collagen ratio that was significantly higher 

compared to pH 6.8 and pH 6.5 groups. Interestingly, significant differences in 

sGAG:collagen ratios were noted among groups cultured at pH 7.1 supplemented with 

different combinations of inflammatory cytokines. Groups cultured at pH 7.1 supplemented 

with IL-1β and IL-1β+TNF-α were significantly higher than the pH 7.1 control group 

(Figure 5-4B), due to reduced collagen deposition. Histological staining was found to 

corroborate the sGAG biochemical findings, with more intense staining at pH 7.1 at day 14 

(Figure 5-4C). 
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Figure 5-3 Synthesis of collagen in 3D hydrogels. (A) Total collagen content (μg) in 

hydrogels and media at day 14 cultured in pH modified media (pH 7.1, 6.8 and 6.5) either 

unsupplemented (control) or supplemented with IL1-β and TNF-α or a combination of both. 

(B) Collagen detected in culture media (%). The values are expressed as a percentage of 

the total amount of collagen measured at day 14. *(p<0.05), **(p<0.01) indicate significant 

differences between groups. Results are displayed as mean ± standard deviation, where 

N=3 donors, n=3 samples. (C) Collagen type II and collagen type I immunohistochemical 

staining. Scale bar is 25μm. Collagen accumulation appears to diminish with increasing 

media acidity.  
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Figure 5-4 Synthesis of sGAG in 3D hydrogels. (A) sGAG content (μg) in samples 

(hydrogels+culture media) at day 14 cultured in pH modified media (pH 7.1, 6.8 and 6.5) 

either unsupplemented (control) or supplemented with IL1-β and TNF-α or a combination 

of both. Dashed line represents day 0 sGAG content.  (B) sGAG:Collagen ratio. Both sGAG 

and collagen were calculated as respective amounts produced over 14 days by subtracting 

day 0 content from day 14. *(p<0.05), **(p<0.01), ***(p<0.001) and ****(p<0.0001) 

indicate significant differences between groups. Results are displayed as mean ± standard 

deviation, where N=3 donors, n=3 samples. (C) Alcian blue histological evaluation for 

sGAG accumulation in hydrogels at day 14. Scale bar is 150μm. In these results, acidity is 

observed to decrease the ability of cells to synthesise sGAGs, while inflammatory cytokine 

supplementation does not have any noticeable effect. 
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5.3.4  Acidic pH and inflammatory cytokines have a greater impact on NP 
cell viability and proliferation 

Motivated by our previous results, the effect of acidic media culture in the presence 

of physiologically relevant inflammatory cytokine concentrations was subsequently 

assessed for NCs and NP cells in 3D hydrogel culture. pH media groups were reduced to 

pH 7.1 and pH 6.5 to simulate healthy and acute degeneration conditions respectively, with 

or without the combined supplementation of both IL-1β+TNF-α. Live/dead analysis 

revealed reduced viability for NP cells compared to NCs at pH 7.1 and pH 6.5 in both 

control and IL-1β+TNF-α supplemented conditions (Figure 5-5A,B). Quantification of 

DNA further confirmed the detrimental effect of acidic pH on NCs and NP cells in control 

and inflamed conditions (Figure 5-5C). 
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Figure 5-5 Influence of acidic pH and inflammation on NCs and NP cells’ viability. 

(A) Live/Dead imaging at day 14 of NCs and NP cells in 3D hydrogel culture at different 

pH (7.1 and 6.5) and inflammatory cytokine (IL-1β+TNF-α) supplementation conditions. 

Scale bar is 300μm. (B) Cell viability (%). (C) DNA content (μg) of hydrogels at day 14. 

*(p<0.05), **(p<0.01), ***(p<0.001) and ****(p<0.0001) indicate significant differences 

between groups. Results are displayed as mean ± standard deviation, where N=3 donors, 

n=3 samples and indicate that acidic pH and inflammatory cytokines have a greater impact 

on NP cell viability and proliferation than on NCs.  

5.3.5 NCs can secrete higher amounts of key matrix components compared 
to NP cells in a degenerated disc-like environment 

Acidity was also observed to have a negative impact on sGAG synthesis. Intense 

localised sGAG deposition was observed for NCs cultured in pH 7.1 media (control and 
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inflamed conditions), with less intense staining observed for NP cells.  At pH 6.5, both NCs 

and NP cells displayed diminished sGAG staining. There were no appreciable differences 

in staining intensity between control and inflamed conditions at either pH levels. 

Biochemical results supported these histological findings, demonstrating that NCs cultured 

in pH 7.1 media were able to synthesise significantly higher amounts of sGAGs compared 

to all other groups by day 14. There was no significant impact of culturing in IL-1β+TNF-

α supplemented media for either cell type (Figure 5-6A, B).  

In terms of collagen content, cells cultured in pH 7.1 control media showed 

enhanced collagen production compared to pH 6.5 control media. However, no differences 

were detected in collagen synthesis when cells were cultured in IL-1β+TNF-α 

supplemented media (Figure 5-7A). Moreover, a similar pattern was found for 

sGAG:collagen ratios among groups, with NCs exhibiting a higher ratio than NP cells 

which was higher for groups cultured in pH 7.1 media than pH 6.5. Interestingly, NCs 

cultured in pH 7.1 media supplemented with IL-1β+TNF-α exhibited a sGAG:collagen 

ratio significantly higher than in pH 7.1 control media (Figure 5-7B), due to diminished 

collagen deposition. Immunohistochemical staining demonstrated higher levels of collagen 

type II at pH 7.1 which was diminished at pH 6.5. Culturing with IL-1β+TNF-α did not 

appear to affect the type of collagen being deposited (Figure 5-7C). 
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Figure 5-6 Synthesis of sGAG in control and degenerated disc-like conditions. (A) 

Histological evaluation of hydrogels with alcian blue to identify sGAG at day 14 of NCs 

and NP cells in 3D hydrogel culture at different pH (7.1 and 6.5) and inflammatory cytokine 

(IL-1β+TNF-α) supplementation conditions. Scale bar is 25μm. (B) sGAG (μg) produced 

by NCs and NP cells in 3D hydrogels. Values were calculated by subtracting day 0 content 

from day 14. ***(p<0.001) and ****(p<0.0001) indicate significant differences between 

groups. Results are displayed as mean ± standard deviation, where N=3 donors, n=3 

samples and show that acidity appears to have a negative impact on sGAG synthesis for 

both cell types, but more significantly for NP cells than NCs. 
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Figure 5-7 Synthesis of collagen in control and degenerated disc-like conditions. (A) 

Total collagen (μg) produced in hydrogels containing NCs and NP cells in 3D hydrogel 

culture at different pH (7.1 and 6.5) and inflammatory cytokine (IL-1β+TNF-α) 

supplementation conditions. (B) sGAG:Collagen ratio. Both quantities were calculated as 

respective amounts produced over 14 days by subtracting day 0 content from day 14. 

*(p<0.05), **(p<0.01), ***(p<0.001) and ****(p<0.0001) indicate significant differences 

between groups. Results are displayed as mean ± standard deviation, where N=3 donors, 

n=3 samples. (C) Collagen type I and collagen type II immunohistochemical staining. Scale 

bar is 25μm. 
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 Discussion 

The IVD is a large avascular organ relying mainly on diffusion of nutrients through 

the CEPs for its energy supply. During disc degeneration calcification of the CEPs hinders 

the availability of nutrients to cells residing in the centre of the disc and the removal of 

metabolic by-products of glycolysis, thereby causing acidification of the cellular 

microenvironment and a shift to an accelerated catabolic state (Urban, 2002, Hadjipavlou 

et al., 2008). Moreover, the degenerated disc consists of a wide panel of pro-inflammatory 

cytokines (Phillips et al., 2015, Risbud and Shapiro, 2014, Altun, 2016), further 

contributing to the creation of an extremely challenging biochemical microenvironment. 

For successful translation of cell-based therapies for disc regeneration, it is imperative that 

cells remain viable post injection, and function effectively in a challenging 

microenvironment (Vedicherla and Buckley, 2017a, Smith et al., 2018, Buckley et al., 

2018).  

In the first part of this study we investigated the impact of the pro-inflammatory 

cytokines IL-1β and TNF-α, in combination with low pH media in 2D and 3D hydrogel 

culture with NCs. It was found that acidic pH affected cell viability and proliferation to a 

much greater extent in comparison to IL-1β and TNF-α supplementation. The detrimental 

effect of acidic pH was also observed in relation to a significant reduction in matrix 

synthesis in 3D culture, whereas IL-1β and TNF-α supplementation, either alone or in 

combination, appeared to have no influence on sGAG synthesis and only a marginal 

influence on collagen production when NCs were cultured at pH 7.1.  

Surprisingly, we found that cytokine supplementation had only a marginal influence 

on cell viability and matrix synthesis. Cellular response to culture in inflammatory 

conditions has been extensively studied in the last two decades. However, there is still no 

consensus on the specific molecular mechanisms that are triggered or enhanced by the 
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presence of pro-inflammatory cytokines such as IL-1β and TNF-α, possibly due to the 

variability in culture conditions and consequently in the results obtained. Some studies have 

found strong evidence of  IL-1β being the key regulator of matrix degradation processes in 

NP cells (Le Maitre et al., 2007, Srivastava et al., 2017), and identified the role of TNF-α 

more likely to be associated with nerve root irritation rather than influencing matrix 

catabolism (Hoyland et al., 2008). In contrast, a number of other studies have either not 

found major differences between the effects of IL-1β and TNF-α supplementation on NP 

cells (Wang et al., 2011, Ponnappan et al., 2011), or even reconsidered the central role that 

was attributed to IL-1β in the process of matrix catabolism (Phillips et al., 2015, Purmessur 

et al., 2013). It is possible to find analogous discrepancies in similar studies on articular 

chondrocytes (ACs): whereby some authors have judged the contributions of both IL-1β 

and TNF-α as equal (Xiang et al., 2006), others have found evidence of TNF-α having a 

predominant influence on cell death (Carames et al., 2008) and decreased matrix synthesis 

(Kuroki et al., 2005). Nevertheless, in contrast with our results, the common denominator 

of all these findings is that the presence of pro-inflammatory cytokines, either alone or in 

combination, deeply affects cell fate and gene expression. It must be noted, however, that 

in all these previous studies cells have been exposed to concentrations of IL-1β and TNF-

α of the order of ng/ml, which is supraphysiological even for pathological conditions such 

as the more acute stages of degeneration of the IVD. In a recent study from Altun et al., 

biopsy specimens from surgically excised discs from patients diagnosed with acute disc 

disease were shown to contain amounts of IL-1β and TNF-α in the range of 113-135 pg/ml 

and 9-26 pg/ml respectively (Altun, 2016), which are more than three orders of magnitude 

lower than the concentrations used in previous experiments. Our results suggest that when 

cell cultures are supplemented with IL-1β and TNF-α at physiologically relevant 

concentrations, cellular responses are not as marked as described in previous experiments 
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and that these cytokines affect cell viability and matrix synthesis less dramatically 

compared to environmental pH.  

The effects of low pH on cell viability have been explored in the last two decades on 

different cell sources such as bone marrow stem cells (BMSCs) (Naqvi and Buckley, 2016), 

adipose-derived mesenchymal stem cells (ADMSCs) (Han et al., 2014), ACs (Hu et al., 

2012, Wilkins and Hall, 1995) and NP cells (Razaq et al., 2003). Results from these studies 

are in line with our findings, demonstrating a correlation between increasing environmental 

acidity and decreased cell viability. One possible explanation for this could be that culture 

in acidic media induces the activation of acid‐sensing ion channels (ASICs), which are 

extracellular pH sensors whose activation has been found to be responsible for acidosis-

mediated apoptosis (Zhou et al., 2016). The expression of this family of receptors has been 

observed in several cell types, including disc cells and ACs (Zhou et al., 2016, Yuan et al., 

2010, Hu et al., 2012, Gilbert et al., 2016). Although the expression of ASICs has not yet 

been examined for chondrocytes extracted specifically from the nasal septum, it is 

reasonable to assume that their response to acidic environments would be driven by the 

same biochemical mechanisms that drives the response of chondrocytes derived from 

articular cartilage. Activation of ASICs has been shown to be enhanced under inflammatory 

conditions, in particular in the presence of  IL-1β, resulting in increased cell death (Gong 

et al., 2014). However, such a correlation was not observed in our results, which showed 

no significant differences in cell viability following IL-1β supplementation in 2D or 3D 

cultures.  

Acidic pH also had a significant impact on the ability of NCs to synthesise and deposit 

de novo matrix. We observed a reduction in the synthesis of sGAGs compared to controls 

(pH 7.1) in NCs cultured in media at pH 6.8 and 6.5, which is not simply due to 

compromised cell viability. It has previously been reported that cell metabolism can be 
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severely inhibited by low pH (Das et al., 2010, Wu et al., 2007). This is due to 

phosphofructokinases, the rate-limiting enzymes on glycolysis, being sensitive to pH and 

in particular inhibited by acidosis (Erecinska et al., 1995). As a consequence, cells have 

less energy available and processes tightly linked to energy consumption such as sGAG 

synthesis are inhibited or impeded (Lee and Urban, 1997, Yin et al., 2020). Interestingly, 

although we did observe a higher amount of collagen being produced at pH 7.1 without 

inflammatory factors, the detrimental impact of acidic conditions was less pronounced in 

comparison to sGAG synthesis, suggesting that the molecular mechanisms regulating 

collagen synthesis are less dependent on energy availability. A similar finding was reported 

in a study from Nishida et al., where a decrease in energy production in hypoxic conditions 

promoted hypertrophy in ACs with a decrease in aggrecan and an increase in collagen 

expression (Nishida et al., 2013).  

A second objective of this study was to directly compare the ability of NCs and NP 

cells to synthesise NP-like matrix in culture conditions mimicking the degenerated disc 

niche (low glucose, low oxygen, low pH in the presence of pro-inflammatory cytokines), 

with the aim of determining an appropriate cell source for disc repair strategies. We found 

that NCs, although still negatively affected by low pH, maintained higher cell viability and 

synthesised appropriate matrix components such as sGAGs and collagens in a more 

appropriate ratio than NP cells. In comparison, NP cells exhibited diminished cell viability 

at pH 7.1, representative of a healthy disc, which also resulted in a reduction in the 

accumulation of sGAGs when compared to NCs. This correlates with results from Razaq 

et al, where the expression profile of bovine AC and NP cells cultured in acidic conditions 

was compared, demonstrating a significantly lower expression of matrix related genes with 

increasing acidity for NP cells (Razaq et al., 2003). Importantly, the sGAG:collagen ratio 

was considerably higher in NCs compared to NP cells for all culture conditions. A high 
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sGAG:collagen ratio may be considered an appropriate parameter for the identification of 

NP-like tissue type, as it represents a tissue rich in sGAGs, replicating the composition 

typical of healthy NP (Mwale et al., 2004).  

In conclusion, the results of the present study demonstrate that among the plethora of 

characteristics that render the degenerated NP an extremely hostile niche, environmental 

pH was found to have the greatest impact on cell viability and matrix production. While 

NP cells appeared to be unaffected by the presence of inflammatory cytokines in the 

physiological range, low pH had a greater impact on viability and matrix synthesis, 

suggesting they may be a less effective cell type compared to NCs for cell-based NP 

regeneration. Although it is clear that environmental acidity is an important factor to 

consider in the context of disc regeneration, to the best of the authors knowledge, there are 

no clinically feasible approaches to neutralising or augmenting the intradiscal pH. A 

possible approach may involve injecting pH buffering biomaterials into the disc space. This 

may have some short-term benefit and create a permissible microenvironment to facilitate 

regeneration by transplanted cells, but the longevity of such an approach would need to be 

established. In parallel, techniques to non-invasively measure intradiscal pH in vivo would 

be required to tailor or adjust the treatment according to the severity of the degenerated 

state. Recent work has proposed a promising clinical MRI approach to detect pH changes 

associated with IVD degeneration in a swine model (Bez et al., 2018). Overall, the presence 

of the key inflammatory cytokines IL-1β and TNF-α, that have previously been identified 

in human discs did not have any appreciable impact when supplemented in physiologically 

relevant concentrations. Therefore, developing imaging modalities to identify and 

characterise intradiscal pH in vivo in combination with pH buffering biomaterials may 

provide for an effective strategy to appropriately select and treat patients with cell-based 

therapies.  
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6 Chapter 6 – Differential Response of NCs at 
Different Seeding Densities and Assessment 
in Ex-Vivo Disc Explant Culture Model 
System 

 Introduction 

One of the most widely documented effects of ageing and degeneration on IVD 

pathophysiology is a significant decrease in cell number. In fact, a number of studies have 

highlighted a distinct decrease in cell viability in the NP and AF of discs showing early to 

advanced stages of degeneration compared to the healthy state, and have provided 

increasing evidence that cell death contributes to the progression of DDD (Zhang et al., 

2016, Ding et al., 2013, Rannou et al., 2004, Gruber and Hanley, 1998).  

 Being avascular, the primary route of transport of nutrients to the centre of the disc 

is by diffusion through the CEPs and the AF (Urban et al., 1982, van der Werf et al., 2007, 

Urban et al., 2004, De Geer, 2018). However, during ageing and degeneration, CEPs 

undergo a series of physical changes such as thinning and calcification (Grant et al., 2016, 

Tomaszewski et al., 2015) that contribute to the progressive reduction of nutrient 

availability to the centre of the disc and the local build-up of waste metabolites such as 

lactic acid (Bartels et al., 1998, Huang et al., 2014), which may be responsible for the 

observed decrease in cell viability. The acidic pH caused by the accumulation of lactic acid 

is in fact responsible for the acid-mediated activation of ASIC channels, a family of 

receptors whose activation has been linked to acidosis-mediated apoptosis (Zhou et al., 

2016). 
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Current strategies for disc regeneration involve the injection and delivery of healthy 

cells to repopulate the NP region to synthesise appropriate ECM constituents such as 

glycosaminoglycans and collagens with the aim of restoring the original biochemical 

composition of the damaged organ (Silva-Correia et al., 2013, Chen et al., 2018). However, 

there is still no consensus regarding the optimal cell number required to obtain an adequate 

level of tissue regeneration. In particular, a large variation in cell densities have been used 

ranging from 1x106 to 10x106 cells/ml (Wang et al., 2018b, Wang et al., 2018a, Hang et 

al., 2017, Zhou et al., 2018b, Hodgkinson et al., 2019, Vickers et al., 2019, Rosenzweig et 

al., 2018). Similarly, it is possible to observe large variations in cell densities in the 

experimental setting of recent in-human clinical trials. For instance, in a phase I trial 24 

patients received injections of bone marrow derived autologous MSCs at a density of 

12.5x106 cells/ml (Noriega et al., 2017), while in another phase I trial ADSCs were injected 

at a density of 40x106 cells/ml (Kumar et al., 2017). However, given the poor availability 

of nutrients in the NP, it is reasonable to question whether such high numbers of injected 

cells would survive or function adequately to regenerate the disc. In fact, early results from 

the Mesoblast work reported better outcomes in an ovine model when using lower cell 

numbers (0.5x106 cells/ml) (Oehme et al., 2016).  

While in vitro investigations are useful for initial proof-of-concept studies, their 

clinical relevance is limited due to their simplified and non-physiological culture conditions 

(Pfannkuche et al., 2020). Ex vivo explant models, on the other hand, represent an 

interesting and relatively new approach to the investigation of novel tissue engineering 

applications. These systems allow to specifically interrogate different aspects, such as the 

individual roles of the inflammatory response, the microenvironmental conditions and cell 

types in tissue regeneration while maintaining physiological similarities to the native tissue.  
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The first objective of this study was to examine the influence of cell seeding density 

on cell survival and matrix production of NCs cultured in disc-like conditions in order to 

determine the optimal seeding density to adopt. The second objective of this study was to 

assess the efficacy of the regenerative framework proposed in this thesis work using a disc 

explant model in culture conditions that aim to closely recapitulate the microenvironmental 

conditions of the degenerated disc niche by comparing it to an acellular gel and an NP cell 

loaded gel.  

 Methods 

6.2.1 Pre-gel fabrication, cell encapsulation and culture 

Cells were encapsulated in 3D hydrogels fabricated using a disc extracellular matrix 

(ECM) derived biomaterial previously developed in our laboratory (Borrelli and Buckley, 

2020a). Briefly, disc ECM was prepared by solubilising cryomilled powder in 0.5 M acetic 

acid (4% w/v) containing pepsin (2.5 mg/ml, Sigma). Solubilised ECM (sECM) and N-

Hydroxysuccinimide (NHS) functionalised CS (fCS) were combined to yield a final gel 

composition of 2% sECM-2% fCS. 5% v/v 10x phosphate buffered saline (PBS) was added 

to the solution and the pH was adjusted to 7.4. A suspension of NCs or NP cells was added 

to the pre-gel at a cell density of 1x106, 2.5x106, 5x106 or 10x106 cells/ml. In the first part 

of the study, cell seeded pre-gel was cast into cylindrical molds of 6 mm diameter and 

incubated at 37°C for 1 hour. After gelation, the hydrogels were incubated for 14 days in a 

Chemically Defined Medium (CDM) consisting of LG-DMEM supplemented with 2% 

PenStrep, 0.25 μg/ml AmpB, 40 μg/ml L-proline, 1.5 mg/ml bovine serum albumin (BSA), 

4.7 μg/ml linoleic acid, 1% ITS, 50 μg/ml L-ascorbic acid-2-phosphate and 100 nM 

Dexamethasone (all from Sigma Aldrich). Media changes were performed twice weekly 
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and conditioned media from changes was stored at 4oC for biochemical assays. Hydrogels 

were assessed through biochemical and histological analyses at days 0 and 14. The study 

was performed three times with cells isolated from three different donors (N=3). In each 

iteration three samples (n=3) were collected for each group at every time point. 

6.2.2 Explant frame 3D printing and sterilisation  

Frames illustrated in Appendix 2 were 3D printed using a Formlabs 2 printer and 

dental resin SG V1 (Formlabs, UK). After printing, frames were briefly washed in 

isopropanol to remove excess resin, cured for 1 hour at 60°C under UV light and stored in 

50% ethanol. Subsequently, frames were dried, exposed to four 40 minutes cycles of UV 

light to allow surface sterilisation and stored in a sterile container until use.  

6.2.3 Disc explant isolation, pre-treatment and culture 

Skeletally mature bovine tails were obtained from a local abattoir within 6 hours of 

slaughter. Next, discs were isolated aseptically and separated from the cartilaginous 

endplates, washed in PBS and kept overnight at 37°C in low glucose, high osmolarity (~400 

mOsm, adjusted using 2mg/ml NaCl) DMEM supplemented with 10% FBS and 2% 

PenStrep. From the AF region , 4 to 5 biopsies (Ø =8 mm) were obtained, which were 

subsequently cored using a 4 mm diameter biopsy punch. Next, disc explants were 

embedded in a 4% agarose solution using the 3D printed frame illustrated in Figure 6-1. 

Briefly, the bottom part of the frame (illustrated in Figure 6-1.A on the left) is inserted into 

a well of a 24-well plate previously filled with agarose. Subsequently, a disc explant ring 

is carefully threaded onto the central rod of the top part of the frame (Figure 6-1.B) and 

submerged in the agarose solution. After the agarose has hardened, the top piece of the 

frame is removed leaving a hollow core, which was filled with ~100 µl of pre-gel loaded 
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with a cell suspension of NCs or NP cells at a density of 1x106 cells/ml, or acellular as 

control. A high-density NC group (10x106 cells/ml) was added as a worst-case scenario 

comparison. Loaded explants were cultured in pH 7.1 conditions, in high osmolarity and 

low glucose CDM supplemented with 2% PenStrep, 0.25 μg/ml AmpB, 40 μg/ml L-proline, 

1.5 mg/ml bovine serum albumin (BSA), 4.7 μg/ml linoleic acid, 1% ITS, 50 μg/ml L-

ascorbic acid-2-phosphate and 100 nM Dexamethasone, 125 pg/ml IL-1β and 25 pg/ml 

TNF-α (all from Sigma Aldrich). The total culture period was 21 days at 37°C in 20% O2 

conditions. Culture media was changed twice weekly and stored at 4°C for biochemical 

assays. Samples at day 0 and day 21 time points were immediately frozen, the core 

separated from the disc explant and stored at -80°C for biochemical assays.  The study was 

performed three times with independent cell donors (N=3). In each iteration five samples 

(n=5) were collected per group at each time point. 
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Figure 6-1 Disc explant cage. (A) Bottom and top parts of the cage 3D printed using dental 

SG resin (B) First step of assembly. The disc explant ring is carefully threaded onto the 

central rod of the top part of the cage (C) Second step of the assembly. The top part is 

positioned over the bottom part in a 24-well plate previously filled with s 4% agarose 

solution. (D) Subsequently, the top part is removed leaving a central canal where the gel is 

injected. (E) Top view of the experimental setup. 
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6.2.4 MTT assay for the assessment of the metabolic activity of explants 
after swelling  

Metabolic activity of cells in disc tissue isolated for explant culture was assessed 

using the MTT assay with DAPI counterstain previously described in literature (McDonnell 

and Buckley, 2021). MTT is a compound that is metabolised by active mitochondria in 

living cells (Liu et al., 1997) and the assay is based on the ability of nicotinamide adenine 

dinucleotide phosphate (NADPH)-dependent cellular oxidoreductase enzymes to reduce 

the MTT dye to its insoluble formazan crystals (Kuete et al., 2017). Briefly, sections of 3 

mm thickness were sliced from the AF area of freshly isolated discs. The sections were 

incubated in high osmolarity phenol-free DMEM supplemented with 0.5 mg/ml MTT for 

3 hours in agitation at 37°C. Next, sections were washed and embedded in optimal cutting 

temperature compound (OCT) and stored at −80°C until sectioning (10 μm thickness) on a 

cryotome. For cell density analysis, slices were mounted on a microscope slide using 

fluoroshield with DAPI. Slides were examined using an Olympus BX51 upright 

microscope under brightfield and fluorescence to capture metabolically active cells 

(MTT+) and DAPI stained cell nuclei respectively. The number of metabolically active 

cells was determined by merging the brightfield and DAPI image and counting the 

incidence of overlapping formazan crystals and blue nuclei. 

6.2.5 Assessment of cell viability of explant samples 

Cell viability was assessed using a LIVE/DEAD® viability and cytotoxicity assay 

kit (Invitrogen). For the first part of the study, samples were washed in PBS followed by a 

1 hour incubation at 37°C in phenol free LG-DMEM (Sigma-Aldrich, Dublin, Ireland) 

containing 4 μM Calcein AM and 4 μM Ethidium Homodimer 1 (Cambridge Bioscience, 

Cambridge, UK). For the second part of the study, samples were briefly washed in high 
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osmolarity PBS followed by 6 hours incubation in a 1% glycerol solution in high osmolarity 

PBS at 37°C, followed by 1 hour wash in 1% glycerol solution at 37°C. Samples were then 

frozen overnight at -80°C prior to sample sectioning and imaging. Sections were imaged 

with an Olympus FV-1000 Point-Scanning Confocal Microscope at 515 nm and 615 nm 

channels. 

6.2.6 Histology and immunohistochemistry of explant samples. 

 Upon termination of culture, samples were removed from culture, washed in PBS 

and fixed in 4% paraformaldehyde (PFA) solution overnight at 4°C or in formalin for 48h 

with a solution change after 24h. Fixed samples were dehydrated and wax embedded. 

Sections of 8 µm were obtained with a microtome (Leica RM2125rt, Ashbourne, Ireland) 

and secured to microscope slides (Polylysine™, VWR, Dublin, Ireland). Sections were 

stained with 1% Alcian Blue 8GX in 0.1 M HCl to assess sGAG content and picrosirius 

red to assess collagen content. Collagen types I and II were evaluated using 

immunohistochemical techniques. Briefly, sections were treated with chondroitinase ABC 

(Sigma-Aldrich) in a humidified environment at 37°C, followed by incubation with 5% 

BSA to block non-specific sites. Next, collagen type I (Abcam 90395, 1:400) and collagen 

type II (Santa Cruz sc-52658, 1:400) primary antibodies (mouse monoclonal, IgG, 

Cambridge, UK) were applied overnight at 4°C, followed by a 1 hour incubation with the 

secondary antibody (Anti-Mouse igG biotin conjugate, 1.5:200) (Sigma-Aldrich) and 45 

minutes incubation with ABC reagent (Vectastain PK-400, Vector Labs, Peterborough, 

UK). Finally, sections were developed with DAB peroxidase (Vector Labs, Peterborough, 

UK) for 5 minutes. 



119 
 

 Results 

6.3.1 Cell viability is negatively influenced by high cell density 

Differences in the four cell densities were evident across all the groups immediately 

at day 0, with intensive cell aggregation in the high-density groups 5x106 and 10x106 

cells/ml. At the end of the 14 day culture, NCs in the lowest density groups (1x106 and 

2.5x106 cells/ml) showed limited ethidium homodimer staining, in contrast with the high 

cell density groups (5x106 and 10x106 cells/ml), where the staining indicated that 

significant cell death had occurred. Interestingly, when NCs were cultured at a cell density 

of 2.5x106 cells/ml, they spontaneously condensed into cell agglomerates. However, this 

did not appear to influence cell viability. In the 5x106 cells/ml density groups cell death 

was observed almost exclusively in the core of the hydrogel possibly indicating nutrient 

supply limitations, while it was more widespread across the entire hydrogel in the 10x106 

cells/ml group (Figure 6-2A). 



120 
 

 

Figure 6-2 Variation of cell viability and hydrogel contraction with increasing cell 

densities. (A) Live/Dead images of NCs at day 0 and 14 cultured in 3D hydrogels at cell 

densities of 1x106, 2.5x106, 5x106 and 10x106. Cells exhibited diminished viability with 

increasing cell density at day 14. Scale bar is 150 μm. (B) DNA fold change of NCs at day 

14 compared to day 0. Values were calculated as a ratio between DNA content at day 0 and 

DNA content at day 14. (C) Diameter of gels observed at the end of the culture period (day 

14). Dashed line indicates initial diameter of gels at day 0. (D) Macroscopic images of gels 

at day 14 showing degree of contraction. 
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6.3.2 High cell densities impedes proliferation and tissue specific matrix 
deposition capacity of NCs 

The negative effects of high cell densities on cell viability was confirmed by DNA 

quantification analysis, which revealed significantly greater cell loss in the highest cell 

density group compared to the lowest (Figure 6-2B). All groups showed some degree of 

contraction at day 14 compared to day 0. Specifically, gels seeded at a cell density of 1x106 

cells/ml exhibited the lowest level of contraction compared to all the other groups with an 

average loss of diameter of 23%, in contrast with 66% diameter loss of remaining groups 

(Figure 6-2C,D). Biochemical analysis of samples and conditioned media from culture 

media changes revealed a significantly enhanced sGAG/DNA production in the 1x106 

cells/ml group (Figure 6-3A) and, conversely, significantly higher quantities of 

collagen/DNA being produced in the 10x106 cells/ml group (Figure 6-3B). As a result, we 

found significant differences in the sGAG/Collagen ratio values representative of each cell 

density group, with the lowest cell density group (1x106 cells/ml) showing the highest value 

and the highest cell density group (10x106 cells/ml) showing the lowest (Figure 6-3C).  

Interestingly, histological alcian blue staining to detect sGAG deposition in gels 

showed no major differences across high cell density groups (2.5, 5 and 10x106 cells/ml) 

and an apparent more intense staining in these groups compared to the 1x106 cells/ml group 

(Figure 6-4A). However, the differences in the intensity of the staining can easily be 

explained by the different contraction degrees of samples at the end of the culture period. 

Likewise, apparent differences in immunohistochemical staining performed to visualise 

collagen type I and II deposition in day 14 samples can also be explained by high cell 

density groups (2.5, 5 and 10x106 cells/ml) displaying a significantly smaller size than 

samples in the 1x106 cells/ml group at the end of the culture period (Figure 6-4B,C). 
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However, it is interesting to notice an enhanced deposition of collagen type II compared to 

collagen type I in the 1x106 cells/ml group at day 14 (Figure 6-4B,C).  

 

 

Figure 6-3 Biochemical analysis of sGAG and collagen synthesis. (A) sGAG and (B) 

Collagen produced over 14 days of culture normalised to DNA content. Values were 

calculated by subtracting sGAG or Collagen detected in samples at day 0 to amounts 

detected in hydrogel and media samples at day 14. (C) sGAG/Collagen ratio. *(p<0.05), 

**(p<0.01), and ****(p<0.0001) indicates significant differences between groups. Results 

are displayed as mean ± standard deviation, where N=3 donors, n=3 samples.  
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Figure 6-4 Histological and immunihistochemical staining. (A) Histological evaluation 

of hydrogels with alcian blue to identify sGAG at day 0 and day 14. (B) 

Immunohistochemical staining of collagen type I and (C) type II. Scale bar is 150 µm. 
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6.3.3 Viability and metabolic activity are maintained after overnight tissue 
treatment 

In the second part of this study disc explants were isolated from the AF region of 

freshly dissected bovine coccygeal IVDs. Given the propensity of the disc tissue to 

critically swell post-isolation due to its high swelling pressure, it was necessary to pre-treat 

the tissue in order to control the swelling of the explant and avoid deformation during 

culture. Analysis performed on disc tissue before and after the overnight swelling treatment 

did not reveal any significant differences in the viability of the samples (Figure 6-5A,B). 

Moreover, cell metabolic activity was studied histologically through MTT crystal 

deposition assessment. Results did not reveal significant differences between the numbers 

of DAPI stained cells and the MTT positive cells in the analysed histological sections 

before and after the overnight treatment (Figure 6-5C,D).  
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Figure 6-5 Viability and metabolic activity of disc explants after overnight pre-condition 

treatment. (A) Semi-quantitative analysis of cell viability (%) of disc tissue explants before 

and after overnight pre-treatment in high osmolarity media. (B) Live/Dead images 

representative of disc tissue explants before and after overnight pre-treatment. Scalebar is 

150 μm. (C) DAPI images identifying nuclei of all cells disc tissue explant (left column), 

3-(4,5- Dimethylthiazol 2-yl)-2,5-diphenyltetrazolium bromide (MTT) brightfield images 

showing crystal deposition around metabolically active cells (central column), and merged 

images of the previous two (right column), allowing for the identification of metabolically 

active cells in the tissue explant before and after the overnight treatment in high osmolarity 

media. Scalebar is 150 μm.  (D) The total cell density expressed per mm2 showed no 

significant differences (ns) between DAPI+ and MTT+ groups before and after the 

overnight pre-treatment.  
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6.3.4 NC maintain better viability during culture period in explant culture 
compared to NP 

DNA quantification did not reveal differences between groups of core hydrogels 

loaded with NCs or NP cells at time points 0 and 21. As expected, it was not possible to 

detect any DNA in the acellular groups (Ctrl) (Figure 6-6A). Similarly, no differences were 

observed in DNA content at different time points in explants rings when normalising the 

DNA amount by the samples’ dry weight (Figure 6-6B). Semi-quantitative analysis on 

Live/Dead images of core hydrogels revealed reduced viability at the end of the culture 

period for NP cells compared to both NP cells at the beginning of the culture, and to NCs 

at the same time point (Figure 6-6C,D).  
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Figure 6-6 Cell viability of explants. (A) DNA content (μg) of hydrogels in the core of 

the explant at day 0 and day 21. DNA was not detected (n.d.) in the acellular group (Ctrl). 

(B) DNA content detected in the tissue explants (ring) at day 0 and day 21 normalised per 

dry weight (mg). (C) Cell viability (%) of hydrogels in the core of the explant. No Ethidium 

bromide or Calcein stained cells were detected in the acellular group at either time points. 

*(p<0.05) and **(p<0.01) indicate significant differences between groups. Results are 

displayed as mean ± standard deviation, where N=3 donors, n=3 samples. (D) Live/Dead 

imaging at day 21 of the cross-section of explant samples showing both the ring and the 

core areas (top) and a magnification of the core (bottom).  
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6.3.5 sGAG synthesis is enhanced in cellular samples, but collagen 
synthesis is limited 

Similar to the DNA analysis, the hydrogel (core) and the disc tissue (ring) were 

separated and analysed individually to study the changes in sGAG and collagen levels 

within the two compartments. Results from the core of the explants showed that, although 

higher levels of sGAG were detected at the end of the culture in every group compared to 

day 0, there was no significant differences among groups (Figure 6-7A). Due to the 

differences in weight observed in the disc tissues (ring), the sGAG contents detected by the 

biochemical analysis have been normalised by the dry weight of the samples. Similarly, no 

differences were found in disc tissues at different time points (Figure 6-7B). Although 

results did not highlight differences between sGAG deposited in the core hydrogel and in 

the rings, the differences between the sGAG released in the culture media were significant, 

with the NC group releasing higher amounts of sGAG compared to NP and the acellular 

control group (Figure 6-7C). Interestingly, when considering the total amounts of sGAG in 

the groups (core, ring and media) at day 21 and comparing them to the total already present 

in the explants at day 0, we found no difference between the acellular group and the NP 

group, suggesting that the sGAG detected  in the media at day 21 may have leeched out 

from the ring rather then been produced (Figure 6-7D). Biochemical results have been 

corroborated by histological staining with alcian blue, with more intense staining in the 

core of hydrogels in day 21 samples (Figure 6-7E).  
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Figure 6-7 sGAG accumulation in explant cultures. (A) sGAG content (μg) of hydrogels 

in the core of the explant at day 0 and day 21. (B) sGAG content detected in the tissue 

explants (Ring) at day 0 and day 21 normalised per dry weight (mg). (C) sGAG (mg) 

released in culture media over 21 days of culture. (D) Total content of sGAG calculated by 

adding the sGAG amount present in samples at day 0, day 21 and media. Red dashed line 

represents sGAG content at day 0. *(p<0.05), **(p<0.01), ***(p<0.001) and 

****(p<0.0001) indicate significant differences between groups. Results are displayed as 

mean ± standard deviation, where N=3 donors, n=3 samples.  (E) Histological evaluation 

of explants cross-section (ring+core) and magnification on central core  with alcian blue to 

identify sGAG at beginning and end of culture. ScalebarCross-Section=2mm, 

ScalebarCore=500μm. Results highlighted higher amounts of sGAG being synthesised and 

released in the media in the NCs group. 
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Hydrogel cores exhibited similar amounts of collagen in every group at both time 

points (Figure 6-8A). Similar results were found in the rings (Figure 6-8B). With respect 

to collagen detected in the culture media, NC and NP groups appeared to have released 

significantly higher amounts than the acellular control group (Figure 6-8C). However, the 

difference was lost when the total collagen content at the end of the culture was compared. 

Moreover, further comparison with day 0 samples revealed the same total collagen content 

in groups at both time points, supporting once again the hypothesis that solutes detected in 

the media may have been depleted by the ring during the culture period, rather than actually 

been produced and released into the media (Figure 6-8D). Histologically no major 

differences were observed among groups. Moreover, immunohistochemical staining for 

collagen types I and II revealed a more intense presence of both collagen types in the NC 

and NP groups at the end of culture, but no appreciable difference between the two groups 

(Figure 6-8E).  
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Figure 6-8 Collagen accumulation in explant cultures. (A) Collagen content (mg) of 

hydrogels in the explant core at day 0 and day 21. (B) Collagen content detected in the 

tissue explants (Ring) at day 0 and day 21. Values are normalised to the sample’s dry weight 

(mg). (C) Collagen (mg) released in culture media over 21 days of culture. (D) Total 

collagen content calculated by adding the collagen amount present in samples at day 0, day 

21 and media. Red dashed line represents collagen content at day 0. *(p<0.05) and 

****(p<0.0001) indicate significant differences between groups. Results are displayed as 

mean ± standard deviation, where N=3 donors, n=3 samples.  (E) Picrosirius red staining 

indicating collagen content within constructs. Top row shows a cross-section of the whole 

construct and lower rows show higher magnification of the core hydrogels at beginning and 

end of the culture period stained with picrosirius red, collagen I and collagen II antibodies. 

ScalebarCross-Section=2mm, ScalebarCore=500μm. 
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6.3.6 High cell density patterns of low viability and poor matrix synthesis 
are confirmed in explant culture system 

Motivated by results from the first part of this study showing low viability after 14 

days of culture for gels seeded with a high density of NCs, it was decided to further test 

this trend in an explant culture system. Live/Dead images cross-sections and cores of 

samples at the beginning and end of culture showed a high prevalence of dead cells in the 

core hydrogels at day 21 (Figure 6-9A). Semi-quantitative analysis of Live/Dead images of 

core hydrogels further confirmed cell death in samples at the end of the culture period 

revealing a viability of 79.9% at day 0 and only 23.5% at day 21, in contrast with low 

density samples analysed previously which even at the end of the culture maintained a 

viability of 76.8% (Figure 6-9B). DNA quantification analysis further confirmed the result, 

showing lower quantities of DNA in day 21 hydrogel cores compared to day 0 cores (Figure 

6-9C).  
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Figure 6-9 Cell viability of explants loaded with a high (10x106 cells/ml) cell density.  

(A) Live/Dead imaging at day 0 and day 21 of the cross-section of explant samples loaded 

with a high cell density hydrogel (10x106 cells/ml) showing both the ring and the core areas 

(top) and a close up of the core hydrogels (bottom). ScalebarCross-Section=2mm, 

ScalebarCore=1mm. The images show a high prevalence of dead cells in the core hydrogels 

at day 21. (B) Cell viability (%) of hydrogels in the core of the explant. Red dashed lines 

show viability at respective time points of cells in hydrogels loaded with 1x106 cells/ml. 

(C) DNA content (μg) of high cell density hydrogels in the core of the explant. Red dashed 

line shows DNA detected in hydrogels loaded with 1x106 cells/ml. *(p<0.05) indicates 

significant differences between groups. Results are displayed as mean ± standard deviation, 

where n=3 and show a significant reduction in cell viability and DNA content at the end of 

the culture period. 

 

In regards to sGAG content in the core of the explants, while low cell density 

hydrogels showed a higher quantity of sGAG present at the end of the culture compared to 

day 0, this never changed for high density hydrogels throughout the entire culture and was 
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significantly lower than the low density hydrogels at day 21 (Figure 6-9D). Similarly, the 

sGAG released in the media over the entire period of culture was found to be significantly 

lower for high density hydrogels than low density hydrogels (Figure 6-9E). Interestingly, 

no differences were found in regards to the collagen present in the core hydrogels at both 

time points for low and high density hydrogels (Figure 6-9F). However, collagen released 

in the media was once again significantly lower for the high cell density group (Figure 

6-9G). Histological staining with alcian blue to visualise sGAG presence and with 

picrosirius red to visualise collagen corroborated the biochemical results, with no 

appreciable differences between samples at different time points and different cell densities 

(Figure 6-11).  

 

 

 

Figure 6-10 Biochemical analysis of explants loaded with a high (10x106 cells/ml) cell 

density. (A) sGAG content (μg) of low (1x106 cells/ml) and high (10x106 cells/ml) cell 

density hydrogels in the core of the explant at day 0 and day 21. (B) sGAG (mg) released 

in culture media over 21 days of culture. (C) Collagen content (mg) of low and high cell 

density hydrogels in the core of the explant at day 0 and day 21. (D) Collagen (mg) released 

in culture media over 21 days of culture. *(p<0.05) and ***(p<0.001) indicate significant 

differences between groups. Results are displayed as mean ± standard deviation, where 

n=3. 
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Figure 6-11 Histological evaluation of collagen and sGAG deposited in low and high cell 

density hydrogels loaded explants respectively through Picrosirius red and alcian blue 

staining. ScalebarCross-Section=2mm, ScalebarCore=500μm. 

 

 Discussion 

It is has been widely reported that an increase in cell death accompanies the 

progression of the DD and may be as a result of poor nutrient availability (Lama et al., 

2019, Zhang et al., 2016, Grunhagen et al., 2006). In support of this hypothesis, in vitro 

experimentation has regularly reported increasing levels of cell death in response to 

insufficient glucose or oxygen availability (Yin et al., 2020, Naqvi and Buckley, 2016, 
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Guehring et al., 2009, Bibby et al., 2005). Cell-based approaches for the regeneration of 

the NP tissue have proposed injecting viable matrix depositing cells, often in high numbers, 

to repopulate the disc and to replace the degenerated NP cells in an attempt to maintaining 

tissue homeostasis (Amirdelfan et al., 2021, Kim et al., 2020, Elabd et al., 2016, Coric et 

al., 2013). However, it is reasonable to question the efficacy of such strategies, since the 

poor nutrient supply typical of degenerated discs could pose a limit to the number of 

injected cells which can survive in situ.  

In the first part of this study hydrogels seeded with different densities of NCs (1x106, 

2.5x106, 5x106 and 10x106 cells/ml) were cultured in vitro in conditions of limited nutrient 

availability (low glucose and low oxygen) to examine the influence of poor nutrient supply 

on different cell numbers and to determine the most appropriate number of cells that can 

be potentially utilised without incurring in cell death induced by a lack of nutrients. Results 

showed a marked correlation between low cell viability and high seeding densities, with 

5x106 and 10x106 cells/ml groups showing the lowest viability at the end of the culture 

period. The same correlation has been found previously in literature in a number of studies 

investigating the effects of low glucose availability on disc cells and tissue. For example, 

it has been demonstrated using specifically designed diffusion chambers and bioreactors 

that although NP cells can survive in conditions of low nutrient availability, cell death was 

increased in areas further from the periphery where the concentration of nutrients was 

lowest and that the effect was more marked in gels seeded with higher cell densities (Horner 

and Urban, 2001, Junger et al., 2009). Similarly, other research groups investigating the 

effects of different cell numbers of ACs and NP cells cultured in 3D alginate gels revealed 

increased cell death in groups where cell density was equal or higher than 10x106 cells/ml 

particularly in the centre of the gels compared to their periphery, and that cells in these 

groups synthesised significantly lower amounts of sGAG (Kobayashi et al., 2008, Gansau 
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et al., 2018). Interestingly, in contrast to what we observed for sGAG synthesis, we found 

a higher amount of collagen being produced in the highest density group compared to all 

the others, and in a ratio to sGAG that is not representative of NP tissue, which suggests a 

possible de-differentiation (Mwale et al., 2004). A similar finding was reported in a study 

from Nishida et al., where hypoxic culture conditions promoted hypertrophy in ACs with 

a decrease in aggrecan and an increase in collagen expression (Nishida et al., 2013). 

It is our opinion that the limited cell survival and poor matrix deposition in high cell 

density groups is directly caused by a shortfall in glucose and oxygen. However, another 

possible explanation may be due to the increased localised metabolic activity of high 

number of cells, leading to an increase in metabolic by-products such as lactic acid. The 

accumulation of lactic acid in turn creates a localised acidic environment accompanied by 

increased secretion of MMPs which would eventually cause ECM degradation (Issa et al., 

2011). 

Nevertheless, these observations are in contrast with a number of studies present in 

literature. For example, Sukho et al. highlighted the importance of using high cell numbers 

to augment the secretion of paracrine factors and support the differentiation of adipose-

derived stem cells for cardiac applications (Sukho et al., 2018). Although this effect might 

be attributed to the multipotent nature of the specific cell type, it has been also reported by 

other studies involving different families of cells, such as articular chondrocytes, 

osteoarthritic chondrocytes and NP cells (Francioli et al., 2010, Shamsul et al., 2019, 

Stephan et al., 2011, Khoshfetrat et al., 2009). It must be noted, however, that the cell 

numbers used in some of these studies are in a different range than the one used in ours, 

with low cell densities in the order of 105 cells/ml and high cell densities in the same range 

of our lowest (Khoshfetrat et al., 2009, Stephan et al., 2011, Hui et al., 2008).  
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In the second part of this study, after excluding the highest cell density groups due to 

their poorer performance in terms of cell survival and ECM synthesis compared to the 

1x106 cells/ml group, the regenerative potential of the proposed system was tested in a disc 

explant model in simulated degenerative disc conditions (i.e. low O2, low glucose, high 

osmolarity, low pH and in the presence of inflammatory cytokines). The presence in the 

explant model of the AF ring biopsy, and therefore of AF cells, is of critical importance to 

adequately mimic the disc niche. AF cells are in fact actively present in the disc response 

to injury and degeneration (Torre et al., 2019) and have been shown to influence NP cell 

proliferative ability both in vitro culture and in vivo (Okuma et al., 2000, Srivastava et al., 

2017). There have been numerous studies which have provided evidence of the presence of  

senescent or apoptotic inactive cells in degenerated discs (Che et al., 2020, Patil et al., 2018, 

Jiang et al., 2017, Wang et al., 2016a, Park et al., 2001). Glucose or oxygen starving cells 

may appear alive if their cell membrane is intact, but every cellular process (i.e. blocked 

cell division, minimal gene expression, low intracellular protein numbers) may be impeded 

due to the fact that their energy stocks are depleted (Trevors et al., 2013, Codony et al., 

2015, Salvatierra et al., 2011). Cell metabolism is therefore a better indicator of a cell’s 

ability to synthesise ECM and signalling proteins compared to cell viability, which further 

highlights the importance to ensure that AF cells populating the disc ring are not only 

viable, but also metabolically active at the beginning of culture.  

In this study the regenerative potential of NCs has been compared to an acellular 

control and a NP cell alternative. Cells isolated from herniated or degenerated NP have 

often been used for in vitro experimentation and clinical applications (Sako et al., 2021, 

Kregar Velikonja et al., 2014, Huang et al., 2011, Meisel et al., 2007), and disc 

chondrocytes are currently in use in a phase 2 clinical trial (Trial ID: NCT01640457). 

However, their use in tissue regeneration is questionable as there is evidence that the 
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regenerative potential of such cells is affected by the degenerative state of the disc (Kluba 

et al., 2005).  

Our results showed that NCs were able to maintain better viability compared to NP 

cells over the entire culture period. This is in agreement with several studies which found 

that viability and proliferation rate is generally better maintained by chondrocytes than NP 

cells in 2D and 3D culture (Aota et al., 2005, Aota et al., 2006, Zeiter et al., 2009).  

Although these results have been collected from cells cultured in optimal oxygen, glucose 

and pH conditions, a number of studies have demonstrated that this is also true in culture 

conditions similar to the degenerated disc niche. For example, it has been demonstrated 

that acidic pH promotes cell senescence and death in NP cells (Fu et al., 2018, Hodson et 

al., 2018) and that it affects NCs significantly less than NP cells (Borrelli and Buckley, 

2020b). Moreover, while there is a significant bulk of evidence showing that the presence 

of inflammatory cytokines such as IL-1β and TNF-α plays a central role in driving matrix 

catabolism and cell apoptosis in NP cells (Srivastava et al., 2017, Wang et al., 2011, 

Ponnappan et al., 2011, Le Maitre et al., 2007) and ACs (Xiang et al., 2006), recent studies 

showed that NCs are less affected by inflammatory factors than ACs and NP cells (Gay et 

al., 2019, Scotti et al., 2012, Borrelli and Buckley, 2020b). 

The absence of visible cell nuclei or damaged membrane in the Live/Dead imaging 

and the undetectable levels of DNA at the end of the culture period in the acellular group 

indicated the absence of cell migration from the AF ring to the central hydrogel. Similar 

results have been observed previously in a number of studies. For example, Rosenzweig et 

al., while testing the regenerative potential of a hyaluronic acid-based hydrogel in a whole 

bovine IVD culture model, did not observe any cell infiltration in the hydrogel after 3 weeks 

of culture (Rosenzweig et al., 2018). Similarly, no evidence of cell infiltration has been 

reported in in vivo studies in rats (Moriguchi et al., 2018, Wang et al., 2019, Zhou et al., 
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2018a, Lin et al., 2019), except for macrophage infiltration in subcutaneous injections (Yu 

et al., 2020). This is in contrast with results from Guillaume at al, where they showed 

evidence of cell migration of AF cells from the AF to the injected alginate-collagen gel 

loaded with TGF-β, which was even more pronounced when the hydrogel was loaded with 

MSCs (Guillaume et al., 2015). The motility of AF cells has also been documented in 2D 

experiments as a result of chemokine or growth factors supplementation (Hegewald et al., 

2012, Hondke et al., 2020), which suggests that this migratory phenomenon strongly 

depends on the presence in the injected hydrogel of a chemotactic means, which was 

probably absent in our experimental setup.  

Regarding matrix production, we found that samples injected with NCs seeded 

hydrogels revealed the highest amounts of sGAG being synthesised and released in the 

media. Interestingly, we observed a higher sGAG/dry weight in disc rings from the NP 

group compared to the others at day 0, but no difference at day 21. This is important to 

highlight when analysing the differences in sGAG production between NCs and NP cells, 

since it may imply that the sGAG detected in the culture media had not been synthesised 

by NP cells, but rather diffused out of the disc ring into the media. In fact, when comparing 

the total amount of sGAG (core+ring+media) present in the NP samples, we found no 

differences between sGAG amounts in samples at the beginning and at the end of the 

culture. Similarly, we detected significantly higher amounts of collagen in the media of NC 

and NP groups compared to the acellular control. However, when comparing the total 

amounts of collagen at day 0 and 21 for all groups, we could not find significant differences, 

suggesting limited collagen production. Although this result appears to be in contrast with 

previous results from Chapter 5 where it was possible to see some degree of collagen 

synthesis, similar observations have been made in other studies which also documented 

poor collagen synthesis for NCs as opposed to a significant sGAG production (Rogina et 
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al., 2021, Lehoczky et al., 2020, Anderson-Baron et al., 2020, Gay et al., 2019). 

Considering the experimental setup, this is possibly due to the presence of AF cells in 

culture. It has been postulated that disc cells express and synthesise a variety of BMP 

antagonists (Tekari et al., 2017, Chan et al., 2015), which in turn are thought to play a role 

in the suppression of collagen expression (Ali and Brazil, 2014).  

Finally, we decided to replicate the experiment discussed in the first part of the study 

in the explant model setting in order to compare the best and worst performing NC cell 

density according to previous results, 1x106 and 10x106 cells/ml respectively, in a culture 

environment closely mimicking the degenerated disc niche. As expected, the poor nutrient 

availability induced significant cell death for the high-density group observed at the end of 

the culture period. As a direct consequence of low cell survival, matrix synthesis in the high 

density group was also found to be significantly lower than the low density group, which 

further confirms the need to inject low number of cells for an eventual in vivo application 

to ensure optimal cell survival and therefore better matrix deposition. 

Although the use of a disc explant model allows interrogation of complex aspects of 

a research question in a simplified and high throughput manner, it also involves a few 

limitations. The most significant limitation of this setup is the disruption of the physical 

integrity of the organ, which is the direct cause of the swelling of the explant with 

consequent deformation. In fact, without the collagen fibres of the outer AF tightly 

confining the disc between the adjacent vertebrae, the volume of water that can be imbibed 

by the disc tissue is significantly higher than an intact organ (Urban and Maroudas, 1981). 

Moreover, another aspect that has not been incorporated in this explant model is the disc’s 

physiological mechanical stimulation, which is known to influence the local availability of 

nutrients and the metabolic activity of stimulated cells (Chan et al., 2011, Junger et al., 

2009, Fearing et al., 2018).  
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In conclusion, in this study a disc explant culture model was developed to test the 

regenerative potential of the cell-biomaterial system proposed in this thesis work in a 

microenvironment closely mimicking the degenerated intervertebral disc. A low cell 

seeding density has been found to be beneficial to cell survival and sGAG synthesis, which 

is critical for a successful IVD regeneration strategy. After being compared to an acellular 

control and NP cells, NCs confirmed their superior matrix synthesis capacity in disc like 

culture conditions, producing an ECM rich in sGAG and poor in collagen, which is more 

indicative of a regeneration than scarring process. 
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7 Chapter 7 – Discussion 

 

 Summary 

The overall aim of this thesis was to develop an injectable disc ECM-derived biomaterial 

that can aid NCs in the regeneration of the NP region of the IVD. This was achieved by first 

developing a protocol for the decellularisation and solubilisation of the caudal bovine IVD to 

be used as backbone of the biomaterial, then by assessing the influence of the incorporation of 

functionalised CS in the material on NCs to confirm the biomaterial composition that would 

be used for the remainder of the PhD work. Results demonstrated that the addition of fCS to 

the gel composition enhanced key physical characteristics of the hydrogels such as high 

swelling capacity and short gelation time and was able to influence NC matrix deposition 

capacity by enhancing the synthesis of sGAG. Having established the biomaterial composition 

to be adopted for cell delivery, the harsh intradiscal microenvironment was then addressed. We 

investigated the response of NCs to a culture microenvironment typical of the healthy disc, 

early and late stages of disc degeneration, consisting in low oxygen (5%) and low glucose (5 

mM), acidic pH (7.1, 6.8 and 6.5) and the presence of physiologically relevant levels of 

inflammatory cytokines such as IL-1β and TNF-α either alone or in combination. It was found 

that acidity of the media more so than inflammatory cytokines supplementation had a negative 

impact on the viability and matrix synthesis capacity of NCs in both 2D and in 3D culture, and 

that NCs responded the similarly when exposed to IL-1β and TNF-α separately or in 

combination. Subsequently, we compared the ability of NCs and NP cells to synthesise NP-

like matrix in culture conditions mimicking the degenerated disc niche with the aim of 

determining an appropriate cell source for disc repair strategies and found that the same culture 
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conditions were more detrimental to NP cells than NCs, which were able to maintain better 

viability and a better sGAG/collagen ratio synthesis even in degenerative culture conditions. 

Next, in order to examine the influence of poor nutrient supply on different cell numbers, 

hydrogels were seeded with different densities of NCs (1x106, 2.5x106, 5x106 and 10x106 

cells/ml) and cultured in vitro in conditions of limited nutrient availability (low glucose and 

low oxygen) with the aim of determining the most appropriate cell density that can be utilised  

without succumbing to cell death induced by nutrient deprivation. Based on experimental 

results indicating that cell viability and matrix synthesis are optimal at a low cell seeding 

density when cultured in hydrogels, it was decided to adopt the lowest cell density group (1x106 

cells/ml) for an ex vivo disc explant culture model. The aim of this experimental setting was to 

verify the effectiveness of the proposed regenerative therapy in an environment closely 

recapitulating the disc niche in terms of nutrient availability, cell population and 

microenvironmental pH and inflammatory conditions.  

In this chapter the results presented in Chapters 4-6 will be discussed and compared with 

findings from the existing literature. 

7.1.1 Chondroitin Sulfate supports NCs chondrogenic phenotype and NP-like 
matrix deposition 

This thesis began with the development of a decellularised and injectable disc ECM-

derived biomaterial (Appendix 1) to be employed as a bioactive and biomimetic cell carrier 

(Chapter 4). The choice of decellularised tissue-specific ECM as a carrier material has been 

driven by its biocompatibility, excellent tissue integration, and range of intrinsic bio-inductive 

factors that are known to induce differentiation in stem cells or promote a specific phenotype 

in fully differentiated cells (Romanazzo et al., 2018, Jorgensen et al., 2020, Xu et al., 2019). 

However, the decellularisation process inevitably resulted in a dramatic loss of sGAG, which 
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clashes with the initial intent of obtaining a biomaterial to mimic the biochemical composition 

of the healthy NP. Therefore, in an attempt to reincorporate sGAG lost during the 

decellularisation process, fCS was added to the material composition. As a result of fCS 

addition, key characteristics of the material such as swelling capacity, rapid gelation time and 

sGAG retention were enhanced. Additionally, when seeded with NCs, fCS supplemented 

hydrogels were found to also enhance cellular levels of matrix sGAG production in a dose 

dependent manner, with a higher ratio of sGAG/Collagen being synthesised in gels with higher 

amounts of fCS.  

Having identified that the presence of CS positively influences cell morphology and the 

synthesis of appropriate extracellular matrix, additional effects of CS functionalisation were 

explored. Interestingly, results demonstrated that the presence of CS alone, regardless of its 

functionalisation, enhanced sGAG production and limited collagen synthesis compared to 

ECM only gels. Furthermore, immunohistochemical analysis revealed major differences in the 

type of collagen deposited pericellularly, with collagen type II being deposited in CS 

containing gels and collagen type I in ECM only gels. This shift in synthesis of one type of 

collagen to another has previously been linked to chondrocytes’ de-differentiation process 

towards a fibroblastic phenotype (Benya and Shaffer, 1982, Schnabel et al., 2002, Hamada et 

al., 2013), which further confirms that the presence of CS in the material composition is critical 

to allow NCs to maintain their differentiated state.  

One explanation for the improved sGAG/Collagen ratio for matrix synthesis observed in 

CS supplemented hydrogels compared to ECM only controls may be due to the fact that the 

presence of CS altered the cell’s spatial conformation promoting a rounded morphology. It is 

well known that cell shape and spreading are key indicators of a cell’s differentiation state 

(Hall, 2019, Schnabel et al., 2002) and generally, a more rounded morphology is linked with a 

more chondrogenic phenotype, with the cell producing more sGAG than collagen and collagen 
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type II rather than type I (Parreno et al., 2017). Although there is no consensus in regards of 

the specific role that CS and GAG in general might play in influencing cell morphology and 

phenotype, it is possible to hypothesise a few explanations. For instance, the presence of CS 

could serve as a local reservoir for signalling molecules such as cytokines and GFs, which 

could be critical in determining the state of differentiation of nearby cells. In fact, it has been 

shown that GAGs can influence cell fate by binding such molecules and either presenting them 

to the cell receptor, or limiting their availability to the cell by sequestering them (Hachim et 

al., 2019, Smock and Meijers, 2018). Alternatively, the presence of CS in the material 

formulation can simply act as a physical barrier between the cell and the attachment sites 

available on collagen fibres thereby limiting cell attachment and spreading (Huang, 1974).  

Nevertheless, even though the functionalisation of CS was found to be superfluous to the 

material’s bioactivity, it was indeed necessary to its structural stability. In agreement with 

previous studies reporting weaker collagen fibrillar structures when formed in the presence of 

GAGs (Stuart and Panitch, 2008, Lowther and Natarajan, 1972, Toole and Lowther, 1968), 

supplementation with non-functionalised CS resulted in the formation of weak gels which 

completely lacked structural stability.   

7.1.2 Acidic pH has a greater influence on cell survival and biological 
behaviour than the presence of inflammatory cytokines 

Due to the avascular nature of the disc, the process of nutrients and waste metabolite 

exchange occurs mainly through diffusion through the CEPs to the inner NP. However, during 

DD diffusion processes are hindered due to CEPs calcification, thereby causing local 

accumulation of waste metabolites with consequent acidification of the cellular 

microenvironment (Hadjipavlou et al., 2008, Urban, 2002). Moreover, the accelerated catabolic 

state caused by the environmental acidification is likely to be responsible for the local release 
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of a wide range of pro-inflammatory cytokines (Phillips et al., 2015, Risbud and Shapiro, 2014, 

Altun, 2016), which further contribute to the creation of an extremely challenging biochemical 

microenvironment. One of the major challenges for successful translation of cell-based 

therapies for disc regeneration is to determine whether cells can remain viable post injection, 

and function effectively in an inflamed and acidic microenvironment (Vedicherla and Buckley, 

2017a, Smith et al., 2018, Buckley et al., 2018). Therefore, the objective of Chapter 5 was to 

investigate the impact of physiological concentrations of pro-inflammatory cytokines IL-1β 

and TNF-α, which are two among the most documented inflammatory cytokines that are known 

to be involved in DD (Altun, 2016, Le Maitre et al., 2007, Hoyland et al., 2008), in combination 

with low pH media in 2D monolayer and 3D hydrogel culture with NCs.  

In contrast with results from previous studies (Srivastava et al., 2017, Phillips et al., 

2015, Carames et al., 2008, Kuroki et al., 2005), cytokine supplementation revealed only a 

marginal influence on cell proliferation in 2D and no appreciable effect on cell viability and 

matrix synthesis in 3D hydrogel culture. This is possibly due to the fact that the concentration 

of IL-1β and TNF-α adopted in previous studies has usually been in the order of ng/ml, which, 

as demonstrated by Altun et al., is supraphysiological even for the more acute stages of 

degeneration of the IVD (Altun, 2016).  

While supplementation with IL-1β and TNF-α at physiologically relevant 

concentrations did not elicit cellular responses as marked as previously described in literature, 

media acidity had a dramatic impact on the biological behaviour of NCs. The effect of 

environmental acidity has been explored for different cell types, including BMSCs (Naqvi and 

Buckley, 2016, Hazehara-Kunitomo et al., 2019), ADMSCs (Wang et al., 2016b, Li et al., 

2012), articular and endplate chondrocytes (Hu et al., 2012, Wilkins and Hall, 1995, Gao et al., 

2019, Wu et al., 2007, Li et al., 2014, Sun et al., 2018, Gay et al., 2019) and NP cells (Razaq 

et al., 2003, Liu et al., 2017, Cai et al., 2016, Brand et al., 2016). All of these studies observed 
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decreasing cell viability with decreasing pH. Similarly, viability of NCs in culture was severely 

affected by pH conditions, demonstrating a correlation between increasing environmental 

acidity and decreased cell viability. This is possibly due to the acid-mediated activation of 

ASIC channels, a family of receptors whose activation has been linked to acidosis-mediated 

apoptosis (Zhou et al., 2016). Moreover, in agreement with previous results (Das et al., 2010, 

Wu et al., 2007), acidosis was also found to affect the synthesis of sGAGs, which was observed 

to be severely attenuated in NCs cultured in media at pH 6.8 and 6.5 compared to the pH 7.1 

control. Given that the synthesis of sGAG is a process extremely dependent on energy 

availability (Lee and Urban, 1997, Yin et al., 2020), as a consequence of its marked inhibition, 

it was hypothesised that an acidic microenvironment may also severely interfere with cell 

metabolism. By contrast, collagen synthesis was not as affected by acidic pH as sGAG 

synthesis, which is in agreement with findings reported from Nishida et al., where a decrease 

in energy availability caused a decrease in aggrecan and an increase in collagen expression in 

ACs (Nishida et al., 2013). 

Next, when compared to NP cells, NCs were observed to maintain higher cell viability 

and synthesise sGAGs and collagens in a ratio more appropriate to NP tissue even in 

degenerated culture conditions (low glucose, low oxygen, low pH in the presence of pro-

inflammatory cytokines). This suggests that despite NP cells appearing to be unaffected by the 

presence of IL-1β and TNF-α supplemented in physiological amounts, their susceptibility to 

low pH may make them a less effective cell type compared to NCs for cell-based NP 

regeneration strategies. 

Regardless of the type of cell chosen, these results demonstrate that the environmental 

acidity is the primary factor to consider in the context of disc regeneration. For this reason, the 

development of intradiscal pH neutralising techniques is crucial to facilitate regeneration by 
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transplanted cells, or that the selection of patients for treatment needs to consider this aspect to 

maximise success. 

7.1.3 Better regenerative outcomes can be achieved with low cell seeding 
densities 

It is clear that the degenerated disc niche is not ordinarily a permissive or facilitating 

environment to support cell-based regenerative processes. Although previous results have 

demonstrated that the inflammatory state does not have an appreciable impact on cell viability 

and matrix production, the acidity of the microenvironment significantly affects cell survival. 

Moreover, due to physiological changes in the CEPs, the diffusion of nutrients to the centre of 

the disc is progressively obstructed, which could represent a stringent limit on the number of 

cells that can actually be injected in situ as part of a cell-based regenerative therapy. In the first 

part of Chapter 6, therefore, the influence of cell density on cell survival and matrix production 

was analysed with the aim of determining the optimal seeding density that could sustain these 

microenvironmental conditions.  

Hydrogels were seeded with different densities of NCs (1x106, 2.5x106, 5x106 and 

10x106 cells/ml) and cultured in limited nutrient availability conditions (low glucose and low 

oxygen). Lowest seeding densities maintained good viability throughout the culture period, 

while cells in the higher seeding density groups showed levels of cell death increasing with 

increasing cell numbers. A similar correlation between high cell numbers and increased cell 

death is in agreement with findings from previous studies (Horner and Urban, 2001, Junger et 

al., 2009, Kobayashi et al., 2008, Gansau et al., 2018). The effects of high cell density were 

observed also in relation to the amount and quality of matrix produced, with lowest cell density 

group synthesising high sGAG/DNA and low collagen/DNA, thereby producing a type of 

matrix that better represents the healthy NP tissue.  
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Despite the existence of a school of thought that supports the use of high cell numbers to 

take advantage of the paracrine cell-cell communications that are augmented when cells are in 

close proximity to each other (Sukho et al., 2018, Francioli et al., 2010, Shamsul et al., 2019, 

Stephan et al., 2011, Khoshfetrat et al., 2009), it was found that limited availability of glucose 

and oxygen represents a severe limitation to the number of cells that can be used. If cell 

numbers are too high, nutrients will be consumed at a rate higher than they can diffuse in and 

ultimately some cells will starve. Similarly, due to the simultaneous activity of a high number 

of cells in a confined space such as within a hydrogel injected in the central part of the IVD, 

the by-products of cell metabolism such as lactic acid will be produced at a rate higher than 

they can diffuse out. This may lead to the creation of a localised acidic environment which 

favours the secretion of MMPs, eventually causing ECM degradation (Issa et al., 2011). 

Nasal chondrocytes have been found to be present in human septal cartilage at a density 

of 25x106 cells/g wet weight circa (Homicz et al., 2003). Homicz et al also show that water 

alone was responsible for over 77% of the wet weight of each sample of cartilage. We can 

therefore assume that in order to obtain 25x106 cells we would need to harvest a volume of 

cartilage close to 1 cm3. However, results from the first part of Chapter 6 have shown that a 

low NCs density is preferable for regenerative purposes and that the density of cells that is 

needed to gain good matrix synthesis and viability was 1x106 cells/ml. Furthermore, 

considering that hardly more than 100 µl can be injected in a disc, the total number of cells that 

need to be harvested from a single patient would be 104 cells, which can be easily harvested 

from less than a quarter of a cm3.  

Since there is no standard for how much septal cartilage the average human has, the fact 

that more than enough cells can be harvested from extremely small volumes of cartilage is 

particularly significant for those patients who have reduced availability of septal cartilage to 

donate for cell harvesting.  
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7.1.4 Validation through an ex-vivo explant culture model  

The findings described above illustrate the potential for a minimally invasive cell-based 

strategy coupled with a bioactive and biomimetic disc ECM-derived material for IVD 

regeneration. However, prior to clinical translation, this strategy requires testing in appropriate 

model systems. In the second part of Chapter 6 the potential of the proposed regenerative 

strategy was tested in a disc explant model (Appendix 2, 3) in simulated degenerative disc 

conditions (i.e. low O2, low glucose, high osmolarity, low pH and in the presence of 

inflammatory cytokines).  

The regenerative potential of NCs, which were seeded at a density of 1x106 cells/ml as a 

result of previous findings, was compared to an acellular control and to NP cells seeded at the 

same density as NCs. Disc cells are currently the gold standard among primary and fully 

differentiated cells used for in vitro experimentation and clinical applications (Sako et al., 2021, 

Kregar Velikonja et al., 2014, Huang et al., 2011, Meisel et al., 2007), and therefore represent 

the best comparison to determine the efficiency of a novel cell-based strategy for disc 

regeneration. In line with results from the initial part of this thesis work described previously, 

NCs demonstrated once again to possess better resilience than NP cells to degenerated disc-

like culture conditions, which translated into higher viability and the synthesis of appropriate 

matrix macromolecules. Chondrocytes have long been known to have superior regenerative 

abilities compared to NP cells, which have been observed in both 2D and 3D culture (Aota et 

al., 2005, Aota et al., 2006, Zeiter et al., 2009). Moreover, more recent studies have made 

similar observations in culture conditions mimicking the degenerated disc niche in terms of 

microenvironmental acidity (Fu et al., 2018, Hodson et al., 2018) and inflammatory state (Gay 

et al., 2019, Scotti et al., 2012, Borrelli and Buckley, 2020b). This correlates with results from 

the explant culture study, where NCs showed not only excellent viability after three weeks of 

culture in degenerative conditions, but also abundant sGAG production and moderate collagen 
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synthesis, which is precisely what is expected of a successful NP regeneration strategy: the 

replenishment of the sGAG proportion lost during degeneration while avoiding the creation of 

collagen rich scar tissue.  

It is perhaps interesting to note that, although the trends in matrix synthesis observed in 

the initial chapters have been confirmed in the explant culture model, the magnitude of the 

synthesis has been considerably enhanced in this last experiment. This may be linked to the 

presence of AF cells in a setting similar to a co-culture system. The biopsy from the disc that 

was used in the explant model was intentionally taken from the AF region of the disc. In fact, 

as AF cells represent an active part in the disc response to injury and degeneration and have 

been shown to support both NP cell proliferation in vitro and in vivo (Torre et al., 2019, Okuma 

et al., 2000, Srivastava et al., 2017), it was hypothesised that their presence in a disc explant 

model would be a necessary addition to adequately mimic the disc niche. This further 

emphasises the importance of adopting an accurate model system when investigating 

therapeutic strategies for regeneration of the nucleus pulposus. 

 Limitations and future work 

In this thesis, cells for all the experiments were of porcine origin. Both NCs and NP cells 

were in fact isolated from the septal cartilage and the NP of 3 to 4 months old porcine donors. 

Cells from porcine origin are widely accepted as suitable cell source for investigating cell-

based therapies for regenerative medicine. However, although there are no studies present in 

the literature that analyse the differences between human and porcine NCs, the differences 

between human and porcine NP and respective cell population have been long known (Alini et 

al., 2008). As mentioned in Chapter 2, the NP of a young human contains clusters of large 

vacuolated cells called notochordal cells. These progressively disappear during development 

to be eventually replaced within 8-10 years by smaller chondrocyte-like cells, which are 
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commonly called NP cells (Trout et al., 1982, Kanda et al., 2020). In contrast, there is evidence 

that notochordal cells persist in pigs throughout adulthood (Hunter et al., 2003) and that these 

cells hold significant regenerative potential for NP tissue (de Vries et al., 2016, de Vries et al., 

2019). In this thesis the method adopted for NP cell isolation involved cells from minced NPs 

to migrate out of the tissue and onto a culture dish. While it is possible that notochordal cells 

may have also migrated out of the tissue during the expansion phase, the presence of vacuolated 

cells larger than others in culture was not observed during visual examination. NP cells are, in 

fact much smaller than notochordal cells and can be easily identified. In an alternative method 

proposed by Spillekom et al, in a mixed cell suspension obtained by digesting NP tissue using 

proteases and collagenases, NP cells are separated from notochordal cells using a 40µm cell 

strainer (Spillekom et al., 2014). Future studies may adopt this protocol to ensure homogeneity 

of the NP cell population and in particular to prevent notochordal cells-driven matrix synthesis. 

Furthermore, not only is there a difference in species, but also the age of the donor 

represents a critical difference. If the use of NCs is to be pursued in clinical application for 

human patients, cells would need to be isolated from a biopsy taken from the septal cartilage 

of the patient requiring treatment. However, the average age where clinical intervention for 

LBP is required is 41 years (Schroeder et al., 2016), and cells isolated from the nasal biopsy 

would be considerably older and with a decreased regenerative potential compared to cells 

isolated from the young porcine donors used in this thesis. Furthermore, the outcome of 

regeneration may be influenced in humans by co-culture with multipotent stem cells, which 

have been found to be present in the human nasal septum (Shafiee et al., 2011). Therefore, 

these limitations warrant further investigations using human cells from adult donors.  

In addition to that, being the nasal septum a relatively highly vascularised tissue, it is 

possible that a number of cells different than NCs may reside in it, such as circulating MSCs 

and endothelial cells from the vasculature. Although no differences in cell morphology were 
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ever highlighted during visual examinations, further studies should adopt a protocol that 

ensures the absence of any group of cells in culture other than NCs.  

Finally, one of the major limitations of previous cell-based strategies for disc  

regeneration is the need for multiple 2D expansions to obtain adequate cell numbers. Although 

in this work cell expansions were limited to passage 2, at which chondrocytes are still able to 

retain their phenotypical characteristics (Kang et al., 2007, Ogura et al., 2018), the gene 

expression levels of cells were never analysed before 3D culture to ascertain that cells had not 

started a dedifferentiation process as a consequence of monolayer expansion, or after the 

hydrogel culture to assess the efficacy of the hydrogel in preserving the cell’s differentiated 

state.  

In this work, cells were seeded into an injectable hydrogel that was functionalised with 

CS to mimic the biochemical composition of the healthy NP. However, GAG retention analyses 

in static and dynamic conditions of agitation illustrated in Chapter 4 reveal that, similar to NP 

tissue, the sGAG present in the hydrogels tends to diffuse out of the gel when soaked in a 

physiological solution. This may represent a longer-term limitation, as it is possible that given 

enough time, the sGAG proportion of the hydrogel will be completely depleted. However, it 

must be noted that this could be an effect occurring only in vitro due to the fact that in vitro 

experimental settings are extremely different than in vivo. In fact, in an environment as 

contained as the IVD, where the diffusivity of even small solutes is well known to be low 

(Wong et al., 2019), large macromolecules such as the fCS present in the hydrogel may be 

better retained. Nevertheless, it would be beneficial to explore alternative crosslinking 

methods, such as the recently proposed catechol-functionalised sGAG and PGs for cartilage 

engineering (Shin et al., 2021, Ryu et al., 2015, Shin et al., 2019), which may be more effective 

in retaining sGAG even in in vitro experimentation.  
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Furthermore, while the use of functionalised disc ECM resulted in better matrix 

deposition and cell survival compared to disc ECM alone, it was never compared to a simpler 

ECM or one from a different tissue. Future studies should focus on better characterise the disc 

ECM at a proteomic level and compare it to the ECM composition of other tissues, as well as 

comparing cellular responses to types of ECM more generally used in literature such as small-

intestinal submucosa or urinary bladder ECM (Hussey et al., 2018, Teodori et al., 2014, 

Badylak, 2007). 

In the studies presented in this thesis work, the amount of sGAG synthesised has been 

used as an indicator of NP-like matrix production. However, it would perhaps be useful to also 

evaluate the amount of proteoglycans produced by cells in culture. One repeating difficulty that 

was encountered in every experimental setting has been the diffusion of newly synthesised 

sGAG out of the hydrogel and into the culture media. In native tissue, sGAG are found attached 

to a core protein, which in the case of the NP is usually aggrecan (Feng et al., 2006, Raj, 2008, 

Antoniou et al., 1996). The presence of such high quantities of sGAG in the culture media 

observed at the end of the culture period may be a direct result of the fact that cells are not 

synthesising enough proteoglycans for sGAG to attach to. This is important because the 

primary objective of a regenerative strategy for disc degeneration is to replenish the sGAG 

content of the disc that was lost during the process of degeneration, and that cannot be fully 

accomplished if the newly synthesised sGAG are not retained in the same area where they are 

deposited. Therefore, it  is crucial to monitor the synthesis of other structural proteins such as 

Aggrecan, biglycan and hyaluronic acid, as well as collagens and sGAG, to ensure that the cells 

and biomaterial system engineered is able to yield an efficient and effective tissue regeneration. 

Moreover, it would also be beneficial to verify the synthesis of MMPs and a disintegrin and 

metalloproteinase with thrombospondin motifs (ADAMTs) at different time points to ensure 

that the cells in culture are not inducing long-term matrix degradation after injection. MMPs 
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and ADAMTs are in fact primary enzymes that degrade collagens and aggrecan (Kelwick et 

al., 2015, Singh et al., 2015) and their presence in degenerating discs has been widely 

documented (Wang et al., 2015a, Vo et al., 2013, Ishino and Sakonju, 2021). The presence of 

high levels of MMPs and ADAMTs could explain the absence of aggrecan in the samples that 

caused the newly synthesised sGAGs to diffuse out of the hydrogels in the vast majority of the 

experiments previously described, and therefore warrants further investigation.  

While investigating the most appropriate cell density to adopt for this regenerative 

system, the research input was that due to CEP calcification, injected cells would need to be 

able to survive and perform in a hostile microenvironment characterised by low nutrient 

availability and low pH  (Grant et al., 2016, Tomaszewski et al., 2015). The culture conditions 

were set based on this assumption and maintained constant throughout the culture period. 

However, unless specifically addressed, CEP calcification is not a phenomenon that is likely 

to be spontaneously reversed, causing injected cells to be actually exposed to increasingly harsh 

microenvironmental conditions in a hypothetical in vivo setting. Therefore, it may be beneficial 

to investigate the possibility of accompanying the proposed regenerative system with a re-

vascularisation therapy for the CEPs.   

The establishment of a relevant model for disc degeneration is critical for specific high 

throughput testing prior to clinical translation. While previous models have focused on the 

development of strategies to induce degeneration mostly through enzymatic degradation or 

physical tissue disruption in full organ cultures (Roberts et al., 2008, Naqvi et al., 2019), in this 

thesis a more simplified model has been adopted. While the use of a disc explant model can be 

beneficial to evaluate specific aspects of the research question individually, it also poses a few 

limitations. The most obvious of these limitations is the disruption of the integrity of the full 

organ, which is particularly evident when considering the swelling of the disc ring. Although 

the swelling of the AF biopsies was partially limited by using hyperosmolar media, the 
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magnitude of the phenomenon was still severe enough to require a pre-swelling step before the 

start of the culture to avoid sample deformation. Urban and Maroudas also observed that an 

intact disc swells markedly when immersed in a physiological solution, but to a lesser extent 

than isolated slices of discs do (Urban and Maroudas, 1981). They speculate that in the first 

case swelling is restricted because the collagen fibres of the outer AF hold together the adjacent 

vertebral bodies, and since collagen has only a limited elongation potential, the volume of water 

that can be imbibed into a whole IVD is also limited. However, in our experimental setting 

both the CEPs and the outermost lamellae of the AF were removed to obtain the disc biopsies, 

causing the tissue to swell dramatically.  

Another aspect that has not been considered is the disc’s physiological mechanical 

stimulation. Human discs are in fact subjected to complex mechanical stimulations that 

strongly influence the biological behaviour of the cells residing in the tissue (Ishihara et al., 

1996, Selard et al., 2003). In a study on caudal bovine IVDs in particular, it was observed that 

cyclic small angles (±2°) torsion enhanced NP cell viability (Chan et al., 2011). Furthermore, 

in an ovine whole organ culture bioreactor study, the addition of dynamic compression loading 

to IVDs was able to maintain unaltered metabolic activity for up to 3 weeks (Junger et al., 

2009). Dynamic compression is also critical for nutrient transport (Fearing et al., 2018) and 

there is evidence of it driving chondrogenic differentiation and enhancing ECM synthesis 

(Huang et al., 2013). This biomechanical aspect should be considered in a future iteration of 

this study by adding to the experimental setting cyclic compressive loading to more accurately. 
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 Concluding Remarks 

In this PhD, an injectable disc ECM-derived biomaterial was developed that was able 

to aid NCs in the synthesis of tissue specific matrix for the regeneration of the NP region 

of the IVD. The specific aims of this thesis work listed in Chapter 1 were addressed as 

follows: 

 

i. Develop an injectable and biocompatible hydrogel derived from decellularised 

extracellular matrix from the IVD. 

 The ECM from bovine NP tissue was successfully decellularised and solubilised. The 

sECM was then combined with fCS to produce an injectable material whose biochemical 

and mechanical characteristics were aimed at mimicking the native NP tissue.  

 

ii. Explore the effects of functionalised chondroitin sulfate incorporation on the 

rheological properties of the hydrogel and on the matrix forming capacity of 

nasal chondrocytes (NC) in the absence of growth factor supplementation.  

As a result of fCS addition, key characteristics of the material such as swelling capacity, 

rapid gelation time and sGAG retention were enhanced. NCs were seeded into sECM 

hydrogels containing increasing concentrations of fCS. A correlation was found between 

the amount of fCS contained in the hydrogels and the type of matrix synthesised by cells, 

with NCs producing a matrix type similar to the healthy NP when cultured in gels 

containing higher amounts of fCS. The optimal gel formulation was established to be 2% 

fCS + 2% sECM. Moreover, the presence of CS was found to influence cell morphology, 

regardless of its functionalisation. NCs in CS containing gels were in fact found to maintain 
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a rounder cell morphology throughout the culture period compared to the control, which 

translated into increased sGAG and collagen type II deposition. 

iii. Investigate the effects of physiological concentrations of pro-inflammatory 

cytokines (i.e. IL-1β and TNF-α) and of low pH microenvironmental levels on 

NC’s viability and matrix synthesis ability.  

When exploring the biological response of NCs in culture conditions recapitulating the 

degenerative niche, it was found that low pH is the main factor influencing cell viability 

and matrix synthesis. Moreover, while the presence of physiological levels of inflammatory 

cytokines IL-1β and TNF-α exert minimal influence on the viability of NCs in monolayer 

culture, its effects are negligible in 3D hydrogel culture. 

 

iv. Compare the functional matrix synthesis capacity of NCs and NP cells in 

representative physiological conditions of degeneration. 

The results from Chapter 5 showed that the negative impact of acidic media was more 

significant on NP cells than NCs. The viability of NCs was in fact found to be 

systematically higher than NP cells, as were the amounts of sGAGs and collagens 

synthesised by NCs even at higher levels of media acidity.  

 

v. Examine the influence of cell density on cell survival and matrix production 

with the aim of determining the optimal seeding density to adopt for the 

regenerative system proposed in this thesis work. 

After examining the effects of different seeding densities, a correlation between higher 

seeding density and both decreased cell viability and matrix accumulation was 

demonstrated. Results from Chapter 6 illustrate that adequate viability throughout the 

culture period was only maintained in low seeding density groups, while high seeding 
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density groups showed high levels of cell death which increased with increasing cell 

numbers. Moreover, the optimal matrix composition for NP regeneration characterised by 

high amounts of sGAG and low collagen was only synthesised by cells in lower cell density 

groups. The optimal seeding density was found to be 1x106 cells/ml. 

 

vi. Develop a disc explant model using caudal bovine discs tissue in simulated 

degenerative disc conditions (i.e. low O2, low glucose, high osmolarity, low pH 

and in the presence of inflammatory cytokines), and compare the regenerative 

potential of the proposed system to an acellular control and a nucleus pulposus 

cell alternative.  

A disc explant model was developed with the aim of testing the potential of decellularised 

ECM biomaterial and NC in simulated degenerative disc conditions in comparison to NP 

cells. After being compared to an acellular control and NP cells, NCs confirmed their 

superior matrix synthesis capacity in disc like culture conditions, producing an ECM rich 

in sGAG and lower collagen content. 

 

Overall, this work provides early stage validation for a two-step regenerative 

approach that involves the use of NCs isolated from a nasal biopsy and injected in situ in 

low numbers in a NP ECM-derived hydrogel previously functionalised with CS. Moreover, 

it also provides important insights on the influence of environmental acidity and 

physiological inflammatory conditions on the biological behaviour of NCs and NP cells, 

which may be critical in determining the optimal opportunity for surgical intervention. 

By using freshly isolated NCs from the patient’s own septal cartilage, which is a 

fairly common and safe procedure, suspended in a pre-made off-the-shelf injectable 

biomaterial, it would be possible to allow the entire procedure to take place in the span of 
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a few hours, making it an outpatient surgery. This strategy would therefore be less onerous 

for the clinics from an economic point of view, and at the same time be less demanding for 

patients from a psychological point of view.  

Although further investigation are required to determine whether the findings 

demonstrated in this PhD thesis would translate to a clinical scenario, they provide exciting 

new insights on the potential of NCs and decellularised injectable biomaterials for NP tissue 

regeneration strategies.
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Appendices 

Appendix 1 

Protocol for sECM fabrication  

Materials 

1. 0.2M NaOH solution 

To make up a batch of 200 ml of 0.2M NaOH add 1.6g of NaOH to 200 ml of dH2O. 

 

2. Decellularisation Solution 

To make up 1L of decellularisation solution, add 6 g of Tris (50 mM) and 95 mg 

MgCl2 (1 mM) to 1 L of dH2O. Immediately before starting decellularisation add 2 

U/ml of Benzonase® Nuclease to the volume needed for the decellularisation (i.e. 

40ml x 3 cycles x number of falcon tubes) and keep the nuclease supplemented 

solution at 37°C. 

 

3. Activated Pepsin Solution (APS) 

Add to a 0.5M acetic acid solution 2.5 mg/ml of pepsin. Sterile filter and maintain 

sterile.  

  

 

1) Once the iAF and the NP have been harvested from the tail, they can be stored at  -

20°C  

 

Pre-treatment 

2) Grossly cut the disc in pieces of max 25 mm  

3) Transfer ~2g of minced tissue to a 50 ml falcon tube and add 40 ml of sterile filtered 

0.2M NaOH  

4) Agitate at 4°C for 24 h.  
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5) The minced NP will look swollen and full of water. Using a 100μm sieve, remove 

the NaOH solution and return the minced NP back to the falcon tube. Add ~50 ml 

of dH2O and agitate at 4°C for 3 hours. 

6) Repeat 5) until the colour of the minced NP will return to creamy white. Carry out 

washes multiple times for more than one day if necessary.  

 

Cryomilling 

7) At the end of the last washing step, discard the supernatant, transfer the disc pieces 

on a large petri dish and freeze at -20°C overnight. 

8) Freeze Dry the NaOH treated disc pieces using a standard drying protocol (0.200 

mBar, -10°C, 16-18h). 

9) At the end of the Freeze-Drying phase, cryomill the dried disc ECM (7 cycles, 1 

min precool, 1 min grind, 1 min cool down, 10 CPS) and weight the powder. 

10) Transfer 1.2 g of ECM powder on weighting paper being careful to spread it evenly 

on the paper’s surface and expose to UV light for 30 minutes in a sterile hood. 

11) Working in a sterile hood, transfer the UV’d powder to a sterile 50 ml falcon tube. 

 

Decellularisation 

If the material doesn’t need to be decellularised (i.e. for bench-testing), skip to step 18. 

12) Add 40 ml of decellularisation solution to the falcon tube.  

13) Using a sterile spatula, mix the powder in the decellularisation solution and break 

the ECM agglomerated that might form after pouring the decellularisation solution 

in. 

14)  Seal the tube with Parafilm and transfer on a rotator at 37°C at 10 rpm for 3 hours. 

15) Centrifuge at 1500g for 10 minutes at 21°C. Working in a sterile hood, discard the 

supernatant and add 40 ml of sterile diH20. With a sterile spatula break the ECM 

pellet at the bottom of the tube, seal the tube and transfer it on a rotator at room 

temperature at 10 rpm for 1 hour. 

16) Repeat 14 twice. 

17) After the last washing step, in a sterile hood discard the supernatant. 

 

ECM Solubilisation (40 mg/ml) 
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18) Add to the 50 ml falcon tube 30 ml of APS. 

19) Using a sterile spatula, mix the powder and break the agglomerates (viscosity 

should visibly start to increase). 

20) Leave in rotation at RT for at least 16 hours. However, best results are to be 

expected after 2-3 days of digestion.  

21) Maintain sterile and store at 4°C for up to 3 months.  
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Appendix 2 

 

Figure A 0-1 Disc explant jig. Technical drawing of the top part of the explant jig. 

 

Figure A 0-2 Disc explant jig. Technical drawing of the bottom part of the explant jig.
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Appendix 3 

Protocol for Explant Culture  

Materials 

Explant rigs 

Scalpels and tweezers 

Solutions:  

1. 4% Agarose 
(For every sample will be needed 4ml ca. of agarose). 

To make up a batch of 50 ml of 4% agarose, add 2 g of agarose to 50 ml of PBS 

into a 120 ml plastic container and autoclave the mix. Maintain sterile.  

 
2. High osmolarity PBS (HiOsm PBS) 

Working in a sterile hood, remove 50 ml of PBS from a 500 ml bottle and dissolve 

2 g of NaCl in it. Sterile filter the solution back into the bottle. Maintain sterile.  

  

3. High Osmolarity Low Glucose XPAN (HiOsm XPAN) 

Remove 60 ml from a Low glucose Dulbecco media bottle. Add 50 ml FBS and 10 

ml PBS. Remove 50 ml and dissolve in it 2 g of NaCl. Sterile filter back into the 

bottle.   

 

4. High Osmolarity Low Glucose Chemically Defined Media (HiOsm CDM) 

Remove 10 ml from a Low glucose Dulbecco media bottle. Add 10 ml PBS. 

Remove 50 ml, dissolve in it 750 mg of Bovine Serum Albumin (BSA) and 2 g 

NaCl and sterile filter back into the bottle. Add 500 µl L-proline.  

 

5. 5M Lactic Acid (LacA) in ultrapure water (UPW). Prepare and maintain sterile. 

6. 3M HCl in UPW. Prepare and maintain sterile. 

 

 



xviii 
 

Day before setup preparations 

In a sterile hood 

a) Sterilise the explant rigs by exposing them to UV light 30 minutes per side. 

b) Using sterile tweezers insert the bottom part of the explant rig into 24-well plates 

and expose to UV light for 30 minutes. 

c) Using sterile tweezers cover the wells with the top part of the explant rig and expose 

to UV light for 30 minutes. 

d) Cover the plate and seal it with parafilm until use.  

e) Prepare solutions 1-6 

 

Preparation procedure 

a) Tails need to be sourced within a few hours from sacrifice. In a sterile hood isolate 

the discs (NP + as much AF as possible). 

 In the specifics:  

a. once the tail has been cleaned from all the meat, wrap it in tin foil and expose 

one disc at a time.  

b. Using a 21 scalpel separate the vertebral body from the disc by cutting as 

close to the CEP as possible. Discard the vertebral body. 

c. Using a 15 scalpel make a circular incision in the AF in order to separate 

the NP and the iAF from the outer lamellae of the AF.  

d. Using a new 21 scalpel scrape the disc from the CEP as precisely as possible.  

e. Repeat the process for every disc (ideally the first 5 of each tail). 

 

b) Make a cut from the centre towards the edge of the disc so that it will be able to 

stretch to a semicircle overnight.  

c) Leave the discs (max 5) swelling in 70 ml HiOsm XPAN overnight at 37°C. 
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Figure 0-3 Stretched disc post-swelling (Top). Disc after 5 biopsies have been taken from the AF 

region (Bottom). 

d) Using a biopsy punch, cut out biopsies of 8mm diameter from the AF region. 

Subsequently, holding the biopsy with sterile tweezers, punch out a 4mm biopsy 

from the centre to obtain a ring of AF tissue. Next, using 2 sterile tweezers slide the 

AF rings onto the central rod of the top piece of the explant rig. 

 
 

e) Place the bottom parts of the explant rigs into 24 well plates. 

f) Using a syringe and a 16g needle, add 3.5 ml of 4% agarose to each well and dip 

the top part of the explant with the AF ring into the agarose and leave it for ~10 

minutes to solidify. 

g) Gently lift the top part from the well being careful not to break the central canal. 

h) Inject 100 µl of hydrogel and cell suspension in the centre of the explant. 

i) Add ~ 0.5 ml of 4% agarose on top to seal the central canal and leave it for 5 

minutes.  

j) Using 2 tweezers and being very careful not to touch the samples in the process, 

pull the constructs from the wells, place them into 12-well plates previously filled 
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with ~4 ml of HiOsm XPAN and leave it in a humidified incubator at 37 °C and 

20% O2 overnight. 

k) Prepare pH’d CDM at pH 7.1 by removing 440 µl of media from 50 ml of CDM 

previously transferred to a falcon tube and adding 400 µl of 3M HCl and 40 µl of 

5M LacA. Pour the content of the falcon tube into a large petri dish and leave 

equilibrate overnight in a humidified incubator in the presence of CO2.  

l) In the morning, remove Day 0 samples from culture and place later time point 

samples into fresh 12-well plates previously filled with pH’d CDM supplemented 

with 2% PenStrep, 0.25 μg/ml amphotericin B, 40 μg/ml L-proline, 1.5 mg/ml 

bovine serum albumin (BSA), 4.7 μg/ml linoleic acid, 1% insulin-transferrin-

selenium, 50 μg/ml L-ascorbic acid-2-phosphate and 100 nM Dexamethasone, 125 

pg/ml IL-1β and 25 pg/ml TNF-α. 

m) Media changes must be performed every 3-4 days.
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Appendix 4 

Protocol for Live/Dead staining on explant culture samples 

Materials 

Scalpels and tweezers 

Yellow cap containers 

Dry ice / ice 

IBIDI confocal dishes 

Solutions:  

1. 1% glycerol solution in HiOsm PBS 
2. Calcein and Ethidium homodimer aliquot 

 
a) Prepare 60 μl EthD-1 (stock: 2 mM, Biotium BT40014) + 15 μl Calcein (stock: 

4mM, Biotium BT80011-1) + 30 mL 1% glycerol solution in each yellow cup 

container needed (one every 2-3 samples belonging to the same group). 

b) Incubate samples (rig+agarose block) at 37 °C for 6 hours. 

c) Wash for 1 hour in 1% glycerol solution at 37°C. 

d) Remove the samples from the solution, pop the agarose blocks out of the plastic rig 

and freeze overnight at -20 °C. 

e) The day after, maintain the samples frozen in dry ice (or on ice, but in this case do 

not remove samples from the freezer all at once if the number of groups to image is 

too high, as they will start defrosting too fast), and while still frozen cut the samples 

into slices using a scalpel to obtain a cross section of the ring. Thickness should 

ideally be ~2-3 mm. 

f) Place the slices on IBIDI confocal dishes, remove the extra water once it is 

defrosted. 

Imaging 

Excitation/Emission  

Wavelengths: Calcein: ~495 nm/~515 nm, EthD-1: ~495 nm/~635 nm  
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Appendix 5 

Explant culture sample fixation protocol 

Materials 

Yellow cap containers 

Scalpels 

Solutions:  

1. Formalin 

2. 100% Ethanol  

 

a) Remove samples from culture media and transfer them into yellow cap containers 

(one every 2-3 samples belonging to the same group) 

b) Fill the containers with 50 ml formalin solution 

c) Place on an orbital shaker at room temperature and at medium agitation velocity 

d) After 48h change formalin solution with 50 ml fresh solution and return to the 

orbital shaker  

e) After 48h change formalin solution with 50 ml 100% ethanol  

f) Change 100% ethanol solution every 24 hours x3 times 

g) Using a scalpel, free the explant from the agarose and place into a large histology 

cassette and store into 100% ethanol while waiting for samples to be processed 

through the Tissue processor and wax embedded 

 

 


