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Thesis outline 

Chapter one reviews the literature pertaining to the intervertebral disc nucleus pulposus 

replacements and repair strategies with emphasis on the cell material interactions and the 

effect of various scaffold surface properties on the cell behavior. To start with the chapter, it 

reviewed basic structure of intervertebral disc, strategies to disc replacements, currently 

available biomaterials their application, and the surface modification techniques to improve 

scaffold surface properties. 

Chapter two investigates the biocompatibility of knitted titanium scaffold that supports cell 

viability and adhesion. 

Chapter three gives the insights on the effect of electro-polishing treatment on wear particle 

generation, wear particles characterization, effect of scaffold surface modification on overall 

cell response with a particular focus on the effect of surface roughness and surface energy. 

Furthermore, it also describes the effect of surface hydrophilisation using oxygen plasma 

treatment on scaffold surface wettability and thus effectively on the cell behavior. 

Chapter four describes the in vitro generation of synthetic modified Link N mRNA and their 

effect on mesenchymal stromal cells and human primary chondrocytes in vitro in 2D and 

together with knitted titanium scaffold in augmenting chondrocytes specific gene expression 

and thus reparative response together with replacement. 

Chapter five studies the cellular response to knitted titanium scaffold wear debris, describes 

the effect of electro-polishing treatment on the hemocompatibility of the knitted titanium 

scaffold and further provides the insights on the biochemical surface modification of the 

knitted titanium scaffold  

Chapter six discusses the findings from this study and provides conclusion to direct a future 

research  

Chapter seven provides the comprehensions on the current research in the form of summary. 

Chapter eight compiles the references which are marked correspondingly  
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CHAPTER 1 

1 Introduction  

1.1 Chronic low back pain 

Chronic low back pain is the most common condition among people aged 40-80 years, 

affecting men and women alike globally (Hoy et al., 2012). It is one of the leading causes of 

disability that is associated with high socio- economic costs due to increased morbidity of 

afflicted individuals and hence correspondingly decreased productivity (Murray et al., 2012; 

Waldrop et al., 2015). Worldwide prevalence is approximately 84% in their lifetime, out of 

which 50% occurs at young (18ï44 years) or middle (45ï64 years) age (Murray et al., 2014). 

In Germany, the annual costs of low back pain (LBP) were estimated over ú 50 billion, as 

reported by Werber and Schiltenwolf (Werber and Schiltenwolf, 2016). Low back pain can 

fluctuates over the period of time with frequent recurrences and exacerbations, and moreover 

10% of the patients develop chronic persistent or recurrent pain, thereby generating 

approximately 80% of health care costs. During initial period of low back pain, 26ï37 % 

relapses of work absence and 44ï78% pain relapse has been described (Suri et al., 2016; 

Werber and Schiltenwolf, 2016). 

Chronic low back pain has been described to be strongly associated with intervertebral disc 

degeneration, although the exact etiology still remains unclear (Luoma et al., 2000; de 

Schepper et al., 2010; De Palma et al., 2011). Degenerative disc disease (DDD) is a condition 

known to result in chronic back pain due to the biomechanical instability caused by loss of 

disc height, disc dehydration and / or annular tears (Urban and Roberts, 2003; Adams and 

Dolan, 2012). 

 

1.2 Intervertebral d isc- structure and morphology 

Human vertebral column is responsible for supporting the body balance thereby protecting 

nerve roots and the spinal cord. The spine is not just straight but has 4 curvatures; two 

kyphotic that concave posteriorly and two lordotic that convex anteriorly. This unique 

structure enables body flexibility and motion to perform all body functions simultaneously 

(Putz and Müller-Gerbl, 1996). The human spine comprised of 24 vertebrae (seven cervical, 

twelve thoracic and five lumbar vertebrae) which are connected to one another by 

fibrocartilage intervertebral discs which is normally surrounded by muscles and ligaments. 
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Therefore, the spinal column along with vertebral bodies and intervertebral discs helps to 

absorb the load applied to the spine which normally include different kind of movements i.e.; 

flexion, extension, lateral flexion, rotation and circumduction (Cramer Gregory et al., 2014). 

So, the intervertebral discs are complex main joints of the vertebral column (Raj, 2008). Since 

the shape of spinal column is not the same throughout, varied vertebral bodies shape 

determines the different shape of intervertebral disc. Adult intervertebral disc is a largest 

avascular fibrocartilaginous structure situated between the two vertebral bodies, despite 

having rich vascular supply during fetal development and shortly after birth (Cramer Gregory 

et al., 2014). Intervertebral disc mainly function as flexible pivots, by providing the flexibility 

and stability to the spinal column thereby absorbing and transmitting the mechanical load (Raj, 

2008; Colombier et al., 2014). It is a joint that mainly provides flexibility and elasticity with a 

wide range of movement to the spine as a whole and while doing so, it does allow limited 

mobility between adjacent vertebrae. The intervertebral discs strongly provides pressure and 

tension resistance while transmitting mechanical load through the spinal column (Pattappa et 

al., 2012). Intervertebral disc (figure 1) comprised of gelatinous centre called Nucleus 

pulposus (NP), which is peripherally enclosed by annulus fibrous (AF) and cartilaginous 

endplate (CEP) that limits majorly the most peripheral rim of the disc superiorly and 

inferiorly (Walter et al., 2015).  

 

Figure 1: Anatomy of the intervertebral disc (source: wikipedia) 

 

The primary components of discs are water, cellsïmainly chondrocyte like cells and 

fibroblasts, proteoglycan, collagen and other matrix components (Singh et al., 2009). Fibrillar 

collagens, aggrecan and water are the three main structural components of the intervertebral 

disc (IVD) which together contributes around 90-95% of volume of the healthy IVD (Urban 
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and Roberts, 2003), although the ratio varies across the disc. For example, collagen is found 

highest in outer AF and lowest in the NP, whereas reverse is true for water and aggrecan 

content. Specific matrix structure maintained by distinct cell population makes these tissues 

differ in function (Pattappa et al., 2012). Although cell density in the human disc is low at 

around 6×106cells/cm3, extracellular matrix (ECM) produced by them is essential to regulate 

mechanical response. Endplates are the outer region of IVD where AF and NP are embedded 

in. During development, blood vessels penetrate into the endplates and provide nutrition to the 

developing IVD and until skeletal maturity IVD becomes completely avascular. Nutrients and 

metabolites are therefore reaching to the IVD mainly by diffusion (Moore, 2000). 

1.2.1 Nucleus pulposus 

The emergence of the nucleus pulposus begins through mesodermal somites during the 

embryonic development and in later stages notochord goes through a transition to form 

nucleus pulposus progenitor cells (Tie2+ and GD2+ positive). NP is originated from the 

notochord and between the vertebrae this notochord enlarges to form NP (Hsieh and Twomey, 

2010). During developing vertebrae notochord is replaced by bone whereas in NP, 

notochordal cells get replaced by chondrocytes like cells. Presently it is still unclear whether 

this replacement of cell population is because of apoptosis of resident cells causing 

consequential invasion by mesenchymal cells or dedifferentiation of notochordal cells (Hunter 

et al., 2004). However at maturity, the  NP  cells are 10 µm small, round chondrocyte like 

cells, present in a density of about 4×106cells/cm3(Roughley, 2004). Nucleus pulposus is 

mainly comprised 80% of water (wet weight) and 20% collagen (dry weight) where, collagen 

II and proteoglycans mainly predominates in NP with small amount of types VI, IX and XI 

collagen (figure 2). Hydrophilic nature NP is responsible for high water content, due to 70-90% 

of water content and high proportion of proteoglycans (ca. 50% of dry weight) (Kepler et al., 

2013). Presence of hydrophilic proteins called proteoglycans enriches nucleus pulposus with 

high water content, which is almost 90 % at birth and then decreases over the age up to 70% 

(Buckwalter, 1995).  
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Figure 2: Rat intervertebral disc, sagittal section. (A) Hematoxylin and eosin stain, original magnification 

4x: the nucleus pulposus (NP) contains chondrocyte-like cells immersed in an abundant matrix, surrounded 

by the anulus fibrosus (AF), (B) Alcian blue stain, original magnification 10x: the matrix in NP is mostly 

proteoglycans (blue stain) and type II collagen, and is directly in contact with the vertebral endplate (EP). 

(Courtesy of Makarand V. Risbud, PhD) (Di Martino et al., 2005). 

 

Out of 15% of proteoglycan (wet weight); aggrecan in major and decorin, biglycan and 

lumican in small amount, and glycoproteins like elastin, fibronectin, laminin, lubricin, link 

protein and chondromodulin-I organized to form matrix microenvironment. Aggrecan and 

biglycan are highly present proteoglycans within NP (Pattappa et al., 2012) and together with 

cells are embedded in collagen fibers (especially collagen type II) mesh, which is randomly 

oriented and makes up to 20% of the dry weight (Buckwalter, 1995). Ratio of collagens:GAG 

differs NP from hyaline cartilage endplate which is 1:5 and 5:2 respectively (Mwale et al., 

2004). Proteoglycans are the most abundant macromolecules which are loosely bound 

together with type II collagen fibers; making NP a highly hydrated and forms gel like 

structure (Roberts et al., 2006) and therefore allows NP to be elastic and deform under stress 

(Colombier et al., 2014). Additionally, proteoglycans; a multiple chains of 

glycosaminoglycan together with hyaluronic acid forms non-covalently linked complexes that 

helps in water absorption and therefore enables NP to withstand compressive forces 

(Roughley, 2004). Hydrated healthy NP thus generates intradiscal pressure which separates 

two vertebral bodies, tensions the AF and distributes the pressure evenly over the two 

adjacent endplates. Generated hydrostatic pressure further enables NP to resist compression 

under load. During loading and different movement of spine, NP can later its shape and 

position and thus can act as nature of loading dependent (Iatridis et al., 1996). NP primarily 

absorbs the loads and equalize the compressive stress on the vertebral cartilaginous endplates 

( Iatridis et al., 1996; Colombier et al., 2014).  
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1.2.2 Annulus fibrosus 

AF derives from the mesenchymal tissue enclosed the notochord. It is a fibrocartilage whose 

ECM is comparable to knee meniscus (Nerurkar et al., 2010). AF is primarily composed of 

fibroblasts which mainly synthesize collagen I and therefore, proportion of collagen I 

predominates in the AF. It is a tough fibrocartilaginous outer layer of the intervertebral disc 

which primarily consists of collagen type I interconnected via elastic fibers which are 

normally oriented in alternating direction forming successive layers, provides mainly tensile 

force resistance (Colombier et al., 2014). Structural and cellular differences within AF mainly 

distinguish into inner and outer part of AF, where outer AF is highly organized with 

fibroblasts like cells with elongated nuclei which are aligned with collagen fibers and 

relatively low proteoglycan and water content (Colombier et al., 2014). Moving towards the 

inner AF region, cell are more rounded and chondrocyte like with poorly organized ECM 

which mainly composed of collagen II, I, proteoglycan and high water content (Risbud and 

Shapiro, 2011). However, other types of collagen for example: type V, VI and IX are also 

present along with a minor amount of type III as it gradually differentiates from the periphery 

of the nucleus to form outer layer. Outer AF region is highly tension resistant than inner AF 

and overall AF serves as a boundary for the NP (Freemont, 2009a; Colombier et al., 2014). 

Cell density in the AF is almost double than that of NP, which is roughly about 

9×106cells/cm3 (Roughley, 2004). Though AF entirely derived from mesenchyme, cells from 

different regions within AF, has a different morphology and so ECM component they produce 

as well varies. Bundle of collagen and GAG (ratio is 3:1) elements enables AF to tension and 

compression resistant and therefore, it is known to be viscoelastic (rate-dependent) and 

anisotropic (direction-dependent). Mechanical properties of AF are dependent on highly 

organized lamellar structure and therefore, based on the axial, circumferential and radial 

directions, order of magnitude of tensile, compressive, and shear stress may differ on AF 

(Nerurkar et al., 2010). Collagen percentage in the outer and inner AF makes up to 40-60% 

and 25-40% of the dry weight respectively (Smith and Fazzalari, 2009). Although collagen I 

and II are the most prevalent, their relative proportion gradually changes as move towards the 

inner AF from outer. Therefore, type I collagen is most abundant in outermost region whereas 

collagen II close to NP. Depending on the circumferential location, spinal level and age, 

number of distinct lamellae (bundle of collagens) varies between 15-25 from one vertebral to 

other and as well amongst individual (Kepler et al., 2013). Alternative orientation of lamellae 

with respect to spinal axis thus forms angle ply structure in which inter-lamellar septa mainly 

contains proteoglycans. Proteoglycan makes up 58% of the outer AF and 11-20% of the inner 
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AF (Smith and Fazzalari, 2009), which is primarily responsible for tissue hydration. Through 

their water binding capacity, it enables to distribute force around the circumference of AF 

(Pattappa et al., 2012). Aggrecan and versican are major abundant proteoglycan present in AF, 

however small traces of biglycan, decorin, fibromodulin and lumican are well present (Singh 

et al., 2009). 

Cartilaginous endplate (CEP) is a thin hyaline and fibrocartilage layer. Hyaline cartilage is 

located opposite the vertebral body whereas fibrocartilage is fond adjacent to the IVD 

(Cramer Gregory et al., 2014). It is mainly composed of chondrocytes and ECM rich in 

collagen II and proteoglycan (ratio is 1:2) (Colombier et al., 2014). Healthy cartilaginous 

endplate is a 1 mm thick homogenous layer of hyaline cartilage which distributes pressure of 

the NP and tension of the AF to the subchondral bone uniformly (Rutges et al., 2013). 

Moreover, it prevents the NP from bulging into the adjacent vertebral body during mechanical 

load of the spine. In addition, CEPs are very important for disc nutrition, since vascular buds 

present in the endplate and multiple perforations are very much essential source of nutrition 

and water exchange into the IVD during growth and development (Urban et al., 2004). 

 

1.3 Intervertebral d isc degeneration 

Substantial changes in composition and progressive loss of structural integrity is the hallmark 

of the intervertebral disc degeneration (Walter et al., 2015), which occurs mostly in adults at 

the age over 30 in one or more discs or during trauma. With aging or in case of trauma, water 

retention capacity of proteoglycans starts diminishing with loss of proteoglycan content, 

which consequently leads to inability of nucleus pulposus to resist compression pressure. 

Subsequently, AF lamellae loses their physiological orientation / arrangement leading to 

further compromise in the structural integrity as well as mechanics of the discs (Walker and 

Anderson, 2004). As the degeneration process is age dependent, their pathologic changes 

characterized right from second decade in life (Walker and Anderson, 2004; Eskola et al., 

2012). Pathologic intervertebral disc degeneration (figure 3) is associated with pain due to AF 

fissure, AF collapsing, structural changes in vertebral bodies and nerve ingrowth (de Schepper 

et al., 2010; Adams and Dolan, 2012). Although a biochemical change within intervertebral 

discs has no direct association with pain, it is difficult to distinguish the changes are either due 

to aging or due to pathology (Brinjikji  et al., 2015). Several etiological factors such as aging, 

smoking, infection, genetic predisposition, abnormal biomechanical loading, and nutrition 

insufficiency are thought to be involved in the pathogenesis (Urban and Roberts, 2003; 
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Roberts et al., 2006). Moreover, genetic heritability estimates up to 74% (MacGregor et al., 

2004).  

                       

Figure 3. Histology of intervertebral disc. (A) Normal histological depiction of healthy intervertebral disc 

between the two vertebrae, where annulus fibrosis, nucleus pulposus and endplate is clearly distinguishable, 

(B) histology of degenerative intervertebral disc where annulus fibrosis has bulge beyond the endplate edge 

and nucleus pulposus is mildly replaced by fibrocartilaginous tissue (Sakai and Schol, 2017). 

 

Downregulation of the endplates diffusion efficiency due to loss of blood vessels with aging 

mainly limits the nutrient supply (Buckwalter, 1995; Urban et al., 2004; Walker and 

Anderson, 2004). It therefore produces low oxygen tension, procuring acidic environment and 

accumulating lactic acid, which all together affects ability of disc cells to synthesize and 

maintain their ECM (Kepler et al., 2013). Disc cells on the other hand undergo phenotypic 

changes including morphology, metabolism (Ahsan et al., 2001; Jiang et al., 2014) and 

insufficient amount of active and viable cells therefore makes it unable to maintain ECM 

which in turn accelerates the loss of proteoglycan and collagen synthesis. 

Progressive structural failure is a salient feature of the intervertebral disc degeneration, which 

is a consequence of mechanical trauma, injuries, smoking, obesity, and / or aging. It is a cell 

mediated response where extracellular matrices mainly gets deteriorates (Setton and Chen, 

2006). Inadequate nutrient supply, reduced cell viability, cell senescence, and programmed 

cell death contributes to this deterioration (Urban et al., 2004; Shiri et al., 2010; Ding et al., 

2013), which is mainly characterized by elevated levels of inflammatory cytokines, increased 

proteoglycan (aggrecan) and collagen type II degradation in the NP, and alterations in IVD 

cell phenotypes. Loss of aggrecan in the NP mainly triggers a complex of growth factors, 

cytokines and catabolic enzymes which consequently penetrates into the disc, causing the 

vascular and neural ingrowth. Matrix degradation during intervertebral disc degeneration, 

alters their turnover through a multiple biochemical processes (Bachmeier et al., 2009). 
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Previous studies have shown that degenerated disc contains high levels of matrix 

metalloproteinases (MMPs), which are catabolic enzymes that encourage matrix degradation. 

Healthy disc otherwise inhibit the activity of MMP by using tissue inhibitors of MMPs 

(TIMPs) where, TIMP-1 specifically increases the proteoglycans and matrix production. 

Activation of serine proteinases and MMPs, cytokines (specifically IL-1 & IL-6), nitric oxide 

(NO), and prostaglandin E2 (PGE2) specifically degrades proteoglycans and other ECM 

proteins (Kang et al., 1995; Ishihara and Urban, 1999). Activation of MMP1, MMP-2, MMP-

3, MMP-8, MMP-9, and aggrecanases (a disintegrin and a metalloprotease with 

thrombospondin motifs (ADAMTS)-1, ADAMTS-4, ADAMTS-5, ADAMTS-9, and 

ADAMTS-15) promotes the degradation of collagens and hyaluronic acid binding region 

which slower proteoglycans synthesis within the extracellular matrices of intervertebral disc 

(Bachmeier et al., 2009; Freemont, 2009b; Shamji et al., 2010). In addition, direct implication 

of MMP-1 (collagenase), MMP-2 (gelatinase), and MMP-3 (stromelysin) in aggrecan, 

collagen types I and II, and collagen types IV and V, respectively has also been identified 

(Cassinelli and Kang, 2000). IL-1 upregulates the MMPs release thereby decreasing the 

proteoglycan production (Kang et al., 1997). Change in different collagen types and as well in 

their ratio ultimately alters the collagen crosslinking and therefore the ability of disc to 

support mechanical loads deteriorates (MacGregor et al., 2004). Increase of disorganized 

collagen type I with corresponding loss of type II collagen and proteoglycan leads to fibrous 

structure of the disc and thus the disc becomes less elastic, preventing its ability to absorb and 

dissipate spinal forces ( Roughley, 2004; Kepler et al., 2013). There is as well a theory which 

suggests that cell death due to low pH primarily affects the proteoglycan content (Ohnishi et 

al., 2018). With aging and / or during degeneration chemical composition of the nucleus 

pulposus changes, causing the change in the proteoglycan concentration while increase in 

keratin sulfate / chondroitin ratio. Loss of proteoglycans and decrease in the ratio of 

proteoglycan:collagen (Urban and Roberts, 2003) consequently loses hydrostatic properties 

inducing structural wear of the intervertebral disc (Noble, 2002) and thus progresses towards 

the fibrotic nature. Stress distribution over the nucleus pulposus therefore tends to reduce at 

the centre and the more pressure around the periphery, essentially unable the nucleus pulposus 

to perform its function of load transfer. As nucleus pulposus dehydrates, it shrinks its size 

causing the additional load on annulus fibrosis (McNally and Adams, 1992). Disintegration of 

collagen lamellae with increased inter-bundle spaces and increase in the thickness of 

remaining lamellae fails to maintain AF lamellar organization and therefore affects the 

stability of the disc (Nerurkar et al., 2010). Subsequently, annulus fibrosis is subjected to 
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abnormal compressive stress and therefore is more prone to injuries and hence radial tears, 

cracks and fissure arise within the annulus fibrosis (Osti et al., 1992). Due to lack of intra-

discal pressure; the load absorption and transmission in such dehydrated discs is significantly 

altered (figure 4) and subsequently it results in disc height reduction, osteophyte formation, 

facet joint arthritis, and deformation of vertebral bodies (Freemont, 2009a). Dehydration of 

nucleus pulposus and gradual disappearance of nucleus pulposus and annulus fibrosis border 

defines the loss of normal architecture. With continued degeneration, the structural deficit is 

accompanied by leakage of central nucleus pulposus material which migrates through the 

crack developed in annulus fibrosis towards the periphery that results in immune cell 

activation thereby evoking pain (Bao et al., 1996; Vaday and Lider, 2000). 

 

Figure 4: The stress distribution of the vertebral body under the axial load of 500 N in the 4 models. (A) 

Normal IVD; (B) degenerative IVD; (C) IVD with NP removal; (D) IVD with NP replacement; the colour form 

blue to red represented stress rise. IVD = intervertebral disc, NP = nucleus pulposus (Wang and Yi, 2017). 

 

Intervertebral disc degeneration and its progression is dependent on the genetic and 

environmental factors such as nutrition, smoking (Nerurkar et al., 2010). Moreover, the 

correlation between the state of degeneration and the age factor makes it difficult to 

distinguish the impact between the aging from that of degeneration on the biomechanical 

behavior of the intervertebral disc. IVD degeneration results in low back pain but is not 

always the case. Location of affected disc, nerve damage, pressure on the spinal column all 

together defines the degree of degeneration. For example, some patients may not feel pain 

while others, with exact equal amount of damage may come across chronic back pain. Degree 

of degeneration does not correlate with the degree of pain. Nonetheless, intervertebral disc 

degeneration is most common cause of the lower back pain (Lim et al., 2017). 
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1.4 Conventional treatments 

1.4.1 Conservative treatments 

Current treatments are mostly symptomatic that have not shown repair strategy of IVD so far 

(Masuda and Lotz, 2010; Huang et al., 2018). Bed rest is the most common conservative 

treatment that has been recommended as it helps in the reduction of the intra-discal pressure. 

Since the exact pathogenesis of intervertebral disc degeneration is poorly understood, many 

trials / therapies are nonspecific for low back pain and do not treat the root cause of the low 

back pain. Nevertheless, physiotherapy, muscle relaxant, spinal manipulation and anti-

inflammatory drugs (e.g.: Cyclooxygenase-2 selective inhibitors) (van Tulder et al., 2006), 

have been shown effective for short term pain relief, maintaining ordinary activity in patients 

with acute low back pain (Assendelft et al., 2004; Arnau et al., 2006; Koes et al., 2010). In 

chronic low back pain, various interventions like physiotherapy, antidepressants, weak 

opioids, cognitive behavioral therapy sedatives, ultrasound, and electrotherapy have been 

shown to relief short term pain (Haldorsen et al., 1998; Schnitzer, 2006). Some patients with 

suspected disc herniation and radicular pain or progressive neurologic deficits get benefit 

from epidural corticosteroid injections. However the effects of these treatments are temporary, 

and hence the patients are referred for surgery if these treatments fails. 

1.4.2 Surgical treatments 

Prior to surgery, intervertebral disc degeneration can be assessed with conventional 

radiography, computed tomography (MacGregor et al., 2004), discography, and magnetic 

resonance imaging (MRI). Microdiscectomy is routinely used procedure to excised herniated 

disc fragment which otherwise impinging on the nerve roots, causing the pain. Moreover, this 

is recommended if the annulus fibrosis damage is not severe and results to eliminate the back 

pain in 90-95% of the cases (Le et al., 2003).  

1.4.2.1 Spinal fusion 

Spinal fusion was the gold standard for many decades, which is normally recommended if the 

annulus fibrosis is severely damaged. It is a highly invasive treatment, foremost aiming for 

pain relief for the patient. It involves the fixation across the two adjacent vertebrae (figure 5) 

by inducing the bone growth. It thereby stabilizes the damaged intervertebral disc joint by 

eliminating the motion between the vertebral bodies. Several studies have shown wise range 

of success rate, ranging from 30-95% (Bao et al., 1996). Fusion certainly alters the 

biomechanics of the entire spinal column thereby increasing the stress on the adjacent 

vertebrae (Javedan and Dickman, 1999). Lack of motion often leads to secondary 

complications like degeneration of adjacent discs and this in turn creates more instability and 
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pain (Adams and Dolan, 2012; Bridwell et al., 2013). Elevated degree of degeneration in 

adjacent discs due to this internal rigid fixation consequently suspected of causing 

osteoporosis, stress shielding which results in decrease bone density, muscle atrophy, 

pseudoarthosis, and spinal stenosis ( Lee et al., 1991; Javedan and Dickman, 1999). Although 

the number of spinal fusions performed each year is continually increasing (de Kleuver et al., 

2003), the clinical success rate of lumbar fusion is variable ranging from 16-95%, as long-

term results are poor due to increased risk of complications. 

                                                  

Figure 5: Post-operative radiograph (lateral view) with posterior spinal fusion performed (Wong et al., 

2010). 

 

Ultimately patients require revision of surgery (van den Eerenbeemt et al., 2010). Although 

procedure aimed to alleviate the back pain, it fails to repair the intervertebral disc or to restore 

the biomechanics and thus has become a controversial issue (Zhang et al., 2016). 

1.4.2.2 Arthroplasty  

In an effort to overcome the demerits of spinal fusion and so to restore the physiological 

motion, arthroplasty have been developed where total disc replacement and nucleus pulposus 

replacements were studied extensively ( Schizas et al., 2010; Lewis, 2012b). The scaffold or 

biomaterial aiming for intervertebral disc arthroplasty should be biocompatible that should not 

cause local tissue reaction or toxicity (Lee et al., 1991). In addition, wear resistance is a key 

consideration, because the foreign body response generated due to wear particles may result 

in secondary complications like hypersensitivity (Cunningham, 2004; Schizas et al., 2010). 

Ideally, mechanical properties including stiffness, viscoelastic properties, fatigue properties of 

the material should withstand the cyclic compression to which intervertebral disc is otherwise 

subjected (Lee et al., 1991). 
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1.4.2.2.1 Total disc replacement 

Theoretically, total disc replacement aims removal of damaged or degenerating intervertebral 

disc thereby replacing it with the mobile and potentially shock absorbing artificial biomaterial. 

Principle advantage of this technique is that, success of the surgery is independent of the 

annulus fibrosis integrity or the state of degeneration. Ideally it should preserve not only the 

spinal motion but also disc height thereby alleviating pain. Additionally, it should also avoid 

morbidity, stiffening associated with spinal fusion. Moreover, implant should have adequate 

fixation to the vertebral end plate and vertebrae, in order to simulate the natural structure and 

function of the intervertebral disc. In order to provide the structural support, biomaterial 

would be attractive approach that would provide immediate closure for the defects and thus 

aiming to restore the biomechanical properties of the intervertebral disc, while the cellular 

components would repopulate the defect site and enable new extracellular matrix synthesis 

(Guterl et al., 2013). Restoration of biomechanical cues of the native tissue and tissue 

integration, enabling ECM organization are the prerequisites of the biomaterial (Nerurkar et 

al., 2010). It was also suggested that material should be wear and corrosion resistance and in 

addition, it should withstand the fatigue loading up to cyclic 100 million cycles that 

equivalents to 40 yr. life span (Bao et al., 1996; Cunningham, 2004).  

Large efforts have been made over the last couple of years to develop artificial intervertebral 

disc. Broadly, artificial disc consists of a body embedded within two endplates. Few designs 

were tested clinically out of which, Fernstrom made the first attempt (Fernstrom, 1966). 

Fernstrom ball is one of the earliest prosthetic discs made of stainless steel (McKenzie, 

1995). The advantage of considering complete metal was the fatigue strength and compressive 

load. Prosthetic resulted excellent in 79% of the cases during clinical investigation. In spite of 

these results, resettling of balls in to the vertebral bodies plus migration of disc into spinal and 

moreover, stiffness mismatch was one of the reasons to abandon the scaffold design. Spring 

System is yet another type of metal based prosthetic where, disc either made of Ti-6Al-4V (Ti 

alloy with 6 wt % Al and 4 wt % V) springs placed between either hot isotactically pressed or 

CoCrMo endplates with CoCr beads sintered to the endplates (Kostuik, 1997). Design was 

aimed to withstand 100 million cycles, equivalent to 40 years of use. Later studies showed 

that Ti-6Al-4V wear particles between 1 ɛm to 30 ɛm and CoCrMo wear particles between 5 

ɛm and 30 ɛm does generate from both the spring / endplate interface and hinge / pin 

interfaces (Schmiedberg et al., 1994). Bone resorption and no tissue ingrowth were seen in to 

the springs, was one of the major drawbacks. The SB Charité disc is commercially available 

in Europe (Büttner-Janz et al., 1989), mainly made of an ultra-high molecular weight 
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polyethylene (UHMWPE) positioned between two CoCrMo endplates. Since 1984, over 7000 

prostheses have been implanted in patients worldwide. As reported by Cinotti, further 

modification to the original design achieved good results at a 2 yr. follow up in 69% of the 

patients (Cinotti et al., 1996). Early clinical tests showed high occurrence of problems like 

plate dislodgement and fracture, improper fixation at implant and endplate interface. Similarly, 

clinical outcomes of Prodisc (Delamarter et al., 2003) and other metallic implants made of 

Ti-6Al-4V (Ti alloy with 6 wt % Al and 4 wt % V), CoCrMo, CoCr were equivalent to those 

with spinal fusion (Zigler and Delamarter, 2012). Total disc replacement implants are 

therefore resulted in susceptible to wear interfacial bonding, causing aseptic loosening 

(Schmiedberg et al., 1994; Kostuik, 1997; Cunningham, 2004). In addition, due to lack of 

wear resistance and unable to withstand fatigue, implants showed inadequate fixation to the 

vertebral endplate and vertebrae leading to the failure. The apophyseal joints of the vertebrae 

are often gets degenerated when intervertebral disc is replaced. In order to maintain motion 

segment and two adjacent vertebrae, function of the facet joints needs to be integrated in the 

intervertebral disc prosthetic. Since long term results with all these prosthetics donôt seems 

optimal, there is a need to develop an alternative strategy for intervertebral disc (Cunningham, 

2004; Huang et al., 2018). 

 

1.4.2.2.2 Nucleus pulposus replacement 

Nucleus pulposus replacement is only possible if the annulus fibrosis is intact and therefore 

this technique aims to facilitate the preservation of the natural disc structure along with their 

function. It is also known as a minimal invasive technique, in contrast with current surgical 

                                         

Figure 6: Total disc replacement scaffolds. (A) Prestige artificial cervical disc, (B) Bryan artificial cervical disc, 

(C) ProDisc-C artificial cervical disc (Park et al., 2018). 
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procedures like the total disc replacement or spinal fusion (Di Martino et al., 2005; Goins et 

al., 2005). The potential benefit of only replacing the dehydrating nucleus while preserving 

annulus fibrosis and endplates could be a less invasive posterior surgery. While maintaining 

the natural tension of the healthy annulus fibrosis during this procedure, prosthetics are not 

intended to be fixed into the vertebral bodies and therefore endplate fixation problem is also 

avoided (Di Martino et al., 2005; Goins et al., 2005). Nucleus replacement might not be 

suitable for the later stages of disc degeneration. Nonetheless, Scaffold meant for nucleus 

pulposus replacement as well need to maintain certain requirements such as biocompatibility, 

fatigue strength, cyclic compression, wear and corrosion resistant (Bertagnoli et al., 2005; 

Joshi et al., 2005). 

First human implanted nucleus scaffold was developed by Fernstrom in 1966, which was 

made of stainless steel ball; aimed to allow the movement between the two vertebrae 

(Fernstrom, 1966). However it did not maintain the biomechanics of the disc which led 

further to implant migration problem. It was then realized that the metal blocks as a scaffold 

are too stiff to replace the nucleus pulposus replacement. Later, evolution of using polymer 

either into injectable form or preformed state (Liu et al., 2017) allowed curing the nuclear 

cavity with better stability. 

1.4.2.2.2.1 Hydrogels 

It is the most relatable class of material mainly made of polymer. Their swelling property and 

the ability to hold the water uptake, make them similar to those of natural soft tissues. 

Newcleus is one of the examples of nucleus replacement device (figure 7), composed of 

polycarbonate urethane (PCU) (Di Martino et al., 2005). The material has a 35% water 

absorption property and this elastic spiral design allows for easy uncoiling and coiling 

facilitating a minimally invasive implantation. Fatigue test of 50 million cycles showed no 

change in terms of implant stability (Goins et al., 2005). It is no longer under clinical 

evaluation due to adverse preclinical events such as incidents of migration or extrusion (Coric 

and Mummaneni, 2008).  

1.4.2.2.2.2 Polyacrylonitrile b ased hydrogels 

Ray and Corbin in 1980s, designed a cylindrical implants consisted of fiber-woven shells of 

biodegradable poly (glycolic acid) (PGA) that were filled with a thixotropic hydrogel such as 

hyaluronic acid once inserted after removal of the nucleus (Ray, 1988; Ray, 1990; Ray et al., 

1991). With the intention of tissue ingrowth, implants shell intends to degradation upon 

swelling. Therefore, implants were further investigated for the controlled release of 
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therapeutic anti-inflammatory drugs (Ray, 1990). Difficulties with fluid sealing within 

capsules led this design to sit back (Bao et al., 1996). Later improvement to the early design, 

Ray et al proposed yet another design that involved side by side positioning in the medial-

lateral position and implant made of polyacrylonitrile (PAN) copolymer hydrogel enclosed in 

polyethylene fiber (Ray et al., 1997; Ray et al., 1998; Ray, 2002). PAN was further renamed 

as the PDN (ProstheticDisc Nucleus). Fatigue testing with 50 million cycles showed no 

change in hydrogel properties (Ray, 2002; Di Martino et al., 2005; Goins et al., 2005) and 

viscoelastic behavior as well tested using cadaver disc which revealed the progressive disc 

height reduction (Bain et al., 2000). Moreover, its in vivo compatibility (using baboon lumbar 

spine model) showed endplate degeneration and dysfunctioning of adjacent vertebrae, 

scaffold migration as a potential problems (Di Martino et al., 2005). Also, leaching of 

acrylonitrile and acrylamide monomers from the hydrogel was one of the major drawbacks of 

using this material.  

Di Martino et al. reported that, 10% of PDNs implanted patient suffered with endplate failure 

or extrusion (Di Martino et al., 2005). Similar results were seen in another clinical study 

demonstrated by Bao et al. (Bao et al., 1996) and it was then assumed that improper 

positioning of the implant do not ensure compressive stresses on the disc would translate in to 

tensile stresses in the annulus, leading change in the biomechanical behavior, unlike healthy 

intervertebral disc. PDN-SOLO (Shim et al., 2003), an upgraded version of the PDN implant 

(figure 7) later showed an improvement in clinical follow up study, showing no evidence of 

failure or dislocation in any of the patients (Jin et al., 2003). 

Replication Medical, Inc. developed another implant called Neudisc, composed of hydrolyzed 

polyacrylonitrile (Aquacryl) and polyester mesh (figure 7). Design is aimed to implant in 

dehydrating state and to be hydrated to 80% once in position. Biocompatibility tests in New 

Zealand rabbits (Di Martino et al., 2005) and in addition, another study by Bertagnoli et al. 

demonstrating fatigue tests of 10 million cycles (Bertagnoli et al., 2005), reported Neudisc as 

a promising strategy. Layers of polyester mesh designed to act as resistance against radial 

deformation or bulging (Bertagnoli et al., 2005) 
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1.4.2.2.2.3 PVA-based hydrogels 

Poly (vinyl alcohol) (PVA) made nucleus pulposus replacement device developed by Bao and 

Higham aimed to mimic physiological properties of the disc (Bao and Higham, 1993; Bao and 

Higham, 1996; Bao et al., 1996; Bao et al., 1998; Bao and Yuan, 2000; Bao and Higham, 

2001). Design is similar to Rays design with ease of insertion and reduced size of hole needed 

in the annulus (Bao and Higham, 1991). No adverse local or systemic tissue reaction was 

reported when PVA model tested in a baboon model (Bao and Yuan, 2000). Bao and Yuan 

further proposed a concept of aperture sealing, to correct the annulus fibrosis defects arose 

due to nucleus hydrogel implants (Bao and Yuan, 2001). Stammen et al. (Stammen et al., 

2001) introduced PVA hydrogel physically cross linked with freeze-thaw cycling and they 

found increase in tangent compressive modulus between 1-18 MPa from 10-60% strain. 

Partially hydrated PVA with 80% water (Aquarelle) is yet another nucleus implant (figure 7), 

which has been tested for fatigue up to 40 million cycles (Di Martino et al., 2005). No 

systemic or local toxicity was observed up to 24 months post implantation in baboon model 

                     

Figure 7: Nucleus replacement devices (A) The Aquerelle Poly (vinyl alcohol) hydrogel has a swelling 

pressure similar to the nucleus pulposus in vivo. Once implanted, its final volume depends on the water content 

at equilibrium. (Reprinted with permission from Stryker Spine, Allendale, NJ), (B) PDN-SOLO  device in 

dehydrated and hydrated states. The PDN-SOLO device is designed to swell both in height and in width within 

the disc space. The porous polyethylene weave allows fluid to pass into the hydrophilic core, which causes the 

device to expand vertically and horizontally (Milner et al.). This process maximizes the deviceôs footprint on 

the vertebral endplates. (Reprinted with permission from Raymedica Inc., Minneapolis, MN), (C) The Neudisc 

hydrogel, pre-hydration (left) and post hydration (right) Hydration occurs in an anisotropic fashion, mainly in 

the vertical plane. (Reprinted with permission from Replication Medical, Inc., New Brunswick, NJ), (D) The 

Newcleus Spiral Implant; once implanted, the device reconstitutes its original spiral shape. It localizes in place 

of the nucleus pulposus of which reconstitutes the volume, sparing the anular fibers. (Reprinted with permission 

from Zimmer Spine, Warsaw, IN) (Di Martino et al., 2005). 
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(Allen et al., 2004), although there was 20% extrusion rate. Nucleus replacement using 

Aquarelle into humans has been performed within Europe (Cunningham, 2004). Semi-

crystaline, hydrophilic PVA polymer undergoes dissolution within the physiological condition, 

which mainly involves unfolding of PVA crystals chains that join the amorphous region of the 

polymer (Mallapragada and Peppas, 1996; Mallapragada et al., 1997). It ultimately hampers 

the mechanical stiffness. Mar colongo and Lowman further introduced a combination of 

polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) as a stable hydrogel over pure 

PVA (Thomas et al., 2003). Also, their mechanical testing restored  

 

1.4.2.2.3 Injectable nucleus replacements 

Preformed nucleus implant compromises the annulus upon implantation. Moreover, the idea 

of using the dehydrating implants has a potential inability of a surgeon to accurately assess the 

nuclear cavity and appropriately implant dehydrated hydrogels. Therefore, the approach of 

replacing the damaged nucleus with the injection of liquid based compound (figure 8) became 

the wide interest. This technique could potentially fill the disc space; completely contact the 

surrounding annulus fibrosis (Joshi et al., 2005). In 1955, David Cleveland made a first 

attempt at injectable nucleus replacement using methyl-acrylic into 14 patients undergoing 

discectomy (Cleveland, 1955; Goins et al., 2005). Nachemson in late 1950s explored the use 

of liquid silicone rubber, which unfortunately turned out to be failure as degradation of the 

implant after 30,000 compression cycles was found out, which mimicked a walking road 

(Szpalski et al., 2002). A fluid filled bladder was the next revolution since the designed was 

already explored for breast implants. Critical rupture was majorly seen in the implants and 

moreover, the biomechanics were also not comparable with that of disc, and therefore thought 

might not be suitable for the intervertebral nucleus pulposus replacement. Polyurethane 

elastomer (Langrana et al., 1994), oligomers such as isocyanate or silane functionalized 

prepolymers (Milner et al., 2001), polyurethane balloon (Di Martino et al., 2005) etc. have 

also been evaluated in animal studies (Yue et al., 2008) out of which, there is barely any 

suitable injectable hydrogel that have been utilized in clinical trial (Liu et al., 2017). Injection 

of heated thermoplastic to the disc space is known as disc augmentation technology, where 

thermoplastic would harden after it cools within the disc space (Yue et al., 2008). Exothermic 

process of polymer in situ is a major concern as it involves monomer, short chain oligomers, 

initiators and / or catalysts that in many cases are toxic and carcinogenic. Furthermore, 

herniation or fissure in the annulus fibrosis due to the injection pressure needs to be closely 
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monitored. BioDisc is yet another injectable hydrogel, mainly composed of protein hydrogel 

solution. Disc height restoration of de-nucleated disc is seen in fatigue study in the calf spine 

model; moreover disc remained intact, stable even after 10 million compression cycles 

(Yuksel et al., 2002). 

                                    

Figure 8: Rigid and injectable nucleus replacement devices. (A) Nubac 2-piece mechanical nucleus. 

Articulated PEEK-on-PEEK device ready for insertion. Picture used with permission from Pioneer Surgical, (B) 

Regain 1-piece mechanical/rigid nucleus replacement. Picture used with permission of Biomet, (C) Dascor 

injectable hydrogel elastomeric nucleus. Picture used with permission from Disc Dynamics, (D) Nucore 

Injectable Disc Nucleus (red), shown interdigitating with normal disc after injection into nucleotomy defect. 

Picture used with permission of Spine Wave (Coric and Mummaneni, 2008). 

 

Nucleus pulposus replacement devices has been categorized into six types, such as in situ 

curable polymer, preformed polymer, composite polymer, one-piece mechanical, two-piece 

mechanical, and knitted mechanical. 

Table 1: Commercial nucleus pulposus replacement materials (Lewis, 2012b) 

Type Name Material(s)/ 

Salient Features 

Company 

 

In situ 

curable 

polymer 

BioDisc Albumin + glutaraldehyde hydrogel 

 

CryoLife, 

Kennesaw, GA 

DASCOR A polyurethane (PU) core and a PU 

balloon 

Disc Dynamics, 

Eden Prairie, MN 

Hydrafil Hydrophilic PVA and poly (vinyl 

pyrrolidone) 

(PVP) copolymer 

Synthes USA, 

West Chester, PA 

Preformed 

polymer 

Aquarelle A poly(vinyl alcohol) (PVA) 

hydrogel (80% water) 

Stryker Howmedica 

Osteonics, 

Allendale, NJ 
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NeuDisc A modified hydrolyzed 

poly(acrylonitrile) 

reinforced with a Dacron mesh 

Replication Medical, 

Cranbury, NJ 

Composite 

polymer 

HydraFlex Flexible preformed hydrogel core 

encased in a jacket fabricated from 

tightly woven fibers of ultra-high-

molecular-weight polyethylene 

Raymedica, LLC, 

Minneapolis, MN 

One-piece 

mechanical 

IPD An elastic component (elastic 

springs) attached to a fixation 

component 

Dynamic Spine, 

Nahtomedi, MN 

Newcleus A memory-coiling polycarbonate 

urethane 

Centerpulse 

Orthopaedics, 

Winterthur, 

Switzerland 

Two-piece 

mechanical 

NuBacVR 

Disc 

Arthroplasty 

Poly (etheretherketone) (PEEK)-on-

PEEK 

Pioneer Surgical 

Technology, 

Marquette, MI 

Knitted  

mechanical 

Buck Knitted Ti filaments  Buck GmbH & Co., 

Bondorf, Germany 

 

Theoretical advantages of arthroplasty especially the nucleus replacement (Schizas et al., 

2010) are to decrease the post-surgery risk factor like implant dislocation, lack of integration 

and thus to restore the biomechanical stability. Nonetheless, techniques are primarily focusing 

on restoration of mechanical integrity of the annulus fibrosis and do not offers a clear solution 

for delivery and fixation (Lewis, 2012b). In spite of so much of advancement, currently 

available nucleus implants are often associated with complications like changes in vertebral 

body, dislocation, vertical height loss of the disc and the lack of necessary associated 

mechanical rigidity (Cunningham, 2004). Therefore, it often limits in resulting load 

distribution, fatigue strength and in vivo compatibility concerning more about the post-surgery 

complications. 

 

1.5 Titanium as a biomaterial 

Titanium and their alloy are highly accepted material mainly because of its high resistance to 

corrosion. Especially pivot joint implants need mechanical strength and corrosion can erode 

the strength which ultimately leads to implant failure. Robust nature of titanium enables to 

withstand the loading during compression (Pohler, 2000). Moreover immunologically inert 

nature minimizes hypersensitivity reactions, which can be problematic with other metals like 
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nickel, cobalt (Geetha et al., 2009). Therefore, it plays essential role from cyto-compatibility 

point of view. Further, scaffold surface modification by changing surface chemistry and/or 

topography uplifts its interaction with surrounding tissue, increasing the possibility of tissue 

integration (Puleo and Nanci, 1999; Mao and Li, 2014). Since tissue integration is critical for 

the long term success of the implant, it has been thought that scaffold surface modifications 

may optimize the conditions for rapid tissue integration. Physico-chemical properties of the 

scaffold are mainly thought to enhance the potential of tissue integration and at the same time 

minimize the chances of scaffold failure in vivo. Alteration to any of these characteristics 

influences the level of interaction with surrounding tissues.  

1.5.1 Titanium and its alloys 

Since 1964s, the use of titanium and its alloys have employed in the biomedical field after 

Branemark et al. (Brånemark et al., 1964) proposed a phenomenon of osseointegration. Ti 

possess certain adequate properties such as excellent compressive strength, elastic moduli 

(110 GPa), corrosion resistant, low density and moreover the biocompatibility which ranks Ti 

high in the orthopedic field over other types of biomaterials such as stainless steel , CoCr 

(Niinomi, 2007). Layer of surface oxide (~5-29 nm) makes the material corrosion resistant. 

Pure titanium (cp-Ti), Ti-6Al-4V and NiTi are commonly used alloys (Pohler, 2000; Katti, 

2004). Selection of appropriate alloy has an influence on the overall performance of the 

material and thus Ti alloy is of prime importance in clinical success (Geetha et al., 2009). 

Compare to pure titanium, alloys are stronger and less prone to fatigue and therefore mainly 

explored for pivot joints replacements such as intervertebral disc (Hallab and Singh, 2014).  

 

1.5.2 Surface modification 

Apart from choice of material to be used in cartilage tissue engineering, it is equally important 

to have suitable scaffold properties and thus to function in accordance with host tissue upon 

implantation. Therefore it is foremost important that implant should be able to bond to the 

tissue in succession manner at the site of implantation (Geetha et al., 2009), with the direct 

contact between the tissue and implant without a growth of fibrous tissue at the interface. 

Implant surface properties plays pivotal role in influencing the tissue integration as the 

interactions takes place at the interface (Geetha et al., 2009). Hence, a striking balance 

between bulk and surface properties of the scaffold is necessary for effective performance 

(Geetha et al., 2009). For instance, a thin layer of oxides on the surface of Ti and its alloy 

provides the resistance to corrosion however, despite, this bio-inert surface unable to develop 
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anchorage directly to the tissue upon implantation which ultimately corroborates longer tissue 

integration period (Burns et al., 2009). Thus surface modification is an effective strategy 

which not only improves corrosion resistance of the implant but also renders the surface 

bioactive (Boyan et al., 1996). It is a way to improve the implants biocompatibility and 

bioactivity while retaining the bulk properties of the material (Boyan et al., 1996; Geetha et 

al., 2009). Surface properties of titanium and its alloys can alter by means of various physical, 

chemical and biological methods. In mechanical way of surface modification, machining, 

grinding, blasting techniques are employed, whereas physical methods involves, thermal, 

kinetic / electrical energy is utilized to deposit a thin films on the surface. Chemical surface 

modification involves alteration of atoms, compounds or molecules on the surfaces modified 

(Kurella and Dahotre, 2005). 

 

Table 2: Mechanical surface modification strategies (Tallawi  et al., 2015) 

Mechanical methods Modified layer 

 

Objective 

¶ Grinding 

¶ Polishing 

¶ Machining 

¶ Blasting 

 

Rough or smooth  

surface formed by 

the subtraction 

process 

 

- Produce specific surface topographies; 

- Clean and roughen surface; 

- Improve adhesion in bonding. 

 

 

Table 3: Surface modification strategies to improve cell material interactions (Tallawi et 

al., 2015) 

Surface 

modification 

 

Modified biomaterial properties 

Physical coatings containing pores to enhance tissue ingrowth 

topography induced (groves, morphology, roughness) 

fibrous materials 

porous materials 

Chemical  glow discharge to increase surface energy and tissue adhesion 

cross-linked polymeric surfaces to decrease surface permeability and 

increase surface hardness 

plasma treatment with reactive gases to create new functional groups 

on polymer surface 

grafting macromolecules such as polyethylene glycol to reduce protein 

adsorption and cell adhesion 

functional groups used to produce positively or negatively charged 

surface 
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Biological  immobilization of biomolecules to promote cell adhesion and growth 

heparin, heparin sulfate binding peptides 

natural ECM proteins (fibronectin, laminin, collagen) 

peptide sequences (RGD) 

growth factors 

 

Any targeted biomaterial primarily owes the requirement of achieving favorable surface 

properties that certainly influence the cell material interactions. Despite the fact that titanium 

and its alloy exhibit suitable biomechanical and biocompatible properties, negligence of 

specific requirements of site specific scaffold does limit their application. Therefore, scaffold 

bio-functionalization is being widely investigated using classical approaches such as 

mechanical, physical, chemical and biological. 

 

1.6 Cell-material interactions 

The main objective of implantology is that, scaffold material should induce controlled, guided 

and rapid healing. Although the interaction between the tissue and material is a dynamic 

complex process which is mainly dependent upon the scaffolds physico-chemical properties 

and respective host response (Alghazali et al., 2015; Patel et al., 2018). A scaffolds physico-

chemical property includes surface roughness, topography, surface composition, wettability, 

pore size, porosity (El-Ayoubi et al., 2011). Protein adsorption is the very first event that 

takes place at the interface during cells material interaction (Puleo and Nanci, 1999). Cell 

interaction is mediated by adsorbed protein from physiological fluids if it is in vivo, else in the 

cell culture medium in vitro, it is mainly fibronectin, vitronectin, fibrinogen, collagen as well 

as laminins (Wilson et al., 2005). Protein adsorption on the scaffold surface is followed by 

cell attachment, spreading and then late events takes place such as cell proliferation, 

differentiation and matrix formation (Griffith and Naughton, 2002; De Bari et al., 2006). 

Cellular response towards scaffold surface is mainly dependent scaffold surface properties 

(figure 9) such as composition, stiffness, roughness, chemistry, topography, surface energy, 

pore size, and porosity. Since the present study aims to characterize the novel knitted titanium 

scaffold scaffold for the replacement of intervertebral disc nucleus pulposus, it is extremely 

important to understand the response of the human primary intervertebral disc cells and 

mesenchymal stromal cells (MSCs). Besides in terms of their, cell adhesion, proliferation and 

so differentiation on the knitted titanium scaffold surface in order to achieve better tissue 

integration as well as for developing suitable design for rapid tissue healing (Raghunath et al., 



 

23 
 

2007). Physico-chemical properties are generally interconnected and often it is difficult to 

distinguish the cellular response as a consequence of individual characteristics. Nonetheless, 

several studies have demonstrated the effect of individual parameter on cellular response by 

exploiting each surface characteristics as well as studying the synergy thereby eliminating the 

effect of other properties (Zhu et al., 2004; Gittens et al., 2014; Rupp et al., 2014). 

                                              

Figure 9: Cytoskeleton arrangement was altered by substrate stiffness. Representative staining of F-actin 

by phalloidin (green) and nuclei by DAPI (blue) in human MSCs (A-D), osteoblasts(E-H), and chondrocytes 

cultured on surfaces of varying stiffness. (Scale bars: 100 ɛm for A,B,D; 50 ɛm for all others) (Olivares-

Navarrete et al., 2017). 

 

1.6.1 Surface roughness and topography 

Surface topography is predicted as an important factor for better tissue integration which in 

turn regulates cellular behavior. Micro and / or nano structured scaffold surfaces are known to 

modulate the cellular behavior such as cell morphology, cell adhesion and RhoA activity 

(Nishimura et al., 2018). Physical and chemical surface modification alters the topographical 

features (figure 10) thereby forming pits and grooves, moreover affecting pores at macro, 

micro and / or nano scale, which in turn affects surface roughness at microscale and / or 

nanoscale (Singh et al., 2013). Degree of surface roughness is described by the height 

descriptive parameter of Sa or Ra i.e. arithmetic mean deviation of a profile (Ra) or a surface 

(Sa). Since the cell adhesion and spreading further guide and subsequently influence the 
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capacity of cells to proliferate and differentiate, it thus establish a mesh between the implant 

surface and tissue.  

Cell adhesion is mediated by transmembrane protein receptors called integrins. Cell 

morphology on the other hand is mainly driven by surface topography (Lord et al., 2010). It 

has been demonstrated that smooth surface roughness allows full cell spreading with filopodia, 

whereas rough surface allows elongated, spindle shaped cell spreading which normally 

oriented in the directions of grooves. Actin organization defines the quality of cell adhesion. 

This kind of behavior was reported by Jayaraman et al. (Jayaraman et al., 2004) and many 

other, confirming that cell morphology is a complete topography driven phenomenon (Lord et 

al., 2010; Ross et al., 2012). It has been demonstrated that roughened surface have a greater 

tissue integrative potential than smooth and / or machined surfaces with an optimal roughness 

being in the range of 1-10 µm, although there are also contradictory findings (Alla et al., 

2011). 

 

Figure 10: Scanning electron microscopy of titanium disk surfaces. Smooth surface (A), HF/HNO3-etched 

surface ï 15 min (B), HF/HNO3-etched surface ï 30 min (C). Scale= 50µm, magnification= 800x (Silva et al., 

2009). 

 

Smooth surfaces are more prone to fibrous encapsulation which ultimately results in failure of 

tissue integration (Bobyn et al., 1995; Gittens et al., 2014). Fibrous encapsulation is the 

formation of a poorly vascularized collagenous capsule around the scaffold and number of 

factors such as sustained inflammatory response, lack of vascularization at the implant site 

and low levels of cell migration or attachment to the scaffold surface are involved in the 

formation of fibrous capsule coat (Bobyn et al., 1995). As an outcome, tissue does not directly 

attach to the implant surface and thus fluid gets entrapped in a space between the fibrous 

capsule and implant. This fluid is an ideal environment for bacterial infiltration and 

subsequent infection which then cause bone resorption via sustained inflammatory reactions. 

On contrary, rough surface has thicker titanium oxide layer which thought to has superior 

influence on cell attachment and thus enhancing the implant stability. Also, increased 
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adherence of fibrin clot to the rough implant surface increase the possibility of cell progenitor 

migration and thus expected to increase the rate of the tissue integration. Increased adherence 

of the initial fibrin clot to the implant surface primly lowers the events of fibrous 

encapsulation around roughened implant surface (Bobyn et al., 1995). The effect of various 

micro and nanoscale micro-topography on chondrocytes behavior were studied by Martínez et 

al. (Costa Martínez et al., 2007) and others (Boyan et al., 1996; Murakami et al., 2000; Malda 

and Frondoza, 2006; Jäger et al., 2007). With increase value of surface roughness, decrease in 

cell adhesion, proliferation while increase in cell differentiation phenomenon has been 

observed (Neves et al., 2011; Ross et al., 2012). However, an optimized method to create 

roughened surface thereby procuring tissue integration is yet to be investigated. 

 

1.6.2 Wettability  

Scaffold surface wettability is yet another physicochemical parameter that has been reported 

to play a critical role in establishing initial cell interactions (figure 11) at material interface 

such as cell adhesion and morphology (Gittens et al., 2014; Rupp et al., 2014). In particular, 

higher wettability / hydrophilic surface have been shown to have the specific capacities to 

enhance cellular behavior (Zhu et al., 2004; Rupp et al., 2014). On contrary, a number of 

studies also suggested that hydrophobic surface over hydrophilic is superior from clinical 

point of view (Wennerberg et al., 2011). At molecular level, RhoA (small GTPase protein of 

the Rho family, involved in cytoskeleton regulation) activity and subsequent cell adhesion has 

been shown significantly higher in cells on hydrophobic surfaces compare to hydrophilic 

surfaces (Nishimura et al., 2018). Moreover, time dependent wettability reduction and 

subsequent alteration in surface energy has also been reported (Att et al., 2009). Contact angle 

is a measure of wettability of the solid surface by a liquid drop. Theoretically, contact angle 

should fall between 0-180o. Surfaces are classes as hydrophilic if the contact angle is less than 

90o. If the wetting angle is more than 90o then the surfaces are known as hydrophobic. When 

contact angle reach either 0 or 180o then, surfaces are considered either super-hydrophilic or 

super-hydrophobic respectively. Dynamic contact angle mainly defines the hysteresis, 

meaning the difference between the advancing contact angle (the maximum value of the 

contact angle) and receding contact angle (the minimum value of the contact angle) (Gittens 

et al., 2014; Rupp et al., 2014). 
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Figure 11: Typical SEM images of cell morphology with different contact angles at 180 min incubation. 

(Wei et al., 2009b) 

 

Titanium and its alloy although has a high surface free energy, are the example of poor 

wetting, weak hydrophilic surface with corresponding high contact angle about 80-90O. 

Although titanium is well known suitable biomaterial, its surface modification may yield a 

hydrophilic surface with low contact angle which then enhance the cell material interactions. 

Plasma surface modification is one of the rapid processes to change the surface chemistry 

using either cold or atmospheric plasma system, thereby modify the surface hydrophilicity 

(Dowling et al., 2011). Previously it has been reported that oxygen plasma treatment has a 

positive influence on the cellular behavior in terms of the initial cell adhesion, proliferation 

and also in the differentiation process (Yamamura et al., 2015). In this study, we used the 

oxygen plasma in order to obtain low range of water contact angles. At laboratory level; 

plasma is generated through an electric gas discharge by creating a potential difference 

between the two electrodes into a fixed chamber, maintaining a pressure below 100 Pa. 

Balance between the hydrophilicity and hydrophobicity does influence the cell adhesion and 

growth (Gittens et al., 2014; Rupp et al., 2014). It has been previously shown that cells 

preferentially anchored to hydrophilic surface. Yamaguchi et al. on parallel showed that 

surfaces contact angle below 60o are more suitable for better cell adhesion (Yamaguchi et al., 

2004). Although there have been several studies reported on the cellular behavior on the 

response of surface properties, no clear evidence yet exist with regards to human primary 

chondrocytes and mesenchymal stromal cells response on porous knitted titanium. As such, 

studies on the influence of surface chemistry and surface roughness on cell behavior has 

already been reported, their specific role in the cell response especially, cell adhesion, 



 

27 
 

proliferation and differentiation is still unclear. Moreover, it is extremely important to 

understand the specific role of surface properties on the human chondrocytes and 

mesenchymal stromal cells performance at material interface. This formed the basis of the one 

of the objective of this study. 

 

1.7 IVD  tissue engineering 

Tissue engineering approaches over the past few years have been addressing the objective to 

recapitulate functional and structural features of the healthy intervertebral disc. Reparative 

treatment mainly targets intervention at early stages of intervertebral disc degeneration so to 

alleviate ECM homeostasis restoration, control of inflammation and prevention of 

angiogenesis. As current surgical procedures only focuses on alleviating symptoms associated 

with IVD degeneration, it does not promote tissue remodeling. On the other hand, tissue 

engineering offers an alternative to design a biomaterial by encompassing cells and growth 

factors that will aid in the IVD tissue regeneration. Thereby, it offers multiple strategies to 

prevent and possibly cure degenerated disc by encouraging disc repair. The exact mechanism 

of cartilage regeneration is still not known, however the several studies have been focused on 

the effect of segmental distraction in IVD disease (Buric and Pulidori, 2011; Guterl et al., 

2013; Fontana et al., 2015). Recently, stimulatory factor together with cells either unaided or 

together with biomaterials has thought to provide suitable repair site to ensure maximum cell 

differentiation or deposition of appropriate ECM. Nonetheless selection of biomaterials, cells 

and appropriate stimulatory factor is very much important as the ideal combination is yet to be 

established. In this chapter we have explicitly discussed synthetically modified messenger 

RNA therapy. 

1.7.1 In vitro  transcribed mRNA therapy 

The potential application of recombinant proteins and nucleic acid therapy has been widely 

explored in tissue engineering to produce specific growth factors, transcription factors, or 

molecules with therapeutic effects (Lieberman et al., 2002; Henry et al., 2018) to stimulate 

regenerative responses in the tissue. Ideally, gene therapy can overcome the recombinant 

growth factor delivery limitations, including supra-physiological dose, short half-life and poor 

distribution. The use of synthetic peptides as drugs is also associated with similar challenges 

and moreover, their pronounced conformational flexibility sometimes leads to a lack of 

selectivity and the activation of undesired cells, which can lead to adverse effects (Vlieghe et 

al., 2010). Although viral and plasmid mediated gene delivery has demonstrated the ability to 
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effectively produce desired proteins, it also has several disadvantages, such as high risk of 

insertional mutagenesis leading to tumorigenicity due to genome integration, high 

immunogenicity, inefficient transduction in non-dividing cells , high levels of pre-existing 

immunity, and other potential serious complications (Katz et al., 2013; Steinle et al., 2017). 

Limitation of DNA based gene therapy has led to intense research on messenger RNA 

delivery as a promising alternative. Exogenous delivery of in vitro transcribed messenger 

RNA encoding protein of interest results in rapid but transient production of protein of 

interest (Mitchell and Nair, 2000; Bettinger et al., 2001) and thus holds promising 

therapeutics in variety of medical indication (Tavernier et al., 2011; Steinle et al., 2017). 

Upon exogenous delivery of in vitro transcribed mRNA, cells intend to produce functional 

proteins which are not naturally synthesized or not needed. Besides, targeted cell after in vitro 

transcribed (IVT) mRNA delivery exhibit a new protein profile aiming to improve a cellular 

functions. The translational efficacy of synthetic mRNA has also improved compared to 

plasmids, since it bypasses the need for nuclear trafficking and it is immediately translated 

upon entering the cytoplasm. The risk of genomic integration and the nuclear entry doesnôt 

remain major obstacles during the mRNA delivery. Moreover, their effectiveness as well in 

non-dividing cells holds a central advantage (Steinle et al., 2017). IVT mRNA tends to trigger 

severe, undesirable immune response and besides, conventional form of mRNA is instable 

and labile, leading to early decay of the administered mRNA product in the target cell. 

Although, the use of mRNA as a therapeutic for protein replacing is not a new concept, it was 

also not widespread for many years due to mRNAôs high instability and immunogenicity. 

Further Kariko et al. and others have demonstrated that modification of mRNA by 

incorporating modified nucleoside (replacing the uridines and cytidines with thio-uridine and 

5-methyl-cytidine respectively) into mRNA elevates the stability mRNA and also lowers 

down the immunogenicity (Karikó et al., 2005; Karikó et al., 2008; Nallagatla and Bevilacqua, 

2008; Kormann et al., 2011). 
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mRNA can be synthetically synthesized using DNA templates targeting protein of interest by 

in vitro transcription (figure 12). In order to increase the mRNA stability and as well to 

reduce the immunogenicity, generated mRNA can be modified. Delivery of mRNA by 

transfection into the cells, allows direct translation into protein in the cytosol. Delivery of 

modified mRNA, which is non-integrating into the host genome, provides a transient pulse of 

protein expression. Therefore, it also avoids the possibility of oncogenic mutation and allows 

efficient delivery in dividing, non-dividing cells (Steinle et al., 2017). It thus suggests an 

alternative to traditional DNA based gene therapy which allowed delivering therapeutic 

proteins either unaided or together with a scaffold. 

 

Although there have been studies reported on nucleic acid therapy, delivery of Link N mRNA 

were not explored for intervertebral disc regeneration. Furthermore, although there are reports 

on the improved intervertebral disc height restoration using peptide form of Link N, the exact 

mechanism of cell behavior upon delivery of messenger RNA encoding Link N remains 

uninvestigated. We have evaluated the possibility of Link N mRNA delivery either unaided or 

              

Figure 12: Schematic overview of (I) synthesis of IVT mRNA and (II) delivery of IVT mRNA into cells. 

In the PCR, the DNA template containing the coding DNA sequence of the desired protein is generated with 

a 50-T100-250 overhang from the corresponding DNA plasmid. To produce the mRNA, an in vitro 

transcription reaction is performed. During in vitro transcription, a 30-poly (A) tail is generated to prevent the 

mRNA from nuclease degradation. Additionally, mRNA can be generated using modiýed nucleosides (e.g., 

5-methylcytidine and pseudouridine) and a 50-cap structure (e.g. ARCA) to improve translation and mRNA 

stability. The presence of RNAse inhibitor during the in vitro transcription protects the mRNA from nuclease 

attack. To transfect cells, mRNA molecules are complexed with a cationic lipid-based transport vehicle. The 

complexes are taken up via endocytosis. After endosomal escape of the IVT mRNA into the cytoplasm, the 

mRNAs are translated by ribosomes into the desired protein(s). Abbreviations: ARCA, anti-reverse cap 

analog; IVT, in vitro transcribed; mRNA, messenger RNA; PCR, polymerase chain reaction (Steinle et al., 

2017) 
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together with knitted titanium and explored their chondrocytes specific anabolic ability with 

emphasis on the effect of messenger RNA delivery on the functionality of human primary 

chondrocytes as well as mesenchymal stromal cells. The details form the basis for chapter 4. 

 

1.7.2 Link N peptide 

Link protein is a membrane bound glycoprotein that stabilizes the interaction between 

aggrecan and hyaluronan (Bach et al., 2014) in extracellular matrices including in 

intervertebral disc matrix. The N terminal proteolytic cleavage of Link protein leads to the 

generation of Link N peptide, which is a 16 amino acid long peptide (Bach et al., 2017). 

Positive relevance of Link N peptide has shown in the matrix of degenerating intervertebral 

discs; in addition, it appears to have additive effect on intervertebral disc metabolism, which 

stimulates the proteoglycan synthesis (Wang et al., 2013). Recently, the Link N peptide has 

been identified as promising growth factor that stimulates the ECM synthesis in IVD tissue 

(Wang et al., 2013; Gawri et al., 2013a; Gawri et al., 2013b; Gawri et al., 2014; Bach et al., 

2017) and therefore, acts in IVD repair. Furthermore Antoniou et al. and Mwale et al. 

demonstrated that, Link N has suitable properties to drive chondrogenesis and therefore it 

serves as a potential growth factor during the phases of IVD healing (Mwale et al., 2011a; 

Antoniou et al., 2012a; Gawri et al., 2014; Mwale et al., 2014). 

Although these studies reported on the possible role of Link N peptide as a novel growth 

factor in IVD response in terms of their anabolic effect, Link N application using nucleic acid 

therapy for intervertebral disc regeneration is yet to be investigated. We have explored the 

influence of Link N messenger RNA delivery in human primary chondrocytes and 

mesenchymal stromal cells in vitro. This formed the basis of one of the objective of the study. 
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2 Aim of the study 

In order to overcome the drawbacks of currently available nucleus implants, Kettler et al. 

reported the development of a nucleus prosthesis made of knitted titanium wires (Buck GmbH 

& Co.) which proved to have low migration tendency and thus aimed to restore the 

physiological axial deformability (Kettler et al., 2007; Buck and Kaps, 2014). Introducing 

knitted titanium implant in the clinical setting requires further characterization; therefore the 

current study was aimed to characterize and investigate the cytocompatibility aspect of knitted 

titanium scaffold for the replacement of intervertebral disc nucleus pulposus.  

 

2.1 Knitted titanium scaffold  

The very first design of the scaffold had a shape as that of the bovine NP with a rough surface 

roughness (Kettler et al., 2007). Biomechanical test (figure 13) concerning axial deformity 

(AD) and disc height reduction was carried out on bovine lumbar spine (L2-L3 and L4-L5 

segments). Quasi-static loading (increased from 100 to 1000 N) revealed that the median 

value of AD was same as that obtained immediately upon implantation. However, cyclic 

complex loading (axial force of 100ï600 N, at 5 Hz) changed the median of AD by 33% and 

also disc height reduction was seen by small amount compare to intact case (Kettler et al., 

2007). Further, migration / expulsion assessment of the scaffold showed no extrusion but 

there was an evidence of migration within the implant cavity and also towards anterior border 

of the disc (Kettler et al., 2007). Double the range of motion (ROM) as high in extension as it 

was in flexion, showed lordotic tilt caused upon implantation. However ROM effect on lateral 

bending and in axial rotation was marginal (Kettler et al., 2007).  

                                 

Figure 13: Biomechanics Experimental setup: knitted titanium nucleus scaffold (A) was implanted after anterior 

fenestration of the annulus fibrosus (B). Two lateral annulus flaps were created and sutured after implantation (C) (Kettler et 

al., 2007) 
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Thesis objective 

The objective of this thesis was to evaluate the cytocompatibility of the knitted titanium 

nucleus implant. This was achieved by investigating the following aspects- 

To perform comparative analysis of unpolished and electro-polished scaffold with respect to 

their physicochemical properties, wear particle characterization, hemocompatibility and 

cellular response cell- material interface. 

To further execute the surface hydrophilisation of the electro-polished scaffold and investigate 

the cell adhesion, spreading and proliferation behavior of the mesenchymal stromal cells and 

human primary chondrocytes. 

To generate synthetically modified Link N mRNA and to evaluate its effect on mesenchymal 

stromal cells and human primary chondrocytes in terms increase anabolic response in vitro in 

2D and together with knitted titanium scaffold. 
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CHAPTER 2 

3 Results 

Publication 1- 

Tendulkar G, Grau P, Ziegler P, Buck A Sr, Buck A jr, Badke A,Kaps H-P, Ehnert S, 

Nussler AK: Imaging cell viability on non-transparent scaffoldsðusing the example of a 

novel knitted titanium implant , Journal of Visualized Experiments, 2016 Sept 7, 

115:e54537 

 

3.1 Synopsis: 

Ideal biomaterial for an intervertebral disc nucleus pulposus replacement is on rise. Chronic 

back pain associated with intervertebral disc degeneration is of major socioeconomic concern 

(Melrose, 2016; van Uden et al., 2017). The major significant discussion in the field of 

arthroplasty related to intervertebral disc is the need for nucleus replacement. Various 

biomaterials including hydrogels, polymers, metal and composites have been investigated to 

treat these conditions with wide range of success (Thomas et al., 2003; Allen et al., 2004; 

Goins et al., 2005; Lewis, 2012a). A number of these materials have been used for total disc 

replacement depending on the site and degree of injury.  

However, the major concern is the suitability of materials for soft tissue repair together with 

load bearing application. Thus, pivot joint replacement scaffold must possess certain 

properties to meet the requirement of lead bearing application. Adequate biomechanical 

properties including elasticity, fatigue properties so as to able to withstand compression 

pressure and suitable biological properties for effective in vivo functioning are the two main 

requirements (Goins et al., 2005; Coric and Mummaneni, 2008). Until now, the choice of the 

material was limited to the hydrogel, as far as nucleus replacement is concerned (Di Martino 

et al., 2005; Goins et al., 2005). On contrary, metals with their good compressive and tensile 

strength mainly limit other materials such as ceramics, polymers and composites for load 

bearing applications for bone tissue engineering and hard tissue repair (Patel et al., 2018).  

Although metals such as titanium and its alloy, cobalt-chromium alloys, stainless steel are the 

man classes of metal that has been intensely investigated for total disc replacement, their 

mismatched elasticity lost its prominence in the long term success and so for the nucleus 
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pulposus replacement. Nonetheless, functionality with such low elastic modulus is required 

for load bearing application and therefore might be suitable for nucleus pulposus replacement 

if  material is modified. Titanium and its alloy has gained much importance over stainless steel 

and cobalt chromium alloy for biomedical applications due to their excellent corrosion and 

wear resistance, strength (Geetha et al., 2009).  

Buck GmbH & Co. has developed a knitted mechanical based nucleus implant made of 

titanium filaments. Further Kettler et al. investigated their biomechanical properties, 

demonstrating suitable alternative of currently available nucleus scaffolds (Kettler et al., 

2007). In this study, we have further evaluated the biocompatibility including the wear 

particle characterization and tested their in vitro cytotoxicity and cellular behavior of human 

mesenchymal stromal cells and human primary chondrocytes when seeded on the knitted 

titanium scaffold by investigating the adhesion and proliferation behavior. 
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