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Intervertebral discs (IVD) show age-associated hallmarks at morphological, cellular 

and biochemical levels. While ageing, the IVD degenerates leading to low back pain (LBP), 

which is one of the leading conditions of disability worldwide. Current LBP treatments do 

not restore/reestablishes the aged/degenerated IVD. Also, the scarce capacity of adult IVD 

to self-repair render problematic tissue regeneration. Recently, matrix-engineering 

strategies, particularly the use of decellularized extracellular matrix (ECM)-based 

biomaterials, started to be explored for IVD repair, knowing their capacity to induce tissue 

regeneration by recapitulating essential cues of native tissue microenvironment. Our group 

has demonstrated the presence of specific pro-regenerative proteins (Collagen [COL] 12 

and COL14), exclusively in the matrisome profiling of fetal bovine nucleus pulposus (NP). 

Therefore, the main hypothesis of this thesis was that fetal decellularized NP ECM could 

have a superior potential for IVD regeneration.  

To address this question, we have firstly developed acellular scaffolds from bovine 

NP of different donor ages (fetus, young and old), by using an optimal sodium dodecyl 

sulfate (SDS)-based protocol with reduced concentration and time exposure (0.1 %, 1 h). 

This method showed to be effective in maintaining structural, biochemical and 

biomechanical features of native tissues, while efficiently removing DNA and cells. Knowing 

that IVD cells are characterized by a limited capacity to proliferate and synthesize ECM 

proteins, we afterwards repopulated decellularized matrices from different donor ages with 

adult bovine NP cells, to uncover the potential of fetal decellularized ECM in rejuvenating 

IVD endogenous cellular and biochemical signals. After 7 days of ex vivo culture, cells 

seeded on younger decellularized matrices showed the highest cellular viability and 

increased capacity to produce ECM proteins, namely aggrecan (ACAN). Since healthy IVDs 

are characterized by absence of vasculature, we explored the anti-angiogenic potential of 

decellularized matrices from different donor ages, by performing the chick embryo 

chorioallontoic membrane (CAM) in vivo assay. Results showed reduced neo-

vascularization in fetal matrices, although with a higher inflammatory score.  

Then, we have explored the different mechanisms responsible for the increased pro-

regenerative potential of fetal decellularized matrices. To unravel the mechanism behind 

the higher ECM production after repopulation, an attempt to neutralize CD44 in bovine NP 
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cells prior to cell seeding in fetal NPs was performed. However, no significant differences 

were detected in term of ACAN production, most probably due to insufficient CD44 blocking. 

After, we analyzed bovine cytokine released from decellularized ECM using a protein array. 

Results did not show significant changes of inflammatory neither pro-angiogenic cytokines 

in all the aged donors. Finally, an in vivo proof-of-concept of decellularized matrices of 

different donor ages with human IVD cells was conducted. For that, matrices with 

immortalized NP (iNP) cells were inoculated in CAM assay. As results, fetal matrices 

showed a decreased angiogenic response in the presence of iNP cells, when compared to 

young and old ones.  

Overall, we have demonstrated that fetal decellularized matrices are ideal substrates 

for the re-activation of cellular and biochemical cues of native cells, which lead to IVD 

reconstruction through matrix remodeling by ECM de novo synthesis and low angiogenic 

activity. In parallel, this work also opens the horizons for the use of decellularized matrices 

from old bovines as suitable 3D models to explore pathological features of IVD 

degeneration, as well as to screen the efficacy of novel drugs for LBP treatment.  

Thus, this thesis uncovered the importance of tissue donor age for the development 

of suitable biomaterials for IVD regeneration. Moreover, this work also opens new avenues 

for the development of fetal ECM-based hydrogels as minimally invasive therapeutic 

strategies to halt IVD degeneration, ultimately reducing LBP.  
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Os discos intervertebrais (IVD) mostram marcas associadas à idade em níveis 

morfológicos, celulares e bioquímicos. Com o envelhecimento, o IVD degenera levando à 

dor lombar (LBP), que é uma das principais fontes de incapacidade em todo o mundo. Os 

tratamentos atuais para lombalgia não restauram/restabelecem o IVD 

envelhecido/degenerado. A escassa capacidade de auto-reparação do IVD num adulto 

contribui para uma regeneração tecidual problemática. Recentemente, estratégias de 

engenharia de matriz, particularmente o uso de biomateriais baseados em matriz 

extracelular (ECM) descelularizada, têm vindo a ser exploradas para a reparação do IVD, 

graças sua capacidade de induzir a regeneração tecidual recapitulando sinais essenciais 

do microambiente do tecido nativo. O nosso grupo demonstrou a presença de proteínas 

pró-regenerativas específicas (Colagénio [COL] 12 e COL14), exclusivamente no perfil 

matrissómico de núcleo pulposo (NP) fetais bovinos. Assim, a principal hipótese desta tese 

propõe que a ECM fetal descelularizada possa ter um potencial superior para a 

regeneração do IVD. 

 Para responder a esta questão, começamos por desenvolver scaffolds acelulares 

de NP bovino de doadores de diferentes idades (feto, jovem e velho), usando um protocolo 

baseado em sodium dodecyl sulfate (SDS) com concentração e tempo de exposição 

reduzidos (0.1 %, 1 h). Este método mostrou-se eficaz na preservação das características 

estruturais, bioquímicas e biomecânicas dos tecidos nativos, tendo ao mesmo tempo 

removido o DNA e as células de forma eficiente. Sabendo que as células do IVD são 

caracterizadas por uma capacidade limitada de proliferação e de síntese de proteínas da 

ECM, posteriormente repovoamos as matrizes descelularizadas de diferentes idades com 

células NP bovinas adultas, para descobrir o potencial da ECM fetal descelularizada no 

rejuvenescimento de sinais celulares e bioquímicos endógenos do IVD. Após 7 dias de 

cultura ex vivo, as células cultivadas em matrizes descelularizadas mais jovens 

apresentaram a maior viabilidade celular e maior capacidade de produzir proteínas da 

ECM, nomeadamente o agrecano (ACAN). Uma vez que IVDs saudáveis são 

caracterizados pela ausência de vasculatura, exploramos o potencial anti-angiogénico de 

matrizes descelularizadas de doadores de diferentes idades, realizando o ensaio in vivo da 

membrana corioalontóica (CAM) de embriões de galinha. Os resultados mostraram 

redução da neovascularização em matrizes fetais, embora com maior índice inflamatório. 
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Em seguida, exploramos os diferentes mecanismos responsáveis pelo aumento do 

potencial pró-regenerativo de matrizes fetais descelularizadas. Para desvendar o 

mecanismo por trás da maior produção de ECM após o repovoamento, foi realizada uma 

tentativa de neutralizar CD44 em células NP bovinas antes da cultura celular em NPs fetais. 

Não foram detetadas diferenças significativas em termos de produção de ACAN, 

provavelmente devido ao bloqueio insuficiente de CD44. Em seguida, analisamos citocinas 

bovinas liberadas da ECM descelularizada usando um array de proteínas. Os resultados 

não mostraram alterações significativas de citocinas inflamatórias nem pró-angiogênicas 

em todos os doadores idosos. Finalmente, foi realizada uma prova de conceito in vivo de 

matrizes descelularizadas de diferentes idades de doadores com células IVD humanas. 

Para isso, matrizes com células NP imortalizadas (iNP) foram inoculadas no ensaio CAM. 

Como resultados, as matrizes fetais apresentaram uma resposta angiogênica diminuída na 

presença de células iNP, quando comparadas às jovens e velhas. 

 No geral, demonstramos que as matrizes fetais descelularizadas são substratos 

ideais para a reativação de sinais celulares e bioquímicos de células nativas, que levam à 

reconstrução do IVD por meio da remodelação da matriz pela síntese de novo da ECM e 

baixa atividade angiogênica. Paralelamente, este trabalho também abre horizontes para o 

uso de matrizes descelularizadas de bovinos velhos como modelos 3D adequados para 

explorar as características patológicas da degeneração do IVD, bem como para rastrear a 

eficácia de novos medicamentos para o tratamento da lombalgia. 

Assim, esta tese revelou a importância da idade do doador de tecido para o 

desenvolvimento de biomateriais adequados para a regeneração do IVD. Além disso, este 

trabalho também abre novos caminhos para o desenvolvimento de hidrogéis à base de 

ECM fetal como estratégias terapêuticas minimamente invasivas para interromper a 

degeneração do IVD, reduzindo a lombalgia. 
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1. EMBRYONIC DEVELOPMENT OF THE IVD AND ITS REGULATION 

 

1.1. THE ROLE OF THE NOTOCHORD IN IVD EMBRYONIC DEVELOPMENT 

Human spine originates from the notochord and mesenchyme (Roughley, 2004) 

through a precise regulation mechanism, which involves several genes and signaling 

pathways. During the gastrulation process, the three germ layers of the embryo (ectoderm, 

endoderm and mesoderm) are formed and afterwards give rise to the tissues and organs 

of the human body. In particular, the epidermis and neurons derive from the ectoderm, the 

digestive and respiratory organs from the endoderm and the connective tissues, like 

cartilage and bones, originate from the mesoderm (Williams et al., 2019).  

Concerning specifically the notochord structure, it develops from the invagination of 

epiblast cells at the Hensen’s node and subsequent colonization of the mesoblastic zone 

during the gastrulation process (Colombier et al., 2014). Different theories on human 

notochord development are reported in the following schematic illustration [Figure 1, (de 

Bree et al., 2018)].  

 

 

Figure 1. Schematic representation of different theories on human notochord 

development. This scheme reports the ventral view without endoderm. The level of 

transversal sections is indicated by the black lines (in the sections the epiblast/ectoderm is 

in the superior zone). A. The notochordal process (NPR) expands over almost all the 

embryo (left). Along the neurenteric canal, the NPR intercalates between the endoderm and 

the bottom of the NPR “breaks down”. This is essential for the formation of the notochordal 
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plate (right), whose retraction between the mesenchyme allow the formation of the definitive 

notochord. B. This scheme summarizes the theory suggested by de Bree and colleagues 

(2018). They suggested the simultaneously presence of all notochord precursors and that 

the definitive notochord develop in the middle region of the embryo, and not cranially. This 

figure is from (de Bree et al., 2018). Definitive notochord (DN): red; endoderm: light grey (in 

sections); epiblast or ectoderm: dark blue, dark grey (in sections); gastrulation area (GA): 

purple; neurenteric canal: white; notochordal plate (NPL): yellow; notochordal process 

(NPR): cyan blue; prechordal plate (PP): brown. 

 

The notochord is a rod-like mesoderm-derived structure, which plays a crucial role 

during embryogenic processes (e.g., development of central nervous system, embryonic 

and somite patterning, formation of blood vessel) (Harfe, 2021), and regulates several 

cellular functions during intervertebral disc (IVD) formation, including migration, 

differentiation and survival (Smith et al., 2011). It is composed by large and vacuolated 

notochordal cells (NCs), which are delimited by a basement membrane, rich in collagen 

(COL), laminin and proteoglycans (PG) (Bach et al., 2022). The notochord represents the 

core of early embryonic development and orchestrates the formation of several surrounding 

tissues (neural tube, sclerotome, pancreas, aorta) through the release of growth factors and 

morphogens (Hickman et al., 2022; McCann & Séguin, 2016).  

In the context of the IVD, the notochord is involved in the direct formation of the 

nucleus pulposus (NP) and indirect stimulation of cell differentiation within the sclerotome 

(Smits & Lefebvre, 2003). As shown in Figure 2, sclerotome’s cells migrate from the somites 

at day 30 of fetal gestation and condense around the notochord, forming a more condensed 

zone, which give rise to the annulus fibrosus (AF) and a less condensed zone, from where 

the vertebral bodies originate (Smith et al., 2011). Simultaneously, the notochord contracts 

through the vertebral bodies and expands within the other regions of the IVDs, giving rise 

to the NP (Smith et al., 2011). During this process, several genes and signaling pathways 

are involved, as described in detail in the next paragraph. Importantly, the notochord 

structure disappears after the development of the vertebral column, which in mammals 

occurs after birth.  
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Figure 2. Overview of IVD embryonic development. A. Notochord and paraxial somites 

with associated signaling pathways (Shh and Noggin for notochord; Pax1 and TGF-β3 for 

sclerotome). B. Condensation of sclerotome cells around the notochord. C. Development 

of IVD from more condensed zone (green) and vertebral bodies (brown) from less 

condensed zone. D. Involution of the notochord within the vertebral body and expansion 

through the disc to form the NP. E. Establishment of the AF lamellar structure to form the 

complete IVD. Adapted from (Smith et al., 2011).  

 

1.2. MOLECULAR REGULATION DURING IVD FORMATION 

In the last decades, several researchers started to investigate genes and signaling 

pathways involved in the regulation of IVD development. Most studies used mice models, 

since they are characterized by a short gestation period and can be easily manipulated at 

the genetic level (McCann & Séguin, 2016). As already reported, several genes, including 

Brachyury, Forkhead box A2 (Foxa2) and Notochord homolog (Noto) are involved in 

notochord development (Colombier et al., 2014; Hickman et al., 2022) and consequently in 

NP formation. Moreover, Sonic hedgehog (Shh) factor and FoxA2 are also essential for NC 

survival and differentiation (Hickman et al., 2022). Shh gene expression and members of 

Transforming growth factor (TGF) family regulate the development of vertebrae, endplates 

and AF, while TGF-β is also involved in the differentiation of sclerotome in AF cells. 

(Colombier et al., 2014).  

Brachyury is a transcription factor of the T-box gene family and is crucial for 

notochord and NP development. Dysregulation of its expression can lead to several spine 

alterations. For instance, Zhu and colleagues have shown spine defects (e.g., loss of 

vertebrae, malformations) in a mice embryo model, where Brachyury was selectively 

depleted (Zhu et al., 2016), thus demonstrating that Brachyury gene expression in the 
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notochord is fundamental for the formation of a functional IVD (Harfe, 2021). Brachyury is 

lost with notochord disappearance before birth (Chen et al., 2020), as well as with 

replacement of NC with chondrocyte like-cells. However, contrasting hypotheses exists in 

the literature regarding the preservation of NC in adult NPs. Interestingly, Richardson and 

co-authors (2016) have shown the expression of NC markers, including Brachyury, in adult 

human NPs (independently of age and degeneration) (Richardson et al., 2017), 

demonstrating that, at least a subset of NP cells could still preserve a NC-like phenotype 

within the adult NPs. Interestingly, it has also been shown that Brachyury is essential for 

extracellular matrix (ECM) synthesis, by inducing aggrecan (ACAN) transcription (Wu Y. et 

al., 2022, preprints, The Lancet) and by being able to mitigate IVD degeneration, thus 

representing a valuable therapeutic target for IVD regeneration.   

Foxa is a family of transcription factors which regulates embryonic development, 

differentiation and cell identity (Golson & Kaestner, 2016). Foxa2 is essential to establish 

notochord identity together with Brachyury and Noto (Tessier & Risbud, 2021). Foxa2 

modifications can lead to several alterations during embryonic development and 

pathologies. Specifically, null embryos for Foxa2 are characterized by node and notochord 

absence (Ang & Rossant, 1994; Tessier & Risbud, 2021). In 1994, Weinstein et al., showed 

that mutations in Foxa2 gene resulted in the lack of notochord formation and node 

alterations, while knockdown mice for this gene died at day 10 -11 (Weinstein et al., 1994).  

Another gene involved in IVD development is Noto, which is a homeobox 

transcription factor expressed at E7.5-E12.5 (McCann et al., 2012), firstly in the axial 

mesoderm and endoderm and afterwards uniquely at the notochord level (Tessier & Risbud, 

2021). Talbot et al. (1995) have discovered that Zebrafish with a mutation of floating head 

(flh), which is a Noto ortholog, were characterized by notochord absence (Talbot et al., 

1995; Tessier & Risbud, 2021), unveiling its importance along development. McCann and 

colleagues (2012), developed a mouse model which expresses Cre recombinase in the 

notochord and, by targeting Noto homeobox gene, were able to demonstrate that NP cells 

derive from the notochord (McCann et al., 2012).  

Finally, Shh is another essential regulator along embryonic development and IVD 

preservation. Specifically, Shh is important for the determination of the anterior-posterior 

axis (Hickman et al., 2022) as well as for the preservation of IVD function after birth (Harfe, 

2021). Interestingly, Choi et al. demonstrated that Shh signaling is fundamental for 

appropriate IVD development (Choi & Harfe Brian, 2011). When they removed Shh from all 
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the cells expressing this gene, mutant mice were characterized by smaller NPs, as 

compared to the controls. Moreover, AFs lost the surrounding lamellae, probably as a 

consequence of the aberrant NP formation. Since Shh is involved in the regulation of cell 

proliferation and survival in different tissues, the authors hypothesized that the smaller NPs 

could be due to a reduction of NC proliferation after signaling removal (Choi & Harfe Brian, 

2011; Hickman et al., 2022). In another study, Choi and colleagues (2012) have shown that 

the development of IVDs and vertebral columns was normal after removing Shh from mice 

floor plate.  However, when the signaling was depleted in the notochord, IVDs and vertebrae 

loss were detected, demonstrating that Shh expression is essential for IVDs patterning 

(Choi et al., 2012). Shh signaling is also involved in AF embryonic development, by driving 

sclerotome formation through regulation of Pax1 expression. In this precise mechanism, 

Shh signaling is antagonized by Bone morphogenic protein (BMP), that in turn, is 

antagonized by Noggin and Gremlin-1 (Séguin et al., 2018).  

 

1.3. MAJOR SIGNALING PATHWAYS INVOLVED IN IVD DEVELOPMENT AND MAINTENANCE 

The Wnt family has a central role in IVD development. It is constituted by secreted 

glycoproteins rich in cysteine, which act as ligands for different receptors and co-receptors 

(Krishnamurthy & Kurzrock, 2018) and are involved in several cellular processes during 

embryonic development, including cell proliferation, cell polarity and cell identity, as well as 

in tissue homeostasis (MacDonald et al., 2009). Wnt is responsible for the activation of 

different signaling pathways, which can be canonical (Wnt/β-catenin pathway) or non-

canonical (beta-catenin independent pathway) (Krishnamurthy & Kurzrock, 2018; Wu et al., 

2021).  

The Wnt/β-catenin pathway is highly conserved during evolution (Moon Randall, 

2005) and represents a key regulator of several processes, including embryonic 

development, metabolism, cell fate and epithelial-mesenchymal transition (Lecarpentier et 

al., 2019). Thus, Wnt signaling regulation is fundamental to preserve physiological 

homeostasis and avoid the onset of pathological disorders. Specifically, when Wnt ligand is 

not present, β-catenin binds to Axin, adenomatous polyposis coli gene product (APC), 

glycogen synthase kinase 3 (GSK3) and casein kinase 1 (CK1), and its amino terminal 

region is phosphorylated. As a consequence, β-catenin interacts with β-transducin-repeat–

containing protein (β-TrCP), resulting in its degradation, which is mediated by the 
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proteasome. Following degradation, β-catenin is no longer able to enter the nucleus and 

Wnt-related genes are inhibited (Figure 3A) (MacDonald et al., 2009; Moon Randall, 2005). 

Wnt signaling pathway is activated by the binding of secreted Wnts to serpentine receptors 

Frizzled (Fz) and low-density lipoprotein receptor-related protein (LRP)-6 and to LRP-5 co-

receptors (MacDonald et al., 2009; Moon Randall, 2005). The complex Wnt-Fz-LRP6 and 

the scaffolding protein Dishevelled (Dvl) phosphorylate and activate the LRP6 with the 

consequent recruitment of Axin complex. Afterwards, Axin-mediated β-catenin 

phosphorylation is inhibited and β-catenin translocates into the cell nuclei to form a complex 

with T cell factor/lymphoid enhancer factor (TCF/LEF) consequently activating the 

expression of specific genes (MacDonald et al., 2009), such as CYCLIN D1, cMYC, MCT1, 

PDK and fibronectin (FN), among others (Lecarpentier et al., 2019) (Figure 3B).  

 

Figure 3. Wnt/β-catenin signaling pathway. (A) In the state OFF, β-catenin is 

phosphorylated by CK1 and GSK3 and consequently degraded through its binding with β-

TrCP. (B) In the state ON, Wnt binds Fz receptors and LRP5/6 co-receptors, thus inhibiting 

β-catenin degradation through activation of Dvl and recruitment of Axin complex. Finally, β-

catenin enters the cell nuclei and activates the expression of Wnt responsive genes, thanks 

to its binding to TCF. Adapted from (MacDonald et al., 2009).  

 

The Wnt signaling pathway plays an essential role in IVD formation during 

embryonic development, particularly by inducing the differentiation of progenitor cells into 
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NCs and by promoting notochord extension (Wu et al., 2021). In 2011, Kondo and co-

workers analyzed the distribution of Wnt/β-catenin signal by performing β-galactosidase 

staining on lumbar vertebral bodies isolated from mice reporter. Interestingly, they showed 

that at embryonic age 18.5 the signal was higher at the level of the growth plate, endplate 

and AF, while at 5 weeks, it increased in NP cells, thus demonstrating that Wnt/β-catenin is 

differently activated depending on embryonic and postnatal stages. Then, they analyzed 

how activation or depletion of Wnt/β-catenin signaling affected IVD tissue structure. When 

they excessively activate the signaling pathway, severe modifications in vertebral bodies 

growth plate were detected. Moreover, the AF became disorganized with increased cell 

proliferation, while the NPs were enlarged with few PGs. In turn, when they depleted Wnt 

signaling, the endplates were affected. The authors were able to demonstrate the critical 

role of Wnt/β-catenin on the preservation of IVD tissue structure, especially for the AF and 

endplates (Kondo et al., 2011).  

Other studies have shown the role of Wnt/β-catenin pathway in IVD degenerative 

cascade (Chen et al., 2017; Holguin & Silva, 2018; Wang et al., 2012; Wang et al., 2018), 

although information is still controversial. In 2012, Wang et al. observed by 

immunohistochemistry (IHC), the upregulation of β-catenin in human degenerated IVD 

tissues, when compared to normal ones. Moreover, they created inducible β-catenin 

conditional activation mice models (cAct mice), in order to investigate the role of β-catenin 

in IVD architecture and function. They discovered that β-catenin upregulation lead to 

alterations in IVD, both at the cellular and matrix level. Particularly, cAct mice (3 and 6 

months old) were characterized by decreased spine length, as well as loss of growth plate 

cartilage and osteophyte development, which in turn caused IVD space narrowing and 

vertebrae fusion. Moreover, PG decrease was also detected at the matrix level, as well as 

alterations in NP and AF tissues (Wang et al., 2012).  

TGF-β is another signaling pathway involved in embryonic development and tissue 

homeostasis, by controlling several cellular processes (e.g., proliferation, differentiation, 

stem cell renewal) (Wu et al., 2021). TGF-β family is composed by different members (TGF-

β1, TGF-β2 and TGF-β3) with specific functions. Inactive TGF-β is expressed in a latent 

complex, consisting in latency-associated polypeptide (LAP) and a mature polypeptide. 

TGF-β signaling pathway is activated by binding of the mature polypeptide, which is 

converted in a 25 kD dimer, to the TGF-β receptor (TGF-βR), located at the cell surface. 

Initially, the ligand binds the receptor subunit TGF-βRII with consequent trans-
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phosphorylation of the receptor subunit TGF-βRI. In the canonical pathway, TGF-βRI 

activates small mother against decapentaplegic (SMAD)-2, SMAD-3 and SMAD–4, which 

translocate into the cell nuclei to activate or inhibit the expression of specific genes. In the 

non-canonical pathway, TGF-β activates other signaling pathways, including mitogen-

activated protein kinase (MAPK) (Chen et al., 2019) (Figure 4).   

 

 

Figure 4. TGF-β signaling pathway in IVD. The latent form of TGF-β (LAP and mature 

polypeptide) is activated by integrin, MMPs or ROS and bind to TβRI and TβRII. Afterwards, 

TβRI is transphosphorylated by TβRII and induces the transcription of target genes through 

the activation of the associated pathways (SMADs or MAPK, among others). Image adapted 

from (Chen et al., 2019).  

 

TGF- β signaling pathway plays an essential role in both cartilage and skeleton 

formation at embryonic stages, but it is also involved in IVD growth and preservation after 

birth (Hongting Jin et al., 2011).  In 2011, Jin and co-authors investigated the role of this 

pathway in IVD tissue preservation, which was still poorly understood. By depleting TGF-
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βR2 in inner AF cells and growth plate chondrocytes, they observed postnatal matrix and 

endplate cell loss in mutant mice, when compared to the wildtype. Moreover, 3-months old 

mutant mice were characterized by alterations of growth plate chondrocytes, being 

disorganized and reduced in number. Thus, the authors demonstrate that TGF-β pathway 

is important for IVD tissue development, specifically for growth plate and endplate 

formation. They hypothesize that its inhibition may have a role in the observed tissue 

modifications, through metalloproteinase (MMP)-13 activation (H. Jin et al., 2011). In 

another work, Risbud and colleagues have shown over-expression of ECM genes, 

increased incorporation of 35S in PG and decreased  ACAN turnover, when rat IVDs were 

cultured in the presence of TGF-β3, when compared to TGF-β1 culture (Risbud et al., 2006).  

Finally, TGF-β and Wnt/β-catenin signaling pathways can also interact to guarantee 

mesoderm development or to induce tumorigenesis in different tissues. In the context of 

IVD, these two pathways can cross-talk during degeneration. For instance, the Wnt/β-

catenin can activate TFG-β expression in NP cells (Wu et al., 2021). Hiyama et al. have 

demonstrated that expression of both TGF-β and MMPs in rat NP cells, stimulated by Wnt/β-

catenin signaling, could be responsible for matrix degradation leading to IVD degeneration 

(Hiyama et al., 2010).  

 

1.4. EXTRACELLULAR MATRIX COMPONENTS PRESENT IN THE IVD DURING EARLY 

DEVELOPMENTAL STAGES 

In addition to genes and associated signaling pathways, ECM content is also 

essential for guiding IVD development. The ECM of fetal IVDs represents a unique network 

and is very different from adult ECM. However, the comprehension of its composition and 

how this influences IVD development is still poor understood. Specifically, there are few 

studies in the literature that have tried to dissect developmental-associated changes in 

matrix microenvironment between different ages, especially in humans.  

Recently, Rajasekaran et al., have performed a proteomic and bioinformatic analysis 

in fetal vs adult human NPs, in order to unravel differences in the matrisome profiling at 

different aged stages. They have shown overexpression of several proteins involved in 

matrix assembly and growth in fetus NPs, including PGs, glycoproteins and COL. When 

comparing fetus vs adult tissues, fetal matrices showed a decrease of several PGs and 

over-expression of biglycan and fibromodulin. Moreover, different glycoproteins were also 
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down-regulated in fetal NPs, including FN, while others were up-regulated (e.g., TGF-β1). 

Interestingly, also thrombospondin (TSP) showed to be higher in fetus NPs, when compared 

to adult ones, despite no statistical significance. Finally, they have revealed the presence 

of proteins in fetal NPs (matrillin-2 and COL triple helix repeat containing 1), with a role in 

tissue development  and regeneration (Rajasekaran et al., 2020). Some of these proteins 

were also found in the matrisome profiling of fetal bovine NPs (Caldeira et al., 2017), thus 

demonstrating that several ECM features are highly conserved between species.  

Rutges and colleagues have previously demonstrated the presence of MMP-1, 

MMP-2, MMP-3 and MMP-14 in fetal human IVDs (gestation age 15.5 – 40.3 weeks) and 

non-fetal human IVDs (age 3.3–21.8 years), particularly in NP and NC cells. Specifically, 

MMP-1 and MMP-14 were shown to significantly increase in fetal IVDs, when compared to 

non-fetal ones. Moreover, they have found higher MMP-2 activity between 15 and 22 weeks 

of gestation in fetal tissue, which decreased with gestational weeks as well as in postnatal 

and young IVDs (Rutges et al., 2010). Despite MMPs expression being mainly associated 

with matrix degradation along IVD degeneration and ageing, they also may have a key role 

during skeletal development.  

In another study, human fetal AF, specifically the outer tissue, were characterized 

by the presence of several elastic fiber-associated proteins (fibrillin-1, Latent Transforming 

Growth Factor Beta Binding Protein 2 [LTBP-2] and microfibril-associated glycoproteins 

[MAGP-1]). Moreover, fibrillin-1, MAGP-1 and versican showed immunolocalization with 

elastin, thus the authors hypothesized that these proteins could have a role in the 

stabilization and integration of AF fibers, as well as in the formation of the tissue through 

generation of tensional forces (Hayes et al., 2011).  

Despite several efforts to understand the fascinating area of IVD embryonic 

development, there is still a lack of knowledge on the fetal ECM composition, which is of 

utmost importance for guiding IVD formation. Understanding specific cues necessary and 

sufficient during early stages of development would be beneficial for the creation of more 

appropriate therapeutic strategies, which recapitulate a pro-regenerative microenvironment, 

thus triggering IVD matrix reconstruction in a degenerative context.  
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2. INTERVERTEBRAL DISC AGEING AND ASSOCIATED ALTERATIONS 

 

2.1. HALLMARKS OF IVD AGEING 

Ageing is caused by an increase of molecular alterations at the cellular and matrix 

level, which lead to modifications of physiological environment (Hartman et al., 2018). The 

IVD undergoes ageing, as many other tissues and organs of the human body, by showing 

typical age-associated hallmarks (Vo et al., 2016): genetic factors (Feng et al., 2016) (e.g., 

TSP, COL, ACAN, MMPs, among others) (Munir et al., 2018), shortening of telomere length 

(Le Maitre et al., 2007; Wang et al., 2016), epigenetic modifications (Ikuno et al., 2019; 

Tajerian et al., 2011), matrisome profiling changes (Qiu et al., 2020; Sarath Babu et al., 

2016; Ye et al., 2015; Yee et al., 2016), deregulation of nutrient-sensing (Vo et al., 2016), 

mitochondrial dysfunction (Li et al., 2020; Nasto et al., 2013), cellular senescence (Le Maitre 

et al., 2007; Patil et al., 2018; Wang et al., 2016), stem cell exhaustion (Sakai et al., 2012) 

and abnormal intercellular communication (Dahia et al., 2009) (López-Otín et al., 2013; Vo 

et al., 2016).  

However, the ageing cascade starts earlier in the IVD as a consequence of 

numerous degenerative changes at the morphological, biochemical and cellular level. Thus, 

degeneration and ageing are linked. As it is well known, the IVD is characterized by a harsh 

microenvironment, being avascular, hypoxic, hyperosmotic, acidic and with low nutrient 

accessibility (Dou et al., 2021), which renders problematic cell survival. Moreover, its scarce 

capacity to regenerate and self-repair affects tissue structure and function. The age–

associated changes occurring in the IVD, consist in an increased number and size of tissue 

fissures, accumulation of debris, as well as neovascularization inside the AF (Vo et al., 

2016). With ageing, the NP becomes more fibrotic due to the decline of PGs and water 

content, leading to a loss of osmotic pressure within the NP and a consequent decrease of 

overall IVD height (Vo et al., 2016). The disc turns yellowish in elder individuals, as a 

consequence of oxidized matrix proteins’ accumulation. Furthermore, the ossification of the 

endplates and the reduction of vascular nutrient supply within the tissue contribute to an 

increased accumulation of metabolites and a harsher acidic microenvironment (Vo et al., 

2016), which cause alterations at cellular and ECM levels, ultimately affecting disc function. 

Previously, we have shown macroscopic changes of bovine IVDs along ageing. In 

particular, elder IVD tissues were more fibrotic, drier and yellowish when compared to young 
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and fetal ones, which were characterized by a hydrogel-like NP surrounded by well-

distinguished concentric AF lamellae (Caldeira et al., 2017). Thus, some of the age-related 

changes occurring in human tissue are also common to IVDs from other species.  

 

2.2. AGE-ASSOCIATED CELL ALTERATIONS IN THE IVD 

Cellular changes in the IVD, particularly in the NP, can be readily observed after 

birth with a gradual decrease of NCs, until their complete disappearance (Smith et al., 

2011), being replaced by chondrocyte–like cells (also known as NP cells). NCs are large 

vacuolated cells, reminiscent of the notochord, which are involved in NP preservation. On 

the contrary, NP cells are smaller and without vacuoles, being unable to induce NP 

homeostasis and repair. Interestingly, animals that have a persisting presence of NCs into 

adulthood (e.g., mice, rats, rabbits, and pigs) (Daly et al., 2016), are not affected by severe 

IVD degeneration unlike humans. This suggests a possible correlation between NC loss 

and the onset of age-associated IVD degeneration (McCann & Séguin, 2016).  

As it is known, NP cells constitute an heterogenous population within the IVD, 

rendering problematic the understanding of their origin. Thus, the information in the 

literature remains controversial. Several studies have hypothesized that NP cells directly 

derive from the embryonic notochord (Risbud et al., 2010), while others have proposed their 

recruitment from adjacent tissues (e.g., endplates) (Kim et al., 2003) (Smith et al., 2011). 

Thus, the mechanism that guides the transition from NCs to NP cells is still poorly 

understood. One factor that may trigger cellular changes in the NP is the alteration of the 

nutritional and mechanical microenvironment experienced during ageing (Smith et al., 

2011). Indeed, cells are sensitive to their surrounding environment and are able to respond 

and adapt to any change in order to preserve tissue function. Specifically, the IVD is 

subjected to an increase in mechanical strength after birth, which could induce NC 

differentiation into NP cells or NC apoptosis (Smith et al., 2011). It is known that after birth 

the IVD environment becomes harsh due to the decrease of oxygen and nutrient supply, 

rendering cell survival problematic. The environmental changes may induce the appearance 

of NP cells, which are able to survive under low nutrient and oxygen supply when compared 

to NCs (Smith et al., 2011).  Moreover, as referred before, cell density starts to dramatically 

decrease during childhood (Galbusera et al., 2014). By using IVD specimens isolated from 

autopsies of individuals ranging from 0 to 86 years old, Boos’ group showed that cell density 
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starts to decline in the NP, AF and endplate between 0 and 16 years old. From 0 to 3 years 

old, NP and AF were affected by major changes, while afterwards no significant alterations 

were observed (Liebscher et al., 2011).  

Previous work from our group have dissected age-associated phenotypical changes 

in primary human IVD cells, isolated from degenerated tissues, by using flow cytometry. 

Specifically, Molinos et al. (2018) were able to identify three sub-populations of IVD cells 

with different diameter (small, large and super large), as well as a negative correlation 

between donor age and cell yield. With ageing, IVD cells showed increased diameter due 

to an enlargement of the pericellular matrix. By analyzing several markers for progenitor 

and inflammatory cells, the authors have shown decreased CD90+ and CD73+ cells with 

ageing. Interestingly, CD146+ cells were also found in IVD degenerated tissues, thus 

suggesting that a small portion of progenitor cells could still persist in the aged IVDs 

(Molinos et al., 2018). More recently, the same authors have also investigated age-

associated changes of NP cells, isolated from young (1 year old) and old (10-16 years old) 

bovine IVDs, by adopting a high-throughput analysis (flow cytometry). They have shown a 

decreased percentage of CD29+, CD44+, Tie2+ cells with ageing, while GD2+ cells 

increased. Moreover, the expression of CD146 was preserved along ageing. Interestingly, 

the existence of four NP cells sub-population, with different size, was also uncovered both 

in young and old donors, contrarily to the three population previously identified in human 

IVD cells (Molinos et al., 2018). With ageing, the cell population with smallest size 

increased, being the most prevalent present (Molinos et al., 2023, under review). These 

discoveries highlighted the importance of investigating cellular changes in IVD occurring 

with ageing in order to unravel specific targets, which will be essential for the development 

of targeted therapies for IVD degeneration.  

Since cells are responsible for producing the major components of the ECM, their 

changes in number and phenotype lead to several matrix modifications, which ultimately 

affect tissue homeostasis and function. A more detailed description of the age-associated 

IVD ECM alterations is reported in the next paragraph.  
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2.3. ECM CHANGES DURING AGEING 

With ageing, the most dramatic changes in matrix composition occur in the NP. As 

a consequence of cell decline, the production of PG and COL decreases in the NP 

(Galbusera et al., 2014; Roughley, 2004). As it is well known, both PG and COL are 

essential for maintaining appropriate tissue hydration by providing swelling pressure and 

resistance to it, respectively (Roughley, 2004). Thus, the reduction of both proteins leads to 

a decrease of water within the NP, which becomes drier. With the progression of age, COL2, 

which is the most prevalent COL in the NP, is replaced by COL1. Moreover, COL10 was 

also detected in the adult NP and inner AF, while in younger tissues this protein is only 

present at the endplates level (Roughley, 2004). COL10 has also been found at high levels 

in patients affected by osteoarthritis and associated to inflammation and tissue degradation 

at least in cartilage (He et al., 2014). In addition, increased COL damage in the NP and 

outer AF can also be observed due to a higher collagenase activity, which causes a 

reduction of mechanical IVD strength and ultimately leads to tissue loss (Roughley, 2004).  

Another protein that is altered in aged IVDs is FN, which is involved in the cross-talk 

between cells and the ECM in physiological conditions. However, FN is overexpressed 

during IVD ageing and is associated with pathological progression and the grade of tissue 

degeneration. Interestingly, Yee and colleagues analyzed the protein composition of normal 

and degenerated IVDs (specifically AFs and NPs) by liquid chromatography combined with 

tandem mass spectrometry. They found several proteins upregulated during ageing and 

degeneration, including FN (Yee et al., 2016). More recently, Castro et al. (2022), have 

shown an increase of both FN and COL2 in human AFs with severe herniation (Castro et 

al., 2022). Prolargin, which is important for anchoring the basement membrane to the 

connective tissue (Caldeira et al., 2017), was also found at higher levels in old bovine NPs 

together with FN. As a consequence, COL fibers resulted to be disrupted within the tissue 

(Caldeira et al., 2017). 

As it is well known, alterations in inflammatory cytokines (e.g., interleukins [IL]-1, IL-

6), and MMPs, as well as in a disintegrin and metalloproteinase with thrombospondin motifs 

(ADAMTs) and TGF-β signaling pathway, are also involved in the IVD ageing cascade 

(Ohnishi et al., 2020). Specifically, the high level of ECM degradation and the reduction of 

ACAN content may be correlated with an increase of degrading enzymes, including 

ADAMTS - 4 and 5, aggrecanases, MMP-1, MMP-2, MMP-3 and MMP-13, among others 

(Yee et al., 2016). Given that MMPs and ADAMTs are not only responsible for the 
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degradation of COL but also for that of PGs, their increase leads to tissue dehydration as 

well as tearing and cracking formation (Colombier et al., 2014). Thus, it is essential that a 

constant balance between matrix degradation and de novo ECM synthesis is maintained in 

order to preserve IVD physiological structure and function. However, with ageing and 

associated tissue degeneration, this specific mechanism is impaired, ultimately leading to 

fibrosis.  

Recently, differences in the fetal and geriatric lumbar NPs were revealed, by liquid 

chromatography-tandem mass spectrometry. The authors have demonstrated an 

upregulation of several proteins involved in inflammatory response in geriatric tissues, 

particularly LTA and IL-11, which are involved in the IVD degenerative cascade. Moreover, 

vascular endothelial growth factor-A (VEGF-A) was also overexpressed in geriatric NPs 

compared to fetal ones, thus showing an increased vasculogenesis along ageing and 

degeneration (Qiu et al., 2020).  

The described biochemical imbalance of the IVD is responsible for the inhibition of 

matrix turnover with associated tissue modifications. At the end, the IVD function is 

dramatically affected with consequent reduction of disc height and altered biological 

function (Caldeira et al., 2017). Indeed, the NP has scarce capacity to self-repair and the 

accumulation of age-associated alterations leads to a painful pathological onset, as is the 

case of disc herniation. Although ageing is inevitable in the disc, a more comprehensive 

study on the pathological cascade and on the factors involved is needed in order to develop 

specific solutions that could arrest the degenerative scenario at earlier stages.  
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ABSTRACT 

 
Intervertebral disc (IVD) degeneration and the consequent low-back pain (LBP) 

affect over 80 % of people in western societies, constituting a tremendous socio-economic 

burden worldwide and largely impairing patients’ life quality. Extracellular matrix (ECM)-

based scaffolds, derived from decellularized tissues, are being increasingly explored in 

regenerative medicine for tissue repair. Decellularization plays an essential role for host 

cells and antigen removal, while maintaining native microenvironmental signals, including 

ECM structure, composition and mechanical properties, which are essential for driving 

tissue regeneration.  

With the lack of clinical solutions for IVD repair/regeneration, implantation of 

decellularized IVD tissues has been explored to halt and/or revert the degenerative cascade 

and the associated LBP symptoms. Over the last few years, several researchers have 

focused on the optimization of IVD decellularization methods, combining physical, chemical 

and enzymatic treatments, in order to successfully develop a cell-free matrix. 

Recellularization of IVD-based scaffolds with different cell types has been attempted and 

numerous methods have been explored to address proper IVD regeneration.  

Herein, the advances in IVD decellularization methods, sterilization procedures, 

repopulation and biocompatibility tests are reviewed. Additionally, the importance of the 

donor profile for therapeutic success is also addressed. Finally, the perspectives and major 

hurdles for clinical use of the decellularized ECM-based biomaterials for IVD are discussed. 

The studies reviewed support the notion that tissue-engineering-based strategies resorting 

to decellularized IVD may represent a major advancement in the treatment of disc 

degeneration and consequent LBP.  

 

Graphical abstract 
 

 
 

Keywords: Decellularization, recellularization, intervertebral disc, tissue engineering. 



CHAPTER II  
 

INTERVERTEBRAL DISC DECELLULARIZATION: A PROMISE FOR INTERVERTEBRAL DISC 

REGENERATION 
 
 

 
34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER II  
 

INTERVERTEBRAL DISC DECELLULARIZATION: A PROMISE FOR INTERVERTEBRAL DISC 

REGENERATION 
 
 

 
35 

 

1. IVD DEGENERATION AND LBP  

 

The human spine contains 24 intervertebral discs (IVDs) localized between the 

vertebrae (Anderson & Tannoury, 2005) providing flexion, extension and rotation during 

daily activities (Tomaszewski et al., 2015). The IVD is composed of an external region, 

called annulus fibrosus (AF), an internal region, named nucleus pulposus (NP), and the 

endplates that enclose the disc (Figure 1) (Tomaszewski et al., 2015). The AF, formed by 

15-25 concentric lamellae that resist tensile stress (Colombier et al., 2014), is constituted 

mostly by collagen type 1 (Col1) (Oegema, 1993). In turn, the hydrogel-like NP is mainly 

composed of water, proteoglycans (PG) (Galbusera et al., 2014; Iatridis et al., 2007), 

collagen type 2 (Col2) (Urban & Roberts, 2003; Whatley & Wen, 2012) and elastin 

(Galbusera et al., 2014; White & Panjabi, 1990).  

 

 
 

 

Figure 1. Gross anatomy of the IVD and histological comparison of different-age 

bovine IVDs. (a) Lateral view of the spine illustrating the IVD laying between adjacent 

vertebrae. (b) Upper view with the different disc regions – the AF formed by concentric rings 

organized around the central NP. Picrosirius red, alcian blue and H&E staining of (c,c’) 

fetus, (d,d’) young and (e,e’) old disc samples. Glycosaminoglycans (GAGs) are identified 

in blue, whereas collagens are coloured in red. For each image, the left region represents 

the outer AF and on the right is the NP. Note the smaller interlamellar space in fetal discs. 

In older IVDs, the layers present an irregular distribution with an increase in the interbundle 

spaces (optically empty spaces). Images were acquired at magnifications of 5× (c,d,e, scale 

bar 500 μm) and 10× (c’,d’,e’ scale bar 100 μm). 
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Due to this composition, it supports the high compressive loads generated during 

daily activity  (Mwale et al., 2004; Urban & Roberts, 2003; Whatley & Wen, 2012). Finally, 

the endplates, consist of hyaline cartilage (Raj, 2008; Tomaszewski et al., 2015) and control 

the diffusion of solutes and water (Tomaszewski et al., 2015). The disc extracellular matrix 

(ECM) comprises different molecules that are crucial for tissue function (cellular support, 

proliferation, survival, morphogenesis, differentiation and signal transduction, among 

others), as reviewed elsewhere (Molinos et al., 2015; Newell et al., 2017).  

Degeneration of the IVD is one of the most frequent causes of low back pain (LBP) 

(Vos et al., 2012; Waddell, 1996) and occurs with ageing. Disc degeneration is 

characterized by morphological modifications (e.g. collapse of intervertebral space, loss of 

hydration, sclerosis of endplate and osteophyte formation) that affect disc biomechanics, 

particularly spine flexibility (Galbusera et al., 2014). As a result of degeneration, the IVD 

can start to bulge leading to disc herniation, with associated radiculopathy and discogenic 

pain (Martin et al., 2002). Moreover, cellular and biochemical changes occur as a 

consequence of cell density decline and altered matrix turnover (Galbusera et al., 2014). In 

the context of ECM composition, important age-associated alterations in the NP matrisome 

have been recently observed. The amount of fibronectin and prolargin increase with age, 

whereas collagen type XII and XIV are almost exclusively expressed in bovine fetal NPs 

(Caldeira et al., 2017). Others have also described a decrease in PG content, which results 

in water loss, increased expression of proteases as well as changes in collagen crosslinking 

and synthesis patterns (Adams & Roughley, 2006; Colombier et al., 2014; Cs-Szabo et al., 

2002; Duance et al., 1998; Takaishi et al., 1997). As a result of such a homeostatic 

imbalance, the NP becomes much more fibrous and cartilaginous, affecting cell phenotype 

and ECM synthesis, in a degradative cascade that triggers LBP (Adams & Roughley, 2006).  

Current therapies for LBP and IVD degeneration are mostly conservative, being 

addressed to control inflammation and relieve pain (Bydon et al., 2014). However, they do 

not eliminate the underlying pathology and, hence, cannot be considered long-term clinical 

solutions. Surgical treatment, namely discectomy, arthroplasty and lumbar fusion, is usually 

considered when the other options fail (Bydon et al., 2014). Nevertheless, these invasive 

treatments have limitations (Nasser et al., 2010; Onesti, 2004; Swann et al., 2016). 

Subsequent disc degeneration and recurrent herniation are major problems following 

surgery (Swartz & Trost, 2003). Spinal fusion, for instance, has been associated with long-

term adverse consequences, such as dehydration, disc space narrowing, osteophyte 



CHAPTER II  
 

INTERVERTEBRAL DISC DECELLULARIZATION: A PROMISE FOR INTERVERTEBRAL DISC 

REGENERATION 
 
 

 
37 

 

formation and progressive degeneration of the adjacent segment (Schizas et al., 2010). 

Although polyetheretherketone (PEEK) cages have been introduced as an alternative to 

metallic implants (Novotna et al., 2015), due to them presenting a more adequate load 

transfer and increased fusion success rate (Schimmel et al., 2016), their hydrophobic 

surface does not allow for protein absorption or cell adhesion, thus requiring further 

modifications to enhance cell attachment and biocompatibility (Novotna et al., 2015). IVD 

total replacement by a non-biological prosthesis represents an alternative but long-term 

results are limited due to prosthesis wear, often requiring revision surgery. With the lack of 

effective long-term solutions, there is an urgent need to develop novel therapeutic strategies 

that target IVD functional regeneration, improving LBP patients’ lives.  

IVD regeneration has been attempted using different strategies including protein 

injection (Masuda et al., 2006; Walsh et al., 2004), gene transfer (Leckie et al., 2012; Yue 

et al., 2016) and cell implantation (Okuma et al., 2000; Sakai et al., 2005). Still, only few 

treatment options have been effectively translated into the clinic (Veruva et al., 2014). Cell-

based therapies, namely with mesenchymal stem/stromal cells (MSCs), have been used in 

clinical trials, decreasing pain but without signs of tissue regeneration (Orozco et al., 2011). 

Obstacles remain to cell transplantation, including cell leakage, which potentially causes 

undesired extra-discal bone formation (Vadalà et al., 2012) and poor cell survival in the 

harsh IVD microenvironment (acidic pH, low oxygen and limited access of nutrients). 

Several biomaterials have also been developed but much work is still needed to obtain 

clinically successful alternatives. Natural hydrogels (e.g. alginate, chitosan, agarose, 

collagen, chondroitin sulphate) are close to the NP matrix composition but do not meet its 

mechanical requirements (van Uden et al., 2017). In turn, synthetic materials (e.g. 

polyethylene glycol and polyvinyl alcohol) provide better biomechanical properties but have 

poor biocompatibility.  

Decellularized ECM-based scaffolds, have received significant attention and started 

to be widely used in different tissues (cardiac valves, vascular grafts, cornea, etc.) (Mercuri 

et al., 2011). Decellularization is the technique used to remove host cells from tissues or 

organs (Londono & Badylak, 2015). Decellularized scaffolds should provide the same or 

similar microenvironment for seeded cells as native ECM (Xu et al., 2014). Given their pro-

regenerative potential, they are currently being commercialized for many different 

therapeutic applications and could be a promising alternative for IVD regeneration (Gilbert 

et al., 2006). Recently, the combination of decellularized ECM and bioprinting has started 
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to be explored for IVD and cartilage. Although this strategy is still at an early stage, the use 

of this novel technique may improve the design of IVD-based scaffolds (Vernengo et al., 

2020). The present review summarizes recent advances in IVD decellularization and 

discusses the need for novel therapeutic solutions for disc regeneration.  

 

 

2. EVOLUTION OF IVD DECELLULARIZATION  

 

In the last decade, several groups have started to improve IVD decellularization for 

tissue regenerative purposes (Figure 2).  

 

  

 

Figure 2. Brief timeline of major scientific achievements in IVD decellularization. 

 

 

Mercuri and coworkers were the first to achieve NP decellularization, using a 

combination of detergents (Triton and deoxycholic acid), ultrasonication (which greatly 

improved decellularization), and nucleases, to create an acellular porcine NP scaffold 

(Mercuri et al., 2011). Despite its efficacy, matrix disruption was observed as well as a 

reduction in collagen and glycosaminoglycan (GAG) content, still present at physiologically 

relevant levels. Although matrix disruption, and consequent increased porosity, may 
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facilitate cell infiltration, it can also affect scaffold biomechanical properties. In 2013, Chan 

and colleagues succeeded in whole disc decellularization with a protocol based on several 

freeze–thaw cycles and different sodium dodecyl sulfate (SDS) washing temperatures, 

adapted to bovine samples (Chan et al., 2013). This study opened new avenues for whole 

organ decellularization of human IVDs, which can be attractive for the development of more 

accurate models to study IVD development and associated pathologies that recapitulate 

unique features and functions of native tissue. Nevertheless, whole disc decellularization 

remains a challenge due to the dense nature of the tissue, which can constitute an obstacle 

for treatment efficiency (Illien-Junger et al., 2016). The only laboratory that proposed human 

IVD decellularization was that of Schulze-Tanzil. The authors combined freeze–thawing, 

trypsin digestion, SDS, and Triton treatments to decellularize human discs (Huang et al., 

2016).   

Two teams achieved porcine AF decellularization using different protocols (Wu et 

al., 2014; Xu et al., 2014). Liu and colleagues developed a hybrid hydrogel from 

decellularized AF and chitosan, using genipin as a crosslinker (Liu et al., 2019).  

The focus has recently shifted to the development of injectable biomaterials for 

minimally invasive applications. Iatridis’ laboratory identified a shorter sodium deoxycholate 

(SDC)-based method for bovine NP decellularization using lyophilized ground fragments, 

which improved decellularization and implantation (Illien-Junger et al., 2016). In 2017, 

Wachs and coworkers went a step further and obtained a hydrogel from decellularized 

porcine IVD tissue by digesting dried scaffolds in an acidic solution further neutralized with 

sodium hydroxide (Wachs et al., 2017). Despite being highly biocompatible, easy to 

produce, and attractive for minimally invasive applications, hydrogels show lower 

viscoelastic properties. Zhou and colleagues upgraded the acellular biomaterial by 

combining porcine fragments with chondroitin sulphate, which halted IVD degeneration in 

vivo (Zhou et al., 2018). This strategy is ideal to supplement the matrix with components 

lost with decellularization (e.g., GAGs), which have a crucial role for tissue function and, at 

the same time, improve scaffold biomechanics. 

 

2.1. IVD DECELLULARIZATION METHODS  

 

Several decellularization procedures and agents have been investigated to 

overcome matrix disruption and preserve its composition. However, most decellularization 
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methods affect ECM properties at least to some extent. Optimal decellularization methods 

vary from different tissues or organs, depending on specific features: tissue size, thickness, 

shape, cell and matrix density (Vernengo et al., 2020; White et al., 2017). Following 

decellularization, the efficiency of the process can be evaluated considering several 

aspects, including the presence of DNA and cell removal. As such, acellular scaffolds 

should have less than 50 ng double – stranded DNA (dsDNA)/mg ECM dry weight, less 

than 200 bp DNA fragment and no visible cell nuclei (Gilpin & Yang, 2017). Also, matrix 

proteins content (collagen, laminin, fibronectin, GAGs, growth factors) as well as 

mechanical properties should be analyzed and maintained as close to native tissue as 

possible (Gilpin & Yang, 2017). In the end, even if cell residues such as DNA, RNA, cell 

membrane and debris remain, the decellularized scaffold needs to be biocompatible to 

avoid immune or inflammatory reactions (Crapo et al., 2011). Cell removal should be 

maximized while minimizing adverse effects on ECM composition, biological activity, 

integrity and biomechanical properties (Hoshiba et al., 2010). An overview of the most 

commonly used decellularization methods (physical, chemical and enzymatic) is shown in 

Figure 3 (for further details see Table 1).  

 
 

 
 

Figure 3. Overview of decellularization strategies. Tissue decellularization can be 

performed by using physical (freeze-thawing, mechanical agitation, sonication, 

electroporation), chemical (acids or bases, hypotonic or hypertonic solutions, ionic or non-

ionic detergents and zwitteronic detergents) and enzymatic (nuclease, trypsin, dispase) 

methods. For details, see Table 1. 
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Table 1. Overview of agents and methods commonly used for decellularization. 
 

Agent/Methods Mechanism of action ECM effect References 

Physical methods 

Freeze-thawing 
Induces cell lysis by ice 

crystal formation 

Preserves ECM proteins and 
mechanical properties. ECM 
can be disrupted with rapid 

freezing  

 
(Crapo et al., 

2011) 
(Gilbert et al., 

2006) 
(Gilpin & Yang, 

2017) 
 

Mechanical 
agitation 

Promotes diffusion of 
solutions into the tissue and 

removal of cellular debris 

ECM structure damage with 
aggressive agitation or 

sonication 

 
(Gilbert, 2012) 
(Gilbert et al., 

2006) 

Electroporation 
Disrupts cell membranes by 

electrical pulse 
Disrupts ECM structure 

 
(Crapo et al., 

2011) 
 

Chemical agents 

Acids and bases 
Denature proteins, solubilize 
cytoplasmatic elements and 

disrupt nucleic acids 

Damage ECM components, 
particularly collagen, GAGs 

and growth factors 

(Crapo et al., 
2011) 

(Fu et al., 2014) 

Hypotonic and 
hypertonic 
solutions 

Provoke cell lysis by osmotic 
shock and disruption of cell 

membranes 

Enable cell debris washout 
from the tissue 

 
(Gilbert et al., 

2006) 
(akbari zahmati et 

al., 2017) 
 

 
Ionic detergents: 
sodium dodecyl 

sulphate  
 

 
 
 

Solubilizes membrane 
proteins 

 
 
 
 

Successfully removes cells 
from dense tissues and 

organs 
 

Perturbs tissue structure 
resulting in loss of GAGs 

and collagen integrity 

(Boccafoschi et 
al., 2017) 

(Crapo et al., 
2011) 

(Fu et al., 2014) 
(Seddon et al., 

2004) 

 
Ionic detergents: 

sodium 
deoxycholate 

 
Solubilizes cells and nucleic 

membranes 

 
Denatures ECM proteins, 

resulting in GAGs and 
collagen loss 

 

 
(Cheng et al., 

2009) 
(Seddon et al., 

2004) 
(White et al., 

2017) 
 

 
Non-ionic 
detergent:  

Triton X-100 

 
Disrupts lipid-lipid and lipid-

proteins interactions and, to a 
lesser degree, protein-protein 

interaction 
 

 
Less effective in DNA 

removal 
 

Disrupts ECM structure with 
GAGs loss 

 
(Boccafoschi et 

al., 2017) 
(Crapo et al., 

2011) 

Non-ionic 
detergent: 
zwitterionic 
detergent 

Mixed properties of non-ionic 
and ionic detergents 

 
Removes cells from tissue 
with minimum disruption 

 
More efficient in thin (e.g., 

lung) rather than tick tissues 
 

 
 
 

(Crapo et al., 
2011) 
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Table 1. Overview of agents and methods commonly used for decellularization. 
 

Agent/Methods Mechanism of action ECM effect References 

Biological enzymes 

Nucleases 
Hydrolyse ribonucleotide and 
deoxyribonucleotide chains 

 
Remove DNA from tissues  

 
Enzyme residuals can 
provoke an immune 

response 
 

(Crapo et al., 
2011) 

(Keane et al., 
2015) 

(Vernengo et al., 
2020) 

Trypsin 

Cleaves peptide bonds on the 
carboxyl side of arginine or 

lysine 
 

Effective as a 
decellularization adjuvant; 

however, long exposure can 
disrupt tissue structure and 

remove ECM proteins 

 
(Crapo et al., 

2011) 
(Keane et al., 

2015) 
 

Dispase 
Cleaves fibronectin and 

collagen IV 

 
Used for several tissues 
(e.g., porcine skin and 

corneas), however needs to 
be combined with additional 
agents to perform efficient 

decellularization 
 

It can damage ECM 
structure and remove 

fibronectin and collagen IV 
with long exposure 

 

(Crapo et al., 
2011) 

(Keane et al., 
2015) 

 

 

In recent years, decellularization is being widely investigated as a novel strategy to 

develop functional substitutes for allogenic transplantation and resolve the major problems 

encountered in the clinic, such as donor shortage and immunosuppression (Tapias & Ott, 

2014). Although several decellularized ECM scaffolds have already been approved by the 

Food and Drug Administration (FDA) and are being commercialized for clinical applications 

(Alloderm®, SurgiSIS®, Restore®, ACell, Synergraft®) (Gilbert et al., 2006), many 

challenges remain. Several attempts have been made to develop an ideal IVD 

decellularization protocol through the combination of numerous enzymatic, physical and 

chemical methods (Table 2) but a satisfactory method is still to be defined. GAGs loss after 

decellularization is one of the major issues to be solved. Large amounts of GAGs could 

improve IVD biomechanical properties after decellularization, namely by increasing ECM 

compressive properties. Recent research is focusing on the development of more efficient 

and milder protocols that could preserve GAGs in IVD-based scaffolds (Vernengo et al., 

2020). 
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Table 2. Summary of the different strategies used for IVD decellularization and key outcomes reported for the optimal procedures. 

 

 

 

 

  Physical 
Treatment 

time* 

Chemical Enzymatic 

Others Results Key outcomes References 
 

Animal Sonication 
Freeze-

thaw 
EDTA 

Triton 
X-100 

Triton 
X-200 

SDC NaN3 SDS Dnase Rnase  

 NP tissue decellularization 

 

Porcine 

- 

- 

19 h, 39 h, 
72 h 

0.10 % 

0.15 % 

- 

0.25 % 

0.02 % - 
720 

mU/mL 
720 

mU/mL 
EtOH 

- 

ECM  
retention 

DNA 
removal 

Mercuri et al. 
(2011) 

 0.10 % 0.15 % GAGs: 49 % loss 

98.44 % 

 0.05 % 0.05 % Collagen:  
75.24 μg/mg 

(decellularized); 
36.20 μg/mg 

(native) 

 0.60 % 1 % 
 

3X; 10 min 72 h 
0.15 % 0.25 % 

 0.60 % 1 % Optimal 

 Porcine 3X; 10 min - 72 h 0.10 % 0.60 % - 1 % 0.02 % - 
720 

mU/mL 
720 

mU/mL 
Peracetic 

acid (0.1 %) 
Optimal Not determined 

Mercuri et al. 
(2013) 

 

Bovine 

6X 

- 

72 h 

0.20 % 

0.64 % 

- 

1 % 0.02 % 

- 

720 
mU/mL 

720 
mU/mL 

- 

- 

ECM  
retention 

DNA 
removal 

Fernandez  
et al. (2016)  

 12X 

0.6 % 

 
 
 

GAGs: 69.68 % 
loss 

 
Collagen: 

13.87 µg /mg 
(decellularized); 

 8.63 µg /mg 
(native) 

92.77 % 

 6X 
6 d 

 12X 

 6X 

72 h 

1440 
mU/mL 

1440 
mU/mL 

 

3X 
720 

mU/mL 
720 

mU/mL 

 0.40 % 1.20 % 2 % 0.04 % 

 

0.20 % 0.60 % 
1 % 

0.02 % 

EtOH 30 min 

 EtOH 60 min 

 EtOH 45 min 

 - 

-  2.21 mmol/L - - - 0.40% 

 0.40 % 1.20 % - 0.02 % - Optimal 
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Table 2. Summary of the different strategies used for IVD decellularization and key outcomes reported for the optimal procedures. 

 

 

 

 

 

 

 

 

 Physical 
Treatment 

time* 

Chemical Enzymatic 

Others Results Key outcomes References 
Animal Sonication 

Freeze-
thaw 

EDTA 
Triton 
X-100 

Triton 
X-200 

SDC NaN3 SDS Dnase Rnase 

NP cell-derived matrix decellularization 

Rabbit - - 

1 h 

- 

2 % 

- - 

- - - - 

- 

- 

ECM  
retention 

DNA 
removal 

Yuan et al. 
(2013) 

- 3 %  
 
 

GAGs: ~0.1 µg 
(decellularized) 

 
Collagen:  ~10 µg 
(decellularized) 

~  100 % 

- 

 

SDC 0.5 % 

1 h SDC 1 % 

- SDC 2 % 

1 h 30 min 

0.14 % - 

50 mmol/L 
SB-10 + 0.6 

mmol/L  
SB-16 

Optimal 

1 h 30 min 

125 mmol/L 
SB-10 +  

0.6 mmol/L  
SB-16 

- 
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Table 2. Summary of the different strategies used for IVD decellularization and key outcomes reported for the optimal procedures. 

 

  Physical 
Treatment 

Time* 

Chemical Enzymatic 

Others Results 

 

References  Animal Sonication 
Freeze-

thaw 
EDTA 

Triton 
X-100 

Triton 
X-200 

SDC NaN3 SDS Dnase Rnase 
Key outcomes 

 AF decellularization 

 Porcine - 
5X (22 h  
-80 °C;  

2 h 37 °C) 
48 h - - - - - 0.10 % 50 U/mL 1 U/mL 

APR 
(10 KIU/mL) 

Optimal 

ECM  
retention 

DNA 
removal 

Wu et al. 
(2014) 

GAGs: 15.9% loss 
 

Collagen: 
96.72 µg/mg 

(decellularized) 
and 98.65 µg/mg 

(native) 

86 % 

 

Porcine - 

- 

72 h 

0.10 % 

3 % 

- - - 

- 

0.2 
mg/mL 

0.2 
μg/mL 

APR 
(10 KIU/mL) 

Optimal 
ECM  

retention 
DNA 

removal 

Xu et al. 
(2014) 

 
3X (3 h 
 -80 °C;  
4 h RT) 

- 

0.50 % 

- 

GAGs: 
 ~40 µg/mg 

(decellularized); 
~50 µg/mg 

(native) 
 

Collagen: 
  not significant 

differences 

No presence 
(qualitative 
analysis) 

 - 0.20 % - 20 μg/mL 
Trypsin 
(0.50 %) 

 

Porcine 

 
22 h  

­80 °C;  
2 h 37 °C 

24 h 

0.10 % 

- 

- - - 

0.10 % 

50 U/mL 1 U/mL 
APR 

(10 KIU/mL) 

- 

ECM  
retention 

DNA 
removal 

Wu et al. 
(2017) 

  

22 h liquid 
nitrogen;  
2 h 37 °C 

GAGs:  
114.77 µg/mg 

(decellularized) 
and 121.63 µg/mg 

(native) 
 

Collagen: 
151.73 µg/mg 

(decellularized) 
and 153.63 µg/mg 

(native) 

85.7 % 

  

 - 1 % - 

  

- 0.10 % 

Optimal 

  48 h 

- 
  72 h 

 Rabbit - - 24 h - 1 % - - - - 50 U/mL 1 U/mL 
Trypsin 
(0.25 %) 

Optimal Not determined 
Liu et al. 
(2019) 
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Table 2. Summary of the different strategies used for IVD decellularization and key outcomes reported for the optimal procedure.   

Note: *Treatment time for detergent solutions. RT: room temperature. 

  

  Physical 
Treatment 

time* 

Chemical Enzymatic 

Others Results 

 

References 
 Animal Sonication 

Freeze-
thaw 

EDTA 
Triton 
X-100 

Triton 
X-200 

SDC NaN3 SDS Dnase Rnase 
Key outcomes 

 Whole disc decellularization 

 

Bovine - 

6X  
(1 h 

37 °C;  
1 h liquid 
nitrogen) 

6 h 

1X - - - - 0.10 % - - - 

- 

ECM retention DNA 
removal 

Chan et al. 
(2013) 

 24 h GAGs: 
557.46 µg/mg 
(decellularized 
NPs); 574.74 
µg/mg (fresh 

NPs);  
233.42 µg/mg 
(decellularized 
AFs); 277.54 
µg/mg (native 

AFs) 
Collagen:  
qualitative 

71 % of  
NP cells 
and 76 % 
of AF cells 
removal 

 48 h Optimal 

 Bovine 3X; 10 min 

3X  
(2 h -
80 °C;  

22 h RT) 

72 h 0.20 % 1.20 % - - 0.02 % - 
720 

mU/mL 
720 

mU/mL 

Distilled 
water, EtOH 

(30 min), 
peracetic acid 

(0.1 %) 

Optimal 

ECM retention DNA 
removal 

Hensley et 
al. (2018) 

GAGs: 
AF: 56.84% loss 

NP: 45% loss 
Collagen: 
qualitative 

AF: 73 % 
NP: 84 % 

 Human IVD decellularization 

 

Human - 

6X  
(4 h -
20 °C;  
30 min 
37 °C) 

72 h 0.04 % 3 % - - - 2% - - 

Trypsin 
(0.25 %), 
 EtOH (20 

min) 

Optimal 

ECM retention DNA 
removal 

Huang et al. 
(2016) 

 
GAGs:  

 ~500 µg/ml 
(decellularized); 

~1000 µg/ml 
(native)  

Collagen: 
 No significant 

differences 

No 
significant 
decrease 
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2.2. NP TISSUE DECELLULARIZATION  

 

Simionescu’s group was the first to establish a decellularization protocol for the IVD 

(Mercuri et al., 2011). They were able to create a porcine decellularized NP-based scaffold 

by using a combination of Triton X-100 and deoxycholic acid detergents, ultrasonication 

and nucleases (DNAse and RNAse). Although the protocol was efficient in removing cells 

from the NP, it also affected tissue ultrastructure as well as ECM composition, leading to a 

49 % GAGs loss. Decellularized scaffolds contained nearly twice as much collagen as fresh 

tissues (decellularized NPs: 75.24 μg/mg; fresh NPs: 36.20 μg/mg). This apparent increase 

corresponds to a decrease in other tissue components (Mercuri et al., 2011). After 

optimizing decellularization conditions, they showed higher Col2 expression in porcine 

explants seeded with human adipose-derived stem cells (ADSCs), when cultured in a 

differentiation medium as compared to normal Dulbecco’s modified Eagle medium (DMEM) 

at days 7 and 14 (9-fold vs. 2-fold increase, respectively). Expression of PAX-1, SOX9, 

COL3 and TIMP-1 was also upregulated. Additionally, GAG content of seeded scaffolds 

cultured in differentiation medium was significantly higher than for non-seeded ones, after 

7 days (non-seeded NPs: 18.3 μg/mg; repopulated NPs: 34.74 μg/mg) and 14 days (non-

seeded NPs: 20.6 μg/mg; repopulated NPs: 46.28 μg/mg) (Mercuri et al., 2013). Recently, 

the same group performed a screening of different conditions to decellularize bovine NPs. 

The authors increased treatment time as well as amount of detergents and concentration 

of DNAse used. They found that 1.2 % of Triton X-100 treatment for 72 h combined with 

ultrasonication was the optimal procedure for bovine samples. An ethanol wash prior to 

decellularization was used to guarantee total detergent absorption. This protocol removed 

93 % of DNA, while retaining around 30 % of GAGs and high collagen levels (decellularized 

NP: 13.87 µg hydroxyproline [HYP]/mg sample dry weight; native NPs: 8.63 µg HYP/mg 

sample dry weight). Mechanical features resembled those of native NPs. It is still necessary 

to discover whether a similar protocol without sonication would be less disruptive to the 

ECM structure (Fernandez et al., 2016). Indeed, ECM architecture of bovine NP was 

disrupted following decellularization, when ultrasonication was applied (unpublished data). 

 

2.3. NP-CELL-DERIVED MATRIX DECELLULARIZATION  

 
Yuan et al. (2013) focused on the decellularization of in-vitro-derived rabbit NP 

matrices (deposited onto collagen microsphere templates), which were used to instruct 
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human MSC differentiation towards NP-like lineages. A combinatorial protocol of Triton X-

200 with sulphobetaine (SB)-10 and SB-16 avoided fast transitions of detergents to water, 

causing less structural damage than using them separately. Zwitterionic and anionic 

detergents removed most cell components while retaining around 0.1 µg/100 µL of 

solubilized GAGs from 30 microspheres and 10 µg of collagen per 100 µL of sample digest, 

by generating smaller surfactant micelles that were able to easily penetrate into the tissue. 

Higher detergent concentrations might have had reduced decellularization effectiveness 

since emulsifying micelles were too large to penetrate into the collagen microspheres (Yuan 

et al., 2013). The obtained scaffolds were further characterized by proteomics, 

demonstrating partial preservation of the ECM microenvironment (Yuan et al., 2018).  

 

2.4. AF DECELLULARIZATION  

 

Concerning the development of acellular AFs, Huang’s lab used a combination of 

repeated freeze-thawing followed by incubation in 0.1 % SDS for 48 h to decellularize 

porcine tissue (Wu et al., 2014). A reduction of 86 % in DNA content and 16 % in GAGs 

was achieved in decellularized AF-based scaffolds when compared to fresh ones. No 

significant differences were seen in collagen content (fresh AF: 98.65 μg/mg; decellularized 

AF: 96.72 µg/mg). Although stiffness and Young’s modulus have exhibited a tendency to 

decrease after decellularization, these differences were not statistically significant (Wu et 

al., 2014). In contrast, Xu et al. (2014) compared different AF decellularization protocols 

and demonstrated that 3 % Triton X-100 treatment for 72 h was better than a freeze-thawing 

combination with a 0.5 % SDS treatment or even a trypsin-based enzymatic method. In this 

study, the Triton X-100-based protocol enabled the maintenance of biomechanical 

properties without affecting tissue structure and, also, retained the highest GAG content (~ 

40 µg GAG/mg dry weight) (Xu et al., 2014). 3 years later, Huang’s group validated the 

previous results but reducing the treatment time to 24 h, given that extension of the 

decellularization time had a greater effect on collagen (fresh AF: 120.94 μg/mg; 

decellularized AF for 24 h: 109.72 μg/mg; decellularized AF for 48 h: 94.18 μg/mg; 

decellularized AF for 72 h: 89.80 µg/mg) and GAGs (fresh AF: 96.09 μg/mg; decellularized 

AF for 24 h: 82.77 μg/mg; decellularized AF for 48 h: 47.49 μg/mg; decellularized AF for 72 

h: 14.44 µg/mg) content (Wu et al., 2017). Finally, Liu et al. (2019) created a hydrogel by 

combining rabbit decellularized AF, chitosan and genipin as crosslinker. The tissue was 

decellularized using a similar protocol to that of Huang’s group after tissue digestion with 
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trypsin. Basic fibroblast growth factor (bFGF) incorporation promoted expression of ECM 

genes and corresponding proteins in the supernatants of seeded rabbit AF stem cells (Liu 

et al., 2019).  

 

 

2.5. WHOLE DISC DECELLULARIZATION  

 
Chan et al. (2013) reported, for the first time, decellularization of an entire bovine 

IVD (including the endplates). They tried different SDS washing temperatures and freeze-

thawing cycles to preserve GAG and collagen content. With 6 freeze-thaw cycles followed 

by 48 h washing with SDS 0.1 % at 4 °C, the authors succeeded in removing over 70 % of 

the cells in both the AF and NP. The protocol was improved by increasing the number of 

freeze-thaw cycles, which completely abolished metabolic activity of the remaining cells. 

After decellularization, both NP and AF maintained a GAG content similar to native tissue 

(fresh NP: 574.74 µg/mg; decellularized NP: 557.46 µg/mg; fresh AF: 277.54 µg/mg; 

decellularized AF: 233.42 µg/mg). Mechanical properties were also preserved. This enabled 

NP cell penetration after 7 days in culture (Chan et al., 2013).  

5 years later, Mercuri’s group also tried to decellularize a complete disc xenograft. 

To obtain large (C1-C4) acellular bovine scaffolds, they used a longer Triton-based protocol 

[adapted from the one for NP (Fernandez et al., 2016)]. However, unlike (Chan et al., 2013), 

they did not include the cartilaginous endplates. No significant differences were observed 

in swelling pressure or in toe-region modulus between decellularized and native tissues. 

However, decellularized IVDs showed a decrease of linear-region moduli, peak stress and 

equilibrium moduli (Hensley et al., 2018). 

 

2.6. HUMAN IVD DECELLULARIZATION  

 
In 2016, Schulze-Tanzil’s lab was able to decellularize human IVDs from elder 

individuals undergoing spinal fusion or disc replacement. They adopted a protocol based 

on the combination of freeze-thawing, trypsin digestion and chemical detergents (2 % SDS 

and 3 % Triton X-100). Although decellularized IVDs contained almost half the GAGs 

content, as compared to native tissues, matrix architecture was maintained within the 

decellularized IVD cylindrical punches. Although cell removal was gauged by lack of nuclear 

and H&E staining, no significant differences were observed in total DNA content by the 
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CyQuant Assay. In addition, despite the larger numbers of human IVD cells found in 

repopulated scaffolds, only differentiated MSCs were capable of increasing collagen and 

GAG content (Huang et al., 2016). 

 

 

3. INJECTABLE STRATEGIES FOR DECELLULARIZED MATRIX 

ADMINISTRATION  

 
In recent years, the use of ECM-based scaffolds has advanced with the 

development of injectable and biocompatible hydrogels (Hussey et al., 2018).  

Hydrogels are defined as highly hydrated polymer materials that are able to preserve 

their structural integrity by physical and chemical crosslinks between chains (Saldin et al., 

2017). The development of hydrogels from decellularized tissue is guided by the presence 

of biochemical factors and proteins of decellularized tissue through a collagen-based self-

assembly process (Saldin et al., 2017). Injectable ECM-based hydrogels can be formed 

mainly using two different methods. The first approach consists of grinding or milling the 

ECM into a fine powder, followed by resuspension in a solvent prior to injection. The second 

method consist of digesting enzymatically the ECM in an acidic solution and subsequently 

neutralizing the pH and salt concentration to mimic in vivo physiological conditions. After 

digestion, the ECM can form a hydrogel by thermal crosslinking (Spang & Christman, 2018). 

Pepsin is the most used enzyme for tissue solubilization, since it digests most protein 

structures (Hulmes, 2008) and hydrolyses collagen (León-López et al., 2019). However, 

dispase can be an alternative for soft tissues (Saldin et al., 2017).  

In the disc field, hydrogels provide biochemical and biological signals to drive NP 

repair and regeneration and constitute a promising cell delivery system for minimally 

invasive strategies to treat IVD degeneration.  

Illien-Junger et al. (2016) were able to develop decellularized injectable bovine NP 

fragments by using a protocol based on SDC. Prior to treatment, all samples went through 

a process of freeze-thawing, lyophilization and grinding to increase surface area, facilitating 

fragment suspension. To test its injectability, the hydrated ECM suspension was transferred 

into a dual-barrel syringe and injected through a 25-G needle into an injured IVD. Apart from 

the optimal protocol using 2 % deoxycholate and DNAse, other treatments tested included 

additional decellularization steps with 2 % SDS and 0.1 % Triton X-100. These alternatives 
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produced looser scaffolds with thicker fibers and resulted in increased DNA levels with 

minimal GAG and collagen content. Interestingly, several cell-seeded constructs were 

immersed in low-melting-point agarose to create a protective shell that avoided swelling 

and dissociation. No cytotoxicity was observed, neither with human NP cells nor MSCs, 

after 21 days in culture (Illien-Junger et al., 2016).  

Lin et al. (2016) were also able to develop ECM microparticles from decellularized 

rabbit IVD by grinding the tissues. Following homogenization, the obtained microparticles 

were passed through a sieve and their size was confined to smaller than 200 µm. Acellular 

IVD derived-microparticles injected using a 27-G needle prevented disc degeneration in a 

rabbit model, by increasing water level and disc height as well as ECM integrity and content 

(Lin et al., 2016). 

Lin and co-workers optimized porcine NP decellularization using an SDS-based 

method that could remove up to 95.1 % of DNA and still maintain tissue microstructure and 

ECM components, particularly collagen (decellularized NP: 174.8 μg/g; native NP: 90.3 

μg/g). However, GAGs decreased after decellularization (decellularized NP: 19.33 μg/mg; 

native NP: 22.84 μg/mg). Moreover, mass spectrometry revealed the presence of important 

signalling molecules (e.g. lactadherin, metallopeptidase inhibitor 1 and alpha-1-antitrypsin) 

in NP-ECM scaffolds, which are involved in several cell activities. Particularly, transforming 

growth factor beta – 1 (TGF-β1), a protein associated with NP cells differentiation, was also 

detected. After repopulation with MSCs, NP-related genes (COL2A1, ACAN and SOX9) 

were upregulated in the NP-ECM scaffolds when compared to the controls as well as TGF-

β receptor 2 (TGF-βR2) at an early culture stage (3 days). Finally, immunofluorescence (IF) 

showed higher synthesis of NP-cell-related proteins (ACAN and SOX9) in the repopulated 

scaffolds. These results suggested that NP-ECM scaffolds were able to induce MSC 

differentiation towards NP-like cells through the activation of TFG-β1 signalling pathway (Xu 

et al., 2019). After reseeding, decellularized NPs were cut into small pieces to allow the 

passage through a 25-G needle. Following resuspension, ECM fragments were injected 

into a rabbit model of disc degeneration. Following 4 and 8 weeks of injection, NP structure 

and IVD disc height were preserved, when compared to a degenerated IVD group. Although 

PG were partially lost, as shown by a reduction of safranin O staining, the typical ECM 

network structure was still maintained at 8 weeks upon injection. Overall, reseeded 

scaffolds were able to delay disc degeneration in vivo (Xu et al., 2019). 



CHAPTER II  
 

INTERVERTEBRAL DISC DECELLULARIZATION: A PROMISE FOR INTERVERTEBRAL DISC 

REGENERATION 
 
 

 
52 

 

Wachs et al. (2017) developed, for the first time, a NP-based hydrogel from porcine 

tissue. The protocol was based on the combination of SB-10, Triton X-200 and SB-16 

detergents and similar to that used by Yuan et al. (2013) for in-vitro-derived matrices. 

Instead of injecting a resuspension of lyophilized particles as in Illien-Junger et al. (2016), 

dried scaffolds were digested in an acidic solution and then neutralized with sodium 

hydroxide. The newly formed hydrogel retained native tissue architecture and was used to 

culture human NP cells that were able to acquire an elongated morphology and increased 

their GAG content over time, specifically from around 100 ng/mg on day 7 to 250 ng/mg on 

day 21 (Wachs et al., 2017). 

Yu and colleagues created an injectable and thermosensitive decellularized NP-

based hydrogel from bovine tissue, suitable for minimally invasive applications. Following 

decellularization with a combination of freeze-drying and SDS 1 % treatments, tissues were 

lyophilized, ground to a powder and digested in an acidic solution, using a similar method 

to that of (Wachs et al., 2017). Afterwards, digested NPs were turned into hydrogels at 37 

°C. The hydrogels were not cytotoxic and were well tolerated (Yu et al., 2020). 

Zhou et al. (2018) decellularized porcine NPs using Wachs' protocol (Wachs et al., 

2017). As Illien- Junger et al. (2016) and Lin et al. (2016) had done earlier, they fragmented 

the decellularized samples. Since decellularization treatments can affect ECM 

ultrastructure, with a decrease in protein content, particularly GAGs, Zhou and colleagues 

decided to supplement the acellular scaffold with chondroitin sulphate (20 mg/mL) to obtain 

a GAG/HYP ratio similar to that of the native tissue. Human or rabbit ADSCs were 

encapsulated and this gel crosslinked using 0.02 % genipin (higher genipin concentrations 

were cytotoxic). The hydrogel was able to induce NP-like differentiation in vitro and partially 

recover the degenerated NP in vivo, in a rabbit IVD degeneration model (Zhou et al., 2018). 

Finally, Peng and colleagues developed an injectable genipin-crosslinked decellularized AF 

hydrogel (g-DAF-G) from bovine tissue that was able to direct human bone marrow – 

derived mesenchymal stem cells (BM-MSCs) differentiation towards an AF-cell-like 

phenotype in vitro. AF decellularization was achieved by using a combination of freeze-

drying cycles, Triton X-100 (2 %) and SDS (1 %) detergents and sterile water. After 

lyophilization, decellularized AF samples were digested in 0.01 mol/L HCl containing 1.5 

mg/mL pepsin under moderate agitation for 48 h to create a decellularized AF-based 

hydrogel (DAF-Gs). Finally, hydrogels were crosslinked using genipin, forming g-DAF-G. 

The storage modulus (G’) of g-DAF-G was superior to that of DAF-G and increased with 
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higher concentration of genipin (DAF-G: 465.51 Pa; 0.01 % genipin: 2.57 MPa; 0.02 % 

genipin: 3.29 MP; 0.04 % genipin: 4.34 MPa). Therefore, g-DAF-G showed improved 

biomechanical properties when compared to DAF-G (Peng et al., 2020). 

Apart from being used for hydrogel formation, solubilized decellularized matrices 

can also be used as coating of 2D substrates by adsorbing ECM proteins onto a tissue 

culture surface, as has been performed for other tissues (Agmon & Christman, 2016; 

DeQuach et al., 2010; Lee et al., 2014). Despite that they no longer retain native tissue 

architecture, coated plates will provide biochemical signals that can be sensed by the 

seeded cells, which will change their behaviour accordingly. 

 

 

4. STERILIZATION OF DECELLULARIZED IVD MATRICES  

 

Considering that implant-associated infections are one of the major issues halting 

the widespread use of biomaterials in the clinics (Campoccia et al., 2006; Li & Webster, 

2018), the optimization of the sterilization methods for ECM-based scaffolds is crucial 

before their clinical application.  

Acidic solutions or solvents, heat treatment, ethylene oxide exposure, iodine and 

irradiation (gamma or electron beam), represent some of the methods available for scaffold 

sterilization. Freeze-drying and supercritical carbon dioxide are also currently being tested 

(Dai et al., 2016). A combination of different techniques can be required to achieve complete 

removal of viral or bacterial contaminants from biomaterials. Sterilization conditions should 

be tightly controlled and post-sterilization effects evaluated individually. Problems that might 

arise from matrices’ sterilization include insufficient cell penetration upon repopulation, 

incomplete microorganism inactivation, cell toxicity and loss of integrity (Crapo et al., 2011; 

Dai et al., 2016). Therefore, sterilization can compromise efficiency of biomaterials. Several 

approved and standardized methods of sterilization (e.g. heat, pressure, irradiation, 

chemical agents, supercritical carbon dioxide and ionised gas plasma) can induce 

degradation of ECM components, thus modifying its physiological and biomechanical 

properties (Fidalgo et al., 2018).  

One option that has been used for IVD scaffold culture in sterile conditions is the 

addition of antibiotics or antifungal solutions such as sodium azide or a combination of 
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penicillin and streptomycin (Lin et al., 2016; Mercuri et al., 2013; Yuan et al., 2013). 

Peracetic acid (0.1 % or 0.01 %) might also be used in combination with an antibiotic 

infusion (Mercuri et al., 2013; Zhou et al., 2018). 70 % ethanol is another alternative (Huang 

et al., 2016; McGuire et al., 2017; Mercuri et al., 2011) although the final objective of at least 

some of the authors does not seem to be sterilization but only tissue dehydration 

(Fernandez et al., 2016; Huang et al., 2016). In addition, it can denature proteins, dehydrate 

ECM and affect cell-ECM interactions (Poornejad et al., 2015).  

Xu et al. (2019) used gamma irradiation to sterilize porcine NP scaffolds. 

Nevertheless, at least for porcine renal decellularized matrices, Poornejad et al. (2015) 

showed that 0.2 % peracetic acid in 1 mol/L NaCl solution presented the best results in 

terms of GAG content and ECM structure preservation, rather than gamma-irradiation, 

ethanol alone or even peracetic acid in 4 % of alcohol. In this study, gamma-irradiation was 

the most damaging sterilization method since it caused modification of tissue microstructure 

and considerable reduction of ECM components (collagen and GAGs) as well as increased 

tissue porosity and altered mechanical properties. Significant decrease of cell adhesion and 

proliferation after scaffold repopulation were also observed (Poornejad et al., 2015). 

Badylak’s group demonstrated that a high dose of gamma-irradiation (30 kGy) prevented 

hydrogel formation from ECM of several tissues (porcine intestinal submucosa, liver and 

urinary bladder, bovine bone), when compared to the supercritical CO
2 

method (White et 

al., 2018). Finally, Peng et al. (2020) adopted a combination of 95 % alcohol fumigation and 

ultraviolet irradiation to sterilize lyophilized decellularized AF tissues.  

All in all, it is crucial to choose an adequate sterilization method to maximize the 

properties and in vivo performance of biomaterials (Destefani et al., 2017).  

 

 

5. RECELLULARIZATION OF DECELLULARIZED IVD SCAFFOLDS  

 

After decellularization, acellular scaffolds can be repopulated with specific cell 

sources to reconstitute a healthy ECM and enhance the regenerative process. Choosing 

the appropriate cell source for recellularization is a complex issue that needs to be 

extensively studied.  
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Native IVD cells are widely used to recellularize IVD-based scaffolds, since they 

already present a chondrocyte-like phenotype and have shown positive outcomes (Chan et 

al., 2013; Ganey et al., 2003; Gruber et al., 2002). However, other cell types and different 

repopulation methods have been widely investigated. As summarized in Table 3, successful 

recellularization of IVD scaffolds [either injectable (Illien-Junger et al., 2016; Lin et al., 2016; 

Peng et al., 2020; Wachs et al., 2017; Xu et al., 2019; Yu et al., 2020; Zhou et al., 2018) or 

not] has already been reported with bovine (Chan et al., 2013)  and human (Illien-Junger et 

al., 2016; Wachs et al., 2017) NP cells as well as with rabbit (Liu et al., 2019) [either stem 

or not (Xu et al., 2014)] and human (Huang et al., 2016) AF cells.  

At first glance, healthy human IVD cells seem to be the ideal cell source. 

Nevertheless, they represent only a small population in the disc and their isolation is a 

complex process due to ethical issues in using healthy young volunteers and a high risk of 

tissue disruption. Alternatively, IVD cells can be collected from patient’s undergoing spinal 

surgeries. However, their degenerative phenotype can negatively impact the subsequent 

regenerative cascade in the context of a therapeutic approach. Nevertheless, IVD cells’ 

behaviour will better mimic the response within a diseased microenvironment, being ideal 

for developing in vitro models of disc degeneration.  

MSCs have started to be widely used because of their relatively ease of isolation 

and expansion, ability to differentiate into native disc-like cells, immunomodulatory 

properties and ability to produce their own ECM, inducing disc repair. MSCs are a more 

readily available option than IVD cells (Le Maitre et al., 2009; Lin et al., 2016; Wei et al., 

2009; Zhou et al., 2018) and have started to be used in clinical trials to treat LBP (Kumar et 

al., 2017; Noriega et al., 2017). Moreover, MSCs have long-term self-renewal capability, 

are reservoirs of growth factors and cytokines and can contribute to the restoration of the 

disc matrix (Wang et al., 2015; Watanabe et al., 2010; Yang et al., 2008; Zhang et al., 2005). 

MSCs used for IVD regeneration studies are mainly bone-marrow-or adipose-tissue-derived 

as they can be obtained through minimally invasive procedures (Huang et al., 2016; Illien-

Junger et al., 2016; Lin et al., 2016; Mercuri et al., 2011; Mercuri et al., 2013; Peng et al., 

2020; Yu et al., 2020; Yuan et al., 2013; Zhou et al., 2018). However, stem cells from other 

sources such as amniotic fluid (Fernandez et al., 2016) or synovial tissue (Pei et al., 2012; 

Shoukry et al., 2012) also exhibit promising results. As previously discussed, it is important 

to choose the appropriate cell type for recellularization but the use of autologous, allogenic 
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or xenogenic cells must be carefully considered to reduce the chance of having scaffold 

rejection by the host.  

Several methods have been investigated to achieve successful recellularization of 

ECM-based scaffolds (Figure 4).  

 

 

 

Figure 4. Scaffold repopulation strategies. IVD scaffold repopulation, either with IVD 

cells or MSCs from different origins can be performed by drop-wise addition onto the surface 

of the decellularized scaffold. To improve recellularization efficiency other strategies can be 

used such as mechanical agitation, scaffold turnover, multiple seedings or cell injection into 

the scaffold. To further promote cell penetration, decellularized matrices can be pre-

incubated with protein-rich solutions such as fetal bovine serum (FBS) or bovine serum 

albumin (BSA). 

 

 

Seeding cell suspension over the biomaterial by simple dropping is the most used 

approach. However, cells tend to form a monolayer on the surface of dense scaffolds, 

rendering problematic their penetration and migration (Chan et al., 2013; Fernandez et al., 
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2016; Huang et al., 2016). Also, particular decellularization detergents, such as SDS, affect 

GAG content of the native tissue, which leads to decreased water retention and 

consequently reduced cell adhesion to the matrix (Gilbert et al., 2006; Huang et al., 2016). 

Several techniques can be adopted to improve cell penetration and migration into the 

scaffolds, such as: rotatory cultures (Huang et al., 2016), scaffold turnover (Xu et al., 2014), 

repetitive cell seedings with 1 h intervals (Lin et al., 2016), and cell injection (Fernandez et 

al., 2016). Finally, cell repopulation can be enhanced by pre-incubating acellular scaffolds 

with fetal bovine serum (FBS) or bovine serum albumin (BSA). These solutions can diminish 

the cytotoxicity caused by the decellularization reagents. Particularly, Mercuri et al. (2011) 

immersed the decellularized scaffold in culture medium with serum (50 %), 24 h prior to cell 

seeding and observed a relative 2.4-fold increase in cell number from ∼ 2.5 × 104 cells on 

day 3 to ∼ 6.1 × 104 cells on day 7 and cell migration into the scaffold after 7 days of culture. 

Nevertheless, with the same approach, Fernandez et al. (2016) did not observe cell 

migration within the scaffold. In another study, Schulze-Tanzil’s group preconditioned the 

decellularized matrices in 5 % BSA for 24 h and FBS for additional 24 h. Although most of 

the seeded cells (either MSCs or IVD cells) survived, they only colonized the scaffold 

surface (Huang et al., 2016). It is important to consider that these differences may also 

reflect different cell sources or decellularization methods used, since each particular 

approach can have a different impact on the physicochemical properties of the ECM, 

affecting cell adhesion and migration. After choosing the recellularization method, it is also 

mandatory to determine the cell seeding density, which may depend on scaffold volume, 

cell type, culture duration and purpose of the experiment.  

After reseeding, the success of the recellularization procedure should be estimated. 

In most studies, the authors evaluate cell number, proliferation, cell viability, DNA and water 

content, tissue organization, GAG and collagen composition. This information is also 

reviewed in Table 3. Overall, recellularized scaffolds are a valuable tool that can be 

optimized and refined to develop innovative therapies for IVD degeneration. In the future, 

high-throughput proteomics or single-cell transcriptomics could help to maximize the 

understanding of all the dynamic biological processes and different cell populations involved 

in the process of IVD regeneration.  
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Table 3. Current procedures for IVD recellularization.  

 

 

 

 

 

 

 

IVD 
tissue 
origin 

Cell 
source 

Seeding 
method 

Assays 
Key outcomes Ref. Cell  

number 
Cell  

viability 
DNA 

content 
GAG 

content 
Collagen 
content 

Water 
content 

Tissue 
organization 

Gene 
expression 

Others 

Bovine 
(NP) 

Bovine 
NP cells 

Seeding onto 
tissue surface 

DAPI 
staining 

Calcein/PKH26 
staining 

̶̶  ̶ ̶ ̶ ̶̶  ̶̶  ̶ ̶̶  ̶ ̶ ̶ ̶̶  ̶ ̶ ̶ ̶ ̶  ̶ ̶ ̶̶  ̶̶  ̶ ̶̶ ̶  ̶ ̶

Day 7: cells viable 
and migration into 
the scaffolds with 
limited penetration 

 Chan et 
al. (2013) 

Human 
BM-

MSCs, 
human 

NP cells 

Cell seeded 
constructs 

̶̶  ̶ ̶ ̶

Calcein-
AM/ethidium 
homodimer-1 

assay 

̶̶  ̶ ̶ ̶

Alcian 
blue and 
toluidine 

blue 

Picrosirius 
red staining 

̶̶  ̶ ̶ ̶ ̶̶ ̶  ̶ ̶ ̶̶  ̶̶  ̶ ̶̶ ̶  ̶ ̶

Day 21: 
cells viable. 

GAGs: decrease in 
scaffolds 

repopulated with 
hNP cells 

 Illien–
Junjer et 
al. (2016)  

Human 
AMSCs 

Drop-wise 
addition onto 

the tissue 
surface or cell 

injection 

̶̶  ̶ ̶ ̶

Calcein-
AM/ethidium 
homodimer-3 

assay  

̶̶  ̶ ̶ ̶ ̶̶  ̶̶  ̶ ̶̶  ̶ ̶ ̶ ̶̶  ̶ ̶ ̶ ̶̶ ̶  ̶ ̶ ̶̶  ̶̶  ̶ ̶̶ ̶  ̶ ̶

Cells viable for up 
to 14 days. 

No cell migration 
and penetration 

Fernandez 
et al. 

(2016) 

Rat  
ADSCs 

Seeding onto 
hydrogel 

̶̶  ̶ ̶ ̶
Live/Dead  

assay 
̶̶  ̶ ̶ ̶ ̶̶  ̶̶  ̶ ̶̶  ̶ ̶ ̶ ̶̶  ̶ ̶ ̶ ̶̶ ̶  ̶ ̶

Acan, Sox9, 
Col2, Col1 

Cell 
proliferation  

(CCK8) 

Day 5: cells viable. 
Higher expression 
of Col2, Acan and 

Sox9. No 
differences in Col1 

Yu et al. 
(2020) 
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IVD 
tissue 
origin 

Cell source 
Seeding 
method 

Assays 
Key outcomes Ref. Cell 

number 
Cell  

viability 
DNA 

content 
GAG 

content 
Collagen 
content 

Water 
content 

Tissue 
organization 

Gene 
expression 

Others 

Rabbit 
(NP) 

Rabbit BM-
MSCs, 

human BM-
MSCs 

Dropping 
onto 

microspheres 

Trypan Blue 
assay 

Calcein-
AM/ethidium 
homodimer-1 

assay 

Hoechst 

DMMB 
assay, 
alcian 
blue 

staining 

HYP assay ̶̶  ̶ ̶ ̶ H&E 

Acan, Sox9, 
Col1, Col2, 

Gpc3, Krt19, 
Ca12, Pax1, 

Foxf1 

IHC (COLI, 
COLII, KRT19, 

TGFβ, 
TGFβR1) 

Cells viable for 18 
days in culture 

with migration into 
the microspheres.  
 GAGs:  more in 

scaffolds re-
seeded with 

hMSCs. 
Increased COL2 
(>10 fold), GPC3 

(∼6 fold) and 
FOXF1 (∼8 fold) 
expression in re-

seeded 
microspheres with 

hMSCs. 

Yuan et al. 
(2013) 

Human 
dermal 

fibroblasts 

Dropping 
onto 

microspheres 

DAPI 
staining 

Live/Dead  
assay 

̶̶  ̶̶  ̶
Alcian 
blue 

staining 
̶̶  ̶ ̶ ̶ ̶̶  ̶ ̶ ̶ H&E 

Col1, Col2, 
Acan, Sox9, 
Krt19, Gpc3, 
Ca12, Foxf1, 

Pax1 

IHC (COLII, 
KRT19) 

Day 18: cells 
viable with 

migration into the 
microspheres. 

Decreased COL1 
and increased 

COL2 gene 
expression when 

cells were cultured 
in NPC-derived 

matrix  

Yuan et al. 
(2018) 
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IVD 
tissue 
origin 

Cell 
source 

Seeding  
method 

Assays 

Key outcomes Ref. Cell 
number 

Cell viability 
DNA 

content 
GAG 

content 
Collagen 
content 

Water 
content 

Tissue 
organization 

Gene 
expression 

Others 

Porcine 
(NP) 

Human 
ADSCs 

Drop-wise 
MTS 

proliferation 
assay 

Calcein-
AM/ethidium 
homodimer-1 

assay kit 

̶̶  ̶ ̶ ̶
Alcian 
blue 

staining 
̶̶  ̶ ̶ ̶ ̶̶  ̶ ̶ ̶ ̶  ̶̶  ̶ ̶̶  ̶̶  ̶ ̶̶ ̶  ̶ ̶

Day 7: cells viable 
and increased cell 

migration and 
proliferation 

Mercuri et 
al. (2011) 

Human 
ADSCs 

Seeding onto 
hydrogel 

̶̶  ̶ ̶ ̶
Live/Dead  

assay 
PicoGreen 

DMMB 
assay, 
alcian 
blue 

staining 

HYP 
assay 

Wet-dry 
weight 

H&E, Movat’s 
pentachrome 

staining 

Acan, Sox9, 
Col2, Col3, 

Timp1, Pax1, 
Ibsp 

MMPs and 
TIMPs 

antibody 
arrays, 

dynamic 
mechanical 

analysis 

Day 14: cells 
viable.  

Mixed cell 
phenotype between 

NP cell and 
chondrocyte. 
Higher COL2 

expression at day 7 
and 14 (9-fold vs. 
2-fold increase, 
respectively). 
GAGs: more 

synthesis at day 14 
(non-seeded NPs: 

20.6 µg/mg; 
repopulated NPs: 

46.28 µg/mg) 

Mercuri et 
al. (2013) 
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IVD 
tissue 
origin 

Cell 
source 

Seeding 
method 

Assays 

Key outcomes Ref. Cell 
number 

Cell  
viability 

DNA 
content 

GAG 
content 

Collagen 
content 

Water 
content 

Tissue 
organization 

Gene 
expression 

Others 

Porcine 
(NP) 

Human 
NP cells 

Cells mixed 
with NP gel 

̶̶  ̶ ̶ ̶

Calcein-
AM/ethidium 
homodimer-1 

assay 

̶̶  ̶ ̶ ̶
Blyscan 
assay 

Soluble 
and 

insoluble 
collagen 
assays 

̶̶  ̶ ̶ ̶ ̶̶ ̶  ̶ ̶ ̶̶ ̶ ̶  ̶ ̶̶ ̶  ̶ ̶

Day 21: cells 
viable with a NP-
like morphology 

and  
increased GAG 

content  

Wachs et 
al. (2017) 

Human 
and rabbit 

ADSCs 

Cells mixed 
with NP gel 

DAPI 
staining 

̶̶  ̶ ̶ ̶ Hoechst 

Alcian 
blue 

staining, 
blyscan 
assay 

Picrosirius 
red 

staining, 
HYP assay 

Wet-dry 
weight 

̶ ̶  ̶ ̶

Acan, Sox9, 
Col1, Col2, 
Krt19, Pax1, 

Gdf10 

IHC (COLII),  
metabolic activity 

(CCK8), 
cytotoxicity 

(lactate 
dehydrogenase 

assay) 

Day 14: higher 
cell proliferation 

and gene 
expression level 

(Acan, Col2, 
Sox9, Krt19 and 

Pax1). 
Increase of GAGs 
and decrease of 

collagen  

Zhou et al. 
(2018) 

Human 
MSCs 

Dropping onto 
scaffold 

DAPI 
staining 

̶̶  ̶ ̶ ̶ DNeasy 

Alcian 
blue 

staining, 
blyscan 
assay 

HYP assay 
Wet-dry 
weight 

H&E 

Col1, Col2, 
Acan, Sox9, 

Ncam1, 
Mmp13 

IHC (COLI, 
COLII),  

metabolic activity 
(CCK8),  

IF (ACAN, 
SOX9) 

Day 14: higher 
cell proliferation.  
Upregulation of 
COL2, ACAN, 

COL1A1, NCAM-
1 and SOX9 and 
downregulation of 

MMP-13.  
Day 14: higher 

ACAN and SOX9 
production by 

reseeded cells.  

Xu et al. 
(2019) 
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IVD 
tissue 
origin 

Cell 
source 

Seeding 
method 

Assays 

Key outcomes Ref. Cell 
number 

Cell viability 
DNA 

content 
GAG 

content 
Collagen 
content 

Water 
content 

Tissue 
organization 

Gene 
expression 

Others 

Rabbit 
(IVD) 

Rabbit 
BM-

MSCs, 
human  

IVD cells 

Multiple 
seeding onto 
tissue surface 

DAPI 
staining 

Calcein-
AM/ethidium 
homodimer-1 

assay 

DNeasy 
Alcian 
blue 

staining 

HYP 
assay 

Wet-dry 
weight 

H&E 

Col1, Col2, 
Sox9, Gpc3, 
Foxf1, Acan, 
Ca12, Timp1, 
Timp2, Tgfβ, 

Tgf-βr 

Metabolic 
activity 
(CCK8), 

 IHC (COLI, 
COLII, ACAN, 

CD8, 
MAC387) 

Day 21: cells viable 

and cell migration 

into the scaffolds. 

Increased Col2 

(more than 12-fold 

increase), Sox9 (14 

times greater), 

Foxf1 (118-fold 

increase), Ca12 (5-

fold increase), Acan 

and Gpc3 gene 

expression 

 Lin et al. 
(2016) 

Human 
(IVD) 

Human 
BM-

MSCs, 
human 

IVD cells 

Seeding onto 
tissue surface 

̶̶  ̶ ̶ ̶

Fluorescein 
diacetate/ 
ethidium 

bromide assay 

CyQUANT 
DMMB 
assay 

HYP 
assay 

̶̶  ̶ ̶ ̶ ̶̶ ̶  ̶ ̶ ̶̶  ̶̶  ̶ ̶̶ ̶  ̶ ̶

Day 14: cells viable 
with limited 

migration. Higher 
DNA content in 

scaffolds seeded 
with hIVD cells. 

Increased GAG and 
collagen content in 
scaffolds seeded 
with hBM-MSC 

 Huang et 
al. (2016)  
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IVD  
tissue 
origin 

Cell 
source 

Seeding 
method 

Assays 

Key outcomes Ref. Cell 
number 

Cell  
viability 

DNA 
content 

GAG 
content 

Collagen 
content 

Water 
content 

Tissue 
organization 

Gene 
expression 

Others 

Bovine  
(AF) 

Human 
BM-MSCs 

Seeding onto 
hydrogel 

̶̶  ̶ ̶ ̶
Live/Dead  

assay 
̶̶  ̶ ̶ ̶ ̶̶  ̶ ̶ ̶ ̶̶  ̶ ̶ ̶ ̶̶  ̶ ̶ ̶ ̶̶ ̶  ̶ ̶

Col1A1, 
Col5A1, Ibsp,  
Fbln1, Tnmd 

Cell 
compatibility  

(CCK8), 
cytotoxicity 

(lactate 
dehydrogenase 

assay) 

Day 21: cells 
viable and higher 
gene expression 
level of COL1A1, 
COL5A1, FBLN1, 
IBSP, and TNMD 

Peng et al. 
(2020) 

Porcine  
(AF) 

Rabbit AF 
cells 

Drop-wise 
addition onto 

the tissue 
surface (with 

turnover) 

̶̶  ̶ ̶ ̶

Calcein-
AM/ethidium 
homodimer-1 

assay 

̶̶  ̶ ̶ ̶ ̶̶  ̶ ̶ ̶ ̶̶  ̶ ̶ ̶ ̶̶  ̶ ̶ ̶ H&E ̶̶ ̶  ̶ ̶ ̶̶ ̶ ̶  ̶

Day 7: cell 
infiltration into the 

mid-horizontal 
plane of scaffolds. 

No dead cells 
observed 

Xu et al. 
(2014) 

Rabbit (AF) 
Rabbit AF 
stem cells 

Seeding onto 
hydrogel 

DAPI 
staining 

̶̶  ̶ ̶ ̶ Hoechst 
DMMB 
assay 

COLI and 
COLII 

ELISA kit 
̶̶  ̶ ̶ ̶ ̶̶ ̶  ̶ ̶

Col1, Col2, 
Acan 

Metabolic 
activity (CCK8) 

Day 14: 
upregulation of 
Col1, Col2 and 

Acan.   
GAGs: higher 
release in the 

hydrogel media 
with bFGF (4.43 
µg/µg) than in 

those without (2.28 
µg/µg), as well as 
col1 (with bFGF: 

4.68 ng/µg; without 
bFGF: 3.56 ng/µg), 

col2 (with bFGF: 
11.95 ng/µg; 

without bFGF: 
10.42 ng/µg) and 
acan (with bFGF: 

1022.23 pg/µg and 
without bFGF: 
790.95 pg/µg)  

Liu et al. 
(2019)  
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6. CONTROLLING THE IMMUNE RESPONSE AGAINST DECELLULARIZED IVD 

MATRICES  

 

The main cause of implant failure is hyper immunoreactivity towards the graft or its 

degradation products. The most common antigens that trigger such an inflammatory 

response are DNA and galactose-a-1,3-galactose (Gal) (Badylak & Gilbert, 2008; Cheng et 

al., 2014). Their elimination can extend xenograft survival. Non-self-antigen (from 

transplants, bacteria or viruses) recognition initiates an immune response mediated by 

Major Histocompatibility Complex (MHC) class I and II (Boccafoschi et al., 2017; Chen et 

al., 2017; Warrington et al., 2011). Therefore, controlling non-self acute and chronic immune 

response (through adjusting both pro- and anti-inflammatory cues) is crucial for a successful 

implantation (Boccafoschi et al., 2017). Optimization of the decellularization process is key 

to avoid dampening the bioactivity of native ECM while minimizing residual immunological 

agents. This prevents disease transmission, reduces inflammation and immune response 

towards the scaffold, decreasing rejection after implantation (Badylak et al., 2011; Cheng 

et al., 2014). Given that ECM proteins are among the most conserved proteins in evolution, 

with high levels of sequence homology, decellularization should be enough for explants to 

be well tolerated (Hutter et al., 2000; Moroni & Mirabella, 2014; Ozbek et al., 2010; van der 

Rest & Garrone, 1991). In fact, due to being considered anti-immunogenic, decellularized 

matrices have been proposed not only for autografts (within the same individual) and 

allografts (from one individual to another of the same species with a different genotype) but 

also for xenografts (from another species) (Boccafoschi et al., 2017). Although dense 

matrices hinder complete cell removal, most commercially available decellularized 

materials do contain DNA traces without compromising their clinical efficacy (Cheng et al., 

2014; Derwin et al., 2006; Gilbert et al., 2009; Zheng et al., 2005), thus, demonstrating that 

the DNA remnants may exist below a threshold that triggers a harsh immune response 

(Badylak & Gilbert, 2008; Cheng et al., 2014).  

Gal epitopes are usually found in most species but not in humans. Because humans 

are constantly exposed to intestinal bacteria that carry Gal epitopes, they produce large 

amounts of anti-Gal antibodies (Badylak & Gilbert, 2008; Cheng et al., 2014). In that context, 

porcine bioprosthetic heart valves have shown to induce a xenograft-specific immune 

response with high levels of cytotoxic IgM antibodies against a-Gal and have failed in some 

patients (Cheng et al., 2014; Konakci et al., 2005). Although organs from Gal-knockout pigs 

have been rejected due to other antigens (Chen et al., 2005), graft treatment with a-



CHAPTER II  
 

INTERVERTEBRAL DISC DECELLULARIZATION: A PROMISE FOR INTERVERTEBRAL DISC 

REGENERATION 
 
 

 
65 

 

galactosidase has been able to remove Gal epitopes, minimizing an adverse host immune 

reaction (Cheng et al., 2014; Stone et al., 2007; Stone et al., 1998). Research is still limited 

and further studies are needed to improve the safety and efficacy of decellularized material 

(Cheng et al., 2014).  

In the disc field, only two works describe a-Gal assessment after decellularization 

and in both cases there seems to be a removal (Mercuri et al., 2011) or at least a significant 

reduction of the a-Gal epitope in the decellularized scaffolds (native AFs: less than 10 

ng/mL; decellularized AFs: less than 5 ng/mL) (Wu et al., 2017). Even if a residual amount 

remains, it evokes minimal to no immune response in vivo (Lin et al., 2016). Finally, it should 

be borne in mind that ECM fragments that result from degradation can also trigger 

inflammation (Molinos et al., 2015). This issue has not been given due consideration in most 

reports. Mechanisms responsible for macrophage switch from an M1 to an M2 profile should 

also be further studied in vivo to promote tissue remodelling and consequently improve 

scaffold biocompatibility (Moroni & Mirabella, 2014).  

 

 

7. IN VIVO BEHAVIOR OF DECELLULARIZED ECMS  

 

Biocompatibility of ECM-based scaffolds cannot be addressed only by using in vitro 

tests since they lack the complex biology and physiology of a whole organism. For that, in 

vivo assessments are needed to evaluate host responses to the scaffolds (Aamodt & 

Grainger, 2016). Mercuri et al. (2011) evaluated biocompatibility of the porcine-derived 

material in a rat model (subdermal pockets). Most non-crosslinked NP decellularized 

scaffolds were degraded completely after 4 weeks whereas crosslinking delayed 

degradation. In all the cases an inflammatory response was observed. Since DNA was 

removed in their previous work (Mercuri et al., 2011), the authors hypothesized that this 

reaction may be triggered by a delayed degradation of the crosslinked material and a 

possible interaction between GAGs, present in the scaffold, and pro-inflammatory cytokines 

(Mercuri et al., 2013).  

Lin et al. (2016) assessed immunological response to decellularized rabbit IVD-

based scaffolds in vivo in a rabbit model, in comparison to native tissue grafts. 

Subcutaneous decellularized implants presented minimal signs of inflammation 1 month 

post-implantation, while native scaffolds presented high levels of cell infiltration, namely of 
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neutrophils, blood vessel formation and additional signs of inflammation (Lin et al., 2016). 

A similar effect was observed when the same model was used with decellularized porcine 

xenografts seeded with MSCs (Xu et al., 2019).  

Yu et al. (2020) evaluated the in vivo biocompatibility of a bovine NP hydrogel 

compared to a synthetic material (poly-ε-caprolactone) by subcutaneous implantation in a 

rat model. Following 2 and 4 weeks of NP hydrogel implantation,  H&E staining showed a 

smaller neutrophil and giant cell number, evidencing mild inflammation and reduced foreign 

body reaction in vivo (Yu et al., 2020). Also, the immunocompatibility of porcine 

decellularized AF scaffolds has been under studied. Using Wistar rats (box incision in rat 

tail), the authors have shown cell infiltration and tissue remodelling in the implanted animals, 

as evidenced by an increase in collagen and GAG content (Wu et al., 2017). More recently, 

Peng and colleagues have explored the ability of bovine AF-derived hydrogels to repair AF 

defects in vivo. They injected AF pre-hydrogel solutions, crosslinked or not with genipin (g-

DAF-G and DAF-G, respectively), that were able to form a hydrogel in situ and to fill in AF 

defects. Moreover, both hydrogels induced disc cell migration and ECM production, 

demonstrating their regenerative potential in vivo (Peng et al., 2020).  

Although most works did not observe cytotoxicity in vitro (except as a response to 

material crosslinking) (Borem et al., 2017; Fernandez et al., 2016), in vivo cell recruitment 

and repopulation is required for biointegration of the decellularized matrix and should be 

given due consideration.  

Experiments using human tissue will be the ultimate frontier before clinical trials. 

Human ex vivo organ cultures are already underway to serve other purposes (Gawri et al., 

2011; Walter et al., 2014) and should be used not only to test the effect of decellularized 

tissue grafts but also to assess the host response, at least to some extent. 

 

 

8. LIMITATIONS/PRECAUTIONS OF USING DECELLULARIZED MATRICES  

 

8.1. DONOR PROFILE  

 

The development of successful ECM-based scaffolds depends on a wide range of 

factors that need to be considered before their use in the clinics. The selection of tissue 
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donor profile, including animal source and age, for instance, can have a dramatic impact on 

the regenerative process. Concerning IVD source, on one hand, the use of human 

degenerated tissues can negatively influence tissue repair, leading to implantation failure. 

On the other hand, human cadaveric IVDs, although supposedly healthy, are scarce and 

difficult to obtain due to ethical restrictions. Therefore, animal tissues can be a good 

alternative to overcome this issue. Baboons would be ideal, as they are large and conduct 

forces through their spine similarly to humans to which they are closely related (Lauerman 

et al., 1992). However, they are also limited in number, raise ethical concerns and constitute 

a potential source of zoonoses (Mafuyai et al., 2013). Porcine tissues are also good 

candidates and are already available on the market, as replacement heart valves and for 

wound management solutions (Tsuchiya et al., 2014). Bovine discs are large, easily 

available, have a similar NP aspect ratio and an identical ECM composition (Alini et al., 

2008; Demers et al., 2004; O'Connell et al., 2007; Oshima et al., 1993; Roberts et al., 2008).  

The donor age can also affect biomechanical properties and composition of ECM-

based scaffolds (Cramer & Badylak, 2019). With ageing, native ECM undergoes several 

biochemical and structural changes, which can influence cell response and tissue 

remodelling when using biomaterials derived from these tissues (Cramer & Badylak, 2019). 

Neonatal-derived scaffolds have an enhanced pro-regenerative potential, as already 

reported in the heart, abdominal wall muscle and kidney (Nakayama et al., 2011; Sicari et 

al., 2012; Silva et al., 2016). In the disc field, pro-regenerative proteins (collagen type XII 

and XIV) are uniquely expressed in prenatal IVD microenvironments (Caldeira et al., 2017). 

Moreover, fetal discs are also characterized by a different topography, when compared to 

young and adult tissues (Caldeira et al., 2018). Other age-associated structural differences 

of bovine discs can be observed in Figure 1.  

 

8.2. LEGISLATIVE ISSUES  

 

Tissue engineering derivatives do not fall into the classification of drugs, transplants 

nor artificial tissues. As reviewed elsewhere (Boccafoschi et al., 2017), both the FDA and 

the European Commission proposed guidelines with a unified approach to regulate tissue-

engineering products. Likewise, safety issues regarding xenotransplantation of cells and 

tissues should also be addressed. Characterization of animal source, facilities and 

maintenance as well as of xenotransplantation products, selection of adequate preclinical 
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models and recipient monitoring should be considered, as documented by the FDA and the 

European Union (Boccafoschi et al., 2017). 

 

 

9. CONCLUSIONS AND FUTURE CHALLENGES  

 

The present review summarized the latest advances in IVD decellularization. 

Recently, decellularized ECM-based scaffolds have gained significant attention for tissue 

remodelling with a regenerative purpose, given the success in cell removal and 

maintenance of most ECM properties with biological implications. Significant progress has 

been achieved in the last decade due to several exhaustive studies using a panoply of 

methods either alone or in combination, a wide range of reagents, several cell types and 

distinct animal sources. But there is still room for improvement, for instance by reducing 

treatment time and using milder detergents. Although recent progress is encouraging, 

several aspects need to be considered before commercialization and clinical application, 

such as the following.  

• Absence of a standardized protocol for decellularization and for evaluating 

its efficacy, which renders the comparison of methods difficult. The ideal protocol 

should be scalable and effective, independent of donor species, age or pathological 

condition, and a final scaffold sterilization step must be contemplated. 

• Lack of uniformity of the optimal cell type, cell seeding density and cell 

repopulation method required for effective recellularization. Appropriate selection of 

cell source will certainly determine the success of the therapy in vivo. Moreover, 

given the dense nature of the disc, cell infiltration into decellularized disc matrices 

can be hindered. The use of dynamic conditions could improve cell migration 

towards the inner scaffolds or, in alternative, decellularized matrix-based hydrogels 

(with increased porosity) or powders incorporated in different gels could be used to 

increase uniform cell distribution.  

• Donor age (of the animals selected for tissue decellularization). Despite 

being an often-neglected aspect, IVD matrisome is profoundly affected by age 

(Caldeira et al., 2017; Caldeira et al., 2018). Therefore, novel solutions using fetal 

tissues that mimic a healthy pre-natal landscape should be pursued for IVD 

regeneration (Fiordalisi et al., 2020).  
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• Limited in vivo validation. To verify clinical potential, biocompatibility of 

decellularized IVD-based scaffolds should be pursued preferentially using 

chondrodystrophic dogs, given that small rodents maintain notochordal cells 

throughout adulthood and do not reproduce human-disc size nor loading (Daly et 

al., 2016; Novais et al., 2020). 

In conclusion, decellularized ECM-based scaffolds have a great potential to be 

translated into clinical applications for IVD repair and regeneration. Still, many challenges 

need to be solved and clinical trials must be conducted before these scaffolds can be 

launched on the market. Natural biomaterials are already revolutionizing the tissue 

engineering field and their use for IVD could bring a new hope for LBP treatments. 
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AIM OF THE THESIS 

 

The vision driving this work was that the recapitulation of a pro-regenerative 

microenvironment, by using fetal-derived biomaterials, will induce endogenous repair of 

intervertebral disc (IVD). So, the hypothesis behind this thesis was that fetal decellularized 

nucleus pulposus (NP) extracellular matrix (ECM) would have a superior potential for IVD 

regeneration. 

This hypothesis was based on the advances from recent years, in which 

regenerative medicine and tissue engineering approaches, based on decellularized ECM, 

have been emerging. However, ECM donor age can have a dramatic impact in tissue 

repair/regeneration, as observed in rhesus monkey kidneys, rat abdominal wall muscle, 

rodent cardiac muscle, rat peripheral nerves and rabbit bladder submucosa, for which fetal 

and neonatal ECM have shown a superior pro-regenerative capacity, when compared to 

adult donors. In the disc field, our group has previously demonstrated that matrix signature 

of fetal bovine NP is dramatically different from adult and old ones, including the presence 

of two proteins, Collagen (COL) type 12 and COL14, exclusively in fetal NPs. These two 

proteins have been described to have a pro-regenerative role in other tissues. 

Therefore, to address the hypothesis behind, the present work was divided into three 

main objectives: 

1. Development of an optimal decellularization protocol to obtain acellular 

fetal bovine NPs. Bovine NPs from different donor ages (fetus, young and old) were 

decellularized by using an optimal protocol with reduced detergent concentration and 

decreased exposure time (SDS 0.1 %, 1 h). The efficiency of the process was evaluated in 

terms of cells and DNA removal, as well as, ECM preservation. NPs from different ages, 

decellularized with the optimal protocol, were further characterized at structural, 

biochemical and biomechanical levels. 

2. Explore the regenerative potential of fetal decellularized ECM. NP cells were 

isolated from adult bovine IVDs and seeded on the top of decellularized matrices from 

different donor ages. After 7 days of ex vivo culture, NP cell behavior and scaffolds 

cytocompatibility were analyzed. Cell response to the different microenvironments was 

evaluated in terms of cell viability, metabolic activity and cytotoxicity. Moreover, ECM de 

novo synthesis and remodeling was also explored at molecular and protein levels. Finally, 
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the angiogenic potential of decellularized matrices was assessed through an in vivo chick 

embryo chorioallantoic membrane (CAM) assay by quantification of the new vessels 

growing towards the scaffolds’ inoculation site.  

Task 1 and 2 are addressed in the Chapter IV of this thesis.  

 

3. Disclose the mechanism behind the enhanced IVD regenerative potential of 

fetal decellularized matrices. To dissect the mechanism behind ECM production in fetal 

decellularized NPs after repopulation, a CD44-blocking experiment was performed. 

Specifically, CD44 was neutralized in adult bovine NP cells, prior to cell seeding in fetal 

decellularized NPs, by using a specific blocking antibody. After 7 days of ex vivo culture, 

Hematoxylin&Eosin (H&E) staining, Sox9 and Aggrecan (ACAN) immunohistochemistry 

(IHC) were conducted. Next, angiogenic and inflammatory cytokines levels were explored 

in the conditioned media derived from decellularized NPs of different donor ages, to unravel 

the mechanism behind the pro-inflammatory and anti-angiogenic potential of fetal NPs, by 

using a semi-quantitative array kit. Finally, a first in vivo proof of concept of the anti-

angiogenic capacity of fetal decellularized matrices repopulated with human immortalized 

NP (iNP) cells, was also delivered, by performing an in vivo CAM assay. Next, inflammatory 

and blood cells infiltration within the scaffolds was evaluated by H&E, while 

glycosaminoglycans (GAGs) production by seeded iNP cells, by Picro-Sirius Red/Alcian 

Blue staining.  

Task 3 is addressed in the Chapter VI of this thesis.  

Overall, this work uncovered the importance of donor age in tissue regeneration, 

opening new avenues for the development of appropriate therapeutic strategies for IVD 

degeneration and the consequent LBP, through the use of fetal pro-regenerative ECM 

based-scaffolds. Moreover, a first in vivo proof-of-concept of the superior potential of fetal 

matrices to decrease the angiogenic response of human cells was also addressed, thus 

demonstrating their capacity to mimic a healthy IVD microenvironment.  

Finally, the work presented here opened new perspectives for the development of 

suitable 3D models to dissect age-associated features of disc degeneration, by using older 

decellularized matrices.  
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ABSTRACT  

 

With the lack of effective treatments for low back pain, the use of extracellular matrix 

(ECM)-based biomaterials have emerged with undeniable promise for intervertebral disc 

(IVD) regeneration. Decellularized scaffolds can recreate an ideal microenvironment 

inducing tissue remodeling and repair. In particular, fetal tissues have a superior 

regenerative capacity given their ECM composition. In line with this, we unraveled age-

associated alterations of the nucleus pulposus (NP) matrisome. Thus, the aim of the present 

work was to evaluate the impact of ECM donor age on IVD de/regeneration. 

Accordingly, we optimized an SDS (0.1 %, 1 h)-based decellularization protocol that 

preserves ECM cues in bovine NPs from different ages. After repopulation with adult NP 

cells, younger matrices showed the highest repopulation efficiency. Most importantly, cells 

seeded on younger scaffolds produced healthy ECM proteins suggesting an increased 

capacity to restore a functional IVD microenvironment. In vivo, only fetal matrices decreased 

neovessel formation, showing an anti-angiogenic potential.  

Our findings demonstrate that ECM donor age has a strong influence on 

angiogenesis and ECM de novo synthesis, opening new avenues for novel therapeutic 

strategies for the IVD. Additionally, more appropriate 3D models to study age-associated 

IVD pathology were unveiled.  

 

Keywords: IVD degeneration/regeneration, decellularization, ageing, tissue engineering, 

3D models 
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1. INTRODUCTION 

 

Low back pain (LBP) is the leader of musculoskeletal disorders in modern societies 

(Wu et al., 2020) affecting nearly 80% of the world population (Fatoye et al., 2019) and 

ranking first in terms of years lived with disability (Chen et al., 2022), in front of other 

conditions like lung cancer and road accidents, among others. Although many conditions 

(e.g., genetic predisposition, obesity, smoking, physical workload) can contribute to the 

onset of LBP (Shiri et al., 2019; Urban & Fairbank, 2020), age-associated intervertebral disc 

(IVD) degeneration is the most prevalent cause. 

IVDs are the largest avascular and aneural tissues in the human body (McCann & 

Séguin, 2016). They provide indispensable strength to support body weight and elasticity, 

allowing spine movements in different directions (flexion, extension and rotation) 

(Tomaszewski et al., 2015). With ageing, the IVD undergoes a physiological degenerative 

process (Dowdell et al., 2017), as a consequence of several alterations at the 

morphological, cellular and biochemical level (Fiordalisi et al., 2021). These modifications 

lead to structural and biomechanical tissue failure. Although disc degeneration is more 

frequent in adulthood, changes in the nucleus pulposus (NP), the inner part of IVD tissue, 

can be already observed after birth (Smith et al., 2011). Besides the changes in cellular 

composition of NP with age (Colombier et al., 2014), alterations in matrix composition can 

also be observed along ageing, with NP replacement of collagen type 2 (COL2) by collagen 

type 1 (COL1) (Colombier et al., 2014) and proteoglycan (PG) breakdown (Anderson & 

Tannoury, 2005). Extracellular matrix (ECM) disruption occurs as a consequence of matrix-

degrading enzymes as metalloproteinases (MMPs) or desintegrin and MMP with 

thrombospondin motifs (ADAMTS) (Colombier et al., 2014; Vo et al., 2013).  

Current treatments for IVD degeneration and the consequent LBP include palliative 

care (Woods et al., 2010) and invasive surgical procedures that carry several risks. In 

addition, none of these treatments is able to regenerate the IVD and restore native tissue 

function. Therefore, novel and effective strategies to treat LBP are needed. 

In the last decades, tissue engineering-based solutions have been developed for 

IVD regeneration making use of several biomaterials including natural and synthetic 

hydrogels or scaffolds (Schutgens et al., 2015). Natural biomaterials provide a more 

appropriate microenvironment for cell crosstalk and tissue regeneration, being safer and 

more biocompatible than synthetic ones (Schutgens et al., 2015), despite failing to restore 
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disc mechanical and physical properties (van Uden et al., 2017). On the other hand, 

synthetic scaffolds can be chemically synthesized in large quantities and their properties 

modified for specific applications, but they have decreased biocompatibility (Schutgens et 

al., 2015).  

Decellularized ECM-based biomaterials have recently emerged as therapeutic tools 

in many fields of study, including that of the IVD. Decellularization represents a promising 

method to obtain natural ECM-based scaffolds, by removing host cells and DNA, while 

maintaining structural, biochemical and biomechanical cues of native tissue (Gilpin & Yang, 

2017). These naturally–derived biomaterials represent a promising strategy to mimic an 

healthy microenvironment (Gilpin & Yang, 2017). Moreover, cell removal by 

decellularization agents is enough to decrease the immunogenic potential of ECM-based 

scaffolds, thus reducing the probability of host rejection after implantation (Taylor et al., 

2020). Due to the regenerative potential of such scaffolds, several researchers have 

optimized protocols specifically for the IVD. They consist in a combination of chemical, 

enzymatic and mechanical methods, ultimately creating a natural biomaterial suitable for 

clinical applications (Fiordalisi et al., 2020).  

Despite the clear promise of this approach, tissue donor age can have a significant 

impact on scaffold biomechanics and composition (Cramer & Badylak, 2019). In particular, 

fetal and neonatal matrices have shown a superior regenerative potential when compared 

to adult tissues, as demonstrated in different organs (e.g. rhesus monkey kidneys 

(Nakayama et al., 2011), rat abdominal wall muscle (Sicari et al., 2012), rodent cardiac 

muscle (Silva et al., 2016), rat peripheral nerves (Ren et al., 2018) and rabbit bladder 

submucosa (Kajbafzadeh et al., 2018)). Our group has contributed to the field by dissecting 

the matrisome profile of bovine NP ECM from different aged donors (fetus, young and old 

IVDs), revealing alterations in ECM composition with development and ageing (Caldeira et 

al., 2017). In particular, we have demonstrated that fetal NP ECM is enriched in Collagen 

type 12 (COL12) and Collagen type 14 (COL14). These two molecules with a pro-

regenerative role in other tissues (Marro et al., 2016; Nauroy et al., 2019; Schönborn et al., 

2020; Wehner et al., 2017), are lost in adult and old IVDs (Caldeira et al., 2017). Given the 

importance of donor age for tissue regeneration, we hypothesized that the previously 

identified alterations associated with ECM ageing could strongly impact on IVD 

de/regeneration. 

Herein, we optimized a decellularization protocol with reduced detergent amounts 

and short exposure time that can be effectively and transversally applied to bovine NPs 
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from different aged donors. To investigate the impact of ECM ageing on cell response and 

ultimately on IVD regenerative capacity, adult bovine NP cells were cultured on 

decellularized NP–based scaffolds from different aged donors and cell behavior was 

dissected. Moreover, an in vivo proof of concept of the anti-angiogenic potential of the 

above mentioned scaffolds was performed using the chick embryo chorioallantoic 

membrane (CAM) assay. The use of old-derived scaffolds to mimic disc degeneration was 

also explored to interrogate their capacity to model vessel ingrowth, cell death and ECM 

remodeling, prototypical of age-associated IVD degeneration.  

The findings obtained provide new insights on the importance of ECM donor age 

and the associated microenvironmental cues on restoring an healthy and functional IVD, 

particularly focusing on the potential for ECM de novo synthesis and for angiogenesis 

suppression. In addition, the results will shed new light on the need for choosing wisely 

donor age when modeling age-associated disc degeneration. These discoveries, of utmost 

importance for the field of matrix engineering, developmental biology and biology of ageing, 

will certainly impact the development of next-generation materials for tissue regeneration. 
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2. MATERIALS AND METHODS 

 

2.1. INTERVERTEBRAL DISC HARVEST 

Fetal (~8 months of gestation), young (~1 year old) and old (~12 years old) bovine 

tails were obtained from local abattoirs (Carnes Landeiro, Barcelos, Portugal) within 2 h of 

animal sacrifice, under the approval of the Portuguese National Authority for Animal Health, 

and transported at the lab on ice. Bovine tails were disinfected with ethanol 70 % and 

dissected in sterile conditions, as previously described (Teixeira et al., 2016). Briefly, 

following skin, muscle and ligaments removal, caudal IVDs were isolated by dissecting as 

close as possible to the upper and lower cartilaginous endplates from each tail. After 

isolation, fresh IVDs were placed in plastic containers and covered with optimal cutting 

temperature compound (OCT, Kaltek srl), to protect the tissue from damage caused during 

the freezing process (tissue frozen dry at -80 °C resulted in sparser collagen network after 

unfreezing when compared to -80 °C in combination with OCT; Supplementary Figure 1), 

frozen in 2-methylbutane cooled with liquid nitrogen and stored at -80 °C until further 

analysis, as previously reported (Pinto et al., 2017; Silva et al., 2016). 

 

2.2. OPTIMIZATION OF NUCLEUS PULPOSUS DECELLULARIZATION 

Fetus, young and old IVDs were thawed at room temperature and washed in 

Phosphate-buffered saline (PBS), in order to remove the excess of OCT. NPs were isolated 

from the central zone of IVDs by the help of surgical punches of 4 mm (Kai medical). 

Samples were cut in similar height, weighted and placed in PBS. Fresh NPs from fetus, 

young and old bovine IVDs were used as native controls. NPs for decellularization were 

incubated in Hypotonic buffer A (10 mM Tris, 0.1 % EDTA, pH 7.8) for 18 h and washed 

three times in PBS (1 h/each). Afterwards, samples were placed in the detergent solutions, 

prepared in Hypotonic Buffer B (10 mM Tris, pH 7.8). Several detergents were tested at 

different time points and concentrations (sodium dodecyl sulphate [SDS] 0.1 % for 1 h, 3 h 

and 24 h; SDS 0.5 % for 24 h; Triton 0.6 % 24 h and Triton 1.2 % 24 h) in order to optimize 

the procedure. Following detergent treatments, NPs were washed three times in Hypotonic 

Buffer B (20 min/each) and incubate in DNAse solution (20 mM Tris and 2 mM MgCl2, pH 

7.8), supplemented with 50 U/mL DNAse I (WVR) for 3 h at 37 °C. Finally, samples were 

washed three times in PBS (20 min/each) to remove residual detergents and processed for 



CHAPTER IV  
 

THE IMPACT OF MATRIX AGE ON INTERVERTEBRAL DISC REGENERATION 
 
 

 
107 

 

subsequent analysis (Benedetto et al., 2014; Pinto et al., 2017; Silva et al., 2016). Tissue 

decellularization was performed under constant agitation (165 rpm) and at room 

temperature (except for DNAse treatment). All solutions were supplemented with 1 % 

Penicillin/Streptomycin (P/S) (Invitrogen), 0.5 % Amphotericin B (Capricorn Scientific) and 

0.1 % Gentamicin (Gibco) to avoid contaminations. 

Native and decellularized samples were frozen dry at -80 °C to be used for DNA and 

glycosaminoglycans (GAGs) quantification, while samples for histological analysis were 

fixed in 10 % neutral buffered-formalin (Bio-Optica) overnight at 4 °C. 

 

2.3. DNA QUANTIFICATION 

DNA was isolated from decellularized and native NPs by using PureLink Genomic 

DNA mini kit (Invitrogen), following the manufacturer's instructions. Briefly, samples were 

cut in small pieces and digested in PureLink Genomic Digestion Buffer and Proteinase K 

for 4 h at 55 °C with occasional vortexing. After lysate preparation and RNA removal, DNA 

was purified through a spin column - based centrifugation protocol. Following extraction, 

DNA quantification was performed by adopting a Quant-iT™ PicoGreen® dsDNA kit 

(Invitrogen), according to the manufacturer's instructions. The fluorescence was measured 

at 480 nm of excitation and 520 nm of emission at Synergy™ Mx multi-mode microplate 

reader (BioTek). Samples were run in duplicate and a blank was included as a reference 

for the analysis. A high and low range standard curve was used to calculate DNA 

concentration of samples. Finally, DNA content was normalized by wet weight (mg) and 

data were expressed as ng DNA/mg wet weight. 

 

2.4. GLYCOSAMINOGLYCAN QUANTIFICATION 

Sulfated GAGs (sGAGs) content was quantified in decellularized and native NPs by 

Blyscan Sulfate GAGs Assay (biocolor). Briefly, tissues were cut in small pieces and placed 

in Papain Extraction Reagent (0.1 M sodium acetate, 0.01 M EDTA disodium salt, 0.005 M 

cysteine HCl), supplemented by papain crystallized suspension (Sigma-Aldrich) and 

incubated overnight at 65 °C, with occasionally vortexing. After digestion, sGAGs content 

was quantified by quantitative dye-binding method, following the manufacturer's 

instructions. The absorbance was measured at 656 nm at the Synergy™ Mx multi-mode 

microplate reader (BioTek). Deionized water was included as reference as well as a blank 
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sample. A standard curve was used to calculate sGAGs concentration of the samples. 

sGAGs content was normalized by wet weight (mg) and data were expressed as µg 

sGAGs/mg wet weight. 

 

2.5. COLLAGEN QUANTIFICATION 

Decellularized NPs were cut in small pieces and digested overnight at 4 °C, under 

mechanical digestion, in a solution of 0.5 M acetic acid supplemented with 0.1 mg/mL of 

Pepsin (Sigma-Aldrich). Afterwards, samples were centrifuged at 3000 g for 10 min in order 

to remove residual matrix. Supernatants were used for the quantification of soluble collagen 

(COL) by using Sircol Soluble Collagen Assay (biocolor), following the manufacturer's 

instructions. Absorbance was measured at 556 nm using the Synergy™ Mx multi-mode 

microplate reader (BioTek). Deionized water was included as reference as well as a blank 

sample. A standard curve was used to calculate COL concentration in the samples. COL 

content was normalized by wet weight (mg) and data were expressed as µg COL/mg wet 

weight. 

 

2.6. HISTOLOGICAL EVALUATION 

After fixation in 10 % neutral buffered-formalin (Bio-Optica) overnight, native and 

decellularized NPs were transferred to PBS and further processed for paraffin embedding. 

Sections of 5 µm were obtained and stained for Alcian Blue/Picro-Sirius Red. Briefly, 

sections were dewaxed and stained with Gill’s Hematoxylin (Thermo Fisher Scientific) for  

3 min, stained with Alcian Blue for 30 min, followed by an incubation in Picro-Sirius Red 

solution for 1 h and washed with Acidified water (0.01 N HCl). Finally, sections were 

dehydrated and mounted with Entellan (Merck). 

 

2.7. CRYO-SCANNING ELECTRON MICROSCOPY 

Cryo-scanning electron microscopy (Cryo-SEM) analysis of native and 

decellularized NPs was performed at Materials Centre of the University of Porto (CEMUP) 

by a high-resolution Scanning Electron Microscope with X-Ray Microanalysis and Cryo-

SEM facilities (JEOL JSM 6301F/ Oxford INCA Energy 350/ Gatan Alto 2500). Briefly, NPs 

were rapidly cooled with liquid nitrogen and placed to the cold stage of the preparation 
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chamber under vacuum. Afterwards, samples were fractured, sublimated for 120 s at 90 °C 

and sputtered-coated with Au/Pd for 40 s. The samples were transferred to the scanning 

electron microscopy chamber and analyzed at -150 °C at 1000x and 5000x magnification. 

Number of pores and mean pore area parameter were quantified by DiameterJ, a plug in of 

ImageJ/Fiji software (Caldeira et al., 2017). 

 

2.8. WESTERN BLOT ANALYSIS 

Native and decellularized NPs were cut in small pieces and digested in Guanidine 

Extraction Buffer (4 M Guanidine HCl, 10 mM EDTA, 50 mM Sodium acetate), 

supplemented with Dithiothreitol (DTT), 1 mM PMSF and Proteases Inhibitor (Roche 

Diagnostic GmbH) overnight at 4 °C with agitation. Young and fetus native NPs were used 

as negative and positive controls, respectively. After centrifugation at 13.200 rpm, 4 °C for 

20 min to remove any remaining ECM, supernatants were recovered and precipitated in 

absolute ethanol for 2 h at -20 °C. Finally, protein pellet was resuspended in sample buffer 

(7 M Ureia, 2 M Tioureia, 2 % CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate) and stored at -20 °C until protein quantification by using 2D Quant Kit 

(GE Healthcare), following the manufacturer's instructions.  

Protein samples were denaturated for 10 min at 65 °C and separated by SDS-

polyacrilamide gel electrophoresis (PAGE), by using 9 % polyacrylamide gels. Afterwards, 

samples were transferred to nitrocellulose membranes (GE Healthcare), and stained with 

Ponceau to confirm successful transfer. Following membranes blocking with a solution of   

5 % milk in PBS with 5 % Tween for 1 h, incubation with optimal diluted antibodies for 

COL12 (anti-COL12 primary antibody was offered by Dr. Nick Morris; dilution:1:9) and 

COL14 (anti-COL14 primary antibody was offered by Dr. Nick Morris; dilution: 1:3) was 

performed overnight at 4 °C under agitation, as previously optimized (Caldeira et al., 2017). 

Finally, membranes were incubated with a secondary antibody (1:1000) for 1 hour at room 

temperature and an ECL chemiluminescent substrate (GE Healthcare) was used to reveal 

protein bands through X-ray film exposure. 

After ECL detection and scanning of X-ray films by GS-800 densitometer (Bio-Rad), 

bands were quantified by using Quantity One 4.6.8 Software (Bio-Rad) and normalized to 

the total protein loading (density protein of interest/density of total protein loaded obtained 

by Page Blue staining), as previously described (Caldeira et al., 2017). For quantification, 
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background density value (measured in different area of the membrane) was subtracted 

from the protein density of each sample. 

 

2.9. RHEOLOGICAL ANALYSIS 

Rheological analysis of native and decellularized NPs was performed by using 

Kinexus Pro rheometer. Four NPs were isolated from the same IVD and a total of three 

biological replicates were used for the assay. The viscoelastic properties of native tissues 

were measured by evaluating the amplitude strain sweep and frequency sweep in the same 

sample and at the same moment. For amplitude strain sweep, a range between 0.10 % to 

10 % of shear strain was chosen, while maintaining a constant frequency of 0.2 Hz. For 

frequency sweep, a range of 0.01 Hz to 30 Hz was chosen, while fixing the shear strain at 

5 %.  

Before the analysis, samples’ height was measured by the help of a digital caliber 

and the 75 % of the total height was used to determine an accurate gap. The assay was 

performed at 37 °C in humidified conditions and by using a top geometry of 8 mm.  After 

rheology, native samples were decellularized with the optimal protocol and placed in PBS 

at 4 °C, overnight. The day after, the viscoelastic properties of decellularized samples were 

measured as for the native ones. For data analysis, complex shear modulus (G*), were 

retrieved from the linear viscoelastic region (LVR: 0.04 Hz – 1 Hz) of frequency strain sweep 

and at 5 % of strain, fixed through LVR of amplitude strain sweep. 

 

2.10. ISOLATION OF BOVINE NUCLEUS PULPOSUS CELLS 

Fresh young bovine tails were dissected and NPs were isolated, weighted and kept 

hydrated in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) with low glucose 

supplemented with 5 % v/v P/S (Invitrogen) and 10 % v/v Amphotericin B (Capricorn 

Scientific). The NPs were cut in small pieces and digested in DMEM low glucose (Gibco), 

supplemented with 5 % v/v of P/S (Invitrogen), 10 % v/v of Amphotericin B (Capricorn 

Scientific), 2.5 % v/v Hepes Buffer (1 M, Lonza), 1.2 % v/v of 5 M NaCl/0.4 M KCl solution 

in order to adjust the osmolarity to 400 mOsm and mimic the IVD physiological conditions, 

1.3 µL/mL of DNAse (Promega) and 0.5 mg/mL of Collagenase type IA (Sigma-Aldrich), as 

previously optimized (M. Molinos et al., 2015). Tissue digestion was performed overnight at 

37 °C in humidified and hypoxia environment (5 % O2 and 8.5 % CO2) under gentle agitation. 
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The 10 % of tissue/medium ratio was considered to avoid medium pH dropping below 6.8 

during digestion (M. Molinos et al., 2015). After, cell suspension was filtered through a cell 

strainer to remove any remaining pieces of undigested ECM and centrifuged at 400 g for 

15 min to obtain a single and clear cell suspension. Finally, cells were re-suspended in fresh 

DMEM (Gibco) with low glucose, supplemented with 1 % v/v of P/S (Invitrogen), 0.5 % v/v 

of Amphotericin B (Capricorn Scientific), 1.5 % v/v of 5 M NaCl/0.4 M KCl solution, 5 % v/v 

of fetal bovine serum (FBS, Biowest), counted and used for the repopulation of 

decellularized NPs from different ages. 

 

2.11. REPOPULATION OF DECELLULARIZED NPS WITH ADULT BOVINE NP CELLS 

Prior to cell seeding, fetus, young and old decellularized NPs were pre-incubated 

overnight at 37 °C in IVD-culture medium, composed by DMEM (Gibco) with low glucose, 

supplemented with 1 % v/v of P/S (Invitrogen), 0.5 % v/v of Amphotericin B (Capricorn 

Scientific), 1.5 % v/v of 5 M NaCl/0.4 M KCl solution, 5 % v/v of FBS (Biowest), under 

humidified and hypoxia conditions (5 % O2 and 8.5 % CO2) in order to equilibrate the 

matrices and facilitate cells penetration. After, decellularized NPs were transferred to a 96-

well plate 2-hydroxyethyl methacrylate-coated (polyHEMA, Sigma-Aldrich), to ensure cells 

adhesion only on the tissue.  

For repopulation, adult bovine NP cells were seeded on the decellularized scaffolds 

by adopting a scaffold turnover method, as already described elsewhere (Xu et al., 2014), 

to improve cells adhesion and migration. Briefly, 5 µL cells suspension, containing around 

5x104 NP cells, was seeded on the top of decellularized NPs by drop-wise addition on the 

surface of the scaffolds and incubated for 2 h at 37 °C, without medium, under humidified 

and hypoxia conditions (5 % O2 and 8.5 % CO2).  

Afterwards, decellularized NPs were turned and another 5 µL cell suspension, 

containing 5x104 NP cells, was seeded on the other side of the scaffolds and incubated for 

other 2 h, under the same conditions of the first seeding. Finally, 200 µL of culture medium 

was added and repopulated NPs were cultured ex vivo for 7 days. Media was changed at 

days 1, 3 and 6 of culture and stored at -80 °C for further analysis.  

Decellularized NPs without cells seeding, as well as native bovine IVD organ culture 

(previously described (Teixeira et al., 2016)), were also maintained in culture for 7 days, 

under the same conditions of repopulated NPs, and used as controls for the analysis. 
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2.12. ASSESSMENT OF CELL REPOPULATION EFFICIENCY 

Cell repopulation efficiency was assessed by quantification of DNA content, cell 

metabolic activity, cell viability and histological analysis. DNA content from repopulated NPs 

scaffolds was analyzed after 24 h of cell seeding upon extraction using PureLink Genomic 

DNA mini kit (Invitrogen), following the manufacturer's instructions and quantification by 

Quant-iT™ PicoGreen® dsDNA kit (Invitrogen). Metabolic activity of repopulated NP 

scaffolds was measured at days 1, 3 and 6 of ex vivo culture by resazurin sodium salt assay. 

After removing the medium, samples were incubated with 10 % of Resazurin solution 

(Sigma-Aldrich Co.), diluted in DMEM (Gibco) with low glucose, supplemented with 1 % v/v 

of P/S (Invitrogen), 0.5 % v/v of Amphotericin B (Capricorn Scientific), 1.5 % v/v of 5 M 

NaCl/0.4 M KCl solution, 5 % v/v of FBS (Biowest), for 4 h at 37°C, under humidified and 

hypoxia conditions (5 % O2 and 8.5 % CO2). A blank was included in the analysis. 

Afterwards, Resazurin solution was transferred to a black well plate and Relative 

Fluorescence unit (RFU) was measured at excitation 530 nm and emission 590 nm by using 

Synergy™ Mx multi-mode microplate reader (BioTek). Finally, samples were washed gently 

with PBS and incubated in fresh medium to proceed with ex vivo culture. 

For cell viability of ex vivo culture repopulated NP scaffolds, Live/Dead staining was 

performed at day 7. Scaffolds were washed gently with PBS and incubated with a solution 

of calcein (dilution 1:500; Thermo Fisher Scientific) and Hoestch (dilution 1:1000), prepared 

in PBS, for 20 min at 37 °C, under humified and hypoxic conditions (5 % O2 and 8.5 % CO2). 

Then, samples were transferred to a petri dish and a solution of propidium iodide (dilution 

1:500, Sigma- Aldrich) was added. Finally, NPs were imaged at the confocal microscope 

(TCS, SP5, Leica Microsystems) using a 10x magnification. At day 7 of ex vivo culture, 

repopulated NPs were processed for histological analysis following the procedure 

previously described in 2.6. Sections stained with Alcian Blue/Picro-Sirius Red were 

documented using a 20x objective, while sections stained with Hematoxylin & Eosin (H&E) 

were imaged at 20x and 40x magnifications. 

 

2.13. CYTOTOXICITY EVALUATION OF REPOPULATED NP SCAFFOLDS 

Cytotoxicity analysis of repopulated and control NP scaffolds was performed by 

measuring the LDH release in sample’s conditioned media, collected at days 1, 3 and 6 of 

ex vivo culture. CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega) was used to 

perform the analysis, following the manufacturer's instructions. Briefly, conditioned media 
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was thawed and 50 µL of each sample was transferred to a well plate. Following addition of 

CytoTox 96® Reagent, the plate was incubated for 30 min at room temperature and 

protected from light. Stop solution was transferred to each well and absorbance was read 

at 490 nm through Synergy™ Mx multi-mode microplate reader (BioTek). A positive control, 

provided by the kit, was included in the analysis as well as a blank sample. For calculation, 

blank absorbance value was subtracted to the absorbance of each sample and the 

percentage of cytotoxicity was calculated and normalized by the positive control. Finally, 

data were normalized by decellularized NPs at the correspondent time point and presented 

as relative LDH release. 

 

2.14.  RNA EXTRACTION AND CDNA SYNTHESIS FOR QUANTITATIVE REAL-TIME REVERSE 

TRANSCRIPTION–POLYMERASE CHAIN REACTION 

At day 7 of ex vivo culture, repopulated NP scaffolds and IVD organ culture were 

washed gently with cold PBS and RNA was extracted as previously described (Ferreira et 

al., 2021). Briefly, samples were cut in small pieces and digested in DMEM (Gibco), 

supplemented with 2 mg/mL of Protease from Streptomyces griseus (Sigma-Aldrich), for     

1 h at 37 °C, under agitation. Following digestion, 1 % FBS (Capricorn) was added to 

inactivate enzymatic activity. After centrifugation at 400 g for 10 min, tissue pellets were 

washed twice in PBS, froze in liquid nitrogen and stored at -80 °C, until RNA extraction. For 

repopulated NP scaffolds, a pull of 5 samples/each age, isolated from the same IVD, were 

used for digestion and subsequent RNA extraction in order to increase the RNA amount, 

while for organ culture only one NP was sufficient for the analysis. 

For RNA extraction, NPs were thawed and resuspended in Trizol (Invitrogen). After 

adding chloroform, samples were centrifuged at 12.000 g for 15 min. Then, the aqueous/ 

transparent phase was collected, re-suspended in isopropanol and transferred to 

ReliaPrepTM Minicolumn (Promega) to proceed with RNA extraction by using the ReliaPrep 

RNA Cell Miniprep System kit (Promega), following the manufacturer's instructions, and 

quantified by a NanoDrop spectrophotometer. RNA from repopulated NP scaffolds and 

organ culture (concentration of 100 ng) was reverse transcribed in cDNA, by using High 

Capacity cDNA Reverse Transcription kits (Applied Biosystem). Briefly, a 2X Reverse 

Transcription (RT) Master Mix was prepared by mixing 10x RT Buffer, 25X Deoxynucleotide 

(dNTP) Mix (100 mM), 10X RT Random Primers, MultiscribeTM Reverse Transcriptase, 

RNAse Inhibitor and Nuclease-free water, and added in the RNA samples. Reverse 
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transcription reaction was run in the thermal cycler (MyCycler Thermo Cycler, Bio-Rad) and 

the obtained cDNA were used for quantitative real-time reverse transcription–polymerase 

chain reaction (qRT-PCR). 

 

2.15. QUANTITATIVE REAL-TIME REVERSE TRANSCRIPTION–POLYMERASE CHAIN REACTION 

TaqMan Gene expression probes (Applied Biosystem), specific for bovine species, 

were used to detect gene expression levels of AGGRECAN (ACAN, (Bt03212186_m1), 

COL2A1 (Bt03251861_m1), GAPDH (Bt03210913_g1), MMP1 (Bt03212825_m1) and 

MMP3 (Bt04259490_m1) in cDNA obtained from repopulated NP scaffolds and organ 

culture. The reaction mix was prepared by using TaqManTM Gene expression Master Mix 

(Applied biosystem) and the qRT-PCR was carried out in a CFX96 Real-Time qPCR System 

(BioRad), under the specific conditions required from the Master Mix (Hold: 50 °C for 2 min; 

Hold: 95 °C for 10 min; Denature: 95 °C for 15 s; Anneal/Extend: 60 °C for 60 s). GAPDH 

was used as internal control. 

Relative expression levels were calculated using the quantification cycle (Cq) 

method, according to MIQE guidelines (Bustin et al., 2009). Finally, gene expression levels 

were normalized by control (organ culture). 

 

2.16. HISTOLOGICAL ANALYSIS OF REPOPULATED NPS 

Immunofluorescence (IF) for COL2 and immunohistochemistry (IHC) for ACAN and 

COL1 were performed in 5 µm sections of repopulated NPs and control scaffolds 

(decellularized NPs cultured under the same experimental conditions of repopulated NPs) 

at day 7 of ex vivo culture. Sections were dewaxed in xylene, re-hydrated through graded 

alcohols and washed with distilled water. 

For IF of COL2, antigen retrieval was performed by immersing sections in 

microwave-boiled citrate buffer (pH = 6.0) for 1 min, followed by incubation with 20 µg/mL 

of Proteinase K solution for 15 min at 37 °C. After blocking with 10 % FBS, 4 % bovine 

serum albumin (BSA, Merck), 0.2 % Triton solution for 1 h at room temperature, sections 

were incubated with COL2A1 primary antibody (dilution 1:50; anti-COL2A1 monoclonal 

antibody M2139; sc-52658, Santa Cruz Biotechnology) overnight, at 4 °C. Afterwards, an 

incubation with Alexa Fluor 594 secondary antibody (dilution: 1:1000; Alexa FluorTM 594 

goat anti-mouse; A11020; Invitrogen) for 1 h was performed. Finally, sections were mounted 
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in fluoroshield with DAPI mounting media (Sigma- Aldrich) (Ferreira et al., 2021; Pereira et 

al., 2016).  

For IHC, antigen retrieval was performed with 20 µg/mL of Proteinase K solution for 

15 min at 37 °C for ACAN followed by microwave-boiled citrate buffer (pH = 6.0) for 1 min 

and 1.5 U/mL of hyaluronidase for 45 min at 37 °C, for COL1 (Pereira et al., 2016). IHC was 

performed by using NovolinkTM Polymer Detection Kit (Leica Biosystems), following 

manufacturer’s instructions. Briefly, slides were incubated in Peroxidase Block for 5 min to 

neutralize endogenous peroxidase and in Protein block for other 5 min. Sections were 

incubated overnight at 4 °C with the optimally diluted primary antibodies: ACAN (dilution: 

1:750; anti-ACAN monoclonal antibody BC-3; MA3-16888; Invitrogen) and COL1 (dilution 

1:100; anti-COL1; 600-401-103-0.1; Rockland Immunochemicals, Inc.). Following 

incubation with Post Primary solution for 30 min, a step with NovolinkTM Polymer was 

performed for 30 min, under gentle agitation. Peroxidase activity was developed by using 

DAB working solution for 5 min. Finally, sections were counterstained with Gill’s 

Hematoxylin (Thermo Fisher Scientific) for 6 min, washed in running tap water, dehydrated 

and mounted with Entellan (Merck).  

For IF of COL2 and IHC of ACAN and COL1, a negative control without primary 

antibody was included in the same slide. Images were acquired at Apotome microscope 

(Zeiss) for COL2 and optical microscope (Zeiss) for ACAN and COL1 at 20x objective. To 

account for all ECM protein pool (both intracellular and extracellularly deposited), 

percentage area of each image was quantified by Fiji/ImageJ software. For data analysis, 

percentage area of each image was normalized by the average of the percentage area of 

the correspondent control (decellularized matrices). 

 

2.17. PICRO-SIRIUS RED STAINING UNDER POLARIZE LIGHT 

At day 7 of ex vivo culture, 5 µm paraffin sections of repopulated and decellularized 

NPs were incubated with Picro-Sirius Red solution for 1 h and then washed with acidified 

water (0.01 N HCl). Images were acquired by using polarized lens at objective 10x in order 

to characterize different collagen fibers. The percentage of red, yellow and green fibers was 

quantified by Fiji/ImageJ software. 
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2.18. IN VIVO CAM ASSAY 

The in vivo angiogenic potential of decellularized NPs from bovine IVDs was 

assessed by the CAM assay. Fertilized chick (Gallus gallus) eggs, obtained from 

commercial sources, were incubated horizontally at 37.8 °C in a humidified atmosphere and 

referred to embryonic day (E). On E3 a square window was opened in the shell after removal 

of 1.5-2 mL of albumen to allow detachment of the developing CAM. The window was 

sealed with adhesive tape and the eggs returned to the incubator. At E10, eggs were 

randomly distributed into five groups and, under sterile conditions, a silicone ring was placed 

on the top of the growing CAM. Four (out of the 5) groups were treated with basic fibroblast 

growth factor-2 (bFGF2; 400 ng/egg) and the fifth with H2O, thus the experiment negative 

control. In three of bFGF2 treated groups, decellularized NPs from animals of different ages 

(fetus, young and old) were implanted in the treatment site, inside the ring. The last group, 

bFGF2 alone, was used as positive control. The eggs were re-sealed and returned to the 

incubator for an additional 3 days. At E13, CAMs were fixed with 10 % of neutral buffered 

formalin, excised from the embryo and photographed ex ovo under a stereoscope, at 20x 

magnification (Olympus, SZX16 coupled with a DP71 camera). Pictures were used for 

quantification of new vessels growing towards the site of scaffold implantation in order to 

evaluate the angiogenic response. Two independent experiments were performed resulting 

in 9 to 17 samples/eggs per experimental group. 

 

2.19. STATISTICAL ANALYSIS 

Results are presented as average ± Standard Error of the Mean (SEM). The 

normality of the data was tested using a D’Agostine and Pearson normality test. The 

majority of the data followed a non-normal distribution, a non-parametric paired Friedman 

test, with Dunn’s multiple comparison test as post-hoc, was used. When data followed a 

parametric distribution (in the case of CAM assay), an unpaired ANOVA test was applied. 

A confidence level of at least 95 % (p < 0.05) was set. Graph Pad Prism v7.01 software was 

used for the analysis. 
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3. RESULTS 

 

3.1. A TRANSVERSAL DECELLULARIZATION PROTOCOL EFFICIENTLY REMOVES CELLS AND DNA 

WHILE PRESERVING ECM INDEPENDENTLY OF DONOR AGE 

In order to develop an optimal protocol that would be adequate, independently of 

donor age, NPs from fetus, young and old bovine IVDs were decellularized by screening a 

range of features: distinct detergents (SDS and Triton-X-100), at different concentrations 

and time points (SDS 0.1 % 1 h, 3 h and 24 h; SDS 0.5 % 24 h, Triton 0.6 % 24 h and Triton 

1.2 % 24 h). Decellularization efficiency, in terms of DNA and cell removal, was evaluated 

by PicoGreen DNA quantification and DAPI staining, respectively. As shown in Figure 1a, 

all protocols tested were able to decrease scaffold DNA content, for all aged donors, when 

compared to native tissues. However, SDS 0.1 % - based protocols were shown to be more 

efficient in DNA removal, especially for fetal NPs, in line with DAPI staining (Supplementary 

Figure 2). The least efficient treatments were those based on Triton 0.6 % and 1.2 %, which 

still retained numerous cells in both fetal and young matrices.  

GAGs and collagen are major components of NP tissue. Specifically, GAGs are 

essential in maintaining osmotic pressure and hydration of the IVD in order to support 

compressive loads (Liu et al., 2018), while collagen fibers represent the main structural NP 

network (Aladin et al., 2010). Since it is known that some decellularization agents can 

remove (or significantly decrease) GAGs, as well as disrupting collagen organization 

(Gilbert et al., 2006), we evaluated their retention after decellularization by sGAGs 

quantification and Alcian Blue/Picro-Sirius red staining, respectively. As expected, 

decellularization resulted in sGAGs loss for all aged donors (Figure 1b), independently of 

the decellularization conditions used, as compared to native tissues. However, this effect 

was even more evident for SDS (0.1 % and 0.5 %) 24 h treatments, which significantly 

reduced sGAGs content in fetal and young decellularized matrices. No statistically 

significant differences were observed in terms of NPs COL content between the different 

experimental methods for all the aged donors (Supplementary Figure 3). This was further 

confirmed with Alcian Blue and Picro-Sirius Red staining (Figure 1c) which revealed GAGs 

(blue) loss in fetus, young and old matrices, for all the decellularization conditions. Protocols 

based on Triton-X-100 1.2 % 24 h and SDS 0.1 % 1 h and 3 h, did not show a statistically 

significant reduction of sGAGs, indicating a higher retention of these components, which 
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was corroborated by the bluish coloration in Alcian Blue staining. Collagen content (red) 

was preserved in all the conditions, with no obvious differences. 

Overall, SDS 0.1 % - based protocols were more efficient in decreasing DNA 

content, while preserving tissue architecture and ECM composition to some extent. 

Therefore, to ensure minimal exposure to chemical detergents, an SDS 0.1 % for 1 h - 

based treatment was selected as the optimal procedure. It was then used to further 

characterize decellularized matrices at the structural, biochemical, and biomechanical level. 

A summary of the optimal decellularization procedure is illustrated in Figure 1d. 
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Figure 1. Decellularization efficiency of several experimental methods using bovine 

nucleus pulposus from different ages. (a). Quantification of DNA by PicoGreen assay 

and (b) sulfate sGAGs by Blyscan Sulfate GAGs assay in native and decellularized fetus 

(F), young (Y) and old (O) NPs. Data from each decellularization treatment and age group 

were compared to the correspondent control (native) and normalized by wet weight (ng/mg 

for DNA and µg/mg for sGAGs). For both DNA and sGAGs quantification: Error bars 

represent mean ± SEM (n=3). Kruskal Wallis test followed by Dunn’s multiple comparison 

test. *p<0.05; **p<0.01. (c) Alcian Blue and Picro-Sirius Red staining of tissue sections from 

native and decellularized F, Y and O NPs. Representative images of three biological 

replicates. Red: collagen; blue: GAGs; purple: cell nuclei. Magnification 5x; scale bar: 500 

µm. (d) Schematic workflow of the optimal decellularization procedure. 

 

 

3.2. DECELLULARIZED NPS FROM DIFFERENT AGED DONORS PRESERVE STRUCTURAL, 

BIOCHEMICAL AND BIOMECHANICAL CUES 

Scaffold structure, which has often been described to be altered as a consequence 

of decellularization, is known to influence tissue development, homeostasis and 

regeneration, through several cellular processes (e.g. adhesion, survival, migration, 

proliferation, differentiation, etc.) (Caldeira et al., 2018). For that, Cryo-SEM was performed 

in decellularized NPs from different ages to analyze the effect of decellularization on 

scaffold topography. All native NPs from different aged donors were characterized by a 

network of randomly oriented fibers, (Figure 2a), as previously reported (Caldeira et al., 

2017). Although general architecture was preserved in all aged donors following 

decellularization, the collagen network seemed to be sparser, revealing bigger pores than 

native tissue, particularly for fetus and young NPs. Quantitative analysis using DiameterJ 

validated the aforementioned observations. Fetus and young decellularized NPs presented 

less pores (Figure 2b) and increased mean pore area (Figure 2c), when compared to the 

correspondent native NPs. No major differences were observed for old scaffolds before and 

after decellularization.  

The preservation of COL12 and COL14 in NP decellularized matrices is essential 

for the pro-regenerative potential of fetal tissues. Since decellularization agents can cause 

collagen reduction, a western blotting for these two pro-regenerative proteins was 

performed to evaluate their retention in fetus NPs, after decellularization. Young native NPs 
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were included in the analysis as negative controls, since COL12 and COL14 are not 

expressed at this age (Caldeira et al., 2017). As expected COL12 (Figure 2e) and COL14 

(Figure 2f) expression was confirmed in fetal native NPs. Both protein levels were higher in 

fetal decellularized NPs, when compared to either fetus or young native tissues, confirming 

their preservation after decellularization. 

As it is well known, IVD biomechanical properties are essential to allow spine 

movements, by transferring loads and dissipating energy through the vertebrae 

(Tomaszewski et al., 2015). Thus, to ascertain if these features were affected by 

decellularization, viscoelastic properties of fetus, young and old NPs were evaluated by 

rheological analysis, as described in (Pinto et al., 2017). After decellularization, NPs showed 

a decrease of complex shear modulus (G*) for all aged donors, demonstrating to be less 

stiff when compared to the correspondent native tissues (Figure 2g). Moreover, fetus native 

NPs revealed a tendency of decreased stiffness when compared to young and old NPs, 

demonstrating a softer-like behavior. This trend was preserved after decellularization. 

Finally, young and old NPs showed similar stiffness both in native and decellularized 

samples (Figure 2g). 
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Figure 2. Structural, biochemical and biomechanical characterization of bovine 

nucleus pulposus from different ages decellularized with the optimal procedure. (a) 

Representative images of collagen fibers network of native and decellularized fetus (F), 

young (Y) and old (O) NPs, obtained by Cryo-SEM. Magnification 1000x and scale bar 60 

µm (left images); magnification 5000x and scale bar 10 µm (right images). Quantification of 

number of pores (b) and mean pore area (c) of decellularized and native F, Y and O NPs 

by DiameterJ (n=3 to 4). Error bars represent mean ± SEM. Kruskal – Wallis test followed 

by Dunn’s multiple comparison test. (d) Collagen type 12 (COL12) (e) and Collagen type 

14 (COL14) (f) western blotting of F decellularized NPs. F native NPs were used as positive 

control, while Y native NPs as negative one (n=3 to 4). Protein expression levels were 

normalized by the total protein loading (Page Blue staining). Error bars represent mean ± 

SEM. Kruskal – Wallis test followed by Dunn’s multiple comparison test. * p<0.05; ** p< 

0.01. (g) Complex shear modulus (G*) values (at 5 % of strain), retrieved from the linear 

viscoelastic region (0,04 -1 Hz) of the frequency sweep, performed by rheology, of F, Y and 

O decellularized NPs, compared to the correspondent native tissues (n=3). Error bars show 

mean ± SEM. Kruskal – Wallis test followed by Dunn’s multiple comparison test. 

 

 

3.3. ECM DEVELOPMENTAL CUES INFLUENCE ADULT BOVINE NP CELL BEHAVIOR 

To evaluate the effect of donor age on cell response and to unveil how 

developmental - associated ECM features (either biochemical or biomechanical) can affect 

IVD de/regeneration, decellularized NPs from different ages were repopulated with adult 

bovine NP cells.   

To extrapolate on differences in colonization numbers in the different scaffolds, DNA 

was quantified 24 h after cell seeding. Fetus, and particularly young repopulated NPs, 

exhibited higher DNA content, as compared to old ones, although differences were not 

statistically significant (Figure 3a). Metabolic activity of the ex vivo culture, revealed an 

increased level of RFUs in fetus NPs at day 1, as compared to young and old ones. Despite 

a slight trend for overall decrease in metabolic activity at day 3 (which was partially 

recovered at day 6), no major differences were observed between different aged donors at 

day 3 and 6 of culture (Figure 3b). In addition, no significant cytotoxicity levels were 

identified in any of the repopulated NPs independently of the time point, except for a modest 

increase in young-derived scaffolds at day 1 (Figure 3c).  
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To explore if decellularized NP scaffolds from different aged donors were 

biocompatible, cell death was assessed after 7 days of culture. More cells and, in particular 

viable ones were found in fetal and young repopulated NPs, when compared to old ones 

(Figure 3d). Moreover, seeded cells were characterized by a round morphology, which is 

typical of chondrocyte–like NP cells (Figure 3e). NP cells repopulating the scaffolds were 

found inside the hollow spaces left after decellularization (Figure 3f). Notably, in fetal-

derived scaffolds, NP seeded cells displayed the capacity to produce GAGs, as inferred by 

an increase in Alcian blue staining in repopulated cells, which was not observed in cells 

seeded on young nor on old NPs (Figure 3f).  

Altogether, these results suggest that decellularized NPs from all the aged donors 

were capable of supporting bovine NP cell culture. Nevertheless, younger decellularized 

matrices were more efficient in promoting adhesion and metabolic activity, as well as in 

maintaining cell viability, when compared to older microenvironments. 
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Figure 3. Repopulation efficiency of decellularized nucleus pulposus from different 

ages with adult bovine nucleus pulposus cells. (a) Quantification of DNA by PicoGreen 

assay in fetus (F), young (Y) and old (O) repopulated NPs 24 h after cell seeding. Data were 

normalized by wet weight (ng DNA/mg tissue). Error bars represent mean ± SEM (n=3). 

Kruskal Wallis test followed by Dunn’s multiple comparison test. (b) Metabolic activity of F, 

Y and O repopulated NPs at day 1, 3 and 6 of ex vivo culture (same color dots represent 

individual experiments). Error bars represent mean ± SEM (n=4). Two-Way Anova followed 

by Tukey’s multiple comparison test. RFU: relative fluorescence units. (c) Measurement of 

relative lactate dehydrogenase (LDH) release in the conditioned media of repopulated NPs 

at day 1, 3 and 6 of ex vivo culture. Data were normalized by the positive control, provided 

by the kit, and decellularized NPs. Error bars represent mean ± SEM (n=6 technical 

replicates). Two-Way Anova followed by Tukey’s multiple comparison test. (d) Calcein 

(green) and propidium iodide (PI; red) staining of F, Y and O repopulated NPs after 7 days 

of ex vivo culture. Magnification 10x; scale bar 200 µm. (e) Hematoxylin&Eosin (H&E) 

staining of F, Y and O repopulated NPs after 7 days of ex vivo culture. Left images: 

magnification 20x and scale bar 100 µm; right images: magnification 40x and scale bar 50 

µm. Arrows show cell nuclei. (f) Alcian Blue and Picro-Sirius Red staining of repopulated F, 

Y and O NPs after 7 days of ex vivo culture. Red: collagen; blue: GAGs; purple: cell nuclei. 

Magnification 20x; scale bar: 100 µm. 

 

 

3.4. YOUNGER DECELLULARIZED MATRICES PROMOTE HEALTHY ECM DE NOVO SYNTHESIS BY 

ADULT BOVINE NP CELLS 

To understand if ECM-based scaffolds are able to promote tissue regeneration, 

recellularized NPs matrices from different aged donors were cultured ex vivo for 7 days. 

The ability of seeded cells to synthetize ECM proteins and, thus recover a healthy and 

functional microenvironment, was investigated at both molecular and protein levels.  

As shown in Figure 4, NP cells cultured on fetal decellularized matrices show 

significant upregulation of ACAN (Figure 4a) and COL2A1 (Figure 4b) when compared to 

old decellularized matrices. At the protein level, an increase in ACAN production throughout 

the tissue was observed by IHC in fetal and young matrices, when compared to old donors. 

(Figure 4c). This was confirmed by percentage of stained area quantification (normalized 

by the control shown in Supplementary Figure 4a), which showed a significant increase in 
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ACAN production in fetus and young repopulated NPs, when compared to the old ones 

(Figure 4d). This increased ACAN synthesis is even more evident in comparison to control 

decellularized matrices, with almost no ACAN expression at the protein level 

(Supplementary Figure 4a). Interestingly, non-repopulated fetus decellularized NPs showed 

a significantly higher amount of ACAN than old scaffolds, and a tendency to increase, as 

compared to young ones (Supplementary Figure 4b). Thus, cells cultured on younger 

matrices were able to restore at a higher extent native ACAN expression, which had been 

lost with the decellularization process.   

On the other hand, IF analysis of COL2 expression showed intense staining at the 

pericellular level in cells repopulating the matrices from all aged donors (Figure 4c), being 

apparently reduced in young matrices. Upon percentage of area quantification, COL2 was 

shown to be decreased in all aged donors in comparison to control matrices                            

(fold change <1) (Figure 4e). Still, old repopulated NPs were able to retain a significantly 

higher amount of COL2, when compared to young ones. Fetal matrices showed a tendency 

to have increased COL2 content, when compared to young ones, but no significant 

differences were observed (Figure 4e). 

Since COL2 content in non-repopulated young decellularized matrices was 

significantly higher than fetus and old ones, as revealed by IF (Supplementary Figure 5a) 

and its subsequent quantification (Supplementary figure 5b), we hypothesized that COL2 

decrease upon cell repopulation could be due to increased MMP-mediated matrix 

degradation. When analyzing MMP1 and MMP3 (the most known collagenases present in 

IVD degeneration) gene expression in repopulated NPs, a trend (although not statistically 

significant) for higher MMP1 (Supplementary figure 5c) and MMP3 (Supplementary figure 

5d) gene expression levels was observed in young repopulated NPs, when compared to 

the other aged donors supporting to some extent the hypothesis that, in the younger 

matrices, higher COL2 degradation might occur, leading to lower COL2 protein levels.  

Our previous work had shown an increased expression of COL1 in fetus native NP 

matrisome when compared to young and old matrices (Caldeira et al., 2017). Thus, we 

analyzed COL1 content in repopulated matrices from different ages to understand if the 

capacity of seeded cells to produce this protein varied with aging. Interestingly, COL1 was 

present in all recellularized matrices, particularly on those of fetal origin (Figure 4c). Upon 

area quantification, it was possible to verify that higher COL1 content was present in fetal 

and young repopulated NPs, although due to high variability of fetal samples, differences 

were only significant when comparing young and old seeded scaffolds (Figure 4f). These 
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differences in COL1 were already present in non-repopulated decellularized matrices 

(Supplementary Figure 6).  

Concomitantly, we analyzed collagen fibers’ thickness (and maturation) by Picro-

Sirius Red staining under polarized light. Quantitative data from normalized coloured area 

demonstrated that fetal- and old-derived NPs exhibited an increased percentage of 

thicker/mature fibers (red/yellow colours through birefringence analysis), when compared 

to young ones (Figure 4c and 4g).  Such differences were not observed in what concerns 

thinner/immature fibers (green colour by birefringence). Interestingly, fetal NPs showed a 

statistically higher percentage of red fibers when compared to yellow and green ones. In 

addition, old NPs had a significantly increased percentage of red fibers’ when compared to 

green ones (Figure 4g). Moreover, fetal repopulated NPs showed a higher red/green ratio 

than young and old NP donors (Figure 4h), in line with the abovementioned COL1 increase 

in fetal recellularized NP scaffolds. In control decellularized NPs, a higher percentage of 

intermediate thickness fibers (yellow) was found for all aged donors, with few amounts of 

thicker fibers detected (red), (Supplementary Figure 6c). When looking into the red/green 

fiber ratio, we observed a slightly higher value in fetal NP matrices, than in old NPs 

(Supplementary Figure 6d). 
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Figure 4. Extracellular matrix de novo synthesis of repopulated nucleus pulposus 

after 7 days of ex vivo culture. (a) mRNA expression level of Aggrecan (ACAN) and (b) 

Collagen type 2 (COL2A1) by quantitative real-time PCR of fetus (F), young (Y) and old (O) 

repopulated NPs after 7 days of ex vivo culture. Fold change to organ culture (native NPs 

cultured ex vivo for 7 days). Error bars represent mean ± SEM (n=5). Friedman test followed 

by Dunn’s multiple comparison test was used for statistical analysis. *p<0.05. (c) 

Representative images of ACAN immunohistochemistry (IHC), COL2 immunofluorescence 

(IF), Collagen type 1 (COL1) IHC and Picro-Sirius Red staining under polarize light of F, Y, 

and O repopulated matrices. Magnification 20x; scale bar: 100 µm. (d) ACAN, (e) COL2 

and (f) COL1 percentage area quantification of F, Y and O repopulated NPs, obtained by 

Fiji/ImageJ. Fold change to the correspondent control (ctrl: decellularized matrices cultured 

ex vivo for 7 days). ACAN: n = 6 to 8. COL2A1: n = 4 to 6. COL1: n= 6 to 7. Kruskal – Wallis 

test followed by Dunn’s multiple comparison test. *p<0.05; ** p< 0.01; ***p<0.001; **** 

p<0.0001. (g) Quantification of the relative percentage of collagen fibers, obtained by 

ImageJ, of F, Y and O repopulated NPs. Fold change to the correspondent controls. Error 

bars represent mean ± SEM (n=3 to 8). Kruskal – Wallis test followed by Dunn’s multiple 

comparison test. *p<0.05; ** p<0.01. (h) Ratio of red/green (mature/immature) collagen 

fibers of F, Y and O repopulated NPs. Fold change to the correspondent controls. Error bars 

represent mean ± SEM. (n = 3 to 8). Kruskal – Wallis test followed by Dunn’s multiple 

comparison test. 

 

 

3.5. FETAL MATRICES INHIBIT THE ANGIOGENIC RESPONSE IN VIVO  

The CAM assay has been widely used as a first line in vivo model to investigate 

biomaterials’ biocompatibility as well as a screening platform to test novel anticancer drugs, 

tumor cells invasion, metastasis and angiogenesis (Lokman et al., 2012; Marshall et al., 

2020). In this study, we used this preclinical animal model to determine the anti-angiogenic 

capacity of decellularized NPs from different ages (Figure 5a). All the CAMs except the 

negative control (H2O), were pre-incubated with bFGF2 (an angiogenic factor), before 

scaffolds implantation. Our results show that only fetal matrices were capable of reducing 

the angiogenic response of bFGF2 to levels close to the ones of the negative control (H2O), 

when neovascularization was evaluated. CAMs implanted with either young or old 

decellularized NPs showed angiogenic responses comparable to those of the positive 
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control (bFGF2) and, thus, significantly higher than H2O treated eggs. This indicates an 

inexistent anti-angiogenic potential for young and old matrices (Figure 5b). 

 

 

 

Figure 5. In vivo evaluation of anti-angiogenic potential of decellularized nucleus 

pulposus from different ages. (a) Representative images in ovo of chorioallantoic 

membrane (CAM) treated with basic fibroblast growth factor-2 (bFGF2) and implanted with 

decellularized matrices from fetus (F), young (Y) and old (O) NPs. (b) Quantification of the 

number of new vessels growing towards the decellularized NPs or the inoculation site in the 

case of controls. H20 and bFGF2 represent the negative and positive controls, respectively. 

Results of decellularized NPs were compared to H20. Error bars represent mean ± SEM of 

two independent experiments (n=9 to 17 technical replicates). The One-Way Anova 

followed by Dunnett’s multiple comparison test was used for statistical analysis. Results 

were considered significant at p < 0.05 (*) and p<0.01 (**). 
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4. DISCUSSION 

 

In the last decade, decellularized ECM–based scaffolds have been explored for the 

regeneration of different tissues (e.g. skeletal muscle, esophagus, tendon, lower urinary 

tract, heart, among others), demonstrating successful tissue remodeling and partial tissue 

repair both in animal studies and human clinical trials (Cramer & Badylak, 2019). As such, 

a great number of acellular scaffolds have been approved by Food and Drug Administration 

(FDA) and commercialized for several clinical applications (e.g., AlloDerm, Strattice, 

Permacol, Surgisis, Veritas) (Kawecki et al., 2018). All in all, the ECM represents a natural 

biomaterial, which is able to influence cell behavior and contribute to tissue homeostasis. 

However, to avoid pro-inflammatory response and fibrosis upon in vivo implantation (Faulk 

& Badylak, 2014), decellularization, using chemical, enzymatic or physical agents, is 

fundamental to remove host cells and DNA, while preserving native ECM structure and 

composition (Crapo et al., 2011; Gilbert et al., 2006).  

With the lack of long-term and effective therapies for LBP, tissue engineering 

strategies, namely decellularized ECM-based scaffolds, have started to be investigated also 

for the IVD. These approaches are especially focused on the NP, where the degenerative 

process is thought to start (Yang & Li, 2009). Such natural biomaterials are very promising 

given their capacity to recapitulate native biological and functional cues representative of a 

healthy disc microenvironment. Mercuri and colleagues were the first to define a successful 

decellularization method for porcine NPs, by using a combination of chemical detergents 

(Triton-X-100 and deoxycholic acid), ultrasonication and nucleases (Mercuri et al., 2011). 

Afterwards, many other acellular scaffolds derived from human or animal origin were 

successfully developed (Fiordalisi et al., 2021) and present a huge potential for disc 

repair/regeneration. 

However, tissue donor age can have a dramatic impact on scaffold properties, by 

influencing the final outcome of matrix-based therapies (Fiordalisi et al., 2021). Thus, for 

the development of appropriate biomaterials, it is essential to explore how donor age 

differences can affect scaffold pro-regenerative potential. Moreover, further studies on the 

impact of old degenerated microenvironments on cell behavior are needed in order to 

develop better therapies for IVD degeneration, so we aimed to address these questions.  

It is known that a universal decellularization method for different animals or tissues, 

does not exist, and that different conditions (e.g. chemical agents, treatment time, enzyme 
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exposure, temperature) should be adapted, considering ECM structure and composition. In 

the present work, we optimized a decellularization protocol (Benedetto et al., 2014; Pinto et 

al., 2017; Silva et al., 2016) for bovine NPs from different aged donor (fetus, young and old) 

by using a low detergent concentration and reduced exposure time. This procedure showed 

to be efficient in removing host cells and DNA from all the aged tissues, while preserving 

tissue architecture, biomechanical properties and major ECM components. We tested two 

chemical detergents (SDS and Triton-X- 100) commonly used for tissue decellularization 

(Crapo et al., 2011), at different concentration and time points. SDS–based protocols were 

more efficient in cell and DNA removal, as well as in ECM structure preservation, when 

compared to those that used Triton. Although collagen content was preserved, we detected 

sGAGs loss for all the decellularization conditions tested. Since GAGs are present in cell 

membranes, anchoring the cells to the matrix, their partial removal together with cellular 

components is expected (Pinto et al., 2017).  

As it is well described, the NP is mainly constituted by water, PG and collagen fibers 

(Marcolongo et al., 2017). ACAN, composed by negatively charged GAGs, is the main PG 

present in the tissue. Such negatively charged molecules are essential for tissue hydration, 

conferring elastic properties to the NP (Colombier et al., 2014) and enabling the distribution 

of high loads along the vertebral body (Inoue & Espinoza Orías, 2011). GAGs loss after 

decellularization has also been reported by other works on IVD decellularization (Fernandez 

et al., 2016; Illien-Junger et al., 2016; Mercuri et al., 2011) and is caused by the chemical 

detergents used during the process. It is described that SDS is more effective in decreasing 

nuclear remnants and cytoplasmatic proteins from the tissue (Keane et al., 2015; Woods & 

Gratzer, 2005). However, it also induces GAGs and growth factor loss, as well as collagen 

damage (Crapo et al., 2011; Fu et al., 2014), through a disruption of protein covalent bonds 

(Keane et al., 2015) and subsequent denaturation (Mendibil et al., 2020). Some studies 

have shown the efficacy of Triton–based protocols in cell and DNA removal from porcine 

NPs. Nevertheless, there are references to ECM structure modification (Mercuri et al., 2011) 

and GAGs loss (Fernandez et al., 2016; Mercuri et al., 2011), likewise SDS. On the contrary, 

Yuan et al. have described complete DNA removal and over 80 % GAG preservation in 

rabbit NP matrices, by using a combinatorial protocol of Triton-X-200 with sulphobetaine-

10 and sulphobetaine-16 (Yuan et al., 2013). In the present study, we observed an opposite 

effect, with Triton-X-100 being less effective in decreasing DNA levels as well as in 

preserving GAGs amount. These results may reflect differences in IVD ECM composition 

and structure between species. Moreover, we only analyzed sGAGs content, thus not 

considering the non-sulfated GAGs portion that could still be present in the NP, such as 
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hyaluronic acid (Zhang et al., 2021). Despite the similar DNA decrease observed for the 

tested SDS 0.1 % - based treatments, only 1 h and 3 h protocols showed a statistically 

significant DNA reduction in young and old NPs, when compared to the correspondent 

native controls. Moreover, SDS 0.1 % and 0.5 % 24 h protocols statistically reduced sGAGs 

amount in fetus and young decellularized matrices, when compared to native NPs. Taking 

this into account, we selected the lowest SDS concentration and treatment time to minimize 

exposure to chemical detergents, which could have a cytotoxic effect on the cells (Alizadeh 

et al., 2019) and induce matrix degeneration (Schmitt et al., 2017). Therefore, the SDS 0.1 

% (1 h) – based protocol was identified as the optimal procedure to decellularize bovine 

NPs from different aged donors. It was then used to further characterize the effect of 

decellularization on ECM structure, composition and biomechanics. 

Given the importance of ECM structure in regulating cell behavior (Wang et al., 

2020), we evaluated the retention of collagen network after NP decellularization, by using 

Cryo-SEM. Native bovine NPs from different ages were characterized by the presence of 

randomly oriented collagen fibers, as previously observed (Caldeira et al., 2017). After 

decellularization, we could confirm the preservation of matrix overall structure. However, 

collagen network seemed to be more opened, especially for fetus and young donors, when 

compared to the corresponding native controls. We hypothesize that this effect may result 

from the exposure to decellularization solutions during tissue processing. Quantitative data 

was indicative of a sparser matrix (reduced number of pores) and increased mean pore 

area in all decellularized NPs, except for old donors, probably due to the differences in ECM 

architecture and composition. During ageing IVDs become less hydrated, stiffer and more 

fibrotic, as observed macroscopically by Caldeira et al. (Caldeira et al., 2017), eventually 

rendering problematic the penetration of decellularization solutions deeper in the tissues. 

Interestingly, Caldeira et al., showed reduced but bigger pores in old bovine NPs when 

compared to young ones, as well as pores with increased mean pore area in fetal NPs 

(Caldeira et al., 2017). On the contrary, we observed increased number of pores and 

decreased mean pore area in fetus NP, when compared to young ones, although not 

statistically significant. These differences are most probably justified by distinct techniques 

used to analyze ECM structure. Since the NP is a highly hydrated hydrogel-like tissue, we 

adopted a Cryo-SEM to evaluate collagen network of NPs before and after decellularization, 

instead of Scanning Electron Microscopy, used by Caldeira et al. (Caldeira et al., 2017). 

This technology keeps samples hydrated and makes use of fast freezing in liquid nitrogen, 

avoiding tissue distortion and collapse during the analysis (effects observed with the 

traditional Scanning Electron Microscopy).  
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By dissecting the matrisome of bovine NPs from fetus, young and old IVDs, previous 

work from our group has demonstrated that the pro-regenerative proteins, COL12 and 

COL14, are uniquely expressed in fetal bovine NPs (Caldeira et al., 2017). To understand 

if these pivotal molecules were not affected by decellularization, we explored their 

expression following tissue processing. After decellularization, both proteins were detected 

in fetal-derived NPs, being expressed at levels that were not statistically different from 

native tissues, thus confirming protein preservation in the acellular scaffolds. In fact, there 

was a slight tendency of COL12 and COL14 to be present at higher levels in decellularized 

fetal samples rather than in native ones. This effect, had already been observed for other 

ECM constituents like collagen (Mercuri et al., 2011), and is a result of data normalization 

by the total protein loading. As a consequence of nuclear and perinuclear protein removal, 

the overall proportion of ECM increases after decellularization, as well as the ratio of COL12 

and COL14. Preservation of COL12 and COL14 is crucial to maintain the pro-regenerative 

cues of fetal ECM–based scaffolds, which are expected to provide the enhanced potential 

for IVD repair, as in other tissue contexts (Marro et al., 2016; Nauroy et al., 2019; Schönborn 

et al., 2020; Wehner et al., 2017).  

Given the importance of IVD biomechanics, we analyzed the viscous-elastic 

properties of NPs from different aged donors before and after decellularization, by rheology. 

It is known that healthy NPs are composed by higher level of water and PG which ensure 

the maintenance of pressure within the tissue, as well as higher hydration. With ageing the 

water and PG content start to decrease, leading to a reduction of NP pressure. As a 

consequence, NP became a solid-like tissue (Newell et al., 2017). Herein, fetal scaffolds 

showed to have a softer-like behavior, when compared to young/old tissues, thus confirming 

what happen in an age-associated IVD degenerative scenario.  

Biomaterial biocompatibility is fundamental for the development of accurate 3D 

models to study diseases and to understand the role of ECM-cell crosstalk in pathological 

scenarios. In this context, IVD 3D scaffolds should be able to support cell survival and 

integration as well as to maintain native cells phenotype (Stergar et al., 2019). Moreover, 

envisaging future therapeutic applications, it is fundamental that the developed scaffolds 

are well tolerated by host cells. In the present work, after repopulation of decellularized 

matrices from different aged donors with adult bovine NPs cells, ECM-based scaffolds were 

able to support NP ex vivo cell culture, demonstrating good biocompatibility. Both fetal- and 

young-derived matrices showed slightly higher DNA content after 24 h of cell seeding and 

increased cell viability after 7 days in culture, when compared to old tissues. Interestingly, 
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a higher repopulation efficacy had been detected also for fetal heart bioscaffolds, when 

compared to adult ones (Silva et al., 2016), as a reflex of increased cell migration and 

proliferation.  

It is well recognized that degenerated IVDs are affected by several ECM 

modifications (Pereira et al., 2016), which negatively affect tissue biology and function. 

Specifically, the reduction of ACAN and other chondroitin sulfate PG is associated with disc 

ageing and degeneration (Collin et al., 2017; Ohnishi et al., 2020). Moreover, Lian et al., 

showed downregulation of COL2 in human NPs derived from patients with disc 

degenerative disease, at both molecular and protein levels, when compared to healthy ones 

(Lian et al., 2017). Therefore, we evaluated matrix deposition in repopulated NPs to 

understand if seeded cells were able to recover a healthy microenvironment by ECM de 

novo synthesis, thus reverting the degenerative process. At day 7 of ex vivo culture, we 

were able to detect several differences at the molecular level when comparing COL2 and 

ACAN gene expression from different aged donors. Fetal matrices showed higher COL2 

and ACAN expression than old donors, demonstrating a pro- regenerative potential. At the 

protein level, we detected an increased ACAN production in fetus and young repopulated 

matrices, when compared to old donors. ACAN represents one of the major components of 

NPs (Sivan et al., 2014) and its higher synthesis can be associated to matrix restoration. 

Therefore, our results demonstrate that younger matrices have an enhanced ability to 

recover a healthy and functional ECM microenvironment, guiding IVD through 

repair/regeneration.  

While ACAN increased, we observed a statistically significant reduction of COL2 in 

young matrices as well as a tendency in decreasing COL2 levels in fetal NPs, when 

compared to old ones, probably due to increased MMPs-mediated protein breakdown. In 

particular, MMPs are involved in tissue remodeling through proteolytic degradation of ECM 

proteins, such as collagen (Stamenkovic, 2003). They are also implicated in other 

fundamental processes, such as cell migration, production of fragments with biological 

activity, regulation of tissue architecture, activation, inhibition or modification of signaling 

molecules’ activity and cell function (Page-McCaw et al., 2007). MMPs activity is regulated 

by TIMPs (Carmeli et al., 2004) and the balance between MMPs and TIMPs expression is 

critical for maintaining tissue homeostasis. In this work, we analyzed MMP1 and MMP3 

gene expression, which are known to specifically degrade COL2, to unravel their implication 

in COL2 decrease. Although not statistically significant, young NPs showed an upregulation 

of MMP1 and MMP3, when compared to fetus and old aged donors. The overexpression of 



CHAPTER IV  
 

THE IMPACT OF MATRIX AGE ON INTERVERTEBRAL DISC REGENERATION 
 
 

 
137 

 

MMP1 and MMP3 in young NPs may explain the decrease of COL2, observed at the protein 

level. However, differences on MMPs activities or even their regulation through TIMPs could 

be implicated in this phenomenon and should be further explored to dissect their roles in 

this complex scenario.  

Furthermore, fetal matrices showed a tendency to have higher COL1 content, than 

young-and old-derived NPs, as already shown in native NPs by Caldeira et al. (Caldeira et 

al., 2017). These results were further confirmed by Picro-Sirius Red staining under polarized 

light, which showed an increased red/green ratio (associated with COL1 expression) in fetal 

NPs, when compared to young and old ones. Although COL1 expression has been 

correlated with progressive disc degeneration and found in NP lesioned sites (Pereira et al., 

2016), it has also been associated with beneficial effects for the IVD. A recent study has 

shown that Transforming growth factor – beta (TGF-β) signaling is essential for IVD 

development and growth, and has an important role in different processes, such as matrix 

synthesis, inhibition of matrix catabolism, inflammatory response and cell loss (Chen et al., 

2019; Hu et al., 2020). In spite of higher expression of TGF-β1 being often associated with 

IVD degeneration (Chen et al., 2019; Nerlich et al., 2005) and its pathological grade (Chen 

et al., 2019; Li et al., 2014; Yang et al., 2012), a correlation between TFG-β signaling 

pathway and disc regeneration has also been shown. Interestingly, several studies have 

revealed a higher PG and collagen synthesis in degenerated IVD cells transfected with 

TGF-β1 (Maria Molinos et al., 2015; Tan et al., 2003), demonstrating the beneficial effect of 

TGF-β1 signaling. Recently, Lehmann et al have shown that TGF-β signaling pathway 

increased the expression of COL1A1, ACAN and SOX9 genes in mesenchymal stem cells 

co- cultured with NP cells (Lehmann et al., 2018). Thus, a tight control on TGF-β activation 

and inhibition must exist to preserve tissue function and, as a consequence, with 

implications on COL1 regulation in the IVD environment.  

Vascularization is also an important step of the degenerative cascade. It is well 

known that healthy IVDs are avascular tissues, receiving nutrient supply by diffusion 

through endplates (Whatley & Wen, 2012). With degeneration, neovascularization starts to 

be found within the tissue with consequent immune cell migration, and stimulation of an 

inflammatory response (Dou et al., 2021). Interestingly, higher levels of thrombospondin-1 

(TSP1), an angiogenesis inhibitor (Rohrs et al., 2016), were detected at higher levels in fetal 

bovine NPs, when compared to young and old ones (Caldeira et al., 2017). Thus, we 

performed a CAM assay as a first in vivo proof of concept of the anti-angiogenic potential 

of decellularized matrices from different aged donors. As expected, fetal scaffolds were the 
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only ones capable of reducing the angiogenic response of bFGF2 to negative control levels, 

thus demonstrating an anti-angiogenic capacity. Therefore, fetal matrices were able to 

mimic a microenvironment closer to a healthy IVD, considering the avascular nature of this 

tissue. On the contrary, young and old NPs did not show any anti-angiogenic capability 

given that their angiogenic response was similar to that of bFGF2 alone, physiologically 

resembling a degenerative scenario.  

Nowadays, there are no ideal animal models to study IVD degeneration. Thus, there 

is an urgent need to develop suitable 3D platforms to screen for novel cues involved in IVD 

pathology and to investigate innovative therapeutic solutions (Daly et al., 2016). Human 

IVDs would be ideal, however they are limited in numbers and difficult to harvest for several 

ethical and governmental restrictions (Alini et al., 2008). Although animal tissues have 

shown to be a great alternative to study IVD degeneration/regeneration (Alini et al., 2008; 

Pereira et al., 2016; Teixeira et al., 2016), the creation of an appropriate 3D scaffold is 

challenging for the complexity of IVD etiology and pathogenesis (Jin et al., 2018). 

Specifically, to choose an adequate animal donor species, several aspects need to be 

considered, including persistence of notochordal cells, disc geometry and size, disc 

mechanical loading, among others (Daly et al., 2016). Herein, we have shown that bovine 

NPs are characterized by several changes along ageing. Specifically, our findings 

demonstrate that younger matrices provide a more favorable microenvironment for cell 

adhesion. Adhered cells were kept viable within the scaffolds and able to synthesize new 

ECM components like ACAN, thus inducing tissue restoration. On the contrary, cells in 

contact with an old and degenerated tissue did not remain viable nor able to synthesize new 

matrix proteins. It has been reported that old and degenerated IVD matrices are 

characterized by the expression of several fibrotic–like proteins (COL1, fibronectin, cartilage 

intermediate layered protein (CILP) and HTRA1) (Yee et al., 2016). Moreover, Caldeira et 

al., have reported higher content of fibronectin in aged bovine NPs, which is associated with 

tissue fibrosis (Caldeira et al., 2017). Therefore, old NPs could be a valuable 3D model to 

study age-associated degenerative features of IVD pathology and their implication in the 

crosstalk between cells and the ECM.  

To the best of our knowledge, this is the first report comparing decellularized NPs 

scaffolds from different aged donors. Overall, we demonstrate that donor age matters and 

that younger matrices have an increased potential to both induce ECM de novo synthesis 

after repopulation and to inhibit vessel formation in vivo. Nevertheless, some limitations of 

the work should be discussed envisaging future studies. Firstly, a milder and faster 
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decellularization protocol could be investigated to benefit scale up production and to 

minimize GAGs loss, such as a vacuum-assisted method. Alternatively, supplementation of 

decellularized matrices with chondroitin sulphate could be a promising strategy to replace 

lost GAGs, as described by Zhou and colleagues (Zhou et al., 2018). If not feasible, cells 

(either exogenous or endogenous) seeded on the ECM-based scaffolds are expected to 

produce GAGs in situ, as we have shown for ACAN, and thus compensate for their loss 

with decellularization.  

Despite the promising results obtained after adult bovine NP cell seeding, 

recellularization with human cells, derived from degenerated IVDs, should be pursued in 

order to explore the potential of younger matrices to rejuvenate endogenous disc cells and 

restore a healthy ECM in situ, regenerating the IVD. Moreover, further in vivo studies should 

be performed to evaluate scaffolds’ biocompatibility by using an adequate animal model. 

The use of rodent models (mice and rats) have several limitations, such as the preservation 

of notochordal cells, which are lost in human IVDs after birth, as well as the different disc 

biomechanics and size (Daly et al., 2016; Fiordalisi et al., 2021), rendering problematic the 

clinical relevance of the study. Therefore, chondrodystrophic (CD) dogs, that spontaneously 

develop IVD degeneration with aging (Daly et al., 2016), could be a better alternative. 

Finally, a non-disruptive sterilization method should be investigated to remove any 

contaminants from the scaffolds prior to in vivo implantation, in order to avoid a host adverse 

response and unwanted inflammatory reaction, while maintaining favorable biomaterial 

properties.  

All in all, this work supports the notion that the recapitulation of a healthy and pro- 

regenerative microenvironment, similar to early developmental stages, is necessary and 

sufficient to rejuvenate native disc cells and revert the degenerative process, through ECM 

remodeling and angiogenesis inhibition. Moreover, old-derived decellularized NP scaffolds 

have the potential to be used as a novel model to study age-associated disc degeneration. 

Overall, we demonstrated that donor age strongly impacts on IVD cell behavior, which is of 

utmost importance for tissue regeneration.  In the future, a deeper understanding of which 

developmental-associated biochemical and biomechanical ECM features influence cell 

behavior, is envisaged. Moreover, the creation of an injectable hydrogel from decellularized 

fetal ECM-based scaffolds could be a promising minimally invasive strategy to treat IVD 

degeneration. 
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SUPPLEMENTARY DATA 

 

SUPPLEMENTARY FIGURE 1 - OPTIMIZATION OF STORAGE METHODS FOR THE DECELLULARIZED 

MATRICES. 

 

 

 

Supplementary Figure 1. Evaluation of several freezing methods of decellularized young 

matrices, in comparison with fresh tissue, by Alcian Blue and Picro-Sirius Red staining. 

Upper images: magnification 5x and scale bar 500 µm. Lower images: magnification 10x 

and scale bar 200 µm.  
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SUPPLEMENTARY FIGURE 2 - NUCLEAR STAINING OF NATIVE AND DECELLULARIZED NPS. 

 

 

 

Supplementary Figure 2. Evaluation of cell removal by DAPI staining in NPs from different 

aged donors, decellularized with different protocols. Magnification 5x.  
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SUPPLEMENTARY FIGURE 3 - SOLUBLE COLLAGEN CONTENT IN DECELLULARIZED NPS. 

 

 

 

 

Supplementary Figure 3. Quantification of soluble collagen by Sircol Soluble Collagen 

Assay in fetus (F), young (Y) and old (O) NPs after decellularization with different 

experimental methods. Error bars represent mean ± SEM (n=3). Kruskal – Wallis test 

followed by Dunn’s multiple comparison test. 
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SUPPLEMENTARY FIGURE 4 - AGGRECAN PROTEIN EXPRESSION IN NON-REPOPULATED 

DECELLULARIZED NPS. 

 

 

 

Supplementary Figure 4. (a) Representative images of aggrecan (ACAN) 

immunohistochemistry (IHC) from fetus (F), young (Y) and old (O) decellularized control 

matrices. Magnification 20x; scale bar: 100 µm. (b) ACAN (n=7 to 8) percentage area 

quantification of F, Y and O decellularized control NPs, obtained by Fiji/ImageJ. Error bars 

represent mean ± SEM. Kruskal – Wallis test followed by Dunn’s multiple comparison test. 

***p<0.001.  
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SUPPLEMENTARY FIGURE 5 - COLLAGEN TYPE II PROTEIN EXPRESSION IN NON-REPOPULATED 

DECELLULARIZED NPS AND MMP-MEDIATED MATRIX REMODELING AFTER REPOPULATION. 
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Supplementary Figure 5. (a) Representative images of Collagen type 2 (COL2) 

immunofluorescence (IF) of fetus (F), young (Y) and old (O) decellularized control matrices. 

Magnification 20x; scale bar: 100 µm.  (b) COL2 IF (n=4 to 6) percentage area quantification 

of F, Y and O decellularized NPs, obtained by Fiji/ImageJ. Error bars represent 

mean ± SEM. Kruskal – Wallis test followed by Dunn’s multiple comparison test. *p<0.05, 

***p<0.001.  (c) mRNA expression level of metalloproteinase 1 (MMP1) and (d) 

metalloproteinase 3 (MMP3) obtained by quantitative real-time PCR from F, Y and O 

repopulated NPs after 7 days of ex vivo culture. Fold change to organ culture (native NPs 

cultured ex vivo for 7 days). Error bars represent mean ± SEM (n= 4 to 6).  
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SUPPLEMENTARY FIGURE 6 - COLLAGEN TYPE I PROTEIN EXPRESSION AND BIREFRINGENCY 

ANALYSIS IN NON-REPOPULATED DECELLULARIZED NPS. 
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Supplementary Figure 6. (a) Representative images of Collagen type 1 (COL1) IHC and 

Picro-Sirius Red staining under polarized light obtained from fetus (F), young (Y), and old 

(O) decellularized matrices. Magnification 20x; scale bar: 100 µm. (b) COL1 (n=7) 

percentage area quantification of F, Y and O decellularized NPs, obtained by Fiji/ImageJ. 

Error bars represent mean ± SEM. Kruskal – Wallis test followed by Dunn’s multiple 

comparison test. *p<0.05; **p<0.01. (c) Quantification of collagen fibers relative percentage 

(n=6 to 8), acquired by Fiji/ImageJ. Error bars represent mean ± SEM. Two-Way Anova 

followed by Tukey’s multiple comparison test. Table reports the statistical differences 

between % Collagen (COL) fibers of each aged group: *p<0.05; ***p<0.001; ****p<0.0001; 

n.s: not significant. (d) Ratio of thicker/thinner (red/green) collagen fibers (n=5 to 7) in F, Y 

and O decellularized NPs. Error bars represent mean ± SEM. Kruskal – Wallis test followed 

by Dunn’s multiple comparison test.  
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ABSTRACT  

The intervertebral disc (IVD) is an avascular tissue and the presence of neo-

angiogenesis, which occurs with degeneration, is associated with inflammatory and immune 

cells migration, leading to pain. Recently, we have obtained decellularized extracellular 

matrix (ECM)-based biomaterials from bovine nucleus pulposus (NP) of different donor 

ages (fetus, young and old). Through in vitro assays with bovine NP cell cultures and an in 

vivo chick embryo chorioallantoic membrane (CAM) assay, we have detected enhanced de 

novo matrix synthesis by bovine NP cells and a superior anti-angiogenic potential of fetus 

decellularized NPs. However, an increased inflammation score was also observed in the 

fetal matrices, when compared to young and old ones. Therefore, here we aim to go further 

and investigate the mechanisms behind the enhanced IVD regenerative potential of fetal 

ECM decellularized matrices.  

For that, we investigated the mechanism behind the increased ECM production in 

fetal decellularized NPs by blocking CD44 in bovine NP cells prior to cell seeding on the top 

of NP-based scaffolds. After 7 days of ex vivo culture, Hematoxylin&Eosin (H&E) staining, 

as well as Aggrecan (ACAN) and SRY-box transcription factor 9 (Sox9) 

immunohistochemistry (IHC) were performed in order to unravel factors involved in this 

specific process. Next, we have focused on understanding the molecules involved in the 

pro-inflammatory and anti-angiogenic responses, previously observed in fetal scaffolds. 

Thus, we evaluated inflammatory cytokines, angiogenic factors and other molecules in the 

conditioned media from decellularized NPs of different donor ages, after 3 days of ex vivo 

culture, by using a commercial semi-quantitative bovine array. Furthermore, we validated 

the anti-angiogenic potential of fetal matrices with human NP cells. For that, we performed 

an in vivo CAM assay with decellularized NPs of different donor ages seeded with human 

immortalized NP (iNP) cells. Finally, we evaluated cells infiltration (both inflammatory and 

blood cells) inside the scaffolds, as well as glycosaminoglycans (GAGs) production by 

seeded cells, by histological analysis.  

As a result, no major differences were detected in terms of Sox9 and ACAN protein 

content in fetal matrices seeded with CD44-knockout cells, when compared to the CD44-

wildtype cells (without blocking). Regarding the cytokine array, conditioned media from 

decellularized NPs of different ages did not show significant changes of inflammatory and 

angiogenic cytokines between ages. After in vivo CAM assay, fetal matrices were the only 

ones that did not exhibit a significant increase in neovessels number after human iNP cell 
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seeding, therefore preserving an anti-angiogenic potential. Moreover, iNP cells seeded on 

the top of fetal decellularized NPs were able to produce GAGs, which was detected by 

Alcian Blue and Picro-Sirius Red staining, which was not observed in young and old ones.  

Overall, this work provides a preliminary understanding of the mechanisms that may 

be responsible for the enhanced pro-regenerative potential of fetal matrices. Moreover, it 

gave a first comprehension of inflammatory response in bovine decellularized-based 

biomaterials, opening the door for the evaluation of host response in other animal models 

more appropriate to evaluate inflammation. Finally, it constitutes the first in vivo proof-of-

concept of the anti-angiogenic potential of fetal matrices with human IVD cells.  
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1. MATERIAL AND METHODS 

 

1.1. CD44-BLOCKING IN FETAL REPOPULATED MATRICES 

 Fetal (∼8 months of gestation) bovine tails were obtained from local abattoirs 

(Carnes Landeiro, Barcelos, Portugal) within 2 h of animal sacrifice, under the approval of 

the Portuguese National Authority for Animal Health, and transported at the lab on ice. Fetal 

nucleus pulposus (NPs) were isolated from bovine intervertebral disc (IVDs) and 

decellularized by using an optimal protocol (Sodium dodecyl sulphate [SDS]  0.1 %, 1 h), 

as previously optimized (Fiordalisi et al., 2022).  

Fresh NPs cells were isolated from adult bovine IVDs by adopting a collagenase-

based digestion (Fiordalisi et al., 2022) and used for the repopulation of fetal decellularized 

matrices. Prior to cell seeding, fresh bovine NP cells were re-suspended in IVD culture 

media, composed by Dulbecco's modified Eagle's medium (DMEM, Gibco) with low 

glucose, supplemented with 1 % v/v of Penicillin/Streptomycin (P/S, Invitrogen), 0.5 % v/v 

of Amphotericin B (Capricorn Scientific), 1.5 % v/v of 5 M NaCl/0.4 M KCl solution, 5 % v/v 

of  fetal bovine serum (FBS, Biowest) and supplemented with 10 µg/mL of CD44-blocking 

antibody (CD44 Ab, Hermes-1, NBP2-22530, Bio-Techne), in order to neutralize CD44 in 

the cells. For repopulation, NP cells were seeded on the decellularized fetal matrices by 

adopting a scaffold turnover method, as previously optimized (Fiordalisi et al., 2022). 

Decellularized fetal scaffolds seeded with wildtype bovine NP cells (without CD44 blocking), 

as well as decellularized NPs (without cell seeding), were used as experimental control. All 

the scaffolds were cultured ex vivo for 7 days, under humidified and hypoxia conditions (5% 

O2 and 8.5 % CO2). 

During ex vivo culture, media was changed at day 1 and 3 and re-supplemented 

with 10 µg/mL of CD44-blocking antibody in order to ensure a constant neutralization of the 

protein of interest. After 7 days of ex vivo culture, all NP-based scaffolds were fixed in 10% 

formalin (Bio-Optica) overnight and transferred in Phosphate-buffered saline (PBS) to be 

processed for paraffin embedding. Hematoxylin & Eosin (H&E) staining and 

immunohistochemistry (IHC) for SRY-box transcription factor 9 (Sox9) and aggrecan 

(ACAN) were performed in sections of 5 µm to evaluate the CD44 blocking’s efficiency.  
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1.2. HISTOLOGICAL STAINING 

 For H&E staining, sections were incubated in hematoxylin for 3 min followed by 

eosin for 1 min.  

For IHC, antigen retrieval was performed by using 20 μg/mL of Proteinase K solution 

for 15 min at 37 °C for both Sox9 and ACAN. The NovolinkTM Polymer Detection Kit (Leica 

Biosystems), was used to perform the IHC, following manufacturer's instructions. Sections 

were incubated overnight at 4 °C with the optimally diluted primary antibodies: Sox9 

(dilution: 1:500; anti-Sox9 polyclonal antibody, NBP2-24659, Biotechne) and ACAN 

(dilution: 1:750; anti-ACAN monoclonal antibody BC-3; MA3–16888; Invitrogen). After, 

slides were incubated for 5 min in DAB working solution and counterstained with Gill's 

Hematoxylin (Thermo Fisher Scientific) for 6 min, washed in running tap water, dehydrated 

and mounted with Entellan (Merck). Images were acquired at optical microscope (Zeiss) at 

20X objective.  

 

1.3. INFLAMMATION SCORE OF DECELLULARIZED NPS ASSESSED THROUGH AN IN VIVO CAM 

ASSAY 

The inflammation score of decellularized bovine NPs of different donor ages (fetus, 

young and old), was assessed after the in vivo chick embryo chorioallantoic membrane 

(CAM) assay, performed in the Chapter IV of this thesis (Fiordalisi et al., 2022). At 

embryonic day 13, CAMs were fixed with 10 % of neutral buffered formalin, excised from 

the embryo and photographed ex ovo under a stereoscope, at 20× magnification (Olympus, 

SZX16 coupled with a DP71 camera). Pictures were used for the quantification of new 

vessels growth towards the site of scaffold implantation in order to evaluate the angiogenic 

response (Fiordalisi et al., 2022), as well as to analyze the inflammatory response.  

The inflammatory score was assessed by a qualitative observation of the scaffold 

inside the inoculation site in a blind fashion way, as previously described (Coelho et al., 

2020; Loureiro et al., 2019). Briefly, the appearance of a clear dense area around the 

scaffolds, suggestive of a consistent inflammatory response, was reported by score 2. The 

absence of a dense area around the scaffold was a sign of absent inflammation and was 

reported by score 0. When the dense zone was less evident but present next to the 

scaffolds, the attributed score was 1. Examples of decellularized NPs from different donor 
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ages implanted in the CAMs with score 0, 1 and 2 are reported in Figure 3a. The percentage 

of inflammatory score was calculated by dividing the number of scaffolds with the specific 

score by the total number of scaffolds per age group. The number of samples/eggs used 

for the experimental assay were: 19 for fetus NPs, 21 for young NPs, 18 for old NPs, 11 for 

H2O and 10 for basic fibroblast growth factor 2 (bFGF2). 

 

1.4. COLLECTION AND PREPARATION OF EX VIVO DECELLULARIZED AND REPOPULATED NPS 

CONDITIONED MEDIA FOR CYTOKINE ARRAY ANALYSIS 

For cytokine array analysis, the conditioned media was collected from the 

decellularized and repopulated matrices of different donor ages, after performing the 

recellularization experiments reported in the Chapter IV of this thesis (Fiordalisi et al., 2022). 

Briefly, decellularized NPs from fetus, young and old animals were maintained in culture for 

7 days in IVD culture medium, under humidified and hypoxia conditions (5 % O2 and 8.5 % 

CO2). In parallel, decellularized NPs from different donor ages repopulated with bovine NP 

cells were also cultured ex vivo for 7 days, as reported in (Fiordalisi et al., 2022). 

Conditioned media from both decellularized and repopulated NPs was changed and 

collected at day 1, 3 and 7 of ex vivo culture and stored at -80°C for further studies. For the 

cytokine array analysis, conditioned media derived from day 3 of ex vivo culture were 

centrifuged at 13.000 rpm and 4 °C for 5 min in order to remove cell debris, and 

supernatants were collected and stored at -20 °C. 

For decellularized NPs, conditioned media derived from three biological replicates 

of three independent experiments, were pooled together for each of the aged donors (fetus, 

young and old) for a total of n=2 samples. For repopulated NPs, conditioned media derived 

from six technical replicates, were pulled together for each of the aged donors (fetus, young 

and old) for a total of n=3 biological replicates. Afterwards, conditioned media, with an initial 

volume of 330 µL, was concentrated by using SpeedVac vacuum concentrator (Thermo 

ScientificTM) at 37 °C for around 25 min. The final volume of the concentrated samples was 

160/170 µL. Finally, concentrated samples were stored at -20 °C until cytokine array 

analysis.  
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1.5. CYTOKINE ARRAY  

Cytokine analysis was performed by using a commercially available array kit (G-

Series Bovine Cytokine Array 30, Ray Biotech), according to the manufactures’ instructions. 

This array consisted in a combination of 3 non-overlapping glass slide-based antibody 

arrays, which is able to measure the relative expression levels of 30 bovine cytokines. 

Conditioned media derived from both decellularized and repopulated NPs of different donor 

ages, were diluted 2x with sample diluent, provided by the kit, to minimize the background 

of the medium-containing serum. Moreover, IVD culture medium was also diluted 2x and 

included in the analysis as a control.  After the procedure, slides were completely dried by 

using compressed N2 stream and stored at 4 °C. Ray Biotech company measured the 

fluorescence intensity of the array, by using a specific laser scanner. The company also 

performed data analysis. Samples resulted stable to conditions of the test. Row data were 

normalized by the positive control of the reference array, which was arbitrarily defined by 

the company. For data analysis, the fluorescence value of the media was subtracted from 

the fluorescence values of each sample, in order to remove the cytokine background of the 

media. For repopulated NPs, fluorescence values of the decellularized matrices were 

subtracted from the fluorescence of each sample in order to consider only the cytokine 

produced by seeded cells. Data are presented in fluorescence intensity.  

 

1.6. IMMORTALIZED NUCLEUS PULPOSUS CELL CULTURE 

Human immortalized NP (iNP) cells (clone GA094 and clone GA111) were obtained 

from Tim Welting’s group (CAPHRI/Orthopedic surgery of the Faculty of Health Medicine 

and Life Sciences) in dry ice and stored in the biobank under liquid nitrogen.  Specifically, 

iNP cells were obtained from healthy human disc as excess material from correction 

surgery, and immortal clones were generated by retroviral transduction (van den Akker et 

al., 2014). The differences in the two clones are reported in Table 1 (van den Akker et al., 

2020). 

iNP cells were unfrozen and maintained in culture in Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12 (DMEM/F12, Alfagene) supplemented with 10 % v/v FBS 

(Biowest), 1 % v/v P/S (Invitrogen), 1 % v/v non-essential amminoacid (NEEA), until they 

reached confluency. Then, cells were trypsinized, counted and used for the in vivo CAM 

assay.  
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Table 1. Immortalized nucleus pulposus cells. 

Clone Code clone Features 

GA111 DISC hTERT of SV40 clones 105 

nR GA111 

CD24 Non-Responder 

GA094 DISC hTERT of SV40 clones 114 

GA094 

CD24 - Responder 

 

 

1.7. IN OVO EVALUATION OF HUMAN INPS CELLS ANGIOGENIC POTENTIAL 

A first in vivo CAM assay was conducted to analyze the angiogenic capacity of 

human iNP cells from different clones (GA094: clone 1 and GA111: clone 2). Fertilized chick 

(Gallus gallus), were obtained from commercial source and incubated at 37.8 °C under 

humified atmosphere, as described in (Fiordalisi et al., 2022). At embryonic day 10, a 

silicone ring was placed on the top of the CAM under sterile conditions. Then, 1x105 cells 

of each clone were resuspended in 5 µL of culture media and inoculated inside the ring. 

The eggs were then re-sealed and returned to the incubator. At embryonic day 13, CAMs 

were processed for neovessel quantification as described in 1.3 and (Fiordalisi et al., 2022).  

Human iNP cells from clone GA094 were selected as those inducing a higher 

angiogenic response. As so, they were used for another in vivo CAM assay screening by 

using a higher cell density (5x105) in order to potentiate the angiogenic response. Also, in 

this case, vessel number was quantified to evaluate the angiogenic capacity.  

 

1.8. ANGIOGENIC IN OVO ASSESSMENT OF DECELLULARIZED NUCLEUS PULPOSUS FROM 

DIFFERENT DONOR AGE WITH HUMAN IMMORTALIZED NUCLEUS PULPOSUS CELLS 

Fetus, young and old bovine NPs were decellularized as in (Fiordalisi et al., 2022) 

and stored in PBS overnight at 4 °C, prior to in vivo CAM assay. Human iNP cells (clone 

GA094) were trypsinized, counted and 4x105 cells were resuspended in 5 µL of fresh culture 

medium, prior to inoculation in the CAMs. At embryonic day 10, decellularized NPs from 
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different donor ages were implanted inside the silicone ring of the CAMs and human iNP 

cells were seeded on top. Moreover, a group of eggs was inoculated only with human iNP 

cells, and used as control. Then, eggs were re-sealed and incubated at 37 °C. At embryonic 

day 13, the CAMs were fixed in 10 % of neutral buffered formalin and neovessels were 

quantified as described in 1.3 and (Fiordalisi et al., 2022). Two independent experiments 

were performed. H2O and bFGF2 were used as negative and positive controls, respectively.  

A schematic representation of the experimental strategy for the in vivo CAM assay 

is reported in the following scheme (Figure 1).  

 

 

Figure 1. Schematic workflow of the experimental procedure for in vivo CAM assay 

of decellularized NPs from different donor ages in combination with human iNP cells.  

 

1.9. HISTOLOGICAL EVALUATION OF CAMS 

CAMs were excised from the eggs, fixed in 10 % neutral buffered/formalin (Bio-

Optica) overnight and embedded in paraffin. H&E (to evaluate the sample morphology) and 

Alcian Blue/Picro-Sirius Red (to specifically stain glycosaminoglycans [GAGs]: blue and 

Collagen [COL]: red) staining were performed in sections of 5 µm. Histological processing 

as well as the staining were conducted by Histology and Electron Microscopy (HEMS) 

Scientific Platform at Instituto de Investigação e Inovação em Saúde da Universidade do 

Porto (i3S, Porto, Portugal). Pictures from sections stained with H&E and Alcian Blue/Picro-
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Sirius Red were acquired at 5x and 20x magnification. Finally, a qualitative analysis of the 

sections stained with H&E was performed, analyzing the following parameters:  

• Presence/absence of the decellularized scaffold 

• Presence/absence of inflammatory cells  

• Presence/absence of blood cells inside the scaffold 

 

Data were presented as a percentage score, obtained by dividing the number of 

scaffolds with presence of scaffold and/or inflammatory and/or blood cells by the total 

number of scaffolds per age.  

 

1.10. STATISTICAL ANALYSIS 

Statistical analysis was performed using Kruskal-Wallis test followed by Dunn’s 

multiple comparison test in GraphPad Prism Software 7.03. Data were reported as average 

± Standard Error of the Mean (SEM). Values from p≤0.05 were considered statistically 

significant.  
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2. RESULTS 

 

2.1. FETAL MATRICES SEEDED WITH BOVINE CD44-KNOCKOUT NP CELLS DID NOT EXHIBIT 

SIGNIFICANT DIFFERENCES IN PROTEIN EXPRESSION.  

 In order to evaluate changes of Sox9 expression along ageing, we firstly performed 

an IHC in repopulated and decellularized matrices (experimental controls) from different 

donor ages. After 7 days of ex vivo culture, fetus and young matrices seemed to have an 

increased number of positive cells for Sox9 (brown staining), when compared to old ones. 

Therefore, seeded cells appeared to produce higher amount of Sox9 when in contact with 

younger NP-based scaffolds. Decellularized matrices from different donor ages did not 

exhibit significant staining, indicating absence of Sox9 (Figure 2a). 

 Afterwards, bovine NP cells knockout for CD44, were seeded on the top of the fetal 

decellularized matrices and the efficiency of the process was evaluated by H&E, IHC for 

Sox9 and ACAN, as summarized in Figure 2b. Since we hypothesized that CD44 is involved 

in the increased protein production of the fetal matrices (described in the Chapter IV of this 

thesis), we were expected a decrease of ACAN and Sox9 after blocking CD44. However, 

we did not detect major differences in ACAN expression when comparing fetal matrices 

repopulated with CD44-knockout and CD44-wildtype cells (without blocking), as shown in 

Figure 2c. Fetal repopulated matrices showed increased ACAN levels, when compared to 

the negative control (decellularized matrices without cell seeding). Moreover, Sox9 was not 

detected in any of the conditions tested. H&E staining showed that the neutralization of 

CD44 did not affect cell adhesion in the extracellular matrices (ECMs), when compared to 

the wildtype condition (Figure 2c).  
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Figure 2. Evaluation of protein expression in decellularized fetal matrices 

repopulated with CD44-knockout and CD44-wildtype NP cells. a. Sox9 

immunohistochemistry (IHC) of repopulated matrices from different donor ages, compared 

to the correspondent control (ctrl: decellularized matrices without cell seeding). Arrows 

represents positive cells for Sox9 (brown staining). Magnification 20x and scale bar 100 µm. 

b. Schematic workflow of the experimental procedure for blocking CD44 in fetal repopulated 

matrices. c. Hematoxylin&Eosin (H&E) staining and Aggrecan (ACAN) and Sox9 IHC of 

fetal decellularized matrices (ctrl), fetal ECMs repopulated with CD44-wildtype cells (no 

blocking) and with CD44-knockout cells (blocking-CD44). Magnification 20x and scale bar 

100 µm. F: fetus; bNP: bovine NP; ctrl: control.  

 

 

2.2. DECELLULARIZED NUCLEUS PULPOSUS FROM DIFFERENT DONOR AGES DID NOT SHOW 

SIGNIFICANT INFLAMMATORY RESPONSE  

It is known that materials, upon implantation, can provoke an inflammatory reaction, 

which can evolve in a chronic inflammatory immune response. Although the host foreign 

body reaction should be limited by using natural-derived ECM-based biomaterials (Aamodt 

& Grainger, 2016), it is essential to deeply investigate any response, prior to clinical 

applications, in order to ensure successful scaffolds’ performance. Therefore, we have 

analyzed the inflammatory response in decellularized matrices from different donor ages, 

by an in vivo CAM assay. After 3 days of scaffolds implantation in the CAMs, the presence 

of a clear dense area around the decellularized scaffolds, especially when using fetal-

derived scaffolds (Figure 3a), was detected. Qualitative scoring confirmed the higher 

inflammatory potential of fetal matrices when compared to young and old ones (Figure 3b).  
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Figure 3. In vivo evaluation of the inflammatory score obtained after implantation of 

decellularized matrices from different aged donors. (a) Representative images of 

CAMs’ with different scores of inflammations, after basic fibroblast growth factor-2 (bFGF2) 

treatment and implantation with decellularized matrices from fetus (F), young (Y) and old 

(O) NPs. (b) Percentage of inflammatory score, evaluated on images of excised CAMs. 

Score 0: absence of inflammatory reaction; score 1: presence of inflammatory reaction; 

score 2: higher inflammatory reaction. H20 and bFGF2 represent the negative and positive 

controls, respectively. 
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Therefore, inflammatory cytokine levels released by decellularized NPs from 

different donor ages were further analyzed by using a commercially semi-quantitative array 

kit in order to validate the aforementioned results. Several factors, including interferons 

(IFN), transforming growth factor (TNF) and interleukin (IL), were evaluated in the 

conditioned media derived from decellularized NPs at day 3 of ex vivo culture (same time 

point used for CAMs). As a complementary study, cytokine levels were also analyzed in 

conditioned media derived from decellularized matrices repopulated with adult bovine NP 

cells, at the same time point (3 days of ex vivo culture).  

As shown in Figure 4a, fetal decellularized NPs showed a tendency to increase IFN-

α levels, when compared to young and old ones, although not statistically significant and 

this trend was also preserved after repopulation, although with higher variability 

(Supplementary figure 1a). No major differences were observed in IFN-β in any of the aged 

groups, while its amount increased in young NPs after repopulation, when compared to 

fetus and old ones (Supplementary figure 1a). On the contrary, IFN-γ showed a tendency 

to increase in fetal decellularized NPs (Figure 4a), as compared to young ones, while after 

repopulation its level was higher in young NPs (Supplementary figure 1a). TNF-α was not 

expressed in decellularized matrices with values close to zero (Figure 4a). The same was 

observed after repopulation except for one donor when repopulated in fetal or young 

scaffolds (Supplementary figure 1a). 

Regarding IL expression, IL-1β showed a tendency to increase its levels in young 

NPs when compared to old ones (Figure 4b). However, after repopulation its expression 

was significantly higher in fetus matrices when compared to young ones (Supplementary 

Figure 1b), indicating that a higher inflammatory response could occur when fetus NPs were 

in contact with bovine NP cells. A similar trend was observed for IL-1α after repopulation. 

IL-1α, IL-4, and IL-15 were detected at higher levels in old decellularized NPs only for one 

replicate, when compared to fetus and young ones, while IL-17A and IL-18 expression was 

greatest in fetus NPs (Figure 4b). Also, in this case, high variability between samples was 

detected. An increase of IL-10 content was also revealed in old decellularized NPs, when 

compared to young ones. After repopulation, no major differences were observed for what 

concern IL-4 (highly variable), IL-13, IL-15 and IL-17A levels, while both IL-10 and IL-18 

were higher in young NPs when compared to the other aged group (Supplementary figure 

1b).  
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Overall, decellularized NPs from different donor ages did not exhibit a consistent 

inflammatory response, since no statistical differences were detected between ages for the 

different cytokines analyzed. However, we cannot exclude cytokine removal after media 

changes at day 1 of ex vivo culture. Overall, inflammation increased after repopulation as 

demonstrated by an overexpression of several cytokines, indicating that seeded cells could 

release inflammatory factors when in contact with different tissue microenvironments, 

particularly in fetus matrices as revealed by a statistically significant increase of IL-1β.  
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Figure 4. Evaluation of inflammatory cytokine levels in conditioned media derived 

from decellularized NPs of different donor ages. (a). Interferon (IF)-α, IFN-β, IFN-γ, 

transforming growth factor-α (TNF-α) and (b) several interleukins (ILs) expression in 

conditioned media from decellularized fetus (F), young (Y) and old (O) matrices. Data are 

presented as fluorescence intensity. Error bars represent mean ± SEM (n = 2 indicates a 

pool of three different experiments each). Kruskal Wallis test followed by Dunn's multiple 

comparison test was performed.  

 

 

2.3. DECELLULARIZED MATRICES FROM DIFFERENT DONOR AGES DID NOT SHOW SIGNIFICANT 

CHANGES IN ANGIOGENIC CYTOKINES, GROWTH FACTORS OR CHEMOKINES  

A screening of several factors involved in angiogenesis was performed in 

conditioned media derived from decellularized matrices of different donor ages, to 

understand their role in this precise process.  

Although not statically significant and highly variable, old decellularized NPs showed 

a tendency to increase vascular endothelial growth factor (VEGF-A), angiopoietin-1 (ANG-

1), bFGF levels for only one replicate, when compared to fetus and young ones (Figure 5a). 

However, the analysis should be repeated with higher number of replicates in order to 

validate these results. Surprisingly, VEGF-A increased in both fetus and young NPs after 

repopulation, when compared to old ones. Thus, it seems that conditioned media from 

younger decellularized matrices acquired a pro-angiogenic signature after repopulation with 

bovine NP cells. No major differences were observed in ANG-1, a part for an increase for 

only one replicate in fetus matrix, while young and old matrices showed a greatest amount 

of bFGF (Supplementary Figure 2a). Overall, we did not detect statistically significant 

changes in the angiogenic factors released by any of the decellularized NPs from different 

aged donors, but we cannot exclude that other molecules could be involved in the observed 

effect.  

Expression of growth factor, including fibroblast growth factor-1 (FGF-1) and Insulin-

like growth factor-1 (IGF-1) were also analyzed, demonstrating a tendency to increase in 

old decellularized NPs (Figure 5a), but variability between sample was very high, thus not 

reaching statistical significance.  
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Other factors analyzed were: interferon γ-induced protein-10 (IP-10), monocyte 

chemoattractant protein-1 (MCP-1), monokine induced by gamma interferon (MIG), growth 

and differentiation factor-associated serum protein-1 (GASP-1), neural cell adhesion 

molecule (NCAM-1), leukemia inhibitory factor (LIF), regulated on activation, normal T cell 

expressed and secreted (RANTES) and CD40 ligand (CD40L). In particular, conditioned 

media derived from old decellularized NPs showed a tendency in increasing MCP-1, GASP-

1, NCAM-1, and Decorin when compared to fetus and young ones, while LIF and RANTES 

were higher in fetal matrices (Figure 5b). After repopulation, GASP-1, MCP-1 and MIG 

showed an opposite tendency being highly expressed in young and fetal NPs, respectively, 

while LIF and RANTES increased in older matrices (Supplementary figure 2b). No major 

differences in IP-10 and MIG levels were detected in decellularized NPs from different donor 

ages, while CD40L was highly variable (Figure 5b). 

Finally, old decellularized matrices showed the highest levels of decorin (Figure 5b), 

thus confirming previous observations in old native NPs (Caldeira et al., 2017). However, 

after repopulation an opposite trend was observed with an increase of decorin in younger 

matrices when compared to old ones (Supplementary figure 2b), therefore demonstrating 

that seeded cells are able to release this protein. 

Other cytokines, namely IL-1 F5, IL-21 and MIP-1b (data not shown) were also 

evaluated but were never expressed (values equal to zero) in any of the decellularized 

samples. 
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Figure 5. Analysis of angiogenic molecules, growth factors and other cytokines in 

conditioned media of decellularized NPs from different aged donors. (a) Vascular 

endothelial growth factor (VEGF-A), angiopoietin-1 (ANG-1), basic fibroblast growth factor 

(bFGF), fibroblast growth factor-1 (FGF-1) and insulin-like growth factor (IGF-1) expression 

levels in decellularized fetus (F), young (Y) and old (O) NPs. (b) Interferon γ-induced 

protein-10 (IP-10), monocyte chemoattractant protein-1 (MCP-1), monokine induced by 

gamma interferon (MIG), growth and differentiation factor-associated serum protein-1 

(GASP-1), neural cell adhesion molecule (NCAM-1), leukemia inhibitory factor (LIF), 

regulated on activation, normal T cell expressed and secreted (RANTES) and CD40 ligand 

(CD40L) expression levels in F, Y and O decellularized NPs. Data are presented as 

fluorescence intensity. Error bars represent mean ± SEM (n = 2 indicates a pool of three 

different experiments each). Kruskal Wallis test followed by Dunn's multiple comparison test 

was performed.  

 

 

2.4. FETAL MATRICES MAINTAINED AN ANTI-ANGIOGENIC POTENTIAL AFTER REPOPULATION 

WITH HUMAN IMMORTALIZED NUCLEUS PULPOSUS CELLS 

An in vivo CAM assay with decellularized bovine NPs from different donor ages in 

contact with human iNP cells was performed as a first in vivo proof-of-concept of scaffolds 

anti-angiogenic potential after cell seeding. A first experiment with iNP cells from two 

different clones (clone 1: GA094 and clone 2: GA111), with a cell density of 1x105, was 

performed in order to evaluate their angiogenic response. Clone 1 was able to induce a 

superior pro-angiogenic response, when compared to clone 2 (Supplementary Figure 3a). 

Moreover, CAMs inoculated with clone 1, with higher cells density (5x105 cells), showed a 

statistically significant increase of vessels number, when compared to the negative control 

(H2O), and a tendency to be higher rather than clone 1 and 2 with lower cell density (1x105 

cells). However, considering the observed increased toxicity with higher number of cells 

(data not shown), following experiments were performed with 4x105 cells of clone 1. 

Decellularized NPs from different donor ages (fetus, young and old) were implanted 

in the CAMs and iNP cells were seeded on top (Figure 6a). After three days of implantation, 

fetal matrices were the only ones that in the presence of human iNP cells, were not able to 

promote angiogenesis, showing no statistically differences when compared to the negative 
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control (H2O) in terms of vessels number. On the other hand, both young and old matrices 

showed a statistically significant increase in vessels number when compared to the negative 

control (H20), demonstrating a higher pro-angiogenic response (Figure 6b). These results 

validated our previous observations, in which fetal decellularized NPs showed a superior 

anti-angiogenic potential when compared to young and old ones (Fiordalisi et al., 2022). 

Thus, fetus scaffolds retained a low angiogenic potential in the presence of human NP cells.  

With H&E staining, different parameters were evaluated including: 

presence/absence of scaffold in the CAM; presence/absence of inflammatory and/or blood 

cells within the scaffolds (Figure 6c). As shown in Figure 6d old decellularized NP scaffolds 

were often absent, indicating that they were not able to strongly adhere to the CAMs, when 

compared to fetus and young ones. Moreover, fetal decellularized NPs showed a slight 

tendency to have decreased number of inflammatory cells, when compared to young and 

old ones (Figure 6e). This is probably due to the decreased vessels number growing 

towards the fetal NPs, which did not allow the migration of the inflammatory cells inside the 

scaffolds.  

Finally, blood cells were absent from fetal NPs but present at similar ranges in both 

young and old scaffolds, thus validating our observation of the anti-angiogenic potential of 

fetal matrices (Figure 6f). Interestingly, human iNP cells seeded on the top of fetal 

decellularized NPs showed higher production of GAGs (in blue) after 3 days of in vivo 

culture. This production was not observed for young and old NPs, suggesting that fetal NPs 

provide a more favorable microenvironment for the cells to start producing healthy matrix 

proteins (Figure 6c).  
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Figure 6. In vivo CAM assays of decellularized NPs from different aged donors 

seeded with human immortalized nucleus pulposus cells. (a). Representative 

images of CAMs implanted with decellularized fetal (F), young (Y) and old (O) NPs in 

combination with immortalized nucleus pulposus (iNP) cells. (b). Quantification of new 

vessel formation towards the inoculation site. H20 and bFGF2 represent the negative and 

positive controls, respectively. Error bars represent mean ± SEM. One-Way Anova followed 

by Sidak’s multiple comparison test. (*) p < 0.05 and (**) p < 0.01. (c). Representative 

images of Hematoxylin&Eosin (H&E) and Picro-Sirius Red and Alcian Blue (P.R/A.B) 

staining of CAMs implanted with F, Y and O decellularized matrices in combination with iNP 

cells. Left images: magnification 5x and scale bar: 200 µm. Right images: magnification 20x 

and scale bar: 50 µm. Arrows show glycocaminoglycans (GAGs) production by seeded 

cells. For P.R/A.B staining, red: collagen [COL]; blue: GAGs; purple: cell nuclei. (d). 

Qualitative evaluation of scaffold presence in the CAMs, (e) inflammatory and blood (f) cells 

presence in the scaffold after H&E staining. Data are presented as a percentage score.  
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3. DISCUSSION 

In the Chapter IV of this thesis, we have demonstrated the superior potential of 

younger decellularized matrices in inducing de novo matrix production (ACAN increase) 

and ECM remodeling (COL2 reduction), after repopulation with bovine NP cells. Moreover, 

fetal matrices showed the greatest ACAN and COL2 expression, at molecular levels and 

decreased angiogenic response after in vivo CAM assay (Fiordalisi et al., 2022). Therefore, 

we have hypothesized that fetal matrices could have a superior pro-regenerative capacity 

for IVD repair, but the specific mechanism behind this scenario was not addressed. 

Moreover, an in vivo proof of concept of the capacity of fetal matrices to reduce angiogenic 

response in the presence of human IVD cells, was still lacking. Herein, we aimed to address 

these questions.  

Firstly, we have tried to dissect the mechanism behind the increased protein 

production in fetal matrices, by repopulating the scaffolds with CD44-knockout or CD44-

wildtype bovine NP cells. CD44 was chosen as protein target, since a chondroitin/dermatan 

sulfate form of CD44 was previously described as a receptor for COL14 (Ehnis et al., 1996), 

which is mainly expressed in fetal bovine NPs (Caldeira et al., 2017). CD44 is involved in 

several signaling, including β-catenin activation (Orian-Rousseau, 2015), which can in turn 

activate Sox-9 transcription (Aguilar-Medina et al., 2019). Sox-9 is able to activate several 

genes, including ACAN and COL2 (Zhang et al., 2015). Thus, we hypothesized that seeded 

cells could sense the presence of COL14 in fetal matrices and increase ACAN production 

through activation of β-catenin and Sox-9 transcription. Firstly, we confirmed the presence 

of Sox9 in fetal NPs, by analyzing its levels in repopulated matrices from different donor 

ages, compared to the correspondent controls (decellularized NPs without cells seeding). 

As results, it seemed that higher number of positive cells for Sox9 were present in both 

fetus and young NPs, when compared to the old ones. Despite these data need a further 

confirmation by quantitative analysis, these results gave a first proof of the bovine NP cells’ 

ability to produce Sox9, especially when in contact with younger decellularized matrices. 

Afterwards, we neutralized CD44 in adult bovine NP cells, by using a specific blocking-

antibody, prior to cells seeding on the top of fetal decellularized NPs. We expected a 

decrease of ACAN and Sox9 in NPs seeded with CD44-knockout cells, when compared to 

the wildtype condition (without blocking). However, we were not able to detect major 

changes between conditions, in terms of ACAN content. Moreover, Sox9 was not expressed 

in all the samples. This could be due to a technical issue, regarding the antibody specificity 
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and therefore being unable to bind/neutralize the protein of interest, or the signaling 

pathway analyzed not being involved in this mechanism.   

It is well known that biomaterials need to be well tolerated by the human body in 

order to achieve successful tissue regeneration upon implantation. Specifically, scaffolds 

(either natural or synthetic) are able to interact with the local microenvironment, particularly 

the surrounding ECM. Therefore, it is essential to address tissue – mediated host response 

to biomaterials in terms of inflammatory response and immune reaction, envisaging clinical 

application. Nowadays, several biomaterials are already being used for tissue replacement, 

including glucose biosensors, heart valves, cardiac pacemakers, stents, catheters, among 

others (Zhou & Groth, 2018), showing good outcomes. In the IVD context, several cages 

exist as implants for spinal fusion, including metal (pure titanium and titanium 

composite/alloy), ceramic (e.g., silicon nitride), plastic (e.g., polyetheretherketone [PEEK]). 

PEEK and titanium alloys are the most frequently used (Veronesi et al., 2022). Given that 

chronic inflammation and fibrosis are the most common cause of implants’ failure (Zhou & 

Groth, 2018), it is fundamental to evaluate factors involved in this cascade. 

We have previously demonstrated that decellularized ECM-based scaffolds 

obtained from bovine NPs of different donor ages (fetus, young and old), were 

cytocompatible and not toxic in vitro after repopulation with adult bovine NP cells. Moreover, 

fetal decellularized NPs showed a superior anti-angiogenic potential in vivo in a CAM assay, 

being able to better mimic the avascular nature of the IVD, when compared to older matrices 

(Fiordalisi et al., 2022). Fetal decellularized NPs have also shown an increased 

inflammatory score, rather than the other aged groups, after in vivo CAM assay. However, 

a deeper understanding of the soluble factors involved in both inflammatory and angiogenic 

processes was missing.  

Thus, several cytokines were evaluated in the conditioned media derived from 

decellularized NPs of different aged donors, at day 3 of ex vivo culture, by using a 

commercially available array kit, specific for bovine species. As a complementary study, 

cytokine levels were also evaluated in the conditioned media from repopulated NPs of 

different donor ages, at the same time point of decellularized scaffolds. Among the 

cytokines analyzed, the levels of several IFN and ILs were measured. As it is known, IFNs  

are involved in several processes, including antiviral, antitumoral and immunomodulatory 

responses (Kline & Kitagaki, 2006). Herein, we have shown a tendency for IFN-α and IFN-

γ to be expressed at higher levels in fetal decellularized NPs when compared to young and 
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old ones. While no major changes were detected for IFN-β in decellularized matrices, the 

levels increased after repopulation, especially in young NPs. Moreover, TNF-α, which is 

widely associated with IVD degeneration, was not expressed in any of the aged groups, 

with values close to zero, indicating an absent TNF-mediated inflammatory response.  

As widely described, ILs are involved in the regulation of several processes related 

to inflammatory and immune response, including growth, differentiation and activation of 

immune cells. Moreover, IL can have pro- or anti-inflammatory roles (Justiz Vaillant & Qurie, 

2022), depending on the type of ILs and on the context in which they are expressed. Herein, 

we evaluated several ILs (IL-1α, IL-1β, IL-2, IL-4, IL-10, IL-13, IL-15, IL-17A and IL-18) in 

order to understand if they could be released by decellularized matrices and trigger an 

inflammatory response. IL-1α and IL-1β are known pro-inflammatory cytokines and the 

alteration of their associated signaling can induce several pathologies, which are 

characterized by acute or chronic inflammation (Di Paolo & Shayakhmetov, 2016). IL-1β 

and TNF-α are widely explored in the IVD for their role in disc degeneration and herniation 

(Le Maitre et al., 2007). Moreover, it has been shown that the risk of IVD degeneration is 

highly associated with polymorphism of IL-1α (Wang et al., 2016). Herein, we did not detect 

major changes in IL-1α levels between ages. However, we observed an increase of IL-1β 

in young decellularized matrices when compared to fetal and old ones, being close to 

statistical significance. Surprisingly, after repopulation, fetal NPs displayed a statistically 

significant higher expression of IL-1β when compared to young NPs, demonstrating an 

increased inflammatory response. Previous work from our group has demonstrated the 

presence of thrombospondin (TSP) in the matrisome profiling of fetal bovine NPs (Caldeira 

et al., 2017), which is involved in inflammation (Lopez-Dee et al., 2011). Therefore, the 

higher inflammation in fetal NPs could be mediated by this factor. Also, adult bovine NP 

cells may start to produce more IL-1β when they are in contact with fetal matrices, due to 

the differences in tissue microenvironment, namely structure and composition. Thus, IL-1β 

expression should be analyzed at longer time points to understand if its production can be 

associated to a prolonged inflammatory response. Finally, fetal matrices may also be 

characterized by the presence of a higher number of endotoxins, thus leading to an increase 

of IL-1β expression. Regarding the other ILs analyzed, we have observed an increase of 

IL-4, IL-10 and IL-15 in old decellularized matrices when compared to the other aged 

groups. On the contrary, IL-17A and IL-18 were both higher in fetal NPs. However, the 

variability between samples was too high to consider these results consistent.  
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Overall, inflammatory cytokines did not significantly increase in decellularized 

matrices from different ages, however we cannot exclude that this is due to the change of 

media after 24 hours of ex vivo culture.  

Apart from the cytokines involved in the inflammatory response, angiogenic factors, 

including VEGF, ANG-1 and bFGF, were also analyzed in order to validate our previous 

observation on the anti-angiogenic potential of fetal matrices. It is known that VEGF is able 

to bind a specific receptor localized on endothelial cells’ surface, thus inducing 

vasculogenesis (Goodsell, 2003). Other glycoproteins involved on the regulation of blood 

vessel formation and stability, are the ANGs (Fagiani & Christofori, 2013). bFGF is another  

pro-angiogenic molecule which belongs to the family of FGF and participates in several 

processes, such as cell differentiation, angiogenesis, mitogenesis and wound healing 

(Cortina & Azar, 2010).     

In the present work, VEGF, ANG-1 and bFGF showed a tendency in increasing in 

old matrices, when compared to both fetal and young ones. Although these results could 

confirm our previous observations on the higher pro-angiogenic potential of older matrices 

(Fiordalisi et al., 2022), the variability between samples was too high and therefore further 

analysis should be performed to validate them. Surprisingly, higher levels of VEGF-A were 

found in the conditioned media of repopulated fetus and young NPs, when compared to old 

ones. These data are in contrast with our previous observation on the anti-angiogenic role 

of fetal matrices. Fujita and colleagues have previously reported the high expression of 

VEGF-A in the NP and uncovered its role in tissue survival through an autocrine/paracrine 

way (Fujita et al., 2008). Furthermore, another study had also correlated the expression of 

ANG-1, which is also a ligand of Tie2, with NP cells survival (Sakai et al., 2012). Although 

VEGF and ANG-1 are primarily associated with angiogenesis, which is not beneficial for 

IVD, their expression seems to have also an essential role in IVD cell survival (Sakai & 

Grad, 2015). Thus, the increased expression of pro-angiogenic factors in fetal matrices after 

repopulation could be also correlated to the activation of specific mechanisms to ensure 

cells survival. Furthermore, young and old repopulated matrices showed an increased 

expression of bFGF, when compared to fetal NPs, demonstrating a superior pro-angiogenic 

response. Therefore, this observation could support our previous data on the anti-

angiogenic potential of fetal matrices in CAMs bFGF2-treated (Fiordalisi et al., 2022).  

Other growth factors, including FGF-1 and IGF-1, were also analyzed. FGF-1 is 

involved in cell cycle regulation, cell differentiation, survival and apoptosis (Ornitz & Itoh, 
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2015). IGF-1 signaling is able to prevent IVD degeneration through activation of cell 

proliferation and ECM synthesis, as well as inhibition of matrix degradation, apoptosis and 

senescence. However, it can also induce disc degeneration when the signaling is 

abnormally activated (Lin et al., 2021). Le Maitre and colleagues have previously 

demonstrated the presence of IGF-1 receptor in healthy and degenerated NP and AF cells, 

thus indicating its role in IVD homeostasis (Le Maitre et al., 2005). Herein, we have detected 

a tendency of higher levels of both FGF-1 and IGF-1 in old decellularized NP when 

compared to fetus and young ones, although only for one replicate. Although this effect 

could be correlated with an abnormal activation of growth factor signaling pathways, the 

variability between samples was too high to take any definitive conclusion.  

Other cytokines (IP-10, MCP-1, MIG, GASP-1, NCAM-1, LIF, RANTES, CD40L and 

decorin), involved in pathological processes, immune response, inflammation or IVD 

degeneration, were also evaluated. The chemokine IP-10, also known as CXCL-10, 

participate in the recruitment of leukocytes, eosinophils, monocytes and natural killer cells, 

thus regulating the immune response (Vazirinejad et al., 2014). However, this small protein 

has other functions, regulating chemotaxis, activation of apoptosis, modulation of cell 

growth and angiostatic effects (Liu et al., 2011). Moreover, it is also involved in several 

pathological conditions, including disc degeneration. Specifically, high levels of CXCL10 

were found in the serum of patients with IVD degeneration, and positively correlated with 

the clinical severity of the condition (Yang et al., 2022). Therefore, CXCL10 seems to have 

a role in the progression of IVD degeneration. Herein, we did not detect major changes of 

IP-10 between ages.  

MCP-1, also known as CCL2, is part of a chemokine family and has been recognized 

as a potent chemoattractant factor for monocytes and macrophages, controlling their 

migration and infiltration and being involved in several pathologies (Deshmane et al., 2009). 

MIG (or CXCL-9) is a chemokine activated by IFN-γ (Tokunaga et al., 2018) and is able to 

modulate cell recruitment on the site of inflammation, particularly by attracting T-

lymphocytes (Fulkerson & Rothenberg, 2006). Herein, conditioned media derived from old 

decellularized NPs has shown a tendency in increasing levels of MCP-1, when compared 

to the other ages. No major differences were observed for MIG between samples, due to 

the high variability. After repopulation MCP-1 increased in young NPs, while MIG was higher 

in fetal matrices. Nevertheless, neither cytokines’ levels showed a statistical significance, 

their increase in younger matrices could be an adaptive response to the seeded cells. 



CHAPTER VI  
 

DISCLOSE THE MECHANISM BEHIND THE ENHANCED IVD REGENERATIVE POTENTIAL OF FETAL 

DECELLULARIZED MATRICES 
 

 

 
195 

 

GASPs are proteins able to bind and inhibit factors of the TGF-β family. GASP-1 is 

present in several tissues during fetal stages, including skeletal muscle (Parenté et al., 

2020). NCAM-1 (or CD56) plays an essential role in cell-cell interactions (Rutishauser et 

al., 1988) and its expression is also important during embryonic development (Rutishauser, 

1992). Despite being predominately expressed by neural cells, Sakai and colleagues have 

previously shown NCAM-1 mRNA overexpression in canine coccygeal NP, when compared 

to lumbar NP and AF, which was further confirmed at protein level (Sakai et al., 2009). Our 

results have shown higher amount of GASP-1 and NCAM-1 in old decellularized NPs when 

compared to the other ages, however not statistically significant. After repopulation, GASP-

1 levels were greatest in young NPs.  

LIF is a member of the IL-6 cytokine family, which is involved in different cellular 

processes, such as cell proliferation, differentiation and survival. It has an important role in 

several organs (e.g., hemopoietic, bone remodeling, neural, muscular, endocrine and 

reproductive system) and is able to induce different signaling pathways (Nicola & Babon, 

2015). LIF has been described as an anti-inflammatory cytokine in axon regeneration (Vidal 

et al., 2013) and during cutaneous inflammation (Banner et al., 1998). However, it also 

seems to have a pro-inflammatory role, being involved in osteoarthritis pathology (Kapoor 

et al., 2011; Lotz et al., 1992). RANTES is a small chemokine, involved in acute infection 

by inducing migration and homing of lymphoid cells, such as T cells and monocytes (Appay 

& Rowland-Jones, 2001; Crawford et al., 2011), as well as in inflammatory response 

through leukocytes recruitment (Appay & Rowland-Jones, 2001). In the context of IVD, 

Kepler and colleagues have detected overexpression of RANTES in painful IVDs, isolated 

from patients undergoing surgery, which was also correlated to IL-1β expression (Kepler et 

al., 2013). In the present work, both LIF and RANTES have shown higher level in fetal 

decellularized NPs when compared to the other aged donors. The role of LIF as and anti or 

pro-inflammatory cytokine is controversial in the literature and it depends on the biological 

context in which it is expressed. Regarding the high levels of RANTES in fetal NPs, it may 

be that remaining endotoxin in the fetal tissue are responsible for the increase of this 

inflammatory and infection-related cytokine. Thus, an analysis of the remaining endotoxin, 

within the decellularized tissue, should be performed to validate these data. Interestingly, 

after repopulation both LIF and RANTES levels decreased in fetal matrices and increased 

in older ones. Therefore, there might be a different mechanism activated before and after 

decellularization that could regulate the expression of both cytokines.  
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CD40L is a transmembrane glycoprotein, which is present on T cells surface and is 

involved in the inflammatory response through the regulation of cytokine and chemokines 

release (Chan & Rainer, 2013). Herein, no significant changes were detected in CD40L 

levels between different aged donors.  

Finally, decorin is included in the small leucin-rich proteoglycan family and is able to 

modulate growth factors and matrix formation. Moreover, it can bind several cytokines and 

growth factors, participating in different  processes, such as cancer cells proliferation, pro-

inflammatory response and anti-fibrillogenesis (Zhang et al., 2018). As it is well described, 

decorin levels increase in the ECM with ageing (Frantz et al., 2010). In the IVD context, 

higher expression levels of decorin were previously detected in the matrisome of old native 

NPs, when compared to fetal and young ones (Caldeira et al., 2017). Herein, array analysis 

has demonstrated increased levels of decorin in the conditioned media derived from old 

decellularized matrices, thus validating the previous observations. After repopulation, the 

levels of decorin increased in younger matrices. This effect might be due to an increased 

release of specific matrix metalloproteinases (MMPs) by seeded cells in fetal and young 

matrices, that could induce decorin release. It was previously shown that decorin is 

proteolytically degraded by MMP-2, MMP-3 and MMP-7 (Imai et al., 1997). This is in line 

with our previous observation where we saw an overexpression of MMP-1 and MMP-3 in 

young repopulated matrices, but only at the molecular level (Fiordalisi et al., 2022). 

However, we cannot exclude that other MMPs may be expressed in decellularized NPs and 

should be further explored in terms of expression as well as activity.  

As it is known, angiogenesis plays an essential role in tissue regeneration. In 

particular, therapeutic biomaterials for tissue repair should be able to induce the formation 

of blood vessels in order to achieve their clinical success (Lee et al., 2021). However, IVDs 

are avascular tissues in physiological conditions and neovascularization is associated with 

degeneration. In the present work we have investigated the angiogenic response of 

decellularized matrices from different donor ages (fetus, young and old) after seeding with 

human iNP cells. After inoculating iNP cells from different clones in CAMs, we demonstrated 

a superior pro-angiogenic response of clone GA094, when compared to the negative control 

(H2O) and to the other cell clone (GA111). Thus, this preliminary result unveiled the 

angiogenic potential of human iNP cells. When these cells were seeded on the top of 

decellularized NPs from different donor ages, fetal scaffolds were the only ones that did not 

significantly increase neovessels formation, when compared to the negative control (H2O), 

in a CAM assay. These observations provided the first in vivo proof-of-concept of the 
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capacity of fetal matrices to reduce the angiogenic response induced by human cells, 

recapitulating a healthy and physiologic IVD microenvironment. Moreover, by H&E staining, 

we could observe that old decellularized matrices were detached from the CAMs, when 

compared to fetus and young ones, indicating that their composition did not enable scaffold 

integration. Also, fetal matrices showed a tendency to decrease the number of inflammatory 

cells, but more importantly absence of blood cells within the scaffolds. Both inflammatory 

and blood cells were detected at higher levels in young and old matrices. These results 

confirmed the anti-angiogenic potential of fetal matrices and showed that they are more 

appropriate scaffolds to mimic a healthy and physiological IVD microenvironment. 

Interestingly, iNP cells seeded on fetal NPs were also able to produce GAGs after only 3 

days of seeding, which was not observed for young nor old ones. These data suggest the 

superior capacity of fetal matrices to provide a more favorable microenvironment for human 

cells to produce matrix proteins, which had been already observed with bovine NP cells 

(Fiordalisi et al., 2022). 

Despite the promising results on an absent inflammatory response when using 

decellularized matrices, in the future, further studies need to be conducted to validate the 

aforementioned observations. Specifically, cytokine levels should be evaluated with an 

increased number of replicates in order to have consistent results and reduce the variability 

between samples. Moreover, cytokines levels should be evaluated after 24h of ex vivo 

culture, to make sure that cytokines are not removed by media changes, as well as at longer 

time points to assess long term inflammatory response.  

In the future, it is essential to explore the inflammatory response and immune 

reaction of decellularized NPs in a specific animal model of inflammation (mice air pouch 

model). Finally, angiogenesis as well as matrix restoration should be further addressed in 

a specific animal model of disc degeneration (e.g. rat) envisaging future clinical applications. 
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6. SUPPLEMENTARY FIGURES 

SUPPLEMENTARY FIGURE 1. EVALUATION OF INFLAMMATORY CYTOKINE LEVELS IN 

CONDITIONED MEDIA FROM REPOPULATED NPS OF DIFFERENT AGED DONORS. 

 



CHAPTER VI  
 

DISCLOSE THE MECHANISM BEHIND THE ENHANCED IVD REGENERATIVE POTENTIAL OF FETAL 

DECELLULARIZED MATRICES 
 

 

 
206 

 

Supplementary figure 1. (a). Interferon (IF)-α, IFN-β, IFN-γ, transforming growth factor-α 

(TNF-α) and (b) several interleukins (ILs) expression in conditioned media from repopulated 

fetus (F), young (Y) and old (O) matrices. Data are presented as fluorescence intensity. 

Error bars represent mean ± SEM (n=3 biological replicates). Kruskal Wallis test followed 

by Dunn's multiple comparison test was performed. *p<0.05. 
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SUPPLEMENTARY FIGURE 2. ASSESSMENT OF ANGIOGENIC MOLECULES, GROWTH FACTORS 

AND OTHER CYTOKINES IN CONDITIONED MEDIA FROM REPOPULATED NPS OF DIFFERENT AGED 

DONORS. 

 



CHAPTER VI  
 

DISCLOSE THE MECHANISM BEHIND THE ENHANCED IVD REGENERATIVE POTENTIAL OF FETAL 

DECELLULARIZED MATRICES 
 

 

 
208 

 

Supplementary figure 2. Vascular endothelial growth factor (VEGF-A), angiopoietin-1 

(ANG-1), basic fibroblast growth factor (bFGF), fibroblast growth factor-1 (FGF-1) and 

insulin-like growth factor (IGF-1) expression levels in repopulated fetus (F), young (Y) and 

old (O) NPs. (b) Interferon γ-induced protein-10 (IP-10), monocyte chemoattractant protein-

1 (MCP-1), monokine induced by gamma interferon (MIG), growth and differentiation factor-

associated serum protein-1 (GASP-1), neural cell adhesion molecule (NCAM-1), leukemia 

inhibitory factor (LIF), regulated on activation, normal T cell expressed and secreted 

(RANTES) and CD40 ligand (CD40L) expression levels in repopulated F, Y and O NPs. 

Data are presented as fluorescence intensity. Error bars represent mean ± SEM (n=3 

biological replicates). Kruskal Wallis test followed by Dunn's multiple comparison test was 

performed.  
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SUPPLEMENTARY FIGURE 3. SCREENING OF THE ANGIOGENIC POTENTIAL OF HUMAN 

IMMORTALIZED NP CELLS BY IN VIVO CAM ASSAY. 

 

 

Supplementary figure 3. (a). Quantification of new vessels growing towards the 

chorioallantoic membrane (CAM) inoculated with different clones of immortalized nucleus 

pulposus (iNP) cells (clone 1: GA094 and clone 2: GA111), with 1x105 cells or 5x105 cells 

(clone 1), compared to the negative control (CT: H2O) and the positive one (bFGF2). Error 

bars represent mean ± SEM. Kruskal Wallis test followed by Dunn's multiple comparison 

test was performed. *p<0.05.  
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1. GENERAL DISCUSSION 

  

 The work developed under the scope of this thesis aimed to recapitulate a pro-

regenerative microenvironment, by using fetal-derived biomaterials, to develop efficient 

therapies for inducing endogenous repair of intervertebral disc (IVD).  

 As extensively reported, IVD degeneration occurs naturally with aging as a 

consequence of physiological changes at cellular, biochemical and structural levels, finally 

leading to low back pain (LBP). Despite disc degeneration having been widely correlated to 

age-associated alterations, further studies are needed to understand the complex 

mechanism underlying this pathological scenario (Colombier et al., 2014). As described in 

Chapter I, IVD is characterized by a harsh microenvironment, which leads to scarcer cell 

survival. Thus, adult IVDs have a decreased ability to self-regenerate, due to the limited 

number of progenitor cells (Tessier & Risbud, 2021), rendering problematic the regression 

of the degenerative cascade (Ma et al., 2019). Indeed, IVD is the tissue that undergoes 

degeneration earliest in the human body, when compared to other connective tissues 

(Urban & Roberts, 2003). However, during embryonic development IVDs are characterized 

by a more pro-regenerative – like phenotype due to their unique cellular and biochemical 

composition, as widely described in Chapter I. Although several researchers have tried to 

dissect the protein profile of fetal IVD matrices, still few studies currently exist in the 

literature, and the role of all the different molecules involved is yet to be defined.  

 As it is well known, current available treatments for IVD degeneration (both 

conservative therapies and surgical approaches) focus only on relieving patient’s symptoms 

(Dou et al., 2021), being enable to reconstitute a healthy tissue microenvironment. Thus, 

new alternatives are needed. Decellularized extracellular matrix (ECM)-based biomaterials 

has been proposed for tissue regeneration, including IVD, as addressed in Chapter II of this 

thesis. These naturally-derived biomaterials represent a huge promise for the treatment of 

IVD degeneration, because of the possibility to mimic native structural, biochemical and 

biomechanical cues, which can ultimately lead to tissue repair. However, in order to develop 

efficient therapy to specifically trigger IVD repair, a deeper understanding of the impact of 

development and aging, as well as their associated microenvironmental cues, on tissue 

degeneration and regeneration is needed.  
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 The main hypothesis of this thesis, as defined in Chapter III, was that fetal 

decellularized nucleus pulposus (NP) ECM would have a superior potential for IVD 

regeneration. This hypothesis was based on our previous assumption of the superior pro-

regenerative potential of fetal bovine NP, when compared to young and old ones, due to 

the expression of specific proteins (Collagen [COL] 12 and COL14), which were lost with 

ageing (Caldeira et al., 2017). 

 To address this question, we selected caudal bovine IVDs as tissue source due 

to its similarity in size (Alini et al., 2008), ECM composition and cell content to human 

tissues. In particular, bovine IVD are characterized by a decrease and disappearance of 

notochordal cells (NC) in the NP after birth, like humans. Contrarily, other species (e.g. 

mouse, rat, cat, mink, dog, pig and rabbit) had demonstrated the persistence of NC after 

birth (Alini et al., 2008), thus reducing the clinical relevance of those models for the study 

of pathological features involved in IVD degeneration. Moreover, bovine IVDs are available 

and easier to access, when compared to human ones, due to ethical governmental 

restrictions in collecting tissues from cadaveric origin, especially from fetal origin. Therefore, 

cow tissues have been widely used as ex vivo models to investigate suitable therapeutic 

strategies for IVD degeneration (Antunes et al., 2017; Ferreira et al., 2021; Lang et al., 

2018; Li et al., 2020; Pereira et al., 2016; Teixeira et al., 2016).  

 In Chapter IV, we have developed decellularized ECM-based scaffolds from 

bovine NPs of different aged donors (fetus, young and old). We have selected a 

decellularization method for different reasons. Firstly, this technique offers the possibility to 

create 3D models and therapeutic solutions, which are closer to the native tissue, since it 

is able to remove cells and DNA without dramatically affecting matrix structure and 

composition. In particular, the ECM represents the 3D network of tissues and organs, 

providing structural support to resident cells (Caldeira et al., 2018). Moreover, it also acts 

as a dynamic template, regulating essential cellular processes, including morphogenesis, 

differentiation, homeostasis, among others, thanks to its intrinsic biochemical and 

biomechanical features (Caldeira et al., 2018; Hussey et al., 2018). Thus, mimicking the 

unique ECM microenvironmental features represents a promising strategy to unravel 

specific cues involved in pathological progression, but also as a novel therapeutic strategy 

for tissue regeneration (Hussey et al., 2018). Although the development of decellularized 

IVD-based scaffolds has been widely attempted by several researchers, as extensively 

described in Chapter II of this thesis, the impact of tissue donor age on biomaterials 

development had never been explored before in the disc field.  
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 The first contribution of this thesis was the development, for the first time, of a 

transversal and standardized sodium dodecyl sulphate (SDS) 0.1 % (1 h) – based protocol, 

efficient at removing host cells and DNA from bovine NPs of different donor ages (fetus, 

young and old), while preserving structural, biochemical and biomechanical cues of native 

tissues. Importantly, the decellularization protocol herein developed is under a provisional 

patent application (“Fetal decellularized nucleus pulposus material and methods for 

obtaining pharmaceutic compositions to be used in the treatment of intervertebral disc 

degeneration and low back pain” - WO2021118379; 17.06.2021). Moreover, it is also being 

used by our group for the decellularization of other tissues (e.g. mice intestines), after some 

required adaptations, considering the different ECM structure and composition between 

organs and species. 

 In order to optimize the decellularization process, we tested two detergents, SDS 

and Triton X-100, at different concentration and time points. SDS - based protocol showed 

to be more efficient in removing host cells and decreasing DNA content from all NPs of 

different donor ages, as compared to Triton X-100.  It is known that SDS can have adverse 

effects on ECM composition, structure and biomechanical properties, which may be 

influenced by the detergent concentration and time of exposure (Friedrich et al., 2018). The 

majority of the SDS-based protocols applied to the IVD adopt long exposure to detergents 

(Chan et al., 2013; Wu et al., 2014; Wu et al., 2017). The novelty of the decellularization 

protocol, herein developed, is the use of lower SDS concentration (0.1 %) as well as the 

reduction of exposure time to only 1 h, which may decrease the risk of toxicity due to 

remaining detergent within the tissue. Although in the present study we did not investigate 

the presence of SDS in the tissues, preliminary data from our group showed detergent 

absence in the NPs, which were decellularized by adopting the SDS-based protocol herein 

optimized. This is essential, envisaging biomaterials translation for clinical applications. In 

particular, SDS can have a cytotoxic effect on cells (Alizadeh et al., 2019) and if not properly 

removed, may provoke an adverse host response upon scaffolds’ implantation (Friedrich et 

al., 2018). Syed et al. showed that a protocol based on a combination of SDS and Triton X-

100 was the most efficient in decreasing DNA content from porcine small intestine 

submucosa. However, after repopulation, metabolic activity of seeded cells decreased and 

this higher cytotoxic effect was associated to residual detergents within the tissue (Syed et 

al., 2014). Alizabeh et al. (2019) investigated a novel and rapid vacuum-based method for 

washing out any remaining SDS from bovine pericardium after decellularization. They 

demonstrated that the vacuum methods were more successful in removing SDS from 
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decellularized tissues, as well as in decreasing the toxicity for cells, by increasing their 

survival and metabolic properties, when compared to normal washing procedures (Alizadeh 

et al., 2019).  

 A limitation of our protocol is the loss of glycosaminoglycans (GAGs) detected in 

all the NPs from different aged donors after decellularization.  Therefore, a milder procedure 

which would be able to preserve higher GAGs content, should be investigated, knowing 

their essential role in the disc. A vacuum-assisted decellularization could be the solution to 

avoid the loss of large number of GAGs as well as to accelerate and scale-up the procedure. 

This is particularly important for industrial manufacturing, envisaging clinical application. In 

the last decade, this process is started to be investigated for tissues requiring longer 

treatment cycles to remove cells, including human (Butler et al., 2017) and porcine trachea 

(Lange et al., 2017), porcine urinary bladder (Ren et al., 2018), etc. To the best of our 

knowledge, vacuum-assisted decellularization has not been applied yet to the IVD and this 

would be particularly interesting for the decellularization of whole discs. Indeed, obstacles 

in solution penetration inside the IVD can be encountered during standard decellularization 

procedure, knowing the denser nature of this tissue. Currently, we are exploring this 

procedure to scale up the decellularization of larger bovine NP specimens, by using the 

SDS-based protocol herein developed. Another option to replace the GAGs loss after 

decellularization could be the supplementation of the scaffolds with chondroitin sulphate, as 

others had done previously (Zhou et al., 2018). In the present work, we decided to not 

supplement decellularized NP matrices with chondroitin sulphate, since our aim was to use 

naturally-derived scaffolds and maintain their structure, composition and biomechanical 

properties as close as possible to native environment. This is essential for preserving the 

pro-regenerative cues of fetal native matrices (e.g., COL12 and COL14).  

In recent years, the interest for detergent-free strategies for tissue decellularization 

has increased, since these approaches are able to separate cell and proteins, without 

dramatically affecting native ECM features. Among these methods, the supercritical carbon 

dioxide (CO2)-based approach has gained significant attention and has been applied for the 

decellularization of different tissues and organs (e.g., porcine trabecular bone (Duarte et 

al., 2021), porcine trachea (de Wit et al., 2023), ovine aorta and bovine cornea (Guler et al., 

2017), bovine articular cartilage, horse tendons and human skin (Antons et al., 2018), etc), 

as well as apoptosis-assisted approach (e.g., lung (Song et al., 2021), nerve (Cornelison et 

al., 2018), etc). To the best of our knowledge these methods have not been applied yet to 

the IVD and could be beneficial for the decellularization of this dense tissue.  
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 The second contribution of this thesis was to uncover the superior pro-

regenerative potential of fetal decellularized matrices. In Chapter IV, we repopulated 

decellularized matrices from different donor ages with adult bovine NP cells. The rationale 

behind the selection of this cell source was to understand if adult cells, which are 

characterized by a limited capacity to proliferate and produce proteins, were rejuvenated by 

a more pro-regenerative tissue. Indeed, cells were able to sense the surrounding 

microenvironment, particularly the ECM, behaving differently in contact with a pro-

regenerative or degenerated tissue, especially in terms of viability and protein production. 

We have demonstrated that cells were able to adhere to a higher degree, as well as to 

remain more viable, in younger decellularized NPs when compared to old ones. Moreover, 

seeded cells started to produce GAGs in fetal NPs which is of utmost of importance for our 

work, since the decellularization procedure lead to a loss of these proteins, fundamental for 

IVD function. More importantly, at the molecular level we observed the greatest Collagen 

type 2 (COL2) and aggrecan (ACAN) gene expression levels in fetal scaffolds. At the protein 

level, ACAN increased in both fetus and young matrices, when compared to the old ones, 

while COL2 decreased, which may be indicative of matrix remodeling. Therefore, younger 

matrices were able to rejuvenate the cellular and biochemical signals of adult NP cells, 

through matrix reconstruction. Although the enhanced pro-regenerative potential of fetal 

matrices could be associated to the presence of COL12 and COL14, other factors may be 

involved in this precise process. In Chapter VI of this thesis we have performed a preliminary 

study to explore the mechanisms behind the increased ACAN production in fetal NP-based 

scaffolds. Given that a form of CD44 was described as a receptor for COL14 (Ehnis et al., 

1996), we have neutralized this protein in bovine NP cells, before the seeding on fetal 

decellularized matrices. We were expecting a decrease of ACAN in fetal NPs repopulated 

with CD44-knockout cells, when compared to the scaffolds recellularized with CD44-

wildtype cells. Results did not show significant changes in ACAN content between the 

tested conditions. We hypothesized that this could be due to the inefficiency of the antibody 

to neutralize CD44. Therefore, CD44 should be neutralized by using RNA signaling-based 

approach in order to induce the blocking of the target protein in a more specific manner.  

 Nevertheless, other factors and signaling pathways (described in the Chapter I) 

herein not explored, could have a role in the increased regenerative response of fetal 

matrices, such as Wnt signaling. Interestingly, Pizzute et al. (2018) were able to 

demonstrate that overexpression of WNT factors in NP cells, isolated from human herniated 

IVDs, lead to an increase of GAGs deposition and over-expression of NP re-differentiation 
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genes (PAX-1, FOXF-1, COL2A1, ACAN), although the effect ameliorates after 28 days 

(Pizzute et al., 2018). Moreover, it has also been shown that COL12 deposition is regulated 

by Wnt/β-catenin signaling and that over-expression of Col12a1 is able to accelerate axon 

regeneration and rescue Wnt/β-catenin signaling pathway inhibition, at least for zebrafish 

species (Wehner et al., 2017). Therefore, Wnt signaling could be involved in the observed 

fetal matrices outcomes, knowing the higher expression of COL12 at this age. Taking this 

in account, one limitation of the present work was the lack of a deeper understanding of the 

composition of decellularized matrices from different donor ages, as well as of the pathways 

that could orchestrate the regenerative cascade, which could be conducted by proteomic 

analysis.  

 An intrigued question that remain also opened is to understand if fetal matrices 

could be ideal substrates to re-activate the reminiscent NC sub-population in adult NPs, 

which is of utmost importance for inducing endogenous IVD regeneration, in the case of a 

mild tissue degeneration. As described in the Chapter I, NC are involved in disc 

homeostasis and repair. Interestingly, Tryfonidou’s group was able to demonstrate the 

enhanced capacity of porcine NC-derived matrices in increasing both DNA and GAGs 

content of human and canine chondrocyte-like cells, as well as GAGs and COL2 production. 

Moreover, it was also able to induce chondrogenic differentiation of canine mesenchymal 

stromal cells (MSCs). More interestingly, after injection of NC-derived matrix in a canine 

model of moderate disc degeneration, they revealed improved disc height and COL2 

deposition, as well as inflammation amelioration in vivo (Bach et al., 2018), which are 

hallmarks of tissue repair. More recently, this NC-derived matrix has also been used for 

other applications. Schmitz and colleagues went a step further by creating an injectable 

biomaterial based on decellularized NC-derived matrix, which could be used as a vehicle 

for cells deliver in the IVD (Schmitz et al., 2022).  

 Interestingly, fetal and young matrices showed increased contraction after 

repopulation, by appearing more transparent and softer, when compared to the old ones. 

Although this evaluation was conducted only at macroscopic level, it opened new questions 

on biomechanical changes, through ageing, which could influence cell behavior after 

repopulation. As it is known, cells are able to sense surrounding ECMs’ mechanical stimuli 

and convert them into intracellular signals (d'Angelo et al., 2019). Cells can remodel the 

scaffolds by generating forces, which can ultimately lead to tissue regeneration, adaptation 

or pathological cascade (Yi et al., 2022). In the IVD context, matrix stiffness can have an 

important impact on IVD cells mechanobiology, in terms of mRNA expression and matrix 
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synthesis (Fearing et al., 2018). Gilchrist and colleagues (2011) have previously shown that 

soft laminin-rich gels (<720 Pa) were able to induce porcine NP cell-cell interaction, cell 

morphologies and proteoglycans production in vitro (Gilchrist et al., 2011). In another work, 

Navaro et al (2015) developed hydrogels (fibrinogen and poloxameric block copolymers) 

with different shear storage modulus (1 kPa and 2 kPa) in order to investigate the role of 

ECM’s stiffness on proliferation, differentiation and matrix remodeling of NP-derived stem 

cells. As results, hydrogel with lower shear storage modulus induced higher NP cell 

proliferation, chondrogenic differentiation and cell attachment, when compared to the 2 kPa 

ones. Moreover, it was also able to increase acan and sox9 gene expression, as well as 

GAGs production (Navaro et al., 2015). In the present work, changes in biomechanical 

properties were already detected in decellularized NPs from different donor ages before 

repopulation, by rheology. In particular, fetal decellularized matrices showed a softer like-

behavior (~75 Pa), when compared to young (~180 Pa) and old ones (~160 Pa). Therefore, 

we hypothesize that softer fetal decellularized matrices could provide a more favorable 3D 

microenvironment for cell seeding, thus promoting higher cell survival and adhesion, as well 

as increasing protein production, when compared to the stiffer old ECM-based scaffolds 

(prototypical of a degenerated tissue).  In order to address this hypothesis, a mechanical 

characterization at nano- and micro-scale should be performed in repopulated NPs from 

different donor ages. This could be conducted by nanoindentation or atomic force 

microscopy.  

 In Chapter IV, we have addressed the angiogenic potential of decellularized 

matrices from different aged donors, by performing a chick embryo chorioallantoic 

membrane (CAM) in vivo assay. Specifically, we aimed to understand if younger matrices 

were able to mimic an anti-angiogenic scenario similar to native and healthy discs. After 3 

days of scaffolds implantation in the CAMs, fetal matrices demonstrated an anti-angiogenic 

potential, by decreasing the number of vessels growing towards the basic fibroblast growth 

factor 2 (bFGF2)-treated CAMs. More interestingly, the anti-angiogenic properties of fetal 

scaffolds were also preserved in contact with human immortalized NP (iNP) cells, as 

reported in the Chapter VI of this thesis. These data delivered the first in vivo proof-of-

concept of fetal matrices’ ability to provide an avascular microenvironment to IVD cells. 

Bovine NP decellularized matrices may contain pro-/anti-angiogenic factors differentially 

expressed during ageing. For example, pigment epithelium-derived factor (PEDF), which is 

an angiogenesis inhibitor, was reported to be upregulated in the matrisome profiling of 

native fetal NPs (Caldeira et al., 2017). Recently, it was demonstrated that PDEF is able to 



CHAPTER VII 
 

GENERAL DISCUSSION AND FUTURE PERSPECTIVES 
 
 

 
220 

 

suppress blood vessels’ growth, through inhibition of vascular endothelial growth factor 

(VEGF)-R2 (receptor of VEGFA), in retinal endothelial cells (Tombran-Tink & Barnstable, 

2003; Zhang et al., 2021). Therefore, higher expression of PEDF could be one of the factors 

involved in the regulation of the anti-angiogenic properties of fetal decellularized matrices. 

A part from PEDF, fetal native NPs also showed upregulation of thrombospondin – 1 (TSP-

1), another angiogenesis inhibitor (Caldeira et al., 2017). TSP-1 is able to mediate 

inflammation, cancer and angiogenesis through the interactions with several receptors 

(Lopez-Dee et al., 2011). Therefore, TSP-1 may be involved in the higher inflammatory 

score revealed in fetal decellularized matrices after in vivo CAM assay (reported in the 

Chapter VI of this thesis). Nevertheless, although the results from the CAM assay as a 

preclinical in vivo model were promising, angiogenesis should also be investigated in a 

more suitable animal model for clinical relevance (e.g., mice or rats).  

 In the Chapter VI, we have analyzed several inflammatory and angiogenic soluble 

factors in conditioned media derived from decellularized NPs of different aged donors at 

day 3 of ex vivo culture, by using a bovine cytokine array. The rationale behind this work 

was to provide a first proof-of-concept of the mechanism controlling inflammation and 

angiogenesis in decellularized matrices, knowing its essential role for the biomaterials’ 

success upon implantation. Herein, we did not detect a significantly increase of 

inflammatory and pro-angiogenic cytokines in decellularized NPs from different aged 

donors. Although it seems that decellularized NPs are not pro-inflammatory nor pro-

angiogenic, some limitations exist in this work. Firstly, we have conducted the experiments 

by using two pools of different biological replicates, thus not reaching statistical significance 

given the high variability of the samples. Moreover, we performed the assay by using 

samples at day 3 of ex vivo culture, after 1 day of culture. Thus, we cannot exclude cytokine 

removal and dilution of the effect at this time point. Therefore, further studies are needed to 

understand the factors behind the occurring angiogenic and inflammatory responses.  

Overall, this work demonstrated that choosing an adequate tissue donor age is an 

essential step for the design of suitable biomaterials for tissue-engineering and regenerative 

medicine applications. We have shown that younger matrices, in particular fetal ones, are 

more appropriate tissue source to be used as a therapy due to their superior pro-

regenerative potential, through increased ECM de novo synthesis, tissue remodeling and 

reduced angiogenesis. Old decellularized matrices revealed to be an interesting ex vivo 

model to investigate molecular cues underlying disc degeneration along aging as well as to 

screen for new molecules or drugs intended for disc regeneration.  
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This project has contributed to the field of matrix engineering and regenerative 

medicine by uncovering essential knowledge on the benefit of using fetal-derived matrices 

for restoring a healthy tissue microenvironment. The data generated in this work will be of 

utmost importance for the development of minimally invasive strategies to guide IVD repair 

in vivo.  

Our whole vision for future therapeutic approaches focuses on the use of fetal 

matrices as a minimally invasive strategy to resolve IVD degeneration and LBP. These 

biomaterials could be administered as particles or processed to form a hydrogel, which 

could be injected through IVD. However, injection through the annulus fibrosus (AF) can led 

to tissue damage and consequent secondary degeneration. Thus, these solutions should 

be injected by adopting a transpedicular approach through the endplates in order to reduce 

the risk of tissue disruption (Vadalà et al., 2013). This strategy will decrease the risks 

associated with invasive surgeries, such as infections and secondary degeneration, as well 

as the days of hospitalization. This therapy could be particularly effective for LBP patient’s 

affected by milder disc degeneration, since fetal matrices could be able to rejuvenate the 

biochemical signals of endogenous disc cells through ECM proteins production, finally 

leading to tissue reconstruction. For severe IVD degenerative stages, hydrogel derived from 

fetal tissue could be combined with MSCs, the most promising cell source used in LBP trials 

(Atluri et al., 2022; Kumar et al., 2017), to enhance tissue regeneration.  

Although further validations are needed, the fetal-based biomaterials, herein 

developed, could globally revolutionize matrix-based therapies for the regeneration of 

different tissues (e.g., cartilage). For instance, injection of fetal-derived matrices could be 

used for accelerating tendon or ligaments repair after injury of professional athletes. 

Moreover, fetal-derived matrices could be also used as adjuvants during chemotherapy to 

revert degenerative outcomes, caused by these aggressive treatments.  Therefore, several 

fields of study could take advantages of the knowledges herein achieved for the treatment 

of different pathological conditions, in which endogenous self-repair is impaired.  
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2. FUTURE PERSPECTIVE 

  

 This thesis  opened new doors for several projects in our groups, which are 

currently funded by different national and international sources, including: FETBIO (“Fetal-

inspired hierarchical biomaterials for regeneration in a harsh microenvironment: the nucleus 

of the intervertebral disc”), funded by Fundação para a Ciência e a Tecnologia (FCT - 

PTDC/BTM-MAT/0438/2020); CLOCKit: “Rewinding the clock: CRISPR-mediated NP cell 

editing for IVD rejuvenation”, funded by ON Foundation, which intend to recapitulate fetal-

inspired cues by CRISPR-engineering NP cells; “Characterization of the MSC-derived 

extracellular matrix”, funded by FCT (EXPL/BTM-ORG/0880/2021).  

 The discoveries of this work represented also the starting point for the 

establishment of the FETALIX startup, in which I am one of the Co-Founder, which intend 

to provide the first minimally invasive therapeutic strategy to treat IVD degeneration and 

solve LBP, through the use of fetal decellularized matrices, herein developed. 

 In this thesis we were able to develop fetal decellularized NPs, which were fully 

characterized at structural, biochemical and biomechanical levels, as well as in terms of 

cytocompatibility and toxicity. But, further studies are needed to translate these biomaterials 

into clinical applications. A mild sterilization method for decellularized scaffolds should be 

explored in order to remove any contaminants. Moreover, the presence of specific antigens 

(e.g., alpha-gal) and endotoxins should be also investigated. These studies will be essential 

to reduce the risk of host rejection upon implantation, due to an immune or inflammatory 

response or infections.   

 In the future, a complex bioreactor system could be designed to decellularize, 

sterilize and recellularize tissues at the same moment in order to obtain scaffolds in a faster 

way. Moreover, decellularized ECM could be combined with bioink, fabricated by using a 

bioprinting-based strategy (Park et al., 2021; Vernengo et al., 2020), in order to improve the 

topography of these scaffolds for clinical applications.  

 In this thesis, we have demonstrated the superior capacity of fetal decellularized 

matrices to induce ECM de novo synthesis by seeded NP cells. These discoveries opened 

new challenges, particularly on dissecting the specific ECM cues, which could guide tissue 

regeneration. To address this question, a deeper analysis of the human IVD transcriptomic 

profile will be performed at single cell level.  
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 In this work, we have focused on the pro-regenerative potential of fetal scaffolds 

at matrix level, without considering the cellular signals, which are essential for guiding tissue 

repair. In the future NC-derived matrix or secretome could be also explored for IVD 

regeneration.  

  Herein, we have addressed cell behavior in the different matrices by using bovine 

NP cells. In the future, repopulation with other cells, as canine or human (isolated from 

degenerated IVD) NP cells should be also explored to validate the aforementioned 

observations by using a cell source derived from a model of disc degeneration. Moreover, 

the potential of fetal decellularized NPs to induce human MSCs differentiation in NP-like 

cells should be investigated, envisaging the use of these biomaterials for cell delivery for 

more severe IVD degeneration.  

 For future clinical application and market translation, the fetal matrices’ therapeutic 

potential and biocompatibility require in vivo validation, by using relevant animal models of 

IVD degeneration (e.g., chondrodystrophic dogs) (Thompson et al., 2018).  

 The work developed under the scope of this thesis opened also new avenues for 

the investigation of COL12 and COL14 reactivation in vivo. Indeed, there is no proof of 

concept of the role of these two proteins in the fetal NPs. One approach could be to 

knockdown or upregulate both proteins in an in vivo animal model and evaluate the 

outcomes.  

 Finally, fetal ECM-based scaffolds could be processed to form a hydrogel. The 

advantage of this approach is the possibility to tune the physical and mechanical 

composition of the scaffolds, by adopting specific crosslinking, in order to mimic the 

biomechanical properties of human IVD and resemble a physiological scenario. If ethical 

concerns regarding prions, safety, fetal origin or variability, an alternative could be to 

produce CRISPR-tailored fetal-inspired ECM through engineered MSCs.  

 An intrigued aspect that could be also investigated is the effect of fetal-derived 

matrices on tissues exposed to chemotherapy or radiotherapy-based treatments to 

understand if it will be possible to revert the degenerative effects caused by these 

aggressive therapies, commonly used for cancer.  

 In conclusion, our future goal is the translation of fetal ECM-based biomaterials 

into the market of LBP and other pathologies, after the required validations, in order to offer 

a valid therapy that could be able to reduce patients’ disability and pain.  
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