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Abstract

Intervertebral disc (IVD) degeneration is a major cause of back pain, particularly in the

lumbar region.  Current surgical interventions, such as spinal fusion and total disc

replacements, have limitations.  An alternative solution could be to replace the

degenerated IVD with a decellularised IVD from a natural source.  Removal of the

cellular components from natural IVDs should render them non-immunogenic upon

implantation into the host.

The aim of this study was to develop a decellularisation protocol using large animal

IVDs with vertebral bone attachments and to translate the protocol to human tissue.

Seven different protocols were investigated based on hypotonic low concentration

sodium dodecyl sulphate with proteinase inhibitors, freeze/thaw cycles and nuclease

treatments.  It was found that reduction of the bony tissue in bovine samples and the

incorporation of sonication increased protocol efficacy.  Cells and DNA were removed

to acceptable levels and the glycosaminoglycans (GAGs), important for IVD

compressive function, were largely retained.  Cyclic compression testing showed

sufficient sensitivity to detect a significant increase in stiffness of the decellularised

tissue, when compared to the native state.  Encouragingly, this change in

biomechanical properties was within natural tissue variation.  The protocol was then

applied to human thoracic IVDs.  Results showed that total DNA levels in all the

decellularised tissue regions investigated were below 50 ng.mg-1 dry tissue weight and

the tissue retained high levels of GAGs.

Application of the developed decellularisation protocol has the potential to successfully

remove cells and DNA from both bovine and human bone-disc-bone tissue, while

retaining functional molecules, such as GAGs, and tissue biomechanical properties.

The retention of bone in the IVD samples should allow incorporation of the tissue into

the recipient spine.  Although there is a need for further studies to investigate

repeatability, biocompatibility and functional performance, the potential of a

decellularised IVD was demonstrated in this study.
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Chapter 1 Introduction

1.1 General anatomy of the human spine

The human spine or vertebral column has five regions, known as the cervical, thoracic

and lumbar spine, sacrum and coccyx.  The human spine is composed of 24 separate

vertebrae with an additional nine fused vertebrae forming the sacrum and the coccyx

(Middleditch and Oliver 2005; Kandel, Roberts and Urban 2008).  A diagram of the

lateral view of a human spine is shown in Figure 1.1 .  The figure provides data on the

number of vertebrae and intervertebral discs (IVDs) within each area of the spine.

Figure 1.1 Left lateral view of the human spine with regions of the spine, number of
vertebrae and intervertebral discs (IVDs) within each region and details of spinal
curvature. Image adapted from the Servier Medical Art image bank
(www.servier.com), shared under CC BY 3.0.
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Between the non-fused vertebral bodies lie the IVDs, with the exception of the C1

(atlas) and C2 (axis) vertebrae of the cervical spine that do not have an IVD between

them (Middleditch and Oliver 2005; Kandel, Roberts and Urban 2008).  The vertebrae

also possess processes which contact each other at the facet joints (Middleditch and

Oliver 2005).

The human spine is adapted to the bipedal nature of man.  It has five curves, two in

the cervical spine and one in each of the thoracic, lumbar and sacral spine (shown in

Figure 1.1 ).  The curvature of the spine is possible due to the anatomical variations in

both the vertebrae and IVDs.  This is particularly evident in the fifth lumbar vertebra,

the lumbosacral IVD and the first sacral vertebra which are all wedge shaped due to a

greater anterior height (Middleditch and Oliver 2005).

The exact size and shape of each vertebra varies at each spinal level but in general

each contains a vertebral body (between which the IVDs are located), laminal arches,

pedicles, transverse processes, a spinous process and articular process.  The

processes of adjacent vertebrae connect at cartilaginous zygapophyseal or facet

joints.   Each vertebra also has a vertebral canal through which the spinal cord passes.

The vertebrae therefore provide the spinal cord with some protection (Middleditch and

Oliver 2005).  A typical lumbar vertebra of the human spine is shown in Figure 1.2.

Figure 1.2 A typical human lumbar vertebra with a vertebral body, laminal arches,
pedicles, vertebral canal, spinous process, transverse processes and facet
joints (articular cartilage of the facet joint is shown in blue).  Images adapted
from the Servier Medical Art image bank (www.servier.com), shared under CC
BY 3.0.
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1.2 The intervertebral disc

1.2.1 Location, structure and function

The IVDs are located between the vertebrae of the spine and contribute in holding the

vertebral column together (Whatley and Wen 2012).  Together with the vertebral

bodies they form the interbody joint (Figure 1.3 a) and function to transmit loads

between the vertebrae.  They also allow the interbody joints to articulate to allow

bending, twisting and rotation of the spine while helping to restrain excessive

movement of the joints (Urban and Roberts 2003; Middleditch and Oliver 2005;

Whatley and Wen 2012).  The IVDs are made up of distinct structures.  The nucleus

pulposus (NP) and the annulus fibrosus (AF) are sandwiched between two cartilage

endplates (EP) that are integrated into the bone of the vertebral bodies via the calcified

vertebral EP (Roberts, Menage and Urban 1989; Middleditch and Oliver 2005; Kandel,

Roberts and Urban 2008; Risbud and Shapiro 2011; Whatley and Wen 2012; Brown et

al. 2017).  The AF can be further subdivided in to the outer and inner AF (oAF and iAF

respectively).  The structures of the interbody joint and the IVD are illustrated in Figure

1.3 a and b.

Figure 1.3 The interbody joint (a) and gross structure of the intervertebral disc
(IVD) (b). Images adapted from the Servier Medical Art image bank
(www.servier.com), shared under CC BY 3.0.

The anterior and posterior longitudinal ligaments run down the length of the vertebral

column, passing over the anterior and posterior surfaces of the vertebral bodies and

IVDs.  The fibres of these ligaments are strongly integrated to the AF of the IVDs, the

EPs and the vertebral bodies (Roberts et al. 2006; Standring 2008).  The longest and
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most superficial fibres of the longitudinal ligaments can span up to four vertebra while

the deepest and shortest fibres span adjacent IVD levels (Standring 2008).  These

ligaments play a role in stabilising the vertebral column along with the ligaments that

pass between the processes of adjacent vertebrae (ligamenta flava, interspinous

ligaments, supraspinous ligaments and intertransverse ligaments).  Any ligament

laxity, as a result of injury or disease, can lead to instability of the vertebral column and

further damage of spinal structures (Standring 2008).  The preservation of the

longitudinal ligaments during spinal surgeries, for example, is a concern and any loss

of their integrity is thought to result in rotational instability of the spinal column (Beatty

2018).

1.2.2 Blood and nerve supply

The IVD is the largest avascular tissue in the body (Bibby et al. 2001; Whatley and

Wen 2012).  Adult lumbar IVDs may be up to 8 mm away from the closest blood

supply (Bibby et al. 2001).  This avascular nature makes regeneration of the IVD

difficult (Whatley and Wen 2012).  There are some capillaries present in the periphery

of the oAF but the rest of the IVD relies on the diffusion of nutrients from blood vessels

in the vertebral body (via the EP).  The centre of the IVD therefore has a low oxygen

tension and IVD cells rely on the oxygen independent glycolytic pathway to generate

metabolic energy (Risbud and Shapiro 2011).  This results in a high lactic acid

concentration and a low IVD pH (Bibby et al. 2001).  The IVD also lacks nerves,

though there may be some innervation of the periphery of the oAF (Bibby et al. 2001).

1.2.3 The nucleus pulposus

The gel like NP makes up between 40 and 60 % of the IVD volume (Middleditch and

Oliver 2005).  Its position within the IVD varies with the spinal level, for example the

NP is more central within the IVDs of the thoracic spine while they are located

posteriorly in the cervical and lumbar spine (Middleditch and Oliver 2005).

Around 50 % of the dry weight of the NP is due to proteoglycans (PGs) which are

made up of a protein core surrounded by negatively charged glycosaminoglycans

(GAGs) (Urban and Roberts 2003; Whatley and Wen 2012).  Aggrecan is the major

PG core protein present and the associated GAGs are mainly the sulphated GAGs,

chondroitin sulphate and keratan sulphate (Middleditch and Oliver 2005).  The

non-sulphated GAG, hyaluronic acid is also present in the NP and it is to this which the

PGs attach (Whatley and Wen 2012).  The high concentration of GAGs results in a

high osmotic pressure and water is drawn into the NP by osmosis, causing it to swell

(Urban and Roberts 2003).  The negative GAGs are hydrophilic, attracting and binding
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large quantities of water (Urban and Roberts 2003; Whatley and Wen 2012).  As a

result of this process, up to 80 % of the total weight of the NP is due to water (Urban

and Roberts 2003).  The NP is confined by the AF and EPs, which limit its swelling.

The swollen nucleus is able to resist compressive loads generated by body weight and

the soft tissues of the spine; these loads are distributed over the EPs (Middleditch and

Oliver 2005; Whatley and Wen 2012).  In addition to resisting compression, the NP is

also subject to shear during torsion of the spine (Nerurkar, Elliott and Mauck 2010).

The PGs are supported by a random collagen network (approximately 20-25 % dry

weight) of predominantly type II collagen that is more highly concentrated in the centre

of the NP and decreases in concentration to the outer periphery, where the NP meets

the AF  (Urban and Roberts 2003; Whatley and Wen 2012).  Collagen III, VI and IX

and small PGs such as decorin, biglycan, lumican and fibromodulin have also been

found in minor amounts in the NP (Roberts et al. 1991b; Urban, Roberts and Ralphs

2000; Hunter, Matyas and Duncan 2003).  Elastic fibres are also present and are more

concentrated at the NP-AF junction (Middleditch and Oliver 2005).  A comparison of

the composition of the NP, iAF and oAF is provided in Table 1.1.

Table 1.1 Composition of the nucleus pulposus (NP), inner annulus fibrosus
(iAF) and outer annulus fibrosus (oAF) of the intervertebral disc. Collated
data from Urban and Roberts (2003), Middleditch and Oliver (2005) and Whatley
and Wen (2012).

NP iAF oAF
Water (per total weight) % v/v 75-90 75-80 65-75

Collagen (dry weight) % v/v 20-25 40-75 75-90

Proteoglycans (dry weight) % v/v 20-60 20-35 10

Other proteins (dry weight) % v/v 15-55 5-40 5-15

1.2.4 The annulus fibrosus

The AF is a tough fibrocartilaginous structure composed of 65-80% (dry weight)

collagen which is mainly type I collagen arranged in to 15-25 concentric layers known

as lamellae (Middleditch and Oliver 2005; Whatley and Wen 2012).  The collagen

fibres run parallel to each other within a layer and obliquely to each other between

adjacent lamellae giving a cross-woven or angle-ply appearance (Bibby et al. 2001).

The collagen fibres are also crimped within each layer (Cassidy, Hiltner and Baer

1989).  The angle of fibres within the lamellae in relation to the vertical plane
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(interlamellar angle) varies between 40-45 ° and 62-70 ° depending on their position in

the AF; the angle decreases from the oAF to the iAF (Cassidy, Hiltner and Baer 1989;

Middleditch and Oliver 2005; Whatley and Wen 2012).  Conversely the crimp angle

increases from the oAF to the iAF, from 20 to 45 ° (Cassidy, Hiltner and Baer 1989).

This hierarchical structure is shown in Figure 1.4.

Figure 1.4 Hierarchical structure of the annulus fibrosus (AF) of the
intervertebral disc. Based on an image published in Cassidy, Hiltner and Baer
(1989).  A = anterior, P = posterior, L = lateral, and NP = nucleus pulposus.

The lamellar arrangement of the AF permits flexion-extension and lateral flexion of the

spine and also provides stability against shear and torsion (Bibby et al. 2001;

Middleditch and Oliver 2005).  The high collagen I content of the AF allows it to

withstand the tensile forces (circumferential, longitudinal and torsional) acting on it as

a result of the deformation of the NP, which occurs under load (Kandel, Roberts and

Urban 2008; Whatley and Wen 2012).  Greater stresses act on the oAF and for this

reason there is an increased collagen I content in this region, with more densely

packed and organised collagen fibres than in the iAF (Middleditch and Oliver 2005;

Whatley and Wen 2012).  The tensile strength of the outer lamellae has been found to
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be three times greater than that of the inner lamellae (Holzapfel et  al. 2005).  The

interlamellar angle of the oAF is greater than the iAF and the crimp angle is smaller.  It

has been postulated that together these contribute to this reduced deformability of the

oAF (Cassidy, Hiltner and Baer 1989).  Uniaxial tensile testing of the AF has shown

that the tensile modulus is two orders of magnitude higher in the circumferential

direction than in the axial and radial direction (Holzapfel et al. 2005; Nerurkar, Elliott

and Mauck 2010) which shows how the anisotropic structure of the AF contributes to

its greater stiffness in the direction of the highest in vivo stress.

Collagen I concentration of the AF decreases from the oAF towards the iAF while

collagen II concentration increases.  There is a mix of type I and type II collagen in the

transitional zone between the NP and the AF (Risbud and Shapiro 2011; Whatley and

Wen 2012).  Types III, V, VI, IX, X, XI, XII and XIV collagen are also present to a

lesser extent (Roberts et al. 1991b; Urban and Roberts 2003; Whatley and Wen 2012).

Type IX collagen is thought to help maintain the integrity of the fibrous collagen

network by forming cross links between the fibrils (Urban and Roberts 2003).  In the

AF, PGs are present in lower amounts than in the NP (10-35 % of dry weight) and are

largely located towards the NP in the iAF (Whatley and Wen 2012).  Small PGs such

as decorin, biglycan, lumican and fibromodulin are also present at a greater

concentration than found in the NP (Urban, Roberts and Ralphs 2000; Urban and

Roberts 2003).  Elastic fibres have been shown to lie between the lamellae and allow

the IVD to recoil after bending of the spine (Ghosh et al. 1977; Urban and Roberts

2003).  Some nutrient diffusion into the oAF of the IVD is thought to occur through the

periphery of the AF but it is thought not to be sufficient for nutrients to reach the NP

(Nachemson et al. 1970; Huang, Urban and Luk 2014; Giers et al. 2017).

1.2.5 The cartilage endplates

The cartilage EP is comprised of hyaline cartilage, composed mainly of collagen II and

PGs.  The edge that contacts the IVD is securely integrated into the NP and AF, while

the opposite edge is attached to the vertebral bone via a calcified layer, which is the

vertebral EP (Roberts, Menage and Urban 1989).  The EP is around one millimetre

thick and functions to prevent the NP and AF from pushing into the vertebral body

(Roberts, Menage and Urban 1989; Middleditch and Oliver 2005; Kandel, Roberts and

Urban 2008).  It is thought to allow the diffusion of nutrients, into the IVD, from blood

vessels which pass through the vertebral body and terminate at the cartilage EP;

removal of metabolic waste products occurs through diffusion in the opposite direction

(Bibby et al. 2001; Middleditch and Oliver 2005; Wong and Transfeldt 2007; Whatley

and Wen 2012; Kandel, Roberts and Urban 2008).  Diffusion is thought to play a
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greater role in the movement of molecules through the EP and IVD than loading

induced convection, particularly for smaller molecules (Ferguson, Ito and Nolte 2004;

Urban, Smith and Fairbank 2004).  A recent study found that static compression

testing, designed to replicate the diurnal loading of IVDs, did not significantly increase

the travel distance of stains with similar diffusion coefficients to glucose (safranin O

and fast green) through the IVD when compared to unloaded IVDs (Giers et al. 2017).

The EPs are therefore essential for maintenance of the viability of the IVD cells due to

their role in allowing the influx of nutrients into the IVD and the outflow of metabolic

waste products of IVD cells (Kandel, Roberts and Urban 2008).

The cartilage EPs are interwoven and highly integrated into the NP and AF (Whatley

and Wen 2012).  The EPs are therefore considered an integral part of the IVD.  In the

human foetus the EP is well vascularised, however this reduces over the first 10-15

years of life leaving weakened areas which are vulnerable to prolapse of the NP into

the vertebral body.  Under high compressive loading the EP is the most common

failure point and considered the weakest part of the IVD (Middleditch and Oliver 2005).

Type II and VI collagen have been identified in human EPs, while type IX has only

been observed in the EP of young human specimens (Roberts et  al. 1991b). From

this point forward, the use of endplate/EP refers to the cartilage EP.

1.2.6 Cells of the intervertebral disc

The cells of the IVD have the function of secreting extracellular matrix (ECM)

constituents.  They also produce the enzymes responsible for tissue breakdown which

maintains the turnover of the ECM (Bibby et al. 2001; Whatley and Wen 2012). In

healthy adult tissue the rates of synthesis and breakdown are in equilibrium. The NP

and AF have a low cell density due to a nutrient deficient environment that can only

support a low number of cells (Whatley and Wen 2012).  Only one to five percent of

the adult IVD volume is made up of cells (Bibby et al. 2001; Middleditch and Oliver

2005).  There are approximately 4 x 106 chondrocyte cells per mL in the NP; these

have a rounded morphology and have a larger volume of cytoplasm than cells present

in the AF (Whatley and Wen 2012).  Chondrogenic markers such as collagen II,

collagen IX, aggrecan and SOX 9 can be used in the identification of these cells

(Nerurkar, Elliott and Mauck 2010; Whatley and Wen 2012).  The AF contains

approximately 9 x 106 cells.mL-1 (Whatley and Wen 2012).  In the iAF the cells have a

rounded NP cell like morphology while in the oAF they resemble fibroblasts and are

elongated along the collagen fibres of the lamellae (Bibby et al. 2001; Whatley and

Wen 2012).
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At birth, notochord cells (derived from the notochord) are present and these are

surrounded by mucoid material.  The NP in particular is highly cellular at birth with

relatively little ECM PGs (Risbud and Shapiro 2011).  These notochord cells are larger

than chondrocytes (25-85 µm and 17-23 µm respectively) and have large cytoplasmic

inclusions containing glycogen stores (Hunter, Matyas and Duncan 2003).  There is

debate over whether these cells are stem cells that divide indefinitely to give raise to

the NP or organiser cells which direct mesenchymal stem cells (MSCs) to form the NP

during embryonic development (Hunter, Matyas and Duncan 2003).  In the adult, the

IVD cell to ECM ratio falls as the cell numbers decrease and the amount of

fibrocartilage increases.  Notochord cells are widely considered to diminish in the first

10 years of life, being replaced by the chondrocytic NP and fibroblastic AF cells

described above (Bibby et al. 2001; Hunter, Matyas and Duncan 2003; Middleditch

and Oliver 2005).  Two different cell types have been identified in the adult NP which

has led to this theory being questioned (Risbud and Shapiro 2011).  Large vacuolated

cells were found which were been purported to be notochord cells.  Cytometric

analysis of the two cell types showed different gene expression profiles while cell

mixing studies showed that the large notochord cells stimulated NP cells to synthesise

GAGs and aggrecan core protein (Risbud and Shapiro 2011).  It may be that in adult

individuals with these putative notochord cells, a degree of IVD regeneration may be

possible.

1.3 Intervertebral disc degeneration

1.3.1 Epidemiology

It is difficult to determine the exact cause of back pain.  For this reason obtaining

incidence and prevalence data for back pain specifically due to IVD degeneration is a

challenge.  Data for general back pain is more reliable and shows the huge burden

placed on economies.  The prevalence of back pain in 1998 was an estimated at 17.3

million individuals in the UK, approximately one third of the adult population, with an

estimated 3.5 million new cases arising each year (Maniadakis and Gray 2000).  In the

UK, direct healthcare costs have been estimated at £1.6 billion (Maniadakis and Gray

2000; Urban and Roberts 2003) with a loss of 4.1 million working days each year

(Parsons et al. 2011).

IVD degeneration occurs as part of the natural aging process and can be exacerbated

through trauma (Middleditch and Oliver 2005; Wong and Transfeldt 2007).  In many

cases degeneration of the IVD is asymptomatic, however it does have a strong

association with back pain and referred pain such as sciatica (Urban and Roberts
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2003). It is widely agreed that IVD degeneration is a major cause of back pain (Urban

and Roberts 2003; Whatley and Wen 2012).  Symptomatic IVD degeneration is a

multifactorial condition having links with heavy physical work, lifting, truck-driving and

exposure to intense vibrations, obesity and smoking (Urban and Roberts 2003;

Whatley and Wen 2012).  There is also a genetic link with certain alleles resulting in a

predisposition to IVD degeneration (Urban and Roberts 2003).  IVD degeneration

leads to altered IVD height, herniation and prolapse that alters the mechanics of the

spine causing pain due to spinal cord and nerve root compression (Urban and Roberts

2003) and the unnatural mobility and loading of the facet joints (Muehleman et  al.

2011; Li et al. 2011).  In the long term spinal stenosis can develop, where the spinal

canal narrows, which is a major cause of pain and disability in the elderly (Urban and

Roberts 2003).

The degeneration of the IVD occurs sooner in life than other musculoskeletal tissues,

with signs of IVD degeneration evident in teenagers (Boos et al. 2002).  The series of

degenerative changes are comparable in both sexes but changes occur ten years

earlier in men, so that within a given age group men show more severe degenerative

changes (Battie and Videman 2006; Kelsey and White 1980).  IVD degeneration is

more common in the lumbar spine which is likely due to the increased loading in this

area (Kelsey and White 1980).

1.3.2 Pathogenesis

1.3.2.1 Structural changes

As the IVD degenerates, the boundary between the NP and AF becomes less obvious

both macro- and microscopically.  The NP becomes fibrotic and less gel-like than in

young healthy tissue.  The morphology of the AF lamellae becomes disorganised, with

lamellae becoming branched and interdigitating (Urban and Roberts 2003).  Fissures

appear in both the AF and NP.   Boos et  al. (2002) developed a histological grading

system for the degeneration of lumbar IVDs and showed that signs of IVD

degeneration occurred in individuals as early as 11-16 years old (Boos et al. 2002).

They studied 150 lumbar IVDs from human foetuses, babies younger than one month

old and adults up to 88 years old who did not have a history of back pain.  With

increasing age, cracks were seen in the EP and tearing was seen in the IVDs.  There

was an increase in ECM degeneration, neovascularisation of the IVD, decrease in

chondrocyte proliferation and an increase in cell death.  This cell death appeared to be

both necrotic and apoptotic.  It is common for over 50 % of adult IVDs to be necrotic

(Urban and Roberts 2003).  Boos et al. (2002) found that the most severe tissue

degeneration was seen in adults of 51 to 70 years of age.  By the seventh decade, the
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IVDs resembled scar tissue with large tissue defects and it was not possible to

distinguish specific anatomical regions of the IVD.  It is unknown what causes the

naturally occurring degenerative changes to become pathological and responsible for

pain in some individuals but not others.

1.3.2.2 Biochemical changes

The observed structural changes occurring during IVD degeneration are due, in part,

to alterations in biochemistry.  Catabolic enzymatic activity is thought to be responsible

for the degradation of key components of the ECM.  Enzymes such as cathepsins,

matrix metalloproteinases (MMPs), serine proteases and aggrecanases have all been

linked with degradation and are thought to be produced by IVD cells or the cells of the

invading blood vessels (Urban, Roberts and Ralphs 2000; Urban and Roberts 2003;

Whatley and Wen 2012).  PGs such as aggrecan are degraded in to smaller fragments

which are leached from the tissue along with the associated GAGs.  The IVD is less

able to bind water due to this GAG loss; osmotic pressure is reduced and the IVD

loses hydration.  There is evidence that the degenerating IVD cells are able to

synthesise PGs such as aggrecan, decorin and biglycan (Urban and Roberts 2003)

but their overall loss shows that synthesis is outweighed by the catabolic pathway.

Similarly collagen synthesis still occurs in the degenerating IVD and the overall

quantity changes little, however the distribution and ratios of the collagen types

changes and the amount of cross-linking between the collagen fibrils decreases

(Urban, Roberts and Ralphs 2000; Urban and Roberts 2003; Whatley and Wen 2012).

As a result the NP and AF become less defined (Whatley and Wen 2012).  The

production of fibronectin increases but it becomes more fragmented and these

fragments have been shown to up-regulate the production of some MMPs in vitro thus

enhancing the degradation pathway (Urban and Roberts 2003).  There is also a loss of

elasticity due to the reduction in the number of elastic fibres and their organization

(Urban and Roberts 2003).  Aggrecan, particularly in association with chondroitin

sulphate and keratan sulphate, has been shown to inhibit neural growth and its loss

may be the reason for the observed invasion of nerves into degenerate IVDs, which

follow the invading blood vessels (Johnson et al. 2002; Urban and Roberts 2003;

Whatley and Wen 2012).

The primary cause of IVD degeneration is thought be due to the failure of the nutrient

supply (Urban and Roberts 2003).  Due to the avascular nature of healthy adult IVDs,

the cells of the IVD depend on diffusion of nutrients from capillaries in the vertebral

body, through the EPs.  In degenerate IVDs the hyaline cartilage of the EPs thins and

becomes calcified which makes it less permeable to nutrient and metabolic waste
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product exchange (Urban and Roberts 2003; Whatley and Wen 2012).  It is thought

that this reduced nutrient supply results in changes in the gene expression of cells,

changes in cell phenotype and decreased numbers of viable cells, all of which may

lead to the biochemical changes described above (Whatley and Wen 2012).

1.3.2.3 Effects of intervertebral disc degeneration

When IVD degeneration becomes symptomatic, individuals can experience neck, back

or referred pain (Middleditch and Oliver 2005).  The NP loses its compressive

properties due to loss of osmotic pressure, brought about through decreased water

retention as a result of GAG loss (Urban, Roberts and Ralphs 2000; Middleditch and

Oliver 2005; Wong and Transfeldt 2007).  The IVD is unable to maintain height when

loaded, it may bulge and compress the spinal column and nerve roots, resulting in pain

(Urban and Roberts 2003; Whatley and Wen 2012).  The loss of IVD height also

causes the bony processes of adjacent vertebrae to come together which may also

press on surrounding nerves.  The reduced IVD height also decreases the tension on

the ligamentum flavum, which runs posterior to the spinal cord, and the consequent

loss of elasticity allows the ligament to bulge into the spinal canal causing spinal

stenosis, which can also compress the cord (Postacchini et  al. 1994; Urban and

Roberts 2003).

The structural integrity of the AF is also compromised in the degenerate IVD;  the

tensile properties are lost due to the changes in collagens and reduction in

cross-linkages (Urban, Roberts and Ralphs 2000; Middleditch and Oliver 2005; Wong

and Transfeldt 2007; Kandel, Roberts and Urban 2008; Whatley and Wen 2012).  The

IVD becomes less able to recover its shape after deformation and loses its ability to

distribute spinal forces, leading to changes in the load distribution of the IVD

(Middleditch and Oliver 2005; Whatley and Wen 2012).  Fissures appear in the AF

and, under mechanical loading, it may herniate at these points; the NP fragments are

then able to pass through these existing tears (Urban and Roberts 2003).  The

herniated IVD may consequently compress neurological structures.

In vitro testing of healthy spines has shown that they fail at the vertebral body under

abnormally high loading rather than at the IVD; it seems that degeneration of the IVDs

is required before they will fail under natural mechanical loads (Adams and Hutton

1982; Urban and Roberts 2003).  The loss of IVD height is also thought to induce pain

by compression of the nerves which grow into the periphery of the AF when they follow

the route of neovascularization (Whatley and Wen 2012).  The altered biomechanics

described above cause changes in the loads transmitted through the spine.   These
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loads physically damage the IVD contributing to the structural changes and IVD

degeneration pathway.

1.4 Surgical treatment: discectomy, spinal fusion and total
disc replacement

When conservative treatments such as rest, physiotherapy and analgesics fail to

relieve pain, surgery may be carried out.   The affected portion of the IVD may be

partially removed in a discectomy which may initially relieve pain but the loss of IVD

height and subsequent biomechanical changes can lead to further degeneration and

instability (Kandel, Roberts and Urban 2008; Whatley and Wen 2012).  The gold

standard for surgical treatment is the removal of the affected IVD followed by

arthrodesis where the vertebrae either side of the affected IVD are fused (Corenman

et al. 2013).  This is commonly known as spinal fusion and many surgical techniques

exist which accomplish union of the vertebral bone.  Pedicle fixation of the vertebrae

may be incorporated in to the procedure that stabilises the spinal segment for better

fusion (Anderson et al. 2006; Arnold et al. 2009; Audat et  al. 2012).  Autologous or

allogeneic bone grafts and bone morphogenic protein can also be used to enhance

fusion of the vertebral segments (Lomas, Chandrasekar and Board 2013; Campana et

al. 2014).  In interbody fusion techniques, the IVD space is maintained by insertion of a

cage (Deyo, Nachemson and Mirza 2004).  There have been advances in fusion

techniques over the past 10-20 years but this has not always correlated to improved

clinical outcomes and return to work (Lee and Langrana 2004).  It is generally

accepted that the immobilisation of a spinal segment, increases loading and motion of

adjacent levels of the spine, alters the centre of rotation of adjacent IVDs and causes

the facet joints to take more load.  The altered loads and mechanics leads to

degeneration of adjacent segments (Eck et al. 2002; Kandel, Roberts and Urban 2008;

Whatley and Wen 2012).

Total disc replacements (TDRs) can be used to replace damaged and diseased

cervical and lumbar IVDs.  These prosthetic implants were developed to overcome the

undesirable outcomes of fusion surgery, principally joint immobilisation and adjacent

segment degeneration (Baaj et al. 2009; Beatty 2018).  Several TDR designs exist that

have articulating surfaces intended to preserve the range of movement of the spine.

Bearing surfaces may comprise of metal alloys, ceramics or ultrahigh molecular weight

polyethylene (Baaj et al. 2009; Vital and Boissiere 2014; Beatty 2018; Frost,

Camarero-Espinosa and Foster 2019).  Some non-articulating TDRs have also been

developed that have deformable elastomeric cores designed to mimic the compressive
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viscoelastic properties of native IVDs (Beatty 2018).  TDRs have been used clinically

since the 1980s and there has since been an increased understanding of the surgical

and clinical outcomes and how they compare to those of fusion surgery (Baaj et al.

2009; Beatty 2018).

Aside from surgical complications common to both fusion and TDR surgeries (nerve

and vessel damage, infection and compromised wound healing) complications specific

to TDRs include malpositioning, subsidence and the production of wear particles

(Beatty 2018; Frost, Camarero-Espinosa and Foster 2019).  Malpositioning in early

lumbar TDR studies was as high as 60% (Jones, Smitham and Walsh 2012) however

these rates have decreased as the technical experience of surgeons has improved.

Better positioning of implants is associated with better clinical outcomes and functional

performance (Jones, Smitham and Walsh 2012; Beatty 2018).  Size matching of TDRs

is also important for successful clinical outcomes.  In a single centre study where

patients implanted with the XL-TDR (NuVasive Inc., San Diego, USA) in place of

symptomatic degenerate lumbar discs, four of the 60 patients implanted with the

device required revision surgery.  This was due to mechanical back pain caused by

the motion of the prosthesis and, in two of these cases, was deemed to have occurred

as a result of incorrect sizing of the implant to the discs space (Pokorny et al. 2019).

There is an increasing body of evidence that suggests that lumbar TDR is no worse

than fusion in terms of clinical outcomes and patient satisfaction (Beatty 2018).  In

some cases, TDR has been found to result in better outcomes, at least in the

short-term.  Recently a systematic review and meta-analysis of randomised control

trials (RCTs) was conducted in which patients with symptomatic lumbar IVD

degeneration were randomly assigned for either TDR or anterior discectomy and

interbody fusion surgery (Mu et al. 2018).  It was found that patients in the TDR arm of

the study had higher postoperative satisfaction, better improvements in Oswestry

disability index scores and increased lumbar mobility than those in the fusion arm.

Surgical data was comparable for both interventions (operative times, intraoperative

blood loss and duration of hospital stay).  There is a suggestion that TDR of the

cervical spine could reduce the incidence of adjacent level degeneration.  Eleven

RCTs (study arms: cervical TDR v anterior discectomy and interbody fusion) were

evaluated (Xu et al. 2018).  It was found that adjacent level degeneration rates

(observed as radiographic changes) were lower in implanted with cervical TDRs.  In

terms of the development of clinical symptoms at adjacent levels, the result for each

treatments arm were similar, showing no statistical significance.  Reoperation rates on

symptomatic adjacent levels was also found to be less in TDR patients.  It is, however,

difficult to conclude definitively whether TDR is the superior surgical procedure.  There
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are several compounding factors that can effect study outcomes such as the method

used to achieve vertebral fusion, the specific TDR design, accurate prosthetic

positioning, secure implantation and appropriate patient selection.

1.5 Allograft intervertebral disc transplantation

1.5.1 Allograft intervertebral disc transplantation in animals

Data exists to show that the transplantation of whole IVD could be feasible and has

potential as a treatment for IVD degeneration.  Early investigations took place where

fresh-frozen (cryopreserved) allograft IVDs were transplanted using canine models

(Olson et al. 1991; Katsuura and Hukuda 1994; Matsuzaki et al. 1996).  More recently

cryopreserved allogeneic IVDs were implanted into the lumbar spines of 12 rhesus

monkeys (Luk et al. 2003).  The authors considered this bipedal model superior to the

canine studies due to the similarity in lumbar spine curvature and postural patterns

between primates and humans.  This study produced mixed results.  When the

implanted lumbar spine was dissected as a whole (L1-S1) and subjected to flexion,

lateral bending and torsional motions, it was found that the range of motion of the

spinal segment was preserved at 6 and 24 month follow-up, when compared to

healthy spines that had not undergone implant surgery.  The preservation of spinal

mobility at the affected segment suggests that allograft transplantation has the

potential of the preventing adjacent segment degeneration, shown to occur after fusion

surgery when the affected spinal segment is immobilised (Section 1.4).  Fusion of the

implant EP with the host vertebra was evident, however, “severe” IVD degeneration

was observed, with the NP of implanted IVDs showing dehydration and an indistinct

boundary with the AF.  At 24 months follow up, biochemical assays revealed a

decrease in water, PG and hydroxyproline content in the tissues which was greatest in

the NP.  The authors suggested that the degeneration of implanted allograft IVDs was

due to the loss of nutrient supply as the IVDs were in an ischemic environment until a

nutrient pathway could be re-established.  In order to elucidate the revascularisation

pattern of allograft IVDs, a goat model was investigated (Huang et  al. 2018).  Early

revascularisation was demonstrated after six weeks in the bone adjacent to the EP

and in the anterior and posterior oAF.  However, after six weeks the vessels had

penetrated the EP and had reached the iAF.  While revascularisation of implanted

cryopreserved allograft IVDs was demonstrated, the distribution of capillaries differed

to that observed in normal adult native IVDs and was more similar to that of infant

IVDs.
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1.5.2 Allograft intervertebral disc transplantation in humans

A small preliminary clinical trial was conducted in which five allograft IVDs, from

females 20-30 years old, were transplanted into the cervical spine of patients in place

of herniated IVDs (Ruan et al. 2007).  The whole IVD (NP, AF and 1.5-2 mm of the

EP) was harvested, syringe jet washed in 0.9 % sodium chloride; submerged in

cryopreservation medium comprising RMPI-1640 media with 10 % (v/v) DMSO and

10 % (v/v) calf serum and frozen stepwise before storage at -196 °C in liquid nitrogen.

In previous primate studies, the authors had found that size matching of donor IVDs to

the recipient spine, along with press fitting of grafts, was essential for preventing

migration when internal fixation was not utilised (Luk et al. 1997; Luk and Ruan 2008).

Size matched human donor tissue was implanted without internal fixation.  Patients

wore a cervical orthosis for several weeks post-operatively.  Neck mobilisation

exercises were also carried out and no immunosuppressive drugs were administered.

Pain scores, magnetic resonance imaging (MRI) and plain radiography were used to

monitor patients to maximum follow up of five years.

The trial showed that the EPs of the transplanted IVDs integrated well with the

vertebrae of the recipient, with bony union being almost complete at three months.

Patient symptoms were found to be improved at five years follow up with none of the

five patients showing persistent or clinically significant neck pain at rest or during neck

movement.  There were also no signs of immune-incompatibility in the blood work of

four of the five patients and some mobility of the segments was maintained, though not

to pre-operative levels.  The vertebrae of one patient had fused.  There were mild

signs of IVD degeneration in the implanted IVD that were comparable to the patient’s

adjacent IVDs and MRI suggested that two of the IVDs had remained hydrated.

Although the authors suggest that the signal may have been caused by other

conditions such as inflammatory oedema due to infection or immunoreaction, they

concluded that was unlikely to be the case as the signal was at the NP area of the IVD

only.  The authors highlighted the need for further refinements in surgical technique as

graft positioning could influence the outcome of this surgical procedure, particularly

with the maintenance of a natural range of motion.

A follow-up study was conducted by Ding et al. (2016) in which a further eight patients

received cryopreserved allogeneic cervical IVD transplantations.  These eight patients

were assessed alongside those from the Ruan et al. (2007) study.  Follow-up was up

to a maximum of 10 years (mean of approximately six years) and was dependent on

when the procedure had taken place.  Imaging (x-ray and MRI) was carried out,

neurological improvement was scored and range of movement measurements were
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taken.  Pre-operative IVD degeneration in the patients had caused compression of the

spinal cord, which was decompressed as part of the allograft implantation procedure.

As a result of cord decompression, improved neurological function was seen.  There

were, however, some cases in which there was a loss of lordosis and even the

development of kyphosis which the authors acknowledged could result in further

degeneration of the IVD.  There was also some evidence of a loss in IVD hydration on

T2 weighted MRI scans, though this did not have any significant effect on the clinical

outcome of the procedure.  Overall the procedure showed the potential to stabilise the

spine, while maintaining mobility and lordotic curvature.  These investigations have set

a precedent for the feasibility for allogeneic IVD transplantation in humans as a means

of treating degenerate IVDs.

1.6 Tissue engineering of the intervertebral disc

The limitations of current surgical interventions have led to the investigation of

alternative approaches for the treatment of degenerate IVDs.  The field of tissue

engineering and regenerative medicine offers several possible solutions.  Tissue

engineering is concerned with the repair, regeneration and replacement of tissues and

organs; approaches include the use of cells, signalling molecules and scaffolds which

have been investigated either in isolation or in various combinations (O'Halloran and

Pandit 2007).  Investigators have pursued these approaches in an attempt to create

solutions for individual IVD regions (NP and AF).  There has also been some research

in to composite structures for treatment of multiple IVD regions.  Tissue engineering

approaches have the potential to target specific stages of the IVD degeneration

process (Figure 1.5) (Kandel, Roberts and Urban 2008; Jin, Shimmer and Li 2013).

Figure 1.5 Stages of intervertebral disc (IVD) degeneration and tissue
engineering targets.  NP = nucleus pulposus, AF = annulus fibrosus.
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Gene, cell or molecular therapies have been considered for treatment of early stage

IVD degeneration.  During the later stages of degeneration, the composition, structure

and function of the NP and AF are lost and so these individual tissue regions have

been targeted by tissue engineered scaffold approaches.  Composite IVD implants

consisting of NP, AF and even EP-like regions are being developed as treatments

once the integrity of the whole IVD has been lost in end stage degeneration (Jin,

Shimmer and Li 2013).

Regenerative solutions for the NP aim to restore lost volume and re-pressurise the

central IVD, while tissue engineered strategies for the AF offer the potential for defect

repair or replacement of the whole AF to restore AF integrity (Iatridis et al. 2013).

More recently, investigations in to replacements of the entire NP-AF complex have

taken place.  For any regenerative and tissue engineered solution to be feasible,

however, it must fulfil the following criteria:

1. The solution must be biologically compatible and not induce deleterious

host immune responses and there must be no risk of disease transmission.

2. Scaffolds should enable the adhesion and proliferation of either native or

implanted cells and allow the remodelling and maintenance of the structure

by these cells.

3. Scaffolds must be able to restore or closely match the mechanical

properties of the tissue it is intended to treat (Nerurkar, Elliott and Mauck

2010).

4. Scaffolds should allow secure fixation to recipient tissue in order to retain

its implanted position and prevent displacement in vivo (Bron et al. 2009).

1.6.1 Tissue engineering of the nucleus pulposus

There are several scaffold free approaches for the treatment for degenerative IVDs.

Gene therapy strategies have been employed for the regeneration of the NP; host cell

genomes have been transformed by the use of either viral or non-viral vectors causing

them to synthesise various ECM constituents with a view of regenerating tissues

(Wang et al. 2014).  Safety is the main concern regarding the use of gene therapy and

this is likely to limit the clinical application of this technology in the IVD.  Regenerative

approaches for the NP have also investigated the use of cell signalling molecules such

as cytokines and growth factors such as transforming growth factor β (TGF-β);

insulin-like growth factor 1 (IGF-1); basic fibroblastic growth factor (bFGF); osteogenic

protein 1, and platelet rich plasma (containing a cocktail of different growth factors);

these have been used to stimulate NP cells to grow, differentiate and produce ECM

components (Wang et al. 2014).  The interaction of these molecules within cell
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signalling pathways however is complex; unknown effects within the host may be

deleterious and it is possible that their use will not be effective in the long-term, due to

their short half-lives.  Cell and scaffold approaches have also been investigated as

potential regenerative solutions for the NP (Anderson et al. 2005; Kandel, Roberts and

Urban 2008).  Scaffold approaches have been investigated either in isolation or in

conjunction with cells and signalling molecules.  The use of cells and scaffolds for NP

repair and regeneration is discussed in the paragraphs below.

1.6.1.1 Cellular therapies

Cell based therapies, in which mammalian cells are implanted into degenerate IVDs,

have been considered as a potential solution to early stage degeneration (Anderson et

al. 2005; Kandel, Roberts and Urban 2008).  For this to be successful, implanted cells

must be able to survive, replicate and produce ECM components (such as PGs and

collagen) which can contribute to the structure and function of the IVD and enable its

repair and maintenance (Anderson et al. 2005).  Potential scaffold free cell therapies

have utilised autologous NP cells and stem cells from both autologous and allogeneic

sources.

It has been demonstrated that IVD degeneration can be delayed in canine IVDs.

Nucleotomy procedures were carried out on canine IVDs; chondrocytes were

extracted from the removed NP tissue and expanded in vitro (Ganey et al. 2003).  The

expanded cells were reintroduced into the nuclear cavity from which the NP tissue was

extracted.  This autologous cell therapy was able to retain IVD height 12 months post

implantation, when compared to intact IVDs.  Cells maintained rounded chondrocyte

morphology and deposited ECM components (collagen types I and II).  A randomised

multicentre clinical study was later carried out in which autologous cells, extracted

from human NP tissue from prolapsed IVD, were cultured for 12 weeks before being

re-injected into the nuclear cavity created at extraction  (Meisel et al. 2006).  Two-year

post-operative results suggested that these patients had a greater reduction in pain

than those who underwent a discectomy alone.  IVD height did not appear to differ

between the two groups.  The use of autologous IVD cells in this application is

advantageous as the cells are already programmed for their role in the IVD and they

are unlikely to induce deleterious immune responses.  They are however in limited

supply and there is the potential that their health may already be compromised by

degenerative changes.  Extraction methods could themselves contribute to IVD

degeneration, for example nucleotomy had been used as a method to induce

degenerative changes in animal IVD degeneration models (Alini et al. 2008) and there
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is also evidence that needle puncture of the annulus (occurring during a nucleotomy)

can accelerate degenerative changes within the IVD (Kang 2010).

Autologous stem cells may overcome the limited supply of autologous IVD cells while

still providing minimal risks of inducing an immune response.  Both autologous

adipose derived stem cells (ADSCs) and bone marrow MSCs have been harvested

and implanted into the nuclear cavity of canine IVDs, with similar results to the studies

above that utilised autologous NP cells (Hiyama et al. 2008; Hohaus et al. 2008).  The

synthesis of ECM components was observed, suggestive of differentiation of the stem

cells into IVD cells.  These cells could subsequently go on to regenerate the NP.

Autologous stem cell extraction, however, has the potential for donor site morbidity

and would require additional surgical procedures which would add to treatment costs

and duration of surgery.

Allogeneic stem cell implantation has also been investigated in a rabbit model.  MSCs

from rabbit bone marrow were expanded and injected into the NP tissue of recipient

rabbits (Sobajima et  al. 2008).  Changes in cell morphology at 12 weeks post

implantation suggested that MSCs had differentiated in to NP cells.  The same study

carried out a parallel investigation, which supported this observation.  The parallel

study showed the in vitro co-culture of human MSCs and human NP cells induced the

MSCs to produce ECM components (Sobajima et al. 2008).  In a similar canine study,

no evidence of an inflammatory response was seen upon implantation of the MSCs

which the authors suggested may have been due to the immune privileged status of

IVD cells and their isolation from circulatory cells (Hiyama et al. 2008).  There is still,

however the potential for immune rejection along with disease transmission when

implanting non-self cells.  Cells may migrate out of the IVD and come in to contact with

the host defences, or in some degenerate IVDs, the ingrowth of vessels could bring

host defences to the cells.  In fact, Sobajima et al. (2008) saw that some implanted

MSCs had migrated to the AF where they had adopted AF cell-like morphology.

1.6.1.2 Nucleus pulposus scaffolds

Cell only solutions are unable to immediately restore the mechanical properties of the

NP.  Researchers have investigated a range of hydrogels in an attempt to address

this.  Hydrogels are often injectable and are intended to cure post-injection into the

host (Di Martino et al. 2005; Iatridis et al. 2013).  Both natural and synthetic hydrogels

have been investigated as possible solutions for early to mid-stage IVD degeneration.

Scaffolds investigated include synthetic polymers such as polyvinyl alcohol (PVA) and

poly(N-isopropylacrylamide) (PNIPPAAm) and poly(ethylene glycol) (PEG) co-polymer
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and natural substances such as hyaluronic acid, chitosan, alginate and agarose (Cloyd

et al. 2007; Wang and Campbell 2009; Vernengo et al. 2010).

Many proposed NP replacement hydrogel scaffolds have been found to be lacking in

their mechanical properties when compared to native NP tissue (Cloyd et al. 2007).

The mechanical properties of both synthetic and natural scaffolds can be improved

through cross-linking which limits the swelling capacity of the hydrogel (Chan et al.

2007; Chou, Akintoye and Nicoll 2009; Vernengo et al. 2010).  Photo-, chemical- and

photochemical cross-linking methods have been employed for both synthetic and

natural scaffold substances.  For example, Rose Bengal stain was added to rat tail

collagen type I and irradiated with an argon laser to crosslink the collagen (Chan et al.

2007).  Both tensile and compressive properties were improved and when the

cross-linked gel was used to produce a layered construct it was found that the

compressive modulus was around 6 MPa and comparable to that of the total human

IVD (3-9 MPa), found by the authors in the published literature.

The biochemical properties of NP scaffolds can also be altered.  Choy, Leong and

Chan (2013), incorporated GAGs into their type I rat tail collagen scaffolds in order to

improve the water retention properties thus improving the scaffolds ability to withstand

compression.  Side chains of the collagen were modified in order to improve the

incorporation and retention of chondroitin-6-sulphate.  Amination of collagen side

chains was found to result in the greatest incorporation and retention of GAGs of the

methods tested.  The GAG content achieved was comparable to elderly human NP.

Unfortunately, the presence of GAGs had a negative effect on MSC adhesion, a

phenomena which has also been observed between GAGs in articular cartilage and

endothelial cells (Bara et al. 2012).  The authors postulated that the reason for

decreased MSC adhesion was due to the animation treatment masking integrin

adhesion sites.  Scanning electron microscopy (SEM) showed a fibrous ultrastructure

upon production but at physiological pH, the fibrous structure was lost.  Mechanical

properties were not tested in this instance so it is unclear if the compressive properties

of the scaffold had been improved.

There may be problems with the retention of injected NP scaffolds at the implantation

site.  Investigators have attempted to address this problem in synthetic scaffolds by

the incorporation of substances aimed to give the scaffold a glue-like quality.  For

example a poly(N-isopropylacrylamide) (PNIPPAAm) and poly(ethylene glycol) (PEG)

co-polymer scaffold was blended with poly(ethylene imine) (PEI) (Vernengo et al.

2010).  While adhesive properties of the gel were only significantly improved when the

PNIPPAAm-PEG co-polymer was cross-linked using glutaraldehyde, leaching of
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glutaraldehyde was observed which in vivo could result in toxic effects on the tissue.

The problem of NP hydrogel retention may not be easily solved.

NP scaffolds have also been investigated in combination with cells.  The aim is for a

solution that could provide immediate restoration of mechanical properties (given by

the scaffold component) and longer-term maintenance and remodelling by the cells.

Cells seeded onto scaffolds have been shown to produce ECM components both

in vitro and in vivo (Gruber et al. 2002; Seguin et al. 2004; Chou, Akintoye and Nicoll

2009) and in some cases this ECM production has been shown to be mechanically

functional (Seguin et al. 2004; Chou, Akintoye and Nicoll 2009).  When ionically

cross-linked alginate, for example, was seeded with bovine NP cells, PG was found to

accumulate to within 3 % of native NP levels.  Collagen II levels also increased with

time while collagen I levels stayed the same, suggestive of the maintenance of NP cell

phenotype (Chou, Akintoye and Nicoll 2009).  The ECM components were found to be

functional causing an increase in the Young’s modulus from 1.24 to 4.30 kPa.  In a

separate investigation, bovine NP chondrocytes were also found to maintain synthetic

PGA scaffolds when implanted subcutaneously into nude mice, reducing their break

down in vivo (Kusior et al. 1999).

1.6.2 Tissue engineering of the annulus fibrosus

Synthetic and natural scaffolds have also been developed for the tissue engineering of

the AF.  Scaffolds have been produced to mimic natural ECM and to provide a

functional template that is able to guide remodelling by implanted or native cells.

Synthetic polymers investigated include poly(E-caprolacetone) (PCL), poly-D-L-lactide

(PDLLA)/bioglass composites and poly (1, 8) octanediol malate (POM) (Nerurkar,

Elliott and Mauck 2007; Wan et al. 2007; Helen and Gough 2008) while naturally

derived scaffolds include silk, collagen, fibrin and alginate/chitosan hybrids (Chan et al.

2007; Shao and Hunter 2007; Chang et al. 2010; Mandal et al. 2011; Park et al. 2012).

AF scaffolds have been coupled with a range of cell types (including AF cells, MSCs,

fibroblasts and chondrocytes) in order to investigate cell interactions with the scaffolds.

AF scaffolds have either been produced as single unit scaffolds without orientated

lamellar layers or with lamellae-like layers.  The layering is intended to mimic the

structure of the natural AF.  Due to its anisotropic nature, it provides a complex

challenge for tissue engineered solutions.

Researchers have attempted to improve cell adhesion and proliferation on scaffolds.

The addition of bioglass to PDLLA scaffolds has been shown to improve cell

proliferation (Helen and Gough 2008).  Arginylglycylaspartic acid (RGD) motifs (a

triplepeptide sequence of arginine-glycine-aspartate that mediates cell attachment)
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have also been coupled to porous silk (Chang et al. 2007).  While the RGD motif did

not enhance bovine AF cell attachment, as might have been expected, cells grown on

the scaffolds did show an altered morphology to resemble in vivo AF cells.  They also

showed an up-regulation of genes coding for ECM components (collagen I, II and

aggrecan) but not ECM component production.

It has been shown that scaffold pore size plays a role in making conditions more

favourable to cells.  Porous silk was produced with a range of pore sizes and seeded

with bovine AF cells (Chang et al. 2010).  Results showed that 600 µm pore size gave

the most uniform distribution of cells and also the greatest levels of collagen I

production.  Investigations have shown that the ECM components produced by cells

are functional and contribute to the improved mechanical properties of the scaffold

(Nerurkar, Elliott and Mauck 2007; Nerurkar et al. 2010; Mandal et al. 2011; Park et al.

2012).

Scaffolds have been produced which mimic the fibrous structure of native AF; they

have been produced to resemble individual aligned fibrous layers of AF and the gross

lamellar structure of the AF.  Orientated scaffolds have been produced from PCL

synthetic polymer.  Fibres of PCL were electro spun with a diameter range of

300-750 nm and aligned within a sheet by injection of the polymer onto a revolving

drum (Nerurkar, Elliott and Mauck 2007).  AF cells seeded onto PCL were shown to

proliferate and elongate along the predominant fibre alignment and produce functional

ECM components that increased the tensile modulus of the scaffolds.

The PCL scaffold produced by Nerurkar, Elliott and Mauck (2007) mimicked that of

single AF lamellae.  A future study by the group used PCL sheets to produce an

angle-ply scaffold that better represented the native AF (Nerurkar et  al. 2010).  Two

strips of sheet scaffold, with a predominant fibre orientation of 30 ° within each layer

were wrapped around each other to give concentric layers with fibres at 120 ° to each

other between layers.  This was coupled with a central agarose gel centre designed to

mimic the NP.  The produced composite is discussed further in Section 1.6.3.

1.6.3 Tissue engineering of nucleus pulposus-annulus fibrosus
composites

As the NP is confined by the AF, injected NP hydrogels may not be suitable in

situations where the AF is compromised and unable to contain the NP replacement (Di

Martino et al. 2005; O'Halloran and Pandit 2007).   There is little point in repairing the

NP if the AF cannot withstand the restored pressure (Bron et al. 2009).  In such cases,

NP and AF applications may need to be coupled for a more complete solution.



24

Composite scaffolds have been produced which are intended as “total” or “whole” IVD

replacements.  These are comprised of an AF-like outer structure and an NP-like

centre, designed to mimic native IVD structure and functions.  NP-like and AF-like

components can be either natural or synthetic as previously discussed.  When

combined with an AF-like region, NP-like regions have shown improved mechanical

properties (Nerurkar et al. 2010).   Individual structures of the IVD have been shown to

withstand higher loads together than individually so properly integrated composite

structures are vitally important to the success of the implant (Kandel, Roberts and

Urban 2008).

Angle-ply concentric PCL sheets have been filled with 5 % (w/v) agarose cores to

produce an AF outer and a NP inner composite scaffold (Nerurkar et al. 2010).  The

geometry of the construct was based on that of rabbit IVDs.  The scaffolds were

seeded with bovine bone marrow MSCs.  Cell proliferation (in vitro) was only seen in

the NP-like region of the construct (shown by increased DNA content with time).  ECM

deposition (shown by increased collagen and GAG content) was seen in both the

NP-like and AF-like regions of the construct.  Both collagen and GAG distribution

appeared to be greater in the AF, decreasing towards the NP.  The GAG and collagen

levels were compared to that of native rabbit IVDs and despite having comparable cell

numbers, GAG and collagen levels did not reach that of native rabbit IVDs.  It is

possible that nutrient and waste exchange limitations played a part in restricting ECM

production and highlights the need for this to be addressed if such scaffolds are to be

successfully used to replace degenerate IVDs.

In a second example, a photo-chemically cross-linked collagen membrane and

collagen/GAG gel produced by Chan et al. (2007) and Choy, Leong and Chan (2013)

respectively were combined (Choy and Chan 2015) .  The AF-like cross-linked outer

region was layered and filled with the gel.  The construct was moulded to resemble the

dimensions of rabbit IVDs.  The construct was compared to native rabbit IVDs.  GAG

and collagen content were retained post fabrication and after the construct had

undergone unconfined compression testing.  Upon compression, the construct was

found to displace more fluid than native IVDs and did not recover its height as well

(82-89 % and 99 % recovery respectively).  The recovery of height after compression

is a unique and essential property of the IVD and further optimisation of this construct

would be necessary before it could be used as an IVD replacement.  It is possible that

with the addition of cells, the mechanical properties of this composite could be

improved.  For example, the coupling of PGA/PGL and alginate with ovine IVD cells

produced functional ECM components that resulted in a five-fold increase in the

compressive modulus (Mizuno et al. 2004; Mizuno et al. 2006).
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The question of how to securely fix in place an implanted composite requires

addressing.  The angle-ply PCL construct discussed above was implanted into the tail

of rats (Martin et  al. 2014).  Due to the incorporation of a radiopaque zirconia (IV)

oxide into the PCL, the implant could be radiographically visualised and was found to

become displaced within the vertebral joint.  For such composite scaffolds to be used

surgically, a method of fixation needs to be developed.  One solution may be the

incorporation of a substance such as titanium mesh as a porous artificial bone

substitute that is capable of osseointegration with the recipient’s bone (Oka 2001).

1.6.4 Limitations of current tissue engineered solutions

For tissue engineered solutions to be clinically viable, they must overcome a range of

limitations.   Early stage IVD degeneration interventions, for example, may themselves

contribute to degenerative changes in the IVD.  The injection of NP hydrogel

replacements could lead to exaggerated degenerative changes linked to the damage

of AF and other structures by the delivering needle.  This has been observed in animal

models in which needle punctures have been shown to induce reproducible IVD

degeneration (Sobajima et al. 2005) and in clinical discography, where patients

undergoing the diagnostic procedure were found to show a greater level of

degenerative changes ten years on (Carragee et al. 2009).  Similarly, the extraction of

NP material required for autogenic NP cell treatments may contribute to IVD

degeneration as nucleotomy has been used as a way to induce degenerative changes

in animal IVD degeneration models (Alini et al. 2008).  For successful early stage

treatment, the development of methods of the detection of early stage degeneration

are required, particularly as the initial stages are usually asymptomatic (O'Halloran and

Pandit 2007; Iatridis et al. 2013).  Given that early stage IVD degeneration occurs in all

humans as a natural part of aging and that it only progresses to become symptomatic

in some individuals, a means of also detecting which individuals will go on to develop

clinical symptoms may also be required.

A viable tissue engineered solution should meet both biological and biomechanical

criteria.  Scaffold solutions have in the main met biocompatibility requirements,

however not all studies have tested the mechanics of scaffolds and when they have,

only basic testing was carried out.  Meeting the structural and mechanical

requirements of NP and AF scaffolds poses a challenge.  There is a difficulty in

producing scaffolds that are comparable to native tissue in all relevant mechanical

properties, largely due to the anisotropic structure of the native tissue.  Testing needs

to take place which challenges the IVD constructs under in vivo loading conditions

(such as dynamic and cyclic loading) and physiological forces (compression, tension,
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shear and torsion) (Nerurkar, Elliott and Mauck 2010).  To date very few tissue

engineered constructs have been tested dynamically under all types of stresses

especially shear and torsion; torsional biomechanical properties in particular are yet to

be met (Iatridis et al. 2013).  It is difficult to make comparisons between studies as

mechanical testing methods vary and comparisons of scaffold structures are made

more commonly to animal IVDs rather than to human IVDs.  This results in incomplete

knowledge of the mechanics of engineered scaffolds and their comparison to those of

human IVDs.

Some solutions have relied on the addition of cells to enhance mechanical properties

of scaffolds.   While the use of cells is encouraging, there remains the problem of the

availability of autologous cells and the potential of immune rejection and disease

transmission of allogeneic cells.  As for gene therapy and cell signalling molecule

strategies, the use of cells is a high-risk strategy as they interact with complex

biological systems that are difficult to predict.  Consequences could be huge to

patient’s health should an unpredictable outcome occur.  None of the discussed

strategies will reverse other degenerative changes such as EP calcification (Kandel,

Roberts and Urban 2008) so ultimately implanted cells may fail to maintain the IVD

due to nutrient starvation and toxic waste product build up, as diffusion across the EP

is impaired.

Three-dimensional (3D) printing is a growing area of research and its use has recently

been investigated in the printing of a mesh scaffold for future use in the replacement of

the NP (Rosenzweig et al. 2015).  While the advantages of 3D printing include

reproducibility and the possible production of customised scaffolds if coupled with 3D

imaging data  (e.g.  CT or  MRI)  (Lee et al. 2014), the technology is in its infancy and

likely to encounter the same problems as other scaffold technologies (namely the

anchoring of the scaffold, failure to address the restoration of the EP, difficulty in

mimicking the anisotropic structure of the IVD and reliance on cell ECM deposition to

enhance mechanical properties).

Though early stage treatment may be desirable, the major clinical need is for mid to

late stage treatment when the condition presents itself clinically, manifesting in pain

and physical impairment.  Attempts have already been made to address this need in

the form of TDR, although their success has been limited.  For tissue engineered

solutions for late stage degeneration to be successful, they need to be biocompatible,

closely match the mechanics of the native IVDs and must overcome the problem of

fixation to host tissues. In the long term, the replacement of the entire IVD, including
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the EPs, is likely to be required to restore load distribution and spinal motion and to

treat the symptoms of IVD degeneration (Kandel, Roberts and Urban 2008).

1.7 Decellularised natural scaffolds for IVD repair

The limitations of current regenerative medicine and tissue engineered solutions,

discussed in Section 1.6.4, has recently led to the exploration of decellularised natural

ECM IVD scaffolds.  Decellularisation technology employs a range of physical,

chemical and enzymatic methods to remove the cellular component of tissues and

organs to leave behind the collagen rich ECM.  This ECM scaffold is suitable for the

replacement and repair of tissues.  Due to the lack of donor cells, the implanted

scaffold fails to invoke an adverse immune response and tissue rejection is unlikely to

occur.

1.7.1 Immune response to implanted allogeneic and xenogeneic
tissues

In mammals, the cells of each individual possess a unique set of transmembrane

glycoproteins called major histocompatibility complex (MHC) molecules.  MHC class I

and MHC class II molecules are each coded for by six MHC alleles (three from each

parent) that are polymorphic and that are expressed co-dominantly, giving rise to a

huge range of phenotypes. Only monozygotic twins possess identical MHC molecules.

MHC molecules are the major barrier to allogeneic transplantation.  MHC class I are

present on all nucleated cells while class II molecules are restricted to antigen

presenting cells (APCs) such as macrophages, dendritic cells, B-cells and vascular

endothelial cells.  Upon implantation of an allogeneic tissue, MHC molecules trigger a

T-cell mediated immune response which results in acute rejection, several weeks

post-operatively (Murphy and Weaver 2017).  Direct allogeneic recognition occurs

when cells possessing MHC II molecules travel from the tissue to secondary lymphoid

tissues (e.g. spleen and lymph nodes) where they are recognised by T-cells that are

positive for the CD4 surface protein.  These CD4+ helper T-cells produce interleukin 2

(IL-2) which stimulates CD8+ cytotoxic T cells.  Both types of T-cell undergo clonal

expansion, producing memory cells and effector cells.  CD8+ effector cells kill cells

expressing MHC I molecules (i.e. any nucleated cells in the donor tissue) while CD4+

effector cells stimulate host APCs to kill the donor cells by releasing interferon-y

(IFN-y) which stimulates host macrophages to produce oxygen free radicals and

enzymes which destroy donor cells.  CD8+ T-cells are also directly stimulated by donor

MHC I molecules and directly kill the cells on which it is expressed.  A similar response

also occurs through indirect allogeneic recognition where MHCs (I and II) shed by
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donor cells are taken up by the host’s APCs.  These APCs present MHC epitopes to

CD4+ and CD8+ T-cells which initiates the cell mediated response, described above,

that ultimately kills cells expressing foreign MHC molecules (Murphy and Weaver

2017).  The graft tissue becomes necrotic and dies.

The specific immune response of humans to implanted xenogeneic tissue occurs

much more rapidly (within hours) than the response to allogeneic tissue.  Hyper acute

rejection occurs due to the presence of the galactose-α-1, 3-galactose (a-Gal) epitope

that is expressed on glycoproteins and glycolipids in the cell membranes of all

mammals except humans and old world primates (Galili et al. 1987; Galili 2001).  In

humans, anti-α-Gal antibodies circulate due to constant stimulation by gastrointestinal

bacteria (Galili et al. 1988; Galili 2001) and upon encountering a-Gal on transplanted

xenogeneic tissue, they activate the complement pathway that leads to inflammation

and blood clotting.  Blocked vessels results in hypoxia and death of the transplanted

tissue, which ultimately leads to hyper-acute rejection of the tissue (Galili 2001;

Murphy and Weaver 2017).  If a-Gal was not present in the implanted xenogeneic

tissue, the presence of MHC molecules and other donor specific antigens in the animal

tissue would induce the slower acute rejection response discussed in the previous

paragraph.

1.7.2 Decellularised tissues

In order to circumvent the immune responses discussed in Section 1.7.1 it is important

that decellularisation is effective at removal of cells expressing MHC molecules and

the a-Gal epitope present on their membranes.  The ECM scaffold that remains

comprises components that are highly conserved between mammalian species

(Eastoe 1955; van der Rest and Garrone 1991; Boot-Handford and Tuckwell 2003);

both allogeneic and xenogeneic implants of decellularised tissues can therefore be

tolerated well by the host.  The collagen within the scaffold contains cell adhesion

domains such as RGD which promote cell adhesion and may assist in the retention of

cell phenotype of repopulating donor cells (Atala 2007).  The implanted scaffolds

slowly degrade but the repopulating host cells produce ECM proteins to replace and

remodel the scaffold through the process known as constructive remodelling (Atala

2007; Badylak 2007).

A range of allogeneic and xenogeneic tissues (from skin to heart valves) have been

harvested, decellularised and used surgically to repair tissues (Gilbert, Sellaro and

Badylak 2006; Crapo, Gilbert and Badylak 2011).  Decellularised human dermis

(Allopatch HDTM, ConMed, US and GraftJacket®, Wright Medical Technologies, US),
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porcine dermis (PermacolTM, Covidien, UK) and porcine small intestine submucosa

(SIS) (Restore TM, Depuy Orthopaedics, US) have all been used to repair torn rotator

cuff tendons (Metcalf, Savoie III and Kellum 2002; Macleod et al. 2005; Crapo, Gilbert

and Badylak 2011).  Decellularised human dermis also has clinical applications in

wound care (DermaPure®, Tissue Regenix, Leeds, UK).

Removal of all cellular components is not possible and some will always be present

(Badylak 2014).  Care must be taken when referring to a produced tissue engineered

biological scaffold as “acellular” as this terminology suggests that the scaffold is

completely devoid of cells.  The term “decellularised” will be used herein with the

implication that processes have been applied to the tissue with the intention of

removing cells and cellular components.  Technical aspects of decellularisation

technology are discussed in detail in Chapter 4, Section 4.1.

In addition to the removal of cells and DNA, decellularised IVD tissues should ideally

retain their pre-treatment histoarchitecture, biochemistry and biomechanics, leaving an

ECM scaffold suited to its role as an IVD replacement.  Evaluation of decellularised

biological scaffolds include assays to assess cellular and DNA removal; the retention

of functional components such as GAGs; structure retention and the maintenance of

tissue biomechanics.  Further details on the assessment of the effectiveness of

decellularisation methods can be found in Chapter 4, Section 4.2.2.  To date, limited

work has been carried out on the decellularisation of IVD tissue and the majority of

studies have been carried out on individual IVD tissue regions (Mercuri, Gill and

Simionescu 2011; Wu et al. 2014; Xu et al. 2014; Fernandez et  al. 2016; Wu et al.

2017) rather than the whole IVD (Chan et al. 2013; Hensley et al. 2018).

1.7.3 Decellularisation of the nucleus pulposus

Porcine NP from the cervical and lumbar spine has been isolated and decellularised

using Triton X100 and deoxycholic acid (with and without the incorporation of

sonication) followed by nuclease treatment to digest DNA and RNA (Mercuri, Gill and

Simionescu 2011).  The incorporation of sonication in the method allowed lower

chemical concentrations to be used to remove cells effectively.  The introduction of

sonication resulted in a 97.55 % reduction in total DNA (from 24.10 to 0.38 µg.mg-1 dry

weight of tissue) when used in conjunction with 0.6 % v/v Triton X100 and 1 % w/v

deoxycholic acid.  The authors reported that the introduction of sonication however

caused some disruption of the ECM collagen network and a significant GAG reduction

of up to 49 %, illustrating the trade-off between efficient decellularisation, disruption of

the ECM and the loss of GAGs.  Despite the collagen disruption and GAG loss, no

significant differences were found in the compressive properties of the native NP and
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the decellularised NP.  Immunohistochemical (IHC) staining of tissue sections

suggested removal of the α-Gal epitope.  When scaffolds were seeded with human

ADSCs, near 100 % viability was recorded after seven days of culture.  Cells showed

spindle morphology (suggestive of attachment to the scaffold), migration into the

scaffold and proliferation.  This suggested that the scaffold would support host cells if

implanted in vivo.

Fernandez et al. (2016) adapted the method developed by Mercuri, Gill and

Simionescu (2011) and investigated 13 different methods for decellularising bovine

NP.  The authors were able to produce decellularised tissue with double stranded (ds)

DNA content between 7.19-33.61 ng.mg-1 dry weight tissue.  Decellularised tissue was

biomechanically similar, when tested in unconfined compression tests, to the native

tissue and was biocompatible.  The most successful protocols were based on Triton

X100.  It was found that the protocol which incorporated SDS (0.4 % w/v), a chemical

commonly utilised in decellularisation processes, did not show statistically significant

DNA reduction of NP tissue.  The authors found that there was a correlation between

the amount of the DNA and GAG removed; applications of methods that resulted in

greater DNA removal also resulted in greater GAG loss.

1.7.4 Decellularisation of the annulus fibrosus

Porcine tail AF was treated using one of three decellularisation methods based on

Triton X100, SDS and Trypsin (Xu et al. 2014).  Although all three methods appeared

to remove cells to a similar degree (judged using histological staining for cell nuclei) a

marked difference was seen in the arrangement of collagen.  SEM illustrated the loss

of the concentric collagen arrangement and gaps between collagen fibres in the

0.5 % (w/v) SDS treated AF.  Collagen content however was not altered (by any of the

treatment modalities) although a significant GAG loss was observed for all processes.

The least amount of GAG loss was seen in AF treated with 3 % (w/v) Triton X100.

Tensile properties were significantly altered as a result of SDS treatment (consistent

with the observed structural changes) but not in Triton X100 treated tissue.  The

authors concluded that, of the three methods investigated, Triton X100 was the most

favourable, as the decellularised tissue suffered the least structural change and GAG

loss, retained its mechanical properties and was not cytotoxic.  DNA quantification was

not carried out and so the judgement of decellularisation efficiency was made solely on

histological staining for cell nuclei.

The investigation of Xu et al. (2014), above, employed 0.5 % (w/v) SDS which was

found to disrupt the structure of the AF and adversely affect its mechanical properties.

This is a relatively high concentration of SDS and the observed effects are likely a
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result of the concentration employed.  In a separate investigation, the authors

successfully decellularised larger porcine lumbar AF using a lower SDS concentration

of  0.1  %  (w/v)  (Wu et  al. 2014).  The authors identified the similarity in structure

between the menisci of the knee and the AF.  Both are fibrocartilaginous structures,

predominantly composed of type I collagen and PG allowing tensile forces to be

resisted (Stapleton et al. 2011; Hasan, Fisher and Ingham 2014).  In a logical step,

they applied the methods developed for porcine meniscus by Stapleton et al. (2008) to

porcine lumbar AF.  Results showed an 87.1 % reduction in DNA content (31.58 to

4.02 ng.mg-1).  There was no significant alteration in collagen structure and content,

and the GAG loss was relatively low at 15.9 % (not significantly different from native

AF).  Decellularised scaffolds were not cytotoxic to mouse fibroblasts and while there

was a tendency for reduced tensile properties, these were not statistically significant.

In a follow up study, Wu et al. (2017) further optimised the protocol for porcine AF and

found that a protocol which utilised freeze-thaw in liquid nitrogen, hypotonic buffers

with 0.1 % w/v SDS and 0.1 % w/v EDTA, produced a scaffold which was not cytotoxic

in in vitro tests; contained less α-Gal than the native tissue; showed retention of

mechanical properties and, when implanted into the AF of mouse tail IVDs, showed

evidence of remodelling.

1.7.5 Decellularisation of complete intervertebral discs

Implantation methods for any NP and AF only scaffolds must be overcome if they are

to become viable solutions to the replacement of IVD components.  In their study, Wu

et al. (2017) implanted portions of decellularised AF tissue into the AF of mice IVDS.

This required the suturing of the implanted tissue into host tissue.  This is, however,

likely to create damage to both tissues and it remains unknown how both would be

securely integrated one another.  Hensley et al. (2018) decellularised what they

referred to as “whole” bovine IVDs for the intended use as a xenograft scaffold.  In

fact, this was only the NP and AF regions of the IVD. The enthesis and EP were not

retained in the sample.  This type of scaffold would also suffer from the problem of

fixation into the recipient spine.  A decellularised complete IVD comprising of the NP,

AF, enthesis, EP and vertebral bone (VB) may be the answer, as the VB portion of

scaffold should be able to integrate into the bone of the recipient.  Decellularisation of

a complete IVD is likely to be more challenging due to the presence of more than one

tissue type however.  To date, there has been only one publication to report on the

decellularisation of IVDs with adjacent bony tissues.

Chan et al. (2013) extracted IVDs from bovine tails along with the EPs which were

trimmed to approximately 2 mm using a surgical burr (Chan et  al. 2013).  The main
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decellularisation agent was 0.1 % (w/v) SDS and the authors reported a 71 % NP cell

removal and 76 % AF cell removal.  These values were calculated using visible cell

counts from histological sections.  The authors stated that even though cells were

present, they were dead (due to the lack of metabolic activity, assessed by the Alamar

blue colorimetric assay).  This cell presence however may be detrimental if such a

scaffold were to be implanted in the host, as xenogeneic epitopes such as α-Gal could

still be present on the cell membranes of the retained cells.  Extremely high GAG

retention was also reported in the NP (97 %) which was possibly due to the presence

of the surrounding AF and EP acting to contain the GAGs and prevent their loss from

the tissue.  When NP alone was decellularised by Mercuri, Gill and Simionescu (2011),

almost 50% of GAGs were lost.  GAG loss from the bovine AF was relatively low at

15.6 % which was comparable to the results of Wu et  al. (2014) (15.9 %) who also

used 0.1 % (w/v) SDS to decellularise AF from pigs.  The metabolic activity of both

bovine NP and AF cells was unaffected in extract cytotoxicity assays and the

compressive properties were not significantly different between native and

decellularised tissue.

The intended application of the Chan et al. (2013) study was the production of a

scaffold for culturing IVD cells.  Their assessment of the decellularisation protocols

therefore did not focus on the criteria that would be important if the intention was to

produce a scaffold for implantation.  For example, no quantitative measurements were

made for the assessment of DNA removal; no assessment of cell or DNA content of

the decellularised EP was made and no immunocompatibility testing took place that

could begin to answer the question of how the presence of the residual cells may

affect the host response.  In addition, Chan et  al. (2013) did not decellularise the

largest available IVDs from the tail, which would be a potential requirement for clinical

translation (the fourth largest tail IVD was the largest used in the study).  The potential

implantation of a decellularised animal IVD may need to overcome problems such as

mismatched IVD sizes and geometries between human and animal IVDs.  Such a

mismatch would not allow straightforward insertion.  It is, however, possible that such

a decellularisation protocol could be adapted for use in human IVDs allowing the

possibility for similarly sized and shaped IVDs to be selected for implantation.

1.8 Conclusion and rationale for the study

Age and/or trauma related degeneration of the IVD is a major cause of back pain

(Urban and Roberts 2003; Middleditch and Oliver 2005; Wong and Transfeldt 2007;

Whatley and Wen 2012).  Current conservative and surgical treatment strategies aim
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to reduce and relieve pain (Urban and Roberts 2003; Whatley and Wen 2012).

Surgical interventions, however, result in altered biomechanics leading to

degeneration in adjacent segments of the spine (Eck et al. 2002; Kandel, Roberts and

Urban 2008; Whatley and Wen 2012).  An alternative approach is required.  A tissue

engineered solution in the form of a whole decellularised IVD for implantation to

replace symptomatic degenerative IVDs, has the potential to overcome the limitations

of current surgical procedures.  This type of implant has the potential, to not only

relieve pain, but also to restore the mechanical function of the affected spinal segment

thus preventing further degeneration of the spine and increasing the longevity of the

solution.

The production of a decellularised IVDs for the replacement of human degenerative

IVDs (Figure 1.6) could provide a solution which would not illicit an immune response

upon implantation into the host.  The inclusion of the VB either side of the IVD would

provide a point of fixation as has previously been shown for cryopreserved allogeneic

IVD transplants (Ruan et al. 2007).  The inclusion of the EPs could also allow for the

restoration of nutrient diffusion pathways.  Decellularised IVDs should allow host cell

infiltration for remodelling, regeneration and maintenance of the scaffold.  There would

be potential for the product to be regulated as a human tissue product or class III

medical device, allowing the tissue engineered solution to reach clinic/market sooner

than a product incorporating cells and/or bioactive molecules (which are currently

regulated as advanced therapy medicinal products).  A suitable animal model must be

selected for protocol development, that takes in to consideration IVD size, geometry,

composition and mechanics, to facilitate future translation to the human IVD.

Translation to human IVDs would allow for size matching of the implant to the recipient

spine.  The use of an animal from the food chain would provide a cheap and readily

available source of tissue for protocol development.
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Figure 1.6 Potential application of decellularised intervertebral discs (IVD).
Decellularisation methods are applied to harvested IVDs (a) in order to render
them decellularised (b).  The decellularised IVD scaffolds have the potential for
implantation into the host in place of symptomatic degenerate IVDs (c).
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1.9 Project aims and objectives

1.9.1 Hypothesis

It is hypothesised that a decellularisation method can be developed on animal tissue

for translation to human IVDs to produce a scaffold for the replacement of damaged

and degenerate IVDs.

1.9.2 Aims

The aim of the project was to develop a decellularisation protocol on animal IVD (with

bony attachments) for the translation to human IVDs (with bony attachments) for the

future replacement of degenerative human IVD.

1.9.3 Objectives

a) To select an animal model, readily available from the food chain, with a size

and biomechanical properties within the range of human IVDs;

b) To characterise the selected animal tissue using histological, biochemical and

biomechanical assays and imaging techniques;

c) To develop a decellularisation protocol on animal tissue for effective cell and

DNA removal;

d) To compare the biological and mechanical properties of decellularised and

native animal tissue;

e) To apply the decellularisation protocol to human IVDs with vertebral bone

attachments and compare the biological properties of the resulting scaffold to

native human tissue.
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Chapter 2 Materials and methods

2.1 Materials

2.1.1 Equipment

The equipment used throughout this project is listed in Appendix A, Table I.

2.1.2 Consumables

The consumables used throughout this project are listed in Appendix A, Table II.

2.1.3 Chemicals and reagents

The chemicals and reagents used throughout this project are listed in Appendix A,

Table III.

2.1.4 Software

Details of software used during this project are given in Appendix A, Table IV.

2.1.5 Glassware

All glassware (e.g. duran bottles, beakers and measuring cylinders) were cleaned in

Neutracon detergent (Decon Laboratories Ltd., Hove, UK).  Items were rinsed in tap

water, followed by distilled water in order to remove residual detergent.  Finally, items

were dried in a drying oven and sterilised as required (Section 2.3.1.3).



37

2.2 General stock solutions

2.2.1 Phosphate buffered saline (PBS)

Ten phosphate buffered saline tablets (Oxoid, Basingstoke, UK) were dissolved per

litre of distilled water.  A magnetic stirrer and bar were used to aid dissolution.  Once

the tablets had dissolved, the pH of the solution was checked and, if required, adjusted

to pH 7.2-7.4 using 6 M and 1 M hydrochloric acid or 6 M and 1 M sodium hydroxide

dropwise as appropriate.  The solution was autoclaved and stored for up to one month

at room temperature.

2.2.2 Scott’s tap water

A commercially available Scott’s tap water substitute concentrate was diluted tenfold

by mixing 100 mL with 900 mL of distilled water.  This was used as a blueing agent in

histological staining procedures for enhancement of the staining of nuclear material.

2.2.3 Decalcification solution (12.5 % w/v EDTA)

Ethylenediaminetetraacetic acid (EDTA), 125 g in one litre of distilled water, was

prepared and the pH adjusted to pH 7 with by the addition of 12.5 g of sodium

hydroxide pellets per litre of solution.

2.2.4 Histology water bath solution

A commercially available tissue section adhesive (Surgipath Sta-On, Leica

Biosystems, Milton Keynes, UK) was added to the histology water bath.  This was

used to aid adhesion of histological sections onto untreated glass slides.  A solution

was made by adding ten mL of the liquid to each L of distilled water. This water bath

solution was used when large uncoated glass histology slides were required for large

tissue sections.

2.2.5 Sodium dodecyl sulphate (SDS) stock solution (10 % w/v)

Ten grams of sodium dodecyl sulphate (SDS) was added per 100 mL of deionised

water and filter sterilised as described in Section 2.3.1.3.3. This was carried out in a

class II biological safety cabinet.

2.2.6 Ethanol (70 % v/v)

For every 700 mL of absolute ethanol (≥ 99.8 %), 300 mL of deionised water was

added and mixed by inversion.
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2.2.7 Ethanol (95 % v/v)

For every 950 mL of absolute ethanol (≥ 99.8 %), 50 mL of deionised water was added

and mixed by inversion.

2.2.8 Weigert’s haematoxylin

Weigert’s haematoxylin was made by mixing equal volumes of solution A and

solution B (from a pre-made solution kit, details in Appendix A, Table III); the solution

was stored at 4 °C for up to one month.

2.2.9 Sirius red (0.1 % w/v)

Pico-sirius red dye (0.5 g) was dissolved in 500 mL aqueous saturated picric acid and

filtered before use.  The solution was stored at room temperature for up to six months.

2.2.10 Fast green (0.02 % w/v)

Fast green (100 mg) was dissolved in 500 mL of distilled water.  The solution was

filtered prior to use in order to remove any formed precipitate.

2.2.11 Safranin O (0.1% w/v)

Safranin O (500 mg) was dissolved in 500 mL of distilled water and filtered before use

to remove any formed precipitate.

2.2.12 1 % (v/v) Acid alcohol (1 % conc. hydrochloric acid in 70 %
ethanol)

Five mL of concentrated hydrochloric acid was added to 495 mL of 70 % (v/v) ethanol.

The solution was made immediately prior to use.

2.2.13 Acetic acid (1 % v/v)

Five mL of glacial acetic acid was mixed with 495 mL of distilled water.

2.2.14 Oxalic acid (1 % w/v)

One g of oxalic acid was added to 100 mL of distilled water.

2.2.15 Potassium permanganate (5 % w/v)

Fifteen g of potassium permanganate crystals was added to 300 mL of distilled water

and stirred using a magnetic stirrer until dissolved.
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2.2.16 4’, 6 diamidino-2-phenylindole (DAPI) dye

2.2.16.1 DAPI dye buffer (10 mM tris Na2EDTA, 1 mM NaCl)

DAPI dye buffer was made by dissolving 1.211 g of Trizma base, 0.3724 g disodium

ethylenediaminetetraacetic acid and 0.058 g sodium chloride in one L of distilled

water.  The pH of the solution was adjusted to 7.4, using 6 M and 1 M hydrochloric

acid or 6 M and 1 M sodium hydroxide dropwise as appropriate, before autoclave

sterilisation (Section 2.3.1.3.2).  The solution was stored at room temperature for up to

six months.

2.2.16.2 DAPI dye stock solution (1 mg.mL-1)

Upon receipt of the DAPI dye, 10 mL of nuclease free water was added to a 10 mg

aliquot of dye.  The stock solution was distributed into foil wrapped Eppendorf tubes

and stored at -20 °C for up to six months.

2.2.16.3 DAPI dye working solution (0.1 µg.mL-1 DAPI)

The working solution was made immediately prior to use by adding ten µl of DAPI dye

stock solution per 100 mL of DAPI dye buffer.  The solution was made up in a foil

wrapped bottle and mix by inversion.

2.2.17 Nutrient broth (10 g.L-1 “lab-lemco” powder, 10 g.L-1 peptone,
5 g.L-1 sodium choloride, pH 7.5 at 25 °C)

A commercially available nutrient broth (5 g) was dissolved in 200 mL of distilled

water.  The broth was transferred into glass universal bottles at a volume of 10 mL per

bottle.  The aliquots of media were sterilised in an autoclave as described in Section

2.3.1.3.2.

2.2.18 Decellularisation solutions

2.2.18.1 PBS buffer with aprotinin (10 KIU.mL-1 aprotinin)

Prior to buffer use, 1 mL aprotinin (10,000 KIU.mL-1) was aseptically added per litre of

autoclaved PBS (Section 2.2.1).  The rubber stopper in the bottle of aprotinin was

sprayed with 70 % (v/v) ethanol prior to the insertion of the sterile 23 gauge syringe

needle used to withdraw the reagent.  This was carried out inside a class II biological

safety cabinet.
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2.2.18.2 Hypotonic buffer (10 mM tris, 10 KIU.mL-1 aprotinin)

Trizma base (1.12 g) was dissolved in 900 mL distilled water, the pH was adjusted to

pH 8.0-8.2 (using 6M sodium hydroxide or 6M hydrochloric acid as appropriate) and

the volume was made up to one litre with distilled water.  The solution was then

autoclaved and stored for up to one month at room temperature.  Prior to use, 1 mL of

aprotinin (10,000 KIU.mL-1) was added per litre of solution as described in Section

2.2.18.1.

2.2.18.3 SDS hypotonic buffer (0.1 % w/v SDS, 10mM tris, 10 KIU.mL-1

aprotinin)

For each litre of hypotonic buffer (Section 2.2.18.2) 10 mL of 10 % w/v SDS stock

(Section 2.2.5) was added aseptically in a class II biological safety cabinet prior to use.

One mL of aprotinin (10,000 KIU.mL-1) was also added per litre of solution as

described in Section 2.2.18.1.

2.2.18.4 Hypertonic buffer (50 mM tris, 1.5 M sodium chloride)

Sodium chloride (87.66 g) and trizma base (6.06 g) were dissolved into 900 mL of

distilled water.  The pH was adjusted to pH 7.5-7.7 (using 6M sodium hydroxide or 6M

hydrochloric acid as appropriate) and the volume made up to one litre with distilled

water.  The solution was autoclaved and stored for up to one month at room

temperature.

2.2.18.5 Nuclease solution (50 mM tris, 1 mM magnesium chloride,
10 U.mL-1 Benzonase)

Magnesium chloride (0.203 g) and trizma base (6.06 g) were dissolved into 900 mL of

distilled water.  The pH was adjusted to pH 7.5-7.7 (using 6 M sodium hydroxide or

6 M hydrochloric acid as appropriate) and the volume made up to one litre with distilled

water.  The solution was autoclaved and stored for up to one month at room

temperature.  Prior to use, Benzonase was added aseptically (40 µl of 250 U.µl-1 in

one litre of buffer) and used within ten minutes of preparation.

2.2.18.6 Peracetic acid (PAA) solution (0.1 % v/v)

PAA (32 %) (3.14 mL) was added to one litre of autoclaved PBS (Section 2.2.1).  The

pH was adjusted to pH 7.2-7.5 with 6 M sodium hydroxide or 6 M hydrochloric acid, as

appropriate. The solution was used within one hour of preparation.
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2.2.19 Pre-made histological stains

Pre-made histological stains (Mayer’s haematoxylin, Eosin Y, van Gieson and Miller’s

stain) were used undiluted in the relevant protocols.  Details of these stains can be

found in Appendix A, Table III.
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2.3 Methods

2.3.1 General methods

2.3.1.1 Measurement and adjustment of pH

The pH meter and probe was calibrated prior to use using pH 4, 7 and 10 standard

buffers.  A temperature probe was used throughout to account for the temperature

dependency of pH readings.  Hydrochloric acid and sodium hydroxide solutions, at a

range of molar concentrations, were used to adjust the pH of the solutions.

2.3.1.2 Microscopy

2.3.1.2.1 Bright field microscopy

An upright microscope (AXIO Imager.M2, Zeiss, Cambridge, UK), equipped with

Köhler illumination capabilities, was used for viewing histology slides.  The setup of the

microscope was optimised prior to use in order to maximise image clarity and image

quality.  Images were captured digitally using the associated digital camera (AXIOCAM

MRc5, Zeiss, Cambridge, UK) and computer software (Zen 2 blue edition, Zeiss,

Cambridge, UK).  Histology slides were cleaned with 70 % (v/v) ethanol and lint-free

lens tissue prior to viewing.

2.3.1.2.2 Polarised light microscopy

Polarising filters were used in conjunction with the upright microscope (AXIO

Imager.M2, Zeiss, Cambridge, UK) in order to polarise the light source.  This allowed

the viewing of 3D histological structures stained with dyes which showed birefringence

under polarised light (notably collagen fibres stained with sirius red).

2.3.1.2.3 Image magnification

Magnification of the images presented throughout this thesis are reported.  This is the

combined magnification of the objective lens and the eyepiece/camera lens (10 x).

For example, an image captured using a 20 x objective lens was magnified 200 x.

2.3.1.3 Sterilisation

2.3.1.3.1 Dry heat sterilisation

Items, free from moisture, were placed into a sterilisation oven at 180 °C for four

hours.
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2.3.1.3.2 Moist heat sterilisation

Solutions, within suitable containers, were sterilised by autoclaving at 121 °C, 15

pounds per square inch (psi) for 20 min.

2.3.1.3.3 Filter sterilisation

Solutions unsuitable for heat sterilisation were passed through 0.2 µm pore size filters

using either a syringe or filter sterilisation unit.  Solutions were filtered into sterile

containers.  This was carried out in a class II safety cabinet.

2.3.2 Bovine tissue procurement and dissection

2.3.2.1 Procurement

Bovine tails were obtained from a local abattoir (John Penny & Sons, Leeds, UK) with

the skin removed.  Tails were received up to five hours post slaughter.  The animals

processed by this abattoir were British Blue or Limousin cattle and so the animals

used in this research were one of these two breeds.  The breed and age of cattle was

not known for all investigations.  Where known, the details are provided within the

individual chapters.

2.3.2.2 Dissection of bovine tails for intervertebral disc extraction

Upon delivery of bovine tails, the tissue was dissected as follows.  A post mortem knife

was used to remove the majority of the muscle and other soft tissues from the upper

portion of the tail, closest to the rump of the animal.  Once the vertebral process were

exposed, progressively smaller scalpels (No. 22 and then No. 10) were used to further

remove soft tissue from the vertebral bone (VB) and to expose the IVDs.  An electrical

oscillating hand saw (AFM14 FEIN Akku Multimaster, Fein, Bargau, Germany, with

E-Cut standard saw blade attachment) was used to the remove vertebral processes,

close to the vertebral body.  The oscillating saw was then used to extract the IVD with

approximately 5 mm of vertebral bone either side of the IVD to give a “vertebral

bone-disc-vertebral bone” sample (VB-D-VB).   The sample was either retained as a

VB-D-VB sample, had the growth plate (GP) exposed with a surgical chisel and a

mallet (GP-D-GP sample) or had the GP removed by reaming to within 1-2 mm of the

endplate (EP) using an electrical burr (Dremel multi-tool 8200, Uxbridge, UK, with a

6.5 mm round head tungsten carbide reamer attachment) (EP-D-EP). The procedure

is shown in Figure 2.1.

A No.10 scalpel blade was used to scrape the samples in order to remove as much

soft tissue as possible.  Extracted tissue was rinsed in PBS to wash away bone

fragments generated during dissection.  The two largest IVDs were extracted from
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each tail for use in the decellularisation protocol (largest, “C1” disc) or as the native

control tissue (second largest, “C2” disc).

Figure 2.1 Dissection of bovine tails and extraction of the intervertebral disc
(IVD).  a) whole tail; b) exposure of vertebrae and IVDs (“C1” largest IVD to the
left and second largest “C2” IVD to the right; c) removal of vertebral processes
and d) extracted vertebral bone-disc-vertebral bone (VB-D-VB) sample.

2.3.2.3 Dissection of bovine intervertebral discs for histological and
biochemical evaluation

Both native and decellularised bone-disc-bone samples (VB-D-VB, GP-D-GP or

EP-D-EP) were further dissected for histological and biochemical evaluation as shown

in Figure 2.2.  Extracted samples were wrapped in tissue paper, clamped in a vice and

an oscillating saw was used to make parallel cuts through the bone. A post mortem

knife was used to cut through the underlying IVD and the oscillating saw was again

used to cut through the bone at the other side of the IVD.

 Figure 2.2 Dissection of (native) vertebral bone-disc-vertebral bone samples for
decalcification prior to histological evaluation. a) vertebral
bone-disc-vertebral bone (VB-D-VB) sample held in a vice and positon of the
anterior-posterior (A-P) parallel cuts (dashed line); b) and c) extracted sagittal
slice approximately 5 mm thick.
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A VB-D-VB slice from the middle of the whole sample (Figure 2.2 b) was decalcified

for microtome sectioning.  The remaining tissue was separated, by macroscopic

appearance, in to its constituent tissue regions ((nucleus pulposus (NP), inner annulus

fibrosus (iAF), outer annulus fibrosus (oAF), vertebral bone (VB) and

growthplate-endplate region (GP/EP) and endplate (EP)) and lyophilised for

biochemical assessment.

2.3.3 Vertebral bone irrigation

For samples harvested for decellularisation, a domestic dental flosser was used to

clean bone marrow from the VB, GP or EP of the samples.  This was done by directing

a jet of PBS into the bone trabeculae with the flosser set to its highest setting (10).

Approximately 0.5 L of PBS was used for each bony surface of the sample.  The

sample was then soaked in warmed PBS, to help further loosen the bone marrow and

fatty membrane surrounding the AF of the IVD for approximately five minutes. A

second treatment with the dental flosser was carried out as described above.  The

temperature of the PBS was either room temperature, 37 or 42 °C and varied with

decellularisation protocol (details of which can be found in Chapter 4).

2.3.4 Sterility testing

2.3.4.1 Sterility testing of decellularisation solutions

Under aseptic conditions, a 0.5 mL aliquot of the decellularisation solution was added

to 10 mL of sterile nutrient broth in a glass universal bottle (Section 2.2.17) and placed

into a 37 °C incubator.  After 24 and 48 hours the bottle was removed from the

incubator for observation of solution opacity.  Positive (addition of skin flora to the

media) and negative (no addition to the media) control bottles were included.  Sterility

testing of the decellularisation solutions was carried out post PAA surface

decontamination step until the very last step of the decellularisation processes.

2.3.4.2 Sterility testing of decellularised intervertebral disc samples

At the end of the decellularisation procedure, before the sample was dissected for

analysis, a sample of the outer annulus fibrosus (oAF) of IVD samples were aseptically

dissected inside a class II biological safety cabinet.  Two oAF biopsies (approximately

5 mm x 5 mm x 2 mm) were taken from opposite sides of the IVD sample.  The

biopsies were submerged in 10 mL of sterile nutrient broth in a glass universal bottle

(Section 2.2.17) and placed into a 37 °C incubator.  After 24 and 48 hours the bottle

was removed from the incubator for observation of solution opacity.  Positive and

negative control bottles were included as a comparison as detailed in Section 2.3.4.1.
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2.3.5 Histological techniques

2.3.5.1 Formalin fixation

Samples were placed into individual histology cassettes labelled with pencil.  Samples

were submerged in 10 % v/v neutral buffered formalin at pH 7.5 at a minimum ratio of

1:20 tissue to fixative volume, for 40-48 h.  Formalin fixation took place before and

after decalcification of bony tissues.

2.3.5.2 Decalcification

Slices of bone-disc-bone (VB-D-VB, GP-D-GP or EP-D-EP) samples were placed into

individual labelled 150 mL pots.  The pots were filled with decalcification solution

(12.5 % (w/v) EDTA, Section 2.2.3).  Pots were placed in an orbital shaker at 42 °C for

approximately 7 days.  Changes of decalcification solutions were made every two

days.  The extent of decalcification was assessed using a scalpel blade to test ease of

cutting.  If the scalpel blade cut the bony tissue easily, it was considered sufficiently

decalcified for microtomy.

2.3.5.3 Tissue processing and paraffin wax embedding

Post formalin fixation, samples were processed for wax embedding.  Decalcified

samples were processed using an automatic tissue processor, according to the

programme details in Table 2.1.  Following tissue processing, samples were

embedded in paraffin wax.  Wax moulds were filled with molten wax.  With the aid of

forceps, tissue samples were transferred into the molten wax and placed in the

required orientation.  The histology cassette base was placed on top of the mould and

this was allowed to cool and harden at room temperature.  Once set, the wax block

was removed from the mould and excess wax was scraped away prior to sectioning on

the microtome.  Wax blocks were stored in a cool dry place away from direct sunlight.
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Table 2.1 Tissue processing programme details.

Step No. Solution Time
1 10 % (v/v) NBF 2 h

2 70 % (v/v) Ethanol 2 h

3 90 % (v/v) Ethanol 2 h

4 100 % Ethanol 2 h 20 m

5 100 % Ethanol 2 h 20 m

6 100 % Ethanol 5 h 20 m

7 100 % Ethanol 1 h

8 Xylene 1 h 30 m

9 Xylene 3 h

10 Xylene 1 h 30 m

11 Paraffin wax 3 h

12 Paraffin wax 1 h

Total processing time 27 h

2.3.5.4 Sectioning of paraffin wax embedded tissue samples

Samples were sectioned at an angle of 0 º and a thickness of six µM.  Sections were

transferred onto a histology water bath set to 45 °C before being picked up onto glass

slides.  Positively charged slides (Superfrost plus) were used for smaller sections while

larger sections were collected onto large uncoated glass slides.  Where uncoated

slides were used, Sta-On liquid adhesive was added to the histology water bath water

(Section 2.2.4).  Slides were labelled in pencil and placed onto a hotplate (55-60 °C)

until dry.  Slides were stored at room temperature until required for staining.

2.3.5.5 Dewaxing and hydration of paraffin sections

Slides with tissue sections (Section 2.3.5.4) were placed into a slide rack and

submerged in xylene for ten minutes, this was carried out twice.  Slides were then

hydrated by submersion into consecutive changes of solutions: 100 % ethanol for

three min; 100 % ethanol for two min; 100 % ethanol for two min; 70 % (v/v) ethanol

for two min and finally running tap water for three min.  The sections were then stained

following histological staining procedures (Section 2.3.5.7), as required.
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2.3.5.6 Tissue section dehydration and mounting

Following histological staining, tissue sections were dehydrated by immersion in the

following solutions: 70 % (v/v) ethanol for five sec; 100 % ethanol for one min; 100 %

ethanol for two min and 100 % ethanol for three min.  Slides were then submerged in

two changes of xylene for ten minutes each.  DPX mountant (Atom Scientific, Hyde,

UK) was added to glass coverslips before the slides with attached stained sections

were placed facedown onto the DPX.  Slides were dried, with the cover slip facing

upward, overnight before viewing under a microscope.

2.3.5.7 Histological Staining

2.3.5.7.1 Haematoxylin and eosin (H&E)

Haematoxylin and eosin (H&E) staining was carried out in order to give an overview of

the histoarchitecture of tissue sections and to stain any cell nuclei present in the

sections.  Haematoxylin, a purple/blue stain, binds to negatively charged nucleic acids.

It also attaches to calcium in calcified material.  Eosin acts as a counter stain, staining

the extracellular matrix and cell cytoplasm pink/purple (Bancroft and Gamble 2002).

Tissue sections (Section 2.3.5.4) were dewaxed and hydrated as described in Section

2.3.5.5.  Slides were immersed into Mayer’s haematoxylin for one min

(Section 2.2.19); running tap water until the excess dye had washed away; Scott’s tap

water for three min (Section 2.2.2); running tap water for three min and eosin Y

(0.5 % w/v) for three min (Section 2.2.19).  Sections were then dehydrated to xylene

and mounted as previously described (Section 2.3.5.6).  Stained tissue sections were

observed under Köhler illumination (Section 2.3.1.2).

2.3.5.7.2 Sirius red

Under bright field illumination, sirius red dyes collagen fibres red while the Weigert’s

haematoxylin stains nuclei black-purple.  Under polarised light the birefringence of the

sirius red dye allows the 3D structure of the collagen fibres to be observed; fibres

appear red, yellow or apple green with decreasing fibre diameter.  The colour of fibres

relates to their size, not collagen type (Junqueira, Montes and Sanchez 1982).  Tissue

sections (Section 2.3.5.4) were dewaxed and hydrated as described in Section 2.3.5.5.

Slides were then immersed into Weigert’s haematoxylin for ten min (Section 2.2.8);

running tap water for one min; 1% (v/v) acid alcohol for one min (Section 2.2.12);

distilled water for 30 sec; 0.1 % (w/v) sirius red for one h (Section 2.2.9) and distilled

water for 30 sec.  Sections were blotted dry before undergoing dehydration to xylene

and mounting as described in Section 2.3.5.6.  Sections were observed under Köhler

illumination with polarised light (Section 2.3.1.2).
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2.3.5.7.3 Safranin O/fast green

Safranin O was used to stain glycosaminoglycans (GAGs) red; fast green was used as

a green counter stain and Weigert’s haematoxylin to stain nuclei black.  The method

was based on an online published method (Immunohistochemistry world life science

products and services).  Tissue sections (Section 2.3.5.4) were dewaxed and hydrated

as described in Section 2.3.5.5.  Slides were then immersed into Weigert’s

haematoxylin for three min (Section 2.2.8); running tap water for ten min; 1% (v/v) acid

alcohol for one min (Section 2.2.12); 0.02 % (v/v) aqueous fast green for five min

(Section 2.2.10), briefly rinsed in 1 % (v/v) acetic acid (Section 2.2.13) and immersed

into 0.1 % (w/v) safranin O for four min (Section 2.2.11).  Sections were blotted dry

before undergoing dehydration to xylene and mounting as described in Section

2.3.5.6.  Sections were observed under Köhler illumination (Section 2.3.1.2).

Decellularised and native controls were processed together to eliminate any batch

variation in staining intensities and allow the qualitative comparison of safranin O

intensity.

2.3.5.7.4 DAPI

DAPI is a fluorescent stain that binds to A-T rich regions of DNA, enabling the

visualisation of cell nuclei (Kapuscinski 1995).  Decellularised and native control tissue

sections (Section 2.3.5.4) were processed together in a batch.  Sections were

dewaxed and hydrated as described in Section 2.3.5.5.  Sections were immersed into

DAPI working solution (Section 2.2.16.3) and incubated at room temperature in the

dark for ten minutes.  The slides were washed three times in PBS for ten minutes, in

the dark.  Sections were mounted by adding fluorescence mounting medium to the

section and placing a glass cover slip on top.  Sections were stored in the dark until

the mounting medium had set and viewed using a fluorescent microscopy with the

appropriate (DAPI) filter prism.  Both native and decellularised tissue sections were

imaged on the same day with the same microscope and camera settings, which

allowed for a comparison of staining intensities to be made.

2.3.5.7.5 Miller’s stain/van Gieson

Miller’s stain was used to visualise elastic fibres within the IVD tissue, with van Gieson

as the counterstain.  The method was based on a protocol available from Atom

Scientific, Hyde, UK (Atom Scientific product protocol).  Tissue sections (Section

2.3.5.4) were dewaxed and hydrated as described in Section 2.3.5.5.  Sections were

immersed into 5 % (w/v) potassium permanganate (5 min) (Section 2.2.15); distilled

water (1 min); 1% (w/v) oxalic acid (2 min) (Section 2.2.14); distilled water (1 min then

4 min); 70 % (v/v) ethanol (1 min): Millers stain one hour (Section 2.2.19); 95% (v/v)
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ethanol until running clear; 70 % (v/v) ethanol (1 min); tap water (2 min); Weigert’s

haematoxylin (10 min) (Section 2.2.8); tap water (1 min); 1% (v/v) acid alcohol (1 min)

(Section 2.2.12); tap water (1 min); van Gieson stain (3 min) (Section 2.2.19); tap

water (1 min) and finally distilled water (30 sec).  Sections were finally dehydration to

xylene, mounted as described in Section 2.3.5.6 and observed under Köhler

illumination (Section 2.3.1.2).

2.3.6 Biochemical assays

2.3.6.1 Lyophilisation and sample preparation

Native and decellularised tissue was dissected and separated in to its constituent

tissue regions (NP, iAF, oAF, VB, GP/EP and EP) (Figure 2.3).  Bony tissue (VB,

GP/EP and EP) was divided in to approximately 5 x 5 x 3 mm cuboids using the

oscillating saw and/or post mortem knife.  Non-bony tissue (NP, iAF and oAF) was

macerated while frozen (-20 °C) using a No. 10 and No. 22 scalpel blade.

Figure 2.3 Macerated bovine intervertebral disc (IVD) tissue for lyophilisation.
a) Half an extracted bovine IVD; b) IVD cut in to tissue regions; c - e) macerated
nucleus pulposus (NP), inner annulus fibrosus (iAF) and outer annulus fibrosus
(oAF) and f) dissected bone cuboids.

The tissue was placed into pre-weighed bijou tubes which were reweighed with the

tissue contents.  The wet weight of the tissue was calculated by subtracting the empty

tube weight from the weight of the extracted tissue plus tube weight.  Bijou lids were

loosened and the samples placed into a freeze-dryer (ModulyoD-230, ThermoSavant,

Loughborough, UK) at – 50 °C, 0.15-0.2 bar.  Samples were lyophilised to a constant

weight which was recorded as the dry weight of the tissue.  Once dry, bony samples

were crushed to a powder using a pestle and mortar.  During the lyophilisation

process, individual NP, iAF and oAF pieces had a tendency to clump together.  These

were separated in to their previously macerated pieces by pressing a thin spatula into
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the tissue.  Macerated and lyophilised tissue samples (bony and non-bony) were then

weighed into suitably sized (and pre-weighed) sample tubes at weights appropriate to

the requirements for each biochemical assay.  These tubes were then returned to the

freeze-dryer for 24 hours in order to ensure that the aliquotted samples were fully dry

before use in the biochemical assays. The dry weight of the tissue used in the assay

was calculated and recorded.

2.3.6.2 DNA assay

2.3.6.2.1 DNA assay reagents

The majority of reagents (“Buffer AE, Buffer AL, Buffer ATL, Buffer AW1 and Buffer

AW2”) were provided by the commercially available DNeasy blood and tissue kit

manufactured by Qiagen (Manchester, UK).  Additional reagents required for the

assay are detailed below.

Bone digest buffer (12.5% (w/v) EDTA, 1% (w/v) SDS)

SDS (1 g) was dissolved into 100 mL of 12.5 % w/v EDTA (Section 2.2.3) with the aid

of a magnetic stirrer and bar.

2.3.6.2.2 DNA assay procedure

The following method of tissue digestion using Proteinase K and DNA extraction was

carried out according to the manufacturer’s instructions detailed in the Qiagen DNeasy

blood and tissue kit (Qiagen 2016).

Proteinase K digestion

Lyophilised and macerated tissue was weighed into 2 mL Eppendorf tubes.  An

appropriate dry weight for the native control (20 mg for NP, iAF and oAF; 10 mg for

VB, GP-EP and EP) and decellularised tissue (50 mg for all regions) was taken for

digestion.  For native tissue, larger dry weights were taken for the less cellular regions

(NP, iAF and oAF) to account for their lower DNA content compared to the more

cellular tissue regions (VB, GP-EP and EP).  Similarly larger weights were taken for all

decellularised tissue regions which contained reduced amounts of DNA.  The digestion

solution for non-bony samples (NP, iAF and oAF) was made up of 20 µl proteinase K

enzyme for every 180 µl “Buffer ATL” (provided in the QIAGEN DNeasy blood and

tissue kit).  The digestion solution used for bony samples (VB, GP/EP and EP) was

made up of 10 µl proteinase K for every 190 µl of bone digestion buffer.  The

appropriate digestion buffer was added to the samples at a volume of 1000 µl.  The

Eppendorf tubes were incubated horizontally at 56 °C for 24 h with agitation at
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200 rpm in an orbital incubator (Stuart, Cole-Palmer, Stone, UK).  If the tissue was not

fully digested, further digestion solution was added and incubation carried out until the

solutions were fully digested.

DNA Extraction

The manufacturer’s instructions provided by the Qiagen DNeasy blood and tissue kit

were followed.  Buffer AL and absolute ethanol (99.8+ %) were added to digested

tissue samples at a ratio of 1:1:1 and mixed thoroughly by vortex.  This mixture was

then transferred onto the provided spin columns and centrifuged in batches until all the

digest had been passed through the column (6000 x g, 1 min).  The flow-through was

discarded and the column membrane, with the attached DNA, was washed with Buffer

AW1 (500 µl, 600 x g, 1 min) followed by Buffer AW2 (500 µl, 20,000 x g, 3 min).  The

extracted and washed DNA was finally eluted in 400 µL of Buffer AE (6000 x g, 1 min).

DNA Quantification

Extracted DNA was quantified using the nanodrop spectrophotometer (Labtech

International, Hatfield, UK).  Two µl of each DNA sample were transferred onto the

probe of the spectrophotometer before reading by the machine.  The

spectrophotometer calculated the concentration of total DNA (ng.µl-1) in the sample

using the absorbance reading at 260 nm and inbuilt algorithms.  Single and double

stranded DNA was included in this determination.  The absorbance was normalised to

a blank of the elution buffer.  From the concentrations determined by the nanodrop

spectrophotometer; the known elution volume and from the known dry weight of the

original tissue sample, the total DNA content of the tissue sample was calculated in

ng.mg-1 dry weight of tissue (Equation 2.1).

( . ℎ )

=  ÷ ℎ  ( )

Equation 2.1

2.3.6.3 GAG assay

The sulphated glycosaminoglycan (GAG) content of IVD tissue was quantified using

the GAG assay based on the method of Farndale, Buttle and Barrett (1986).
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2.3.6.3.1 GAG assay reagents

Papain digestion solution (800 kU.mL-1)

Digestion buffer (5 mM L-cystine hydrochloride, 5 mM EDTA), was made by dissolving

0.788 g of L-cysteine hydrochloride and 1.8612 g EDTA into a final volume of one litre

of PBS.  The pH was adjusted to 6 using 1 M or 6 M hydrochloric acid and 1 M or 6 M

sodium hydroxide as appropriate.  For every one mL of digestion buffer required, 800

kU of papain enzyme was added.

GAG assay buffer

Sodium di-hydrogen orthophosphate (0.1 M) was made by dissolving 3.45 g of sodium

di-hydrogen orthophosphate in 250 mL distilled water.  The solution was stored at

room temperature for up to three months.  0.1 M Di-sodium hydrogen orthophosphate

was made by dissolving 3.55 g di-sodium hydrogen orthophosphate in 250 mL distilled

water. The solution was stored at room temperature for up to three months.  GAG

assay buffer (0.2 M sodium phosphate) was made by combining 137 mL of 0.1 M

sodium di-hydrogen orthophosphate and 63 mL of 0.1 M di-sodium hydrogen

orthophosphate.  The pH was adjusted to 6.8 using 1 M or 6 M hydrochloric acid and

1 M or 6 M sodium hydroxide as appropriate.  The solution was stored at room

temperature for up to three months.

DMMB dye solution

DMMB dye solution was made by dissolving 16 mg of 1,9 dimethylmethylene blue into

5 mL of absolute ethanol and 2 mL of formic acid.  Two grams of sodium formate was

added to the solution and the volume was made up to one litre with distilled water.

The pH was adjusted to pH 3.0 using formic acid and stored at room temperature for

up to three months.

Chondroitin sulphate B standards

A primary standard of chondroitin sulphate B (from porcine intestinal mucosa) was

made by adding 10 mg to 10 mL of GAG assay buffer.  This was then used to make a

range of standards, according to Table 2.2.
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Table 2.2 Chondroitin sulphate B standards required for the GAG assay.

Standard
concentration

(µg.mL -1)

Standard solution (µL) GAG assay
buffer (µL)

200 400 of primary standard 1600

150 1125 of 200 µg.mL-1 standard 375

100 1000 of 150 µg.mL-1 standard 500

50 750 of 100 µg.mL-1 standard 750

25 750 of 50 µg.mL-1 standard 750

12.5 750 of 25 µg.mL-1 standard 750

6.25 750 of 12.5 µg.mL-1 standard 750

3.125 750 of 6.25 µg.mL-1 standard 750

0 0 750

2.3.6.3.2 GAG assay procedure

An appropriate dry weight of tissue to be assayed was weighed into bijou tubes, with

smaller weights taken for regions with higher GAG contents (10 mg NP; 20 mg iAF

and oAF for both native and decellularised samples).  Papain digestion solution (5 mL)

was added to each sample and incubated in a 60 °C water bath for 36-48 h until fully

digested.  The tissue digest was diluted in GAG assay buffer (typically 1 in 50) in order

of the measured absorbance of the unknown samples to fall within the linear region of

the standard curve.  A 40 µl sample of each standard and each unknown (tissue

sample) was placed into individual wells of a 96 well flat bottom place.  DMMB dye

solution was added to each well (250 µl).  The plate was slowly rocked on a plate

rocker for 2 min.  A spectrophotometer was used to measure the absorbance of the

samples as 525 nm.  The GAG concentration of the unknown samples was

interpolated from the linear region of the standard curve (Figure 2.4), taking in to

account the dilution factor.  From this value and that of the dry weight of the tissue

used in the assay, the GAG content tissue was calculated and expressed in µg.mg-1

dry weight.
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Figure 2.4 Example of a typical standard curve used to determine the
concentration of glycosaminoglycans within digested tissue samples.

2.3.7 Data analysis

2.3.7.1 Confidence limits

The numerical data was analysed in Microsoft Excel (2010, Microsoft) and presented

as the mean ± 95 % confidence limits.  The descriptive statistics add-in was used to

calculate the 95 % confidence limits.  This piece of software used Equation 2.2 to

Equation 2.4 in order to calculate the confidence limits (Equation 2.5), where:

 = measured values,  =  sample  size,  ∑ =  sum  of  and t = value obtained from

Student t table, corresponding to sample sizes < 30.

=
∑

Equation 2.2

 ( ) =
∑

− 1

Equation 2.3

   ℎ  ( ) =
√

Equation 2.4

95 % =  ±   

Equation 2.5
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2.3.7.2 Linear regression

Interpolation of results from a standard curve was carried out in Microsoft Excel 2010.

A standard curve was produced and line of best fit added with a y intercept of zero.

The equation of the line was obtained in the form = .  This was rearranged for

use in the linear regression analysis for calculation of values of unknown samples

(Equation 2.6).

( ) = ( )

÷ ℎ ℎ

Equation 2.6

2.3.7.3 Statistical analysis

Statistical analysis was carried out using GraphPad Prism statistics package

(version 7.05, GraphPad software, San Diego, US).  Prior to analysis the data was

checked for normal distribution.  For samples sizes of over eight, the

D’Agostino-Pearson omnibus normality test was carried out.  Where the sample size

was lower than eight, the Shapiro-Wilk normality test was carried out.  For the

comparison of the groups of two means (where data was normally distributed), either a

paired or an unpaired Student’s t-test was used.  Paired tests were carried out where a

sample had undergone measurement before and after treatment while un-paired tests

were carried out on independent groups of samples which had either undergone or not

undergone treatment.  For data which was not normally distributed, the Mann-Whitney

U test was carried out as the non-parametric equivalent of the independent samples

t-test (Dytham 2011).  Where comparisons of the means of multiple data groups was

required, a one-way ANOVA with Tukey post hoc test was carried out.  P values were

considered significant for all types of tests if they fell below 0.05.
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Chapter 3 Characterisation of native bovine intervertebral
discs

3.1 Introduction

Intervertebral disc (IVD) degeneration occurs most commonly in the lumbar region of

the human spine (Kelsey and White 1980; Boos et  al. 2002).  As discussed in

Chapter 1, Section 1.4 current surgical interventions for the treatment of damaged and

diseased IVDs have limitations and relatively poor outcomes.  A decellularised natural

IVD implanted in place of a degenerate or damaged human IVD offers the possibility of

overcoming these limitations.  Although the ultimate aim of this work was to develop a

decellularisation protocol for human IVD tissue, a proof of technical concept was first

explored in an animal model due to the scarcity of human donor tissue for protocol

development.  Before work could commence, a relevant animal model was selected.

The lumbar region generally contains the largest IVDs in humans and animals and has

received the most attention in terms of comparative studies (Panjabi et  al. 1991a;

Panjabi et al. 1991b; Panjabi et al. 1992; Kumar et al. 2000; Boszczyk, Boszczyk and

Putz 2001; Busscher et  al. 2010).  A small number of studies have previously

compared human and animal IVDs to examine the most appropriate models for

different studies.  The studies of Beckstein et  al. (2008) and Showalter et  al. (2012)

compared human IVDs (L4-L5, from 22, 29 and 42 year old donors) to the IVDs of

large animals.  The human IVDs were compared to bovine tail, bovine lumbar, porcine

lumbar, goat lumbar and sheep lumbar IVDs.  Beckstein et al. (2008) and Showalter et

al. (2012) compared IVD geometry, biomechanics and biochemical composition, of the

animal species investigated.  IVDs from the bovine tail (C1-C2, the largest in the tail)

and bovine lumbar (L1-L2) were found to be the closest in size to human lumbar IVDs

(L4-L5).  Bovine tail IVDs were found to be a better match in height while bovine

lumbar IVDs were a better match in lateral and anterior-posterior (A-P) width and

therefore cross-sectional area (Figure 3.1).  Pig, goat and sheep lumbar IVDs were

found to be much smaller than bovine lumbar IVDs in all measured parameters.  An

important criterion of this study was to select the largest animal IVD that could be

sourced from abattoirs for development of the decellularisation protocol.  This would

facilitate the application of the successful decellularisation protocol to even larger IVDs

for treatment of large human lumbar IVDs.  The largest species available for the

current study therefore was the cow.
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Figure 3.1 Percentage match of animal intervertebral disc (IVD) geometry to
human lumbar IVD geometry. Data adapted from Beckstein et al. (2008) and
Showalter et al. (2012).

Beckstein et al. (2008) and Showalter et al. (2012) found that the material properties of

the IVDs investigated were largely conserved across the large animal species (Figure

3.2).  There were no significant differences between either the compressive or

torsional stiffness of bovine IVDs (lumbar and tail) and human lumbar IVDs.

Significant differences between normalised torsional stiffness were found between

human and sheep and between human and pig lumbar IVDs (p < 0.05, one-way

ANOVA).  Bovine tail IVDs were found to be the closest match to human lumbar IVDs

for the biomechanical parameters investigated.
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Figure 3.2 Comparison of human lumbar and animal lumbar intervertebral disc
(IVD) properties. a)  comparison of normalised compressive stiffness (human
N = 3, others N = 5 ± SD), adapted from Beckstein et al. (2008) and b)
comparison of normalised torsional stiffness (human N = 3, goat, N = 6, others
N = 5 ± SD).  Data adapted from Showalter et al. (2012).  * = significantly
different data, p < 0.05 ANOVA with Dunnett’s post hoc test.

Beckstein et al. (2008) and Showalter et al. (2012) also compared human lumbar IVD

tissue regions (nucleus pulposus (NP), inner annulus fibrosus (iAF) and outer annulus

fibrosus (oAF)) to the same regions in the animal IVDs using biochemical analysis.

Bovine tail IVDs were not significantly different in composition (collagen, GAG and

water content) to human lumbar IVDs in all but one tissue region; the collagen content

of bovine tail IVDs was significantly greater than that of human lumbar IVDs in the

nucleus pulposus (NP) only.  Bovine lumbar IVDs however showed significantly higher

collagen content in the NP, iAF and oAF when compared to human lumbar IVDs.

They also showed a significantly lower GAG content in the iAF region.
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From the literature data presented above, bovine tail IVDs were selected for the

development of a decellularisation protocol due to their availability, low cost, large size

and comparable biochemical composition and mechanical properties to human IVDs.

It was not possible to select an animal model from the food chain with IVDs of

comparable size to human lumbar IVDs, which are very large.  The bovine tail IVDs

selected for this study were however comparable in size to those found in the human

thoracic spine which is also subject to degeneration (Panjabi et al. 1991a; Panjabi et

al. 1991b; Panjabi et al. 1992; Fang et al. 1994; Zhou et al. 2000).  Through selection

of the largest possible available IVDs for this study, the chances of successful

application to larger human lumbar IVDs would be improved.  This chapter reports on

the biological and biochemical characterisation of bovine tail IVDs, necessary for

gaining an understanding of the tissue prior to undertaking further research in to the

development of a decellularisation protocol.
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3.2 Aims and objectives

3.2.1 Aims

The aim of the work reported in this chapter was to characterise native bovine tails,

bovine tail IVDs and the IVD tissue regions.

3.2.2 Objectives

· To characterise the gross anatomical structure of native bovine tails and IVDs;

· To characterise the native IVD regions:

· Qualitatively using histological staining methods for the detection of cell

nuclear material, elastic fibres, GAGs and collagen orientation for the

visualisation of tissue histoarchitecture;

· Quantitatively through biochemical determination of DNA content;

· To estimate DNA content of the IVD tissue using histological sections stained

for cell nuclei as a means of validating the DNA extraction and assay methods.
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3.3 Methods

3.3.1 Bovine intervertebral disc dissection and gross anatomical
observations

Bovine tails (N = 12) were received from a local abattoir (John Penny & Sons, Leeds,

UK) up to five hours post slaughter with the skin already removed.  The age and breed

of the cows from which the tails were obtained was not documented.  The breed of the

cows was likely to have been either Limousin or British Blue cattle as these are the

breeds routinely processed by the abattoir.  The tails were cleaned of muscle and

other soft tissues to expose the vertebrae (V) and IVDs (Chapter 2, Section 2.3.2.2).

Measurements were made of the lateral width (lateral pedicle to lateral pedicle) of the

three largest vertebrae using digital Vernier callipers (Figure 3.3 a).  IVDs were

extracted with the aid of an oscillating saw (Chapter 2, Section 2.3.2.2), to produce

vertebral bone-disc-vertebral bone (VB-D-VB) samples.  The tails had been removed

from the animals at the abattoir by cutting through an IVD within the rump of the

animal so it was not possible to determine exactly at what level within the spine this

had occurred.  This damaged and exposed IVD was discarded.  Extraction of IVDs

was performed from the next intact IVD; this largest IVD was termed C1 and adjacent

IVDs were numbered consecutively e.g. the second IVD was termed C2. The

dimensions of the extracted IVDs were measured using digital Vernier callipers; lateral

and A-P diameters of the IVDs were measured halfway between the two endplates

(EP).  For an individual IVD, the lateral and A-P diameters were added together and

divided by the number of readings to calculate the mean diameter.  This value was

halved to obtain the mean radius (r) of the IVD.  The cross-sectional area (A) was then

calculated using  A = πr2.  The growth plate (GP) was exposed by removing excess

vertebral bone (VB) and removed through reaming using an electrical burr (Dremel drill

fitted with a tungsten-carbide burr); a small amount of bone was left attached to the

EP.  The height of the IVD was measured from EP to EP at four equidistant points

around the circumference of the sample (Figure 3.3 b).  A mean of these four readings

was calculated to give the IVD height.  Extracted samples were cut in half through the

sagittal plane for inspection of their gross anatomy.
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Figure 3.3 Measurements taken during bovine tail dissection. a) Measurement of
the lateral vertebrae (V), from lateral pedicle to lateral pedicle, C1 and C2 show
the position of the two largest intervertebral discs (IVDs) in the tail. b) IVD
measurements: lateral width, anterior–posterior (A-P) width and IVD height
(lateral, anterior and posterior height, * = position of measurements taken).

3.3.2 Histological evaluation

Native C2 bovine VB-D-VB samples were cut through the sagittal plane to give a

VB-D-VB slice approximately 5 mm thick (Chapter 2, Section 2.3.2.3).  Slices were

fixed in neutral buffered formalin (NBF), decalcified in 12.5 % w/v EDTA and fixed

once more in NBF; the slices were then processed, wax embedded and sectioned

using a microtome (Chapter 2, Sections 2.3.5.1 to 2.3.5.6).  Tissue sections were

stained with histological dyes, haematoxylin and eosin (H&E), sirius red,

safranin O/fast green, Miller’s elastin/van Gieson (Chapter 2, Section 2.3.5.7).  Stained

sections were viewed using a light microscope and imaged (Chapter 2, Section

2.3.1.2).

3.3.3 DNA extraction and assay validation

Nine native C2 samples were extracted (Chapter 2, Section 2.3.2.2).  Tissue not used

for histological evaluation was taken for DNA extraction and quantification (Section

3.3.3.1).  The DNA assay was used to quantify the DNA extracted from the

investigated tissue regions.  Images of H&E stained tissue sections were used to

count nuclei stained with haematoxylin; the number of nuclei was used to estimate the

DNA content of the tissue region (Section 3.3.3.2.2) as a means of validating the

results of the DNA extraction and quantification methods.  This theoretical DNA

content was referred to as the microscopic DNA count.
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3.3.3.1 DNA extraction and quantification

Tissue from C2 samples were divided in to the NP, iAF, oAF and VB regions and

prepared for DNA extraction and quantification (Chapter 2, Section 2.3.6.2).  A

diagrammatic representation of these tissue regions is shown in Figure 3.4.

Figure 3.4 Vertebral bone-disc-vertebral bone (VB-D-VB) tissue regions
investigated for DNA extraction and quantification method validation.
NP = nucleus pulposus, iAF = inner annulus fibrosus, oAF = outer annulus
fibrosus and VB = vertebral bone.

3.3.3.2 Estimation of DNA content from micrographs

3.3.3.2.1 Sample preparation and imaging

Nine native C2 bovine tail IVDs were cut in to VB-D-VB slices (Chapter 2, Section

2.3.2.3), fixed in NBF, decalcified, fixed in NBF, processed, wax embedded and

sectioned at 6 µm (Chapter 2, Section 2.3.5).  The sections were stained with H&E

and visualised using light microscopy (Chapter 2, Section 2.3.5.7.1 and 2.3.1.2.1).

Images were taken of the NP, iAF, oAF and VB using a 5 x objective lens

(50 x magnification).  Images were saved as .tiff image files with a scale bar.

3.3.3.2.2 Nuclei counts from micrographs

Micrographs taken of H&E stained sections of each tissue region were opened in

ImageJ software (version 1.49, National Institutes of Health, Bethesda, Maryland, US)

(Schneider, Rasband and Eliceiri 2012).  Within the application, the length of the scale

bar was measured in pixels. This information was used to set the scale in the software

and allowed a grid to be added to each image with individual square sizes of

100 µm  x 100 µm.  The “offset grid” option was de-selected so that the same number

of full squares was added to all images.  The resulting grid was comprised of 204

individual squares (17 x 12 squares; 100 µm  x 100 µm), therefore each small square

had an area of 10,000 µm2 (Figure 3.5).
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Figure 3.5  Example micrographs of native haematoxylin and eosin (H&E)
stained tissue sections used in microscopic DNA estimation for DNA assay
validation.  a) nucleus pulposus (NP) and b) outer annulus fibrosus (oAF).
The images show screen shots taken of the Image J software.  The micrographs
have been overlaid with a grid where each square has dimensions of 100 x 100
µm.  An area of 204 squares (red boundary line) was taken as the area of
interest for the counting of nuclei.  Purple stained cell nuclei can be seen with
arrows showing areas of high nuclei density (clusters of cells in the NP (a) and a
blood vessel in the oAF (b)).  A nucleus count of five can be seen in the enlarged
square.  Images taken at 50 x magnification with a 200 µm scale bar.
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Counting method for intervertebral disc regions

Micrographs of each investigated tissue region (NP, iAF and oAF) for each of the nine

VB-D-VB samples were opened in the Image J application and a grid overlaid as

described above.  All cell nuclei falling within the 204 complete individual squares

(shown by the red boundary line in Figure 3.5) were counted for each micrograph.

Rows of squares were counted in turn, starting from the top of the image.  If a nucleus

fell on the bottom gridline of the square it was not counted until the following row was

counted.  This prevented multiple counts of the same nucleus.  Counting of nuclei in all

204 squares was repeated three times in total and a mean total count was calculated.

The mean number of cells per square (per 10,000 µm2) was then calculated by

dividing the mean total count by 204.

Counting method for vertebral bone

For micrographs of VB, only whole squares were counted which fell fully over the VB.

Where squares partially occupied a space in the trabecular bone, the nuclei within

were not counted.  For this reason, the number of full squares counted varied between

images and was dependent on how much bone was present in the image.  The nuclei

within the selected squares were counted three times in total and a mean count was

calculated.  The mean number of nuclei per square (per 10,000 µm2) was then

calculated.

3.3.3.2.3 Calculation of microscopic DNA values from nuclei counts

The mean number of nuclei in one grid square (100 µm x 100 µm) was multiplied by

10 to calculate the number of nuclei in a tissue volume of 100 µm x 100 µm x 100 µm.

The diameter of a nucleus was assumed to be 6 µm (Alberts et  al. 2008) and so a

multiplication factor of 10 was used to prevent overestimation of the number of nuclei

present in this tissue volume.  The mean number of nuclei in 100 µm x 100 µm x

100 µm was multiplied by 1 x 103 to give the number of nuclei in 1 x 109 µm3 (or

1 mm3) of tissue.  These steps are represented diagrammatically in Figure 3.6.
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Figure 3.6 Diagrammatic representation for the estimation of the nuclei number
in 1 cm3 of tissue using 2D histological images.

It was assumed that 1 mm3 was equivalent to 1 mg of tissue. It has been previously

reported that a mammalian cell contains 7 pg of DNA (Downs and Wilfinger 1983); the

number of cells in 1 mg of tissue was multiplied by 7 to give an estimate for the

amount of pg of DNA in 1 mg of tissue.  This value was then converted to ng.mg-1, the

same units as those used in the DNA quantification assay.
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3.4 Results

3.4.1 Bovine intervertebral disc dissection and gross anatomical
observations

Bovine tails showed variation in size and bone morphology (Figure 3.7 b, c and d).

Bovine tails tapered from the cranial to distal end which was mirrored in the pedicle to

pedicle width of the vertebrae; the pedicle width of the vertebrae from the upper

portion of the tail decreased from V1 to V3 (Table 3.1 and Figure 3.8).

Figure 3.7 Variation in size and morphology of bovine tails and vertebra. The
whole tails varied slightly in length and circumference (a and b); soft tissue
removal revealed differing size and morphology of the underlying vertebrae (c
and d).  Tail removal from the animal was carried out at the abattoir by cutting
through an intervertebral disc within the rump of the animal (a, inset).

Table 3.1 Lateral width of vertebrae (measured pedicle to pedicle). Distance
between lateral pedicles of the largest three vertebrae (V1, V2 and V3), N = 12.

Pedicle width (mm)
V1 V2 V2

Mean 76.4 64.3 54.3

Minimum 65.0 51.2 47.3

Maximum 90.7 72.0 60.3
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Figure 3.8 Bovine tail vertebral lateral width measurements.(pedicle to pedicle, for
the largest three vertebrae (V1, V2 and V3) of each individual tail), N = 12.

Extraction of the first four largest IVDs (C1 to C4) from the cranial end of the tail

showed that the height and width of the IVD decreased from the cranial to the distal

end of the tail (C1 to C4), while the height of the vertebral body increased (Figure 3.9 a

and b).  Extracted VB-D-VB samples possessed a VB with a roughly oval shaped

cross section at the cranial surface and a rounded cross section at the distal surface of

the specimen (Figure 3.9 c).  The tail IVD width tapered from the cranial (C1) to the

distal (C4) end of the tail.

Figure 3.9 Extracted and dissected bovine vertebral bone-disc-vertebral bone
(VB-D-VB) samples. a) Four upper most VB-D-VB samples (containing C1 to C4
IVDs, cranial to distal) alongside adjacent vertebral body tissue; b) cranial slices
of VB-D-VB samples (C1 to C4, IVDs) and c) cranial and distal VB surfaces of
C1 and C2 vertebral bone-disc-bone (VB-D-VB) samples.
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Dissection of extracted VB-D-VB samples through the sagittal plane revealed a

colourless IVD sandwiched between the cranial and distal VB (Figure 3.10 a).  The NP

at the centre of the IVD appeared spongy and had a glassy sheen.  Parallel structures

could be seen in the AF which surrounded the NP.  These layers were thicker in the

oAF than the iAF.  Dissection revealed a concave GP running though the VB which

followed the shape of the EP (Figure 3.10 a).   The presence of the GP was a point of

weakness in some samples (Figure 3.10 b).  Occasionally during dissection the VB

became accidently detached at the GP.  Deliberate removal of excess VB was most

easily done by breaking it away at the GP.

Figure 3.10 a) Sagittal section of a bovine intervertebral disc (IVD) and b)
exposed growth plate (GP) from within a vertebral bone-disc-vertebral bone
(VB-D-VB) sample. a) The white IVD is sandwiched between the vertebral bone
(VB).  The central nucleus pulposus (NP) is spongy with a glossy sheen and is
surrounded by the annulus fibrosus (AF).  Concentric lamellae can be seen in the
AF tissue.  A concave growth plate (GP) can be seen running though the VB
which follows the shape of the IVD and endplate (EP). b) The VB could be easily
detached at the GP.

Intervertebral disc lateral diameters, A-P diameters and height were reasonably

consistent from spine to spine; there were relatively small differences between C1 and

C2 IVDs.  The only significant difference was seen in the lateral diameter of the IVD

(Figure 3.11 a) (p = 0.01; one-way ANOVA with Tukey post hoc test). The

cross-sectional area of C1 IVDs was slightly larger than that of C2 IVDs but the

difference was not found to be significantly different (p = 0.55; Student’s t-test) (Figure

3.11 b).  All data presented in Figure 3.11 passed the D’Agostino and Pearson

normality test where alpha = 0.05 (C1 lateral diameter p = 0.95; C2 lateral diameter

p = 0.48; C1 A-P diameter p = 0.57; C2 A-P diameter p = 0.41; C1 height p = 0.31; C2

height p = 0.31; C1 area p = 0.46 and C2 area p = 0.47).
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Figure 3.11 Largest (C1) and second largest (C2) bovine tail intervertebral disc
(IVD) measurements. a) Mean IVD lateral and anterior–posterior (A-P)
diameters (N = 15, ± 95 % CL); b) Mean IVD cross-sectional area (N = 9,
± 95 % CL). * significant difference, one-way ANOVA with Tukey post hoc test.

3.4.2 Histological evaluation

3.4.2.1 H&E

Cellularity

Representative images of native bovine tissue sections stained with H&E are shown in

Figure 3.12.  Native bovine IVD tissue sections showed characteristic staining with

H&E; cell nuclei were stained purple/blue with haematoxylin stain, while the ECM was

stained pink/purple with eosin.  An image of a stained section taken through the entire

VB-D-VB sample is shown in Figure 3.12 e; the concave shape of the EP with a

concave GP running alongside it can be seen.  Cells were identified in the NP which

were either individual cells sparsely distributed through the NP or in high density

clusters (Figure 3.12 a and b).  Both types of cell in the NP had a rounded morphology

and were of a comparable size.  The cells of the oAF and to a lesser extent in the iAF

were elongated along the direction of fibres.  The difference in cell morphology

between the NP and AF was clearer at magnifications above 200 x (Figure 3.13 a-c).

Cells within the VB were situated either within the lacunae of the bone (osteocytes) or

as part of the bone marrow within trabecular bone spaces (Figure 3.12 f).  The

magnification and resolution of the images did not allow bone marrow cell types to be

distinguished.  Cells within the GP and EP were orientated in to columns (Figure 3.12

g, h & i).  The highest density of cells was present in the bony and cartilaginous

structures (VB, GP and EP).  Cell numbers were lowest in the majority of the NP

though there were areas within the NP which contained clusters of cells at a higher
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density than the rest of the NP tissue.  Cell numbers increased in the iAF and further

still in the oAF (Figure 3.12 a, b, c and d respectively).  Blood vessels were seen in the

outer edge of the oAF (Figure 3.12 d).

Histoarchitecture

The ECM in the native NP showed a loose and random alignment of fibres, stained

pink with eosin stain (Figure 3.12 a).  Within the looser randomly aligned matrix

structure of the native NP there were cell clusters which had a more dense matrix

structure surrounding the cells (Figure 3.12 b).  The oAF showed a layered structure

when stained using the H&E method (Figure 3.12 d).  The lamellar structure of the iAF

and oAF, however, was more clearly visible in safranin O stained tissue sections

(Figure 3.14 c, d & g).  There was evidence of the presence of fatty tissue on the very

outer edge of the native IVD (Figure 3.13 d).  The native VB showed the classic

trabecular bone structure, with the presence of dense bony areas surrounding the

bone canals.  Concentric ring structures could be seen around cell lacunae and bone

canals.  Within the bone canals, the marrow showed a densely stained ECM (Figure

3.12 f).  Both the native EP and GP had histoarchitecture reminiscent of that of

articular cartilage, with diffuse eosin staining around columns of cells (Figure 3.12 g,

h & i).
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Figure 3.12 Representative micrographs of sections of native vertebral
bone-disc-vertebral bone regions stained with haematoxylin and eosin
(H&E). The central image e was taken at 25 x magnification (scale bar 2000 µm),
all other images were taken at 100 x magnification (scale bar 100 µm).
NP = nucleus pulposus, iAF = inner annulus fibrosus, oAF = outer annulus
fibrosus, EP = endplate, GP = growth plate and VB = vertebral bone.



74

Figure 3.13 Representative micrographs of sections of native intervertebral disc
regions stained with haematoxylin and eosin (H&E). NP = nucleus pulposus;
iAF = inner annulus fibrosus; oAF = outer annulus fibrosus; Images a-c were
taken at 200 x magnification (scale bar 50 µm). Image d was taken at 100 x
magnification (scale bar 100 µm).

3.4.2.2 Safranin O/fast green

Histological sections were stained with safranin O in order to determine the presence

and location of sulphated GAGs, which were stained red.  Fast green was used as a

blue/green counterstain.  Images of stained tissue sections are shown in Figure 3.14.

The central image provides an overview of the stained VB-D-VB section.  The NP was

stained intensely red showing the presence of GAGs (Figure 3.14 a), which gradually

diminished with increasing distance from the central region of the sample.  The

staining intensity of the iAF was slightly less than the NP, showing reduced red

staining (Figure 3.14 c).  A transition zone could be seen between the iAF and oAF

(Figure 3.14 g) where there was a gradual reduction in red safranin O staining from the

iAF to the oAF, until the oAF showed only fast green staining (Figure 3.14 d). The

layered lamella structure of the iAF and oAF could be clearly seen with this staining

method.  Cell clusters within the NP showed area of green staining where GAGs were

not present (Figure 3.14 b).  The GP was intensely stained with safranin O (Figure

3.14 i).  Some patchy staining was seen where the IVD interfaced with the EP but the

EP itself did not show any staining for GAGs and stained blue/green (this was the case
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all along the whole length of the EP, from NP to iAF and oAF) (Figure 3.14 h).  VB was

stained green suggesting that no GAGs were present (Figure 3.14 f).

Figure 3.14 Representative micrographs of sections of native vertebral
bone-disc-vertebral bone regions stained with safranin O and fast green.
The central image e was taken at 25 x magnification (scale bar 2000 µm); image
g was taken at 25 x magnification (scale bar 500 µm); all other images were
taken at 100 x magnification (scale bar 100 µm).  NP = nucleus pulposus,
iAF = inner annulus fibrosus, oAF = outer annulus fibrosus, EP = endplate,
GP = growth plate and VB = vertebral bone.

3.4.2.3 Sirius red

Sections stained with sirius red were observed under polarised light in order to

observe the birefringence of collagen fibres.  This staining method allowed the

collagen fibre orientation to be observed within the tissue and gave an indication in to

the relative thickness of the collagen fibres:  fibres appeared apple green, yellow or

red with increasing fibre thickness (Junqueira, Montes and Sanchez 1982).

Micrographs of sirius red stained sections are presented in Figure 3.15.  The central

image provides an overview of the stained VB-D-VB section.  The oAF was found to

extend past the EP and up towards the VB (Figure 3.15 e).
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Amorphous orientation of fibres were seen in the NP (Figure 3.15 a). A high

transmitted light (TL) intensity was required to visualise the fibres in the NP and this

along with the green colouration suggested the presence of relatively thin collagen

fibres.  Areas where there were a high density of cells present in clusters did not show

any birefringence, even at high TL intensities; they appeared as black holes in the NP

tissue (Figure 3.15 b).  A high TL setting was also required in order to visualise the

collagen fibres in the GP.  The GP appeared black under low magnifications (Figure

3.15 e) however under higher magnifications and high TL settings, it was seen to be

green in colour and appeared to be made up of two layers with fibres running at 90 º to

each other with an unstained black band between the two (Figure 3.15 i).  The

lamellae of the iAF and oAF could be clearly seen in sirius red stained sections (Figure

3.15 c & d).  Fibres appeared larger in the oAF and showed red/orange birefringence

while those of the iAF appeared thinner and showed green birefringence.  Fibres of the

iAF were orientated at alternating angles from one layer to the next and crimping of the

fibres could also be seen.

Images taken at 25 x and 100 x magnification for the EP-oAF and EP-iAF interfaces

are shown in Figure 3.15 g and h respectively.  There was a clear interface between

the AF and the EP.  Collagen fibres of the iAF and oAF were seen to insert into the EP

at the iAF and oAF in a similar fashion, with the fibres abutting the EP at approximate

right angles (Figure 3.15 g & h).  A clear interface could be seen for the iAF IVD fibres

meeting the EP in the 100 x image (Figure 3.15 h).  AF fibres were green within the

region of the EP for both the iAF and oAF.  This was the case even for the oAF where

fibres were more red/orange in colour towards the centre of the IVD (away from the

EP).  A gradual change in structure from the EP to the bone could be seen (Figure

3.15 g).  The cartilaginous EP (nearest the NP, iAF and oAF) had a more dense

structure with smaller and fewer spaces which became larger in the vertebral EP and

more similar to the trabecular system of the VB.  A concentric layered structure could

be seen in the VB around the trabeculae and bone marrow could be seen within the

trabecular spaces (Figure 3.15 f).
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Figure 3.15 Representative micrographs of sections of native vertebral
bone-disc-vertebral bone regions stained with sirius red and imaged under
polarised light. The central image e was taken at 25 x magnification (scale bar
2000 µm); images a, b and h were taken at 100 x magnification (scale bar 100
µm); images c, d, g and i at 25 x magnification (scale bar 500 µm) and image f at
50 x magnification (scale bar 200 µm).  NP = nucleus pulposus, iAF = inner
annulus fibrosus, oAF = outer annulus fibrosus, EP = endplate, GP = growth
plate and VB = vertebral bone.

3.4.2.4 Miller’s stain/van Gieson

Miller’s stain was used to visualise elastic fibres within the VB-D-VB tissue sections

which were stained a deep purple/black.  van Gieson was used as the counter-stain

for collagen and connective tissue.  A magnification of a minimum of 400 x was

required in order to see individual elastin fibres.  Micrographs of Miller’s stained tissue

sections are shown in Figure 3.16.  An overview image of the whole VB-D-VB sample

is provided in Figure 3.16 e.  Elastin fibres were most clearly seen in the basement

membranes of vessels present in the connective tissue surrounding of the oAF (Figure

3.16 d and g, arrows) and could be seen at lower magnifications than in other tissue

regions.  Stained elastin fibres could also be seen in the connective tissue between

lamellae of the iAF and oAF (Figure 3.16 b, c, f, h and i, arrows).  The lower

magnification of image b (Figure 3.16) shows the location of the elastic fibres between
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lamellae of the iAF (arrows).  Darker purple staining was observed around the NP

cells, in the area of the pericellular matrix (Figure 3.16 a, arrows); individual fibres

however could not be distinguished even at 630 x magnification.

Figure 3.16 Representative micrographs of sections of native vertebral
bone-disc-vertebral bone regions stained with Miller’s stain and van
Gieson. Stained elastin fibres are shown with arrows.  The central image was
taken at 25 x magnification (scale bar 2000 µm); images a, g and h were taken at
400 x magnification (scale bar 20 µm); image b at 25 x magnification (scale bar
200 µm); images c, f and i at 630 x magnification (scale bar 10 µm) and image d
at 200 x magnification (50 µm).  NP = nucleus pulposus, iAF = inner annulus
fibrosus and oAF = outer annulus fibrosus.

3.4.3 DNA extraction and quantification validation

The data for the DNA assay results and the microscopic DNA count of IVD tissue

regions is shown in Figure 3.17.  DNA assay results were compared to the

microscopic DNA content, estimated using cell nuclei counts from H&E stained

histology sections.  Results were comparable for each tissue type investigated (NP,

iAF, oAF and VB) suggesting that the DNA extraction and quantification method

enabled estimation of realistic levels of DNA content for each tissue type, which were
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in the same order of magnitude as the microscopic DNA calculations.  The data in

Figure 3.17 shows that there was a trend for the DNA content to increase from the NP

to the iAF, and further still to the oAF.  Highest DNA content was seen in the VB.

Figure 3.17 Microscopic DNA content estimates and biochemical DNA assay
data for the total DNA content of native VB-D-VB. Data is expressed as the
mean (N = 9) ± 95 % confidence limits.
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3.5 Discussion

Mammals share a common developmental pathway for the IVD. The NP of immature

mammalian IVDs contain notochord cells which are considered to be either stem cells

or organiser cells which direct MSCs during embryonic development (Hunter, Matyas

and Duncan 2003).  These are generally considered to “rapidly” diminish after birth in

humans and most other mammals (Alini et al. 2008).  There are however some breeds

of non-chondrodystrophic dogs which retain notochord cells in to adulthood (Alini et al.

2008; Smolders et al. 2013).  When notochord cells are present in the NP they appear

at high densities, are larger than other NP cells and contain large vacuoles (Whatley

and Wen 2012).  In the current study NP cells were identified which were either single

and sparsely distributed over the NP tissue or present in clusters, often at a very high

density.  Morphologically the two types were similar and had a comparable size,

although the clusters of cells appeared to be surrounded by a dense matrix.  Two

distinct populations of cells have been previously identified in the NP of the bovine

IVDs (from animals of 18-24 months old) which had a similar morphology and

distribution to those observed in the current study; clusters of NP cells (making up

around 10 % of the NP cell population) were found to express CK8, a marker known to

be expressed by notochord cells (Gilson, Dreger and Urban 2010; Risbud, Schaer and

Shapiro 2010).  These cell clusters were described as being “surrounded by a

gelatinous matrix”.  Gilson, Dreger and Urban (2010) found that the cells that

expressed CK8 did not have the classic appearance of notochord cells (large and

vacuolated) though they did appear in clusters and were surrounded by a gelatinous

matrix.  The authors hypothesised that these cells could have originated from the

original population of notochord cells rather than being true notochord cells (Gilson,

Dreger and Urban 2010).  It is possible that the clusters of cells observed in the

current study were also notochord-like cells.

In the mature IVD, the NP contains a lower cell density than the iAF and oAF and thus

the mature NP will have a lower DNA content than the AF (Whatley and Wen 2012).

The current study however showed that the DNA content of the NP was comparable to

the iAF.  This could have been due to the presence of the aforementioned

notochord-like cells which were present in high densities.  The age of the cows from

which the samples were extracted is unknown but it is likely that the IVDs in the bovine

tails were immature, given the skeletal immaturity of the bovine specimens used in the

investigation (a GP was present within the VB of all specimens).

The GP within the VB of the samples was a point of weakness, breaking apart in some

of the specimens to leave two congruent and relatively smooth GP surfaces.  This
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weak point was an advantage when the VB needed to be deliberately removed.  The

removal of the exposed portion of the GP could then be carried out through reaming

using an electrical burr.  Sirius red staining of tissue sections showed that the GP was

made of two layers with the collagen fibres aligned 90 º to each.  There was an

unstained area between the two layers and it was likely that this unstained region

corresponded to the point at which the VB broke away from the rest of the IVD sample.

Other histological findings were comparable to current knowledge of the human IVD,

for example the morphology of the IVD cells.  These were rounded and

chondrocyte-like in the NP and elongated and fibroblast-like in the AF (Bibby et al.

2001; Whatley and Wen 2012).  The collagen fibres in the NP were also thinner and

had a random orientation whereas in the AF they had a parallel alignment within the

lamellae (Bibby et al. 2001; Middleditch and Oliver 2005).  Safranin O staining for

GAGs revealed a transition zone between the iAF and oAF where safranin O staining

greatly diminished in the oAF.

There was some evidence of elastin fibres present around the cells of the NP and

within the AF in Miller’s elastin/van Gieson stained tissue sections.  These however

were not as extensive as those visualised in the work of Yu et al. (2007) who stained

cryosections of bovine and human IVD tissue for elastin fibres using

immunohistological methods, and found them to be co-localised with microfibrils and

parallel to the collagen fibres in the AF.  Fibres visualised in the AF by Yu et al. (2007)

were much more numerous than in the current study.  The authors also reported that

in the NP, elastin fibres were not present in the pericellular matrix of the cells (as

suggested by the current study) but further beyond the cells in the ECM.  In addition,

distinct elastin fibres were seen rather than the halo of staining observed around NP

cells in the current study.  These differences are likely due to differing experimental

methods.  Yu et  al. (2007) treated cryosections with hyaluronidase in order to

overcome the masking effects of the GAGs present in the tissue section.  It is likely

that the results of the current study under-represented elastic fibre content (due to the

detection method) which are required by the IVD in order to allow it to recoil and

recover during bending and twisting movements of the spine (Urban and Roberts

2003).

The method of DNA extraction and quantification used within the Institute of Biological

and Mechanical Engineering (iMBE) research group had not previously been used for

the estimation of DNA in IVD tissue.  Determination of the DNA content of

decellularised tissue was a criterion used in the assessment of the decellularisation

process in subsequent chapters.  It was therefore important that reasonably accurate
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DNA determinations could be carried out.  An attempt was made to validate the

extraction and biochemical quantification of DNA content of the IVD tissue regions

using histological images and cell nuclei counts.  Measurements made using both the

DNA assay and the microscopic method were found to be in the same range and the

values followed the same trends in the tissue regions investigated.  This gave some

confidence in the DNA extraction and quantification methods used.  It should be noted

however that the microscopic DNA estimation was not an exact method either, as

several assumptions needed to be made in order to convert the number of cell nuclei

in a 2D image to the number in a 3D volume (assumed uniform nucleus diameter of

6 µM).  Further assumptions were then made for the conversion of tissue volume to

tissue mass (where 1 cm3 tissue volume was assumed to weigh 1 g).  In addition the

manual counting of nuclei in the current method was subjective and accuracy could

have been improved through automation, for example using histological image

analysis (Irshad et al. 2014).

Large variation was seen in the experimental data for DNA content of the VB.  A

possible explanation for this was the variable amounts of bone marrow present in each

sample taken for analysis.  Native VB was cut in to cubes during dissection and it was

observed that bone marrow, which contains high levels of cells and therefore DNA,

leached out to varying degrees.  During maceration of the VB cubes using a pestle

and mortar, bone marrow was extruded from the bone which smeared around the

sides of the mortar and it was not possible to utilise this marrow in the assay.  Some

VB samples also appeared to contain larger amounts of marrow than others.  When

samples were aliquotted for use in the DNA assay, it is possible that they contained

differing proportions of bone and bone marrow, for the reasons stated, which could

account for the large variation of DNA values seen in the results.

In summary, through the work presented in this chapter, an understanding of native

bovine tail tissue was gained.  Insight was obtained in to the anatomy of native bovine

tails along with an understanding of the cellular content, histological characteristics

and histoarchitecture of bovine tail IVD tissue regions.  These initial studies allowed

the development of the methods used in the following chapters, for the dissection of

bovine tails and the extraction and subdivision of IVD tissues for analysis.   An

understanding of native bovine IVD tissue was established for comparison with

decellularised tissue produced in the following chapter.
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Chapter 4 Decellularisation protocol development for bovine
tail intervertebral discs

4.1 Introduction

Surgical interventions for the treatment of back pain resulting from intervertebral disc

(IVD) degeneration have limitations and relatively poor outcomes.  Discectomy and

fusion often result in further degeneration of spinal segments due to altered spinal

biomechanics and total disc replacements are subject to subsidence and wear

(Chapter 1, Section 1.4).  Tissue engineered solutions have yet to overcome their

associated limitations (Chapter 1, Section 1.6).  Scaffold free solutions (utilising cells,

molecular therapies and gene therapies) are high risk strategies, with potential safety

concerns such as the possibility of immune rejection and disease transmission of

allogeneic cells and unknown outcomes of interactions between the intervention and

complex biological systems.  Scaffolds (both synthetic and naturally derived) for

implantation in place of diseased and damaged tissue are designed to mimic natural

IVD regions but they have yet to overcome the problems of how they are to be

attached to recipient tissue and the matching of their mechanical properties to that of

native tissue.  Decellularisation of an IVD has the potential to produce a natural

extracellular scaffold with retained histoarchitecture, biochemical make up and

biomechanical properties which should not invoke a deleterious immune response

upon implantation (Chapter 1, Section 1.8).  The resulting natural scaffold could have

the potential to function as the original tissue and, by preserving the attached vertebral

bone, should allow the fixation of the scaffold into the patient.  This chapter reports on

the development of a decellularisation protocol for bovine tail IVD with bony

attachments for translation to human IVDs.

4.2 Decellularisation technology

Decellularisation technology employs a range of physical, chemical and enzymatic

methods to remove the cellular component of tissues and organs, to leave behind an

ECM scaffold that has the potential to be suitable for the replacement and repair of

tissues.  As the scaffold lacks cells, it should fail to invoke an adverse immune

response upon implantation and so tissue rejection is unlikely to occur.  The ECM is

comprised of components which are highly conserved between mammalian species

(Eastoe 1955; van der Rest and Garrone 1991; Boot-Handford and Tuckwell 2003),
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and so both allogeneic and xenogeneic implants of decellularised tissues can be

expected to be tolerated well by the host.  A range of allogeneic and xenogeneic

tissues have been used surgically to repair tissues (Gilbert, Sellaro and Badylak 2006;

Crapo, Gilbert and Badylak 2011).  More details can be found in Chapter 1, Section

1.7.2.  As stated in Chapter 1, the term “decellularised” will be used in favour of the

term “acellular” as the removal of all cellular components is not possible and the

natural scaffold will not be completely devoid of cells (Badylak 2014).

4.2.1 Methods of decellularisation

4.2.1.1 Physical methods

Physical methods such as mechanical force and hydrostatic pressure are used in

decellularisation methods to break open cells (Prasertsung et al. 2008; Crapo, Gilbert

and Badylak 2011).  Utilising freeze-thaw cycles also lyses cells and opens the ECM

as ice crystals form and grow (Stapleton et al. 2008; Brown et al. 2009; Wainwright et

al. 2010; Wilshaw et al. 2011; Chan et al. 2013; Wu et al. 2014; Xu et al. 2014).  By

opening up the ECM and disrupting cell membranes, decellularisation solutions are

allowed to penetrate into tissues and cells.

The use of pressure gradients, supercritical fluid, immersion and agitation all help to

increase the exposure of the tissue to the chemical agent being used to aid

decellularisation. Prasertsung et  al. (2008) found that applying decellularisation

solutions under pressure allowed the solutions to penetrate the tight structure of

porcine dermis.  This increased the efficacy of cell removal and reduction in the time

required for efficient cell removal.  Whole organs have been decellularised using

perfusion techniques which allow solutions to contact the interior of the organ.  Liver,

pancreas, heart and lung from small animals (rat and mouse) have all been

decellularised by pumping the required solutions into the interior vasculature of the

organs (Ott et al. 2008; Petersen et  al. 2010; Shupe et al. 2010; Goh et  al. 2013).

Perfusion techniques result in the reduction of time required for complete

decellularisation.  For example a porcine heart has been reported to be decellularised

in as little as 10 hours (Wainwright et al. 2010).

Physical methods have also been found to cause minor disruption of the ECM, though

this may be within tolerable limits depending on the application (Prasertsung et  al.

2008; Crapo, Gilbert and Badylak 2011).  Physical methods alone are inefficient at cell

removal and so are generally coupled with chemical and enzymatic methods.
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4.2.1.2 Chemical methods

A range of chemicals have been employed in decellularisation protocols, details of

which can be found in Table 4.1, along with a description of their mode of action.  The

effectiveness of these chemicals is tissue specific and methods must be optimised for

each individual tissue.  For example, Booth et al. (2002) investigated the effectiveness

of a range of decellularisation solutions on porcine aortic heart valves.  Hypotonic

buffer treatments with ethylenediaminetetraacetic acid (EDTA) and aprotinin (a

protease inhibitor) were followed by treatment with one of several detergents and other

organic compounds such as alcohols.  These compounds were dissolved in isotonic,

hypotonic or hypertonic buffers.  Only the anionic detergents, sodium dodecyl sulphate

(SDS) and sodium deoxycholate in hypotonic buffer, were found to adequately

decellularise the valve leaflets (histologically evaluated).  Further investigation of a

range of concentrations showed that SDS and sodium deoxycholate were effective

down to 0.03 % (w/v) and 0.5 % (w/v) respectively.    For the thicker porcine valve

tissues, arterial wall and ventricular muscle, higher SDS concentrations (0.1 % w/v)

were required showing the influence of tissue thickness on the decellularisation

process.  The authors found that Triton X100 only partially decellularised the aortic

valves though others have found this detergent to be a more effective decellularisation

agent when used in the decellularisation of other tissues.  Vavken, Joshi and Murray

(2009), for example, found that the DNA content of porcine anterior cruciate ligaments

(ACL) showed a greater reduction (though not significantly) when treated with 0.25 %

(w/v) Triton X100 compared to 0.1 % (w/v) SDS.  This suggests that tissue type also

plays a role in the effective decellularisation with a particular chemical.  Both methods

tested also resulted in a significant loss of GAG content, with more loss resulting from

SDS treatment (89.5 %) than Triton X100 (67.5 %).  Other researchers have also

observed that SDS reduces the GAG content of tissue.  In porcine medial menisci

decellularised using 0.1 % (w/v) SDS, GAG content was found to fall by 59.4 %,

though this did not result in significant changes in compressive and tensile mechanics

(Stapleton et al. 2008).

SDS treatment has been associated with ECM damage and alteration in tissue

structure.  Transmission electron microscopy of 1 % (w/v) SDS treated porcine heart

valve tissues revealed damage to collagen and elastin fibres (Bodnar et al. 1986).

Collagen fibres were found to become swollen and there was also a loss of

hydrothermal stability of the tissue.  This was later substantiated by (Samouillan et al.

2000) who, through the use of differential scanning calorimetry and thermostimulated

currents, showed that elastin and collagen was destabilised in porcine aortic valves

treated with 1 % (w/v) SDS.  ECM damage by these relatively high SDS
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concentrations led to investigations into the use of lower concentrations of SDS as

decellularisation agents (Booth et  al. 2002).  SDS was found to be effective at cell

removal at concentrations as low as 0.03 % (w/v) for thinner cardiac tissues (heart

valve leaflets), while thicker tissues (arterial wall and ventricular muscle) required

0.1 % (w/v) SDS.  In a parallel study, these low SDS treatments were found not to

cause changes in the ECM or biomechanical properties of heart valve leaflets

(Korossis et al. 2002).  As a result of this work a patent was filed for a decellularisation

method which utilised low concentrations of SDS, in order to maintain the ECM

histoarchitecture, alongside the use of nucleases and protease inhibitors (discussed

further in Sections 4.2.1.3 and 4.2.1.4) (Fisher, Ingham and Booth 2002).

Due to the influence of tissue type, the complete decellularisation of more than one

tissue type in a composite biological structure poses a challenge.  A method must be

developed which is equally effective in all the tissue types without adversely affecting

any of the structures.  For example porcine bone-ACL-bone, under development for

use in the treatment of ruptured ACLs, is composed of several structures including

bone, ligament and bone-ligament entheses.  Woods and Gratzer (2005) found that

although efficient at removing cells from the ligament portion of the construct, 1 %

(w/v) Triton X100 was not effective at cell removal from the bone.  The use of 1 %

(w/v) Triton X100 followed by 1 % (w/v) SDS treatment was found to improve cell

removal from the bone although there was still a problem with the removal of cells

from the dense enthesis, where the ligaments insert into the bone.  The addition of

SDS was also shown to be effective at removal of intracellular vimentin (a cytoskeletal

protein) but the GAG and collagen content was adversely affected causing the scaffold

to increase in tensile stiffness.  This example not only demonstrates the challenges of

effective decellularisation of multiple tissues within a biological structure but the

trade-off between effective decellularisation and loss of mechanical properties.  The

effectiveness of a decellularisation protocol will be dependent on the density of cells

present in the tissue, tissue thickness, tissue density, tissue composition, source and

age (Crapo, Gilbert and Badylak 2011).  These factors pose a challenge and tissue

specific protocols must be investigated and developed.
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Table 4.1 Chemicals commonly utilised in the decellularisation process. Adapted
from Crapo, Gilbert and Badylak (2011).

Chemical
Type

Mode of Action Examples Papers

Acids and
bases

Hydrolytic degradation of

molecules

Peracetic acid; acetic

acid; calcium hydroxide;

sodium sulphide; sodium

hydroxide

(Brown et al. 2009; Daly et al.

2009; Wainwright et al. 2010;

Mercuri, Gill and Simionescu

2011; Keane et al. 2012; Sicari

et al. 2012; Xu et al. 2013)

Hypertonic
saline

Dissociated DNA from

proteins

50 mM Tris buffer with 1.5

M NaCl

(Booth et al. 2002; Woods and

Gratzer 2005; Stapleton et al.

2008; Wainwright et al. 2010)

Hypotonic
solution

Cell lysis by osmosis

(moving between

hypertonic and hypotonic

buffers enhances the

osmotic effect)

10 mM Tris buffer only (Booth et al. 2002; Stapleton

et al. 2008; Wainwright et al.

2010; Wu et al. 2014; Xu et al.

2014)

Detergents Solubilise the cell

membrane and dissociates

the DNA from proteins,

Effectiveness increases

with exposure time and

varies with tissue type, age

and source

Non-ionic: e.g. triton X100

Ionic: e.g.  sodium

dodecyl sulphate (SDS)

Zwitterionic: e.g. 3-[(3-

cholamidopropyl

dimethylammonio]-1-

propanesulfate (CHAPS)

(Booth et al. 2002; Woods and

Gratzer 2005; Ott et al. 2008;

Stapleton et al. 2008; Brown et

al. 2009; Vavken, Joshi and

Murray 2009; Petersen et al.

2010; Shupe et al. 2010;

Wainwright et al. 2010;
Mercuri, Gill and Simionescu

2011; Chan et al. 2013; Goh et

al. 2013; Xu et al. 2013; Wu et

al. 2014; Xu et al. 2014)

Alcohols Dehydrate and lyse cells,

good at removing lipids

Glycerol, isopropanol,

ethanol, methanol

(Booth et al. 2002; Lumpkins,

Pierre and McFetridge 2008;

Brown et al. 2009; Daly et al.

2009)

Other
organic
compounds

Fat and lipid removal Acetone and chloroform-

methanol

Tri (n-butyl) phosphate

(TBP)

(Booth et al. 2002; Lumpkins,

Pierre and McFetridge 2008;

Herbert et al. 2015)

Chelating
agents

Chelate metal ions required

by catabolic endogenous

tissue enzymes to  function

Ethylenediaminetetra-

acetic acid (EDTA)

Ethyleneglycoltetraacetic

acid (EGTA)

(Booth et al. 2002; Woods and

Gratzer 2005; Stapleton et al.

2008; Vavken, Joshi and

Murray 2009; Wainwright et al.

2010; Mercuri, Gill and

Simionescu 2011; Xu et al.

2014)

Protease
inhibitors

Inhibit endogenous

proteases which would

otherwise degrade ECM

proteins

Aprotinin, leupeptin (Woods and Gratzer 2005;

Stapleton et al. 2008; Chan et

al. 2013; Wu et al. 2014; Xu et

al. 2014)
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4.2.1.3 Enzymatic methods

Enzymes are used to remove specific components of the tissue.  Examples include:

trypsin, collagenase, lipase, dispase, thermolysin, and α-galactosidase (Prasertsung et

al. 2008; Crapo, Gilbert and Badylak 2011; Xu et al. 2014).  Prasertsung et al. (2008)

found that the proteolytic enzymes trypsin and dispase II could be used to

decellularise porcine dermis to achieve 77 and 92 % DNA reduction respectively.  To

achieve these values, the authors replenished the enzymes regularly in order to

overcome endogenous protease inhibitors released by the disrupted cells.  As well as

being less effective at decellularisation, trypsin treatment was also shown to degrade

the collagen structure of the ECM, particularly at extended incubation times, so it is

probably not suitable for certain tissues or applications in which mechanical function is

important.  Cellular components have also been targeted by decellularisation

protocols.  The use of deoxyribonuclease (DNase) and ribonuclease (RNase), for

example, has been employed to digest the DNA and RNA remaining after cell lysis

thus facilitating their removal (Stapleton et  al. 2008; Mercuri, Gill and Simionescu

2011; Wu et al. 2014; Xu et al. 2014).

4.2.1.4 Additional decellularisation steps

As illustrated above, no single method in isolation can effectively decellularise a tissue

and therefore combinations of physical, chemical and enzymatic methods are routinely

utilised.   Between steps in the decellularisation process, adequate wash steps are

required to flush out cellular debris and detergents from the tissue which, if present in

the resulting ECM scaffold, could invoke adverse host responses upon implantation.

Typical wash steps are carried out using water, phosphate buffered saline (PBS) or

buffers (Stapleton et  al. 2008; Brown et al. 2009; Daly et al. 2009; Chan et al. 2013;

Wu et al. 2014).

Chelating agents such as EDTA are often included in the process to sequester the

metal ions required by endogenous tissue matrix metalloproteases (MMPs) released

from cell lysosomes during the decellularisation process (Stapleton et al. 2008; Brown

et al. 2009).  If left unchecked these would degrade the ECM.  Endogenous proteases

can also be inhibited by substances such as aprotinin and leupeptin which act to inhibit

trypsin, trypsin related proteases and peptidases (Woods and Gratzer 2005; Stapleton

et al. 2008; Wu et al. 2014; Xu et al. 2014).

The presence of fats in tissues may act as barriers to decellularisation agents.  These

can be removed by chemicals such as 2:1 chloroform/methanol mixtures and acetone

(Lumpkins, Pierre and McFetridge 2008; Prasertsung et al. 2008; Herbert et al. 2015).
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Decellularisation protocols are routinely carried out under aseptic conditions and the

inclusion of antibiotics such as streptomycin, penicillin, amphotericin, vancomycin,

gentamicin and polymyxin is common in order to reduce microbial contamination

during these often lengthy decellularisation processes (Crapo, Gilbert and Badylak

2011; Herbert et  al. 2015).    Multiple solution changes increase the point at which

contamination by microorganisms can occur and so the addition of antibiotics may be

necessary.  Surface decontamination using peracetic acid has also been used

(Stapleton et al. 2008; Herbert et al. 2015), as have terminal sterilisation steps which

may be necessary if the resulting scaffold is to be implanted in host species for

research and clinical purposes.  Ethylene oxide gas, γ-irradiation and electron beam

have been investigated as terminal sterilisation methods (Brown et al. 2009; Daly et al.

2009; Edwards et al. 2017b; Herbert et al. 2017a).

4.2.2 Assessing the effectiveness of decellularisation methods

4.2.2.1 Cell and DNA content

Various methods have been used to assess the effectiveness of decellularisation.  The

presence of cells through histological means (e.g. haematoxylin and eosin (H&E) and

4',6-diamidino-2-phenylindole (DAPI) staining of tissue sections) is often used as an

initial method to assess cell removal.  This method however is qualitative and only

provides information on the section under observation and may not be representative

of the whole treated tissue.  Quantitative methods of cell removal are also carried out

such as DNA quantification in which the amount of DNA left in the tissue can be

assessed and compared to the amounts present before treatment.  There have been

suggested guidelines for assessing effective decellularisation (Crapo, Gilbert and

Badylak 2011).  In addition to the lack of visible nuclear material on histologically

stained sections, the authors suggested that as a minimum decellularised tissues

should contain less than 50 ng of double stranded (ds) DNA per mg dry weight ECM

and not contain DNA fragments of greater than 200 base pairs (bp) in length (Crapo,

Gilbert and Badylak 2011).

Macrophage responses in the host have been found to be associated with the residual

DNA content (both the amount and fragment size) in decellularised tissue.

Macrophages of the immune system have been found to exist on a continuum

between two forms.  Classically activated M1 macrophages produce pro-inflammatory

responses such as the production of destructive nitric oxide free radicals.  It is the M1

macrophages that interact with CD4+ T cells to elicit the specific immune response

discussed in Chapter 1, Section 1.7.1.  Alternatively activated M2 macrophages play a

role in wound healing and tissue remodelling (Mills et al. 2000; Cassetta, Cassol and
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Poli 2011).  When decellularised xenografts and allografts were implanted into rats,

the scaffolds were seen to become infiltrated with M2 polarised macrophages resulting

in tissue remodelling.  When allogeneic and xenogeneic cells were present in the ECM

derived scaffolds, there was a shift in macrophage polarisation toward the M1

phenotype leading to pro-inflammatory responses and the scaffolds were degraded

(Brown et al. 2009).  Investigators have quantified the total DNA content and DNA

fragment length of decellularised tissues before their inclusion in in vitro macrophage

culture; it was found that the lower the DNA content and the smaller the fragments, the

more likely it was that macrophages would polarise to an M2 phenotype.  In the

presence of lower DNA content and smaller DNA fragments, macrophages were, in

effect, less pro-inflammatory and more facilitating of tissue repair and remodelling,

which was illustrated by neomatrix deposition in vivo (Keane et al. 2012).

The study of Keane et al. (2012) illustrates the importance of ensuring that the residual

DNA levels are negligible or at least less than 50 ng.mg-1 dry weight (Crapo, Gilbert

and Badylak 2011).  Some researchers have produced decellularised tissues to well

within these recommended limits.  For example, the decellularisation protocol

developed for porcine medial menisci has been shown to reduce the total DNA content

to 2 ng.mg-1, a reduction of 95 % (Stapleton et al. 2008).  This in itself is much lower

than the recommended maximum level of 50 ng.mg-1 of double stranded (ds) DNA and

in fact the value could be even lower if the amount of ds DNA had been determined.  A

large number of “decellularised” products however, contain in excess of the

recommendations for DNA content (Gilbert, Sellaro and Badylak 2006; Badylak 2014).

Care should be taken in the interpretation of results if researchers report only the

percentage decrease in DNA content as it may be the final DNA content and not the

percentage reduction in DNA which is most important factor for assessing the success

of the decellularisation method.

4.2.2.2 The presence of specific cell surface molecules

When considering decellularisation of xenogeneic tissues, antigens such as the α-Gal

epitope should ideally be removed by the decellularisation process. a-Gal  is  a

carbohydrate expressed on glycoproteins and glycolipids in the cell membranes of all

mammals except humans and old world primates (Galili et al. 1987; Galili 2001).

Anti-α-Gal antibodies circulate in humans due to constant stimulation by

gastrointestinal bacteria (Galili et al. 1988; Galili 2001).  When these antibodies

encounter vascularised transplanted xenogeneic tissue they activate the complement

pathway which ultimately leads to hyper-acute rejection of the tissue (Galili 2001).

Therefore, some researchers hold that such epitopes should not be present in the
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ECM scaffolds and must be removed during their production.  One option is to treat

the tissue with specific enzymes which cleave the epitope in question, in this case

α-galactosidase.  It has been found however that this may not be necessary

particularly if the decellularisation process is inherently able to remove cell remnants.

The decellularisation protocol developed by Stapleton et al. (2008) for example

showed effective removal of the α-Gal epitope from porcine medial menisci without the

need to employ α-galactosidase (assessed by IHC).   The α-Gal epitope has been

found in small amounts on other decellularised ECM scaffolds (Badylak 2014) though

there have been suggestions that this may not be a problem; a primate model has

shown that although implanted porcine small intestinal submucosa (SIS) ECM with

α-Gal present induced an increase in serum anti α-gal antibodies, no adverse effects

on tissue remodelling was observed (Daly et al. 2009).

As discussed in Chapter 1, Section 1.7.1, MHC molecules present on the cells of

allogeneic tissues would initiate acute tissue rejection responses.  These molecules

must also be removed during the decellularisation process to render the tissue

non-immunogenic.  Decellularised tissue contains lower amounts of MHCs than

cryopreserved tissues; this is because decellularisation protocols are designed to

actively degrade and remove cells and cell remnants.  Ketchedjian et al. (2005) were

able to make a direct link between MHC content of tissues and the immunological

response of recipients.  Authors modified a human cytometric panel reactive antibody

assay for an ovine model.  Sheep were implanted with either cryopreserved,

decellularised or non-treated allogeneic pulmonary artery tissue.  Blood samples were

assayed for the presence of antibodies specific to MHC molecules previously identified

on the implanted tissue.  Implanted decellularised tissue resulted in minimal to no

antibody production response to MHC class I and II molecules while cryopreserved

tissue invoked moderate antibody responses to MHC I proteins only and non-treated

implanted tissue resulted in strong panel reactive antibody responses to both MHC I

and II molecules.  Authors also carried out IHC staining on histological sections of the

pre-implanted tissue, the results of which correlated to those of the panel-reactive

antibody assay.  The least amount of staining for MHC I and II molecules was seen in

decellularised tissue, followed by cryopreserved tissue and the most was observed in

non-treated tissue.  IHC assays therefore are able to provide some indication of the

potential immunogenicity of the tissue.

4.2.2.3 Other considerations

In addition to the qualification of cell presence and the quantification of DNA content of

decellularised tissue, scaffolds are often assessed for success by comparing
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biochemical and mechanical properties pre- and post-decellularisation.  Removal of

cellular and nuclear components and decellularisation chemicals however remains the

primary objective.  If the host responds adversely to an implanted scaffold, due to the

presence of such components, it would be unsuitable for use regardless of its

biomechanical properties and biochemical status.  For this reason in vitro cytotoxicity

assays and in vivo biocompatibility studies are carried out in order to identify any toxic

effects on cultured mammalian cells and negative host responses to the scaffolds

(Stapleton et al. 2008; Stapleton et al. 2011).

The ultimate objective of decellularisation is the removal of the cellular components of

the tissue without the disruption of the ECM composition and structure and therefore

tissue mechanics (Crapo, Gilbert and Badylak 2011).  There is, however always a

trade-off between effective cell/DNA removal, removal of residual chemicals and

effects on tissue biochemistry and biomechanics.  A compromise must be found for

each individual tissue.  A tolerable loss in properties may be found within the limits

required for the application.
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4.3 Aims and objectives

4.3.1 Aims

The aim of the research described in this chapter was to develop a decellularisation

protocol for bovine tail IVD, utilising freeze-thaw cycles, low concentration SDS with

proteinase inhibitors and nuclease treatment.

4.3.2 Objectives

· To apply decellularisation protocols to bovine tail IVDs with attached bony

tissue;

· To characterise the decellularised IVD regions for comparison to native tissue:

· Qualitatively using histological staining methods for the detection of the

presence/absence of cell nuclear material and GAGs and for the

visualisation of tissue histoarchitecture;

· Quantitatively through biochemical determination of DNA and GAG

content.
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4.4 Methods

4.4.1 Tissue preparation for decellularisation

Bovine IVD tissue was dissected for decellularisation following the methods described

in Chapter 2, Section 2.3.2.2.  Breed and age details of the animals used for method

development were not known for all iterations of the decellularisation protocol.  The

breed of the cattle was likely to have been either Limousin or British Blue as these are

the breeds routinely processed by the abattoir (John Penny & Sons, Leeds, UK).

Where the age and breed information was known, the details have been provided

within the relevant methods section.  The two largest IVDs from bovine tails were

extracted with attached vertebral bone (VB).  The larger “C1” IVDs were taken for use

in the decellularisation protocols and the smaller “C2” IVDs were retained as matched

native controls.  Dependant on the decellularisation protocol, the vertebral bone was

either retained or removed above the growth plate (GP).  The GP was then either

drilled or removed by reaming.  Both native and decellularised tissue was dissected for

histological and biochemical evaluation (Chapter 2, Section 2.3.2.3); methods for

histological and biochemical evaluation can be found in Chapter 2, Sections 2.3.5 and

2.3.6 respectively.

4.4.2 Decellularisation solutions

Decellularisation solution details can be found in Chapter 2, Section 2.2.18.

4.4.3 Decellularisation methodology

Decellularisation methods utilising low concentration SDS protease inhibitors and

hypotonic buffers were originally reported by Booth et  al. (2002) and subsequently

adapted by Stapleton et  al. (2008) and Hasan (2014).  The initial (basic) method,

reported below, was based on the working week protocol originally developed by

Hasan (2014) for the decellularisation of porcine bone-meniscus-bone and is based on

the patented protocol for the decellularisation of tissues developed within the research

group (Fisher, Ingham and Booth 2002).  The working week protocol allows the

method to be carried out within typical working hours (Monday to Friday, 9 am - 5 pm)

and is an important consideration for any future commercialisation of decellularisation

methods.  The basic method was adapted in subsequent iterations during the current

investigation, based on the results of each iteration.
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4.4.3.1 Protocol 1 (basic method)

Bovine tail IVDs (C1) with approximately 0.5 cm of proximal and distal VB (N=3) were

extracted from bovine tails.  These were termed vertebral bone-disc-vertebral bone

(VB-D-VB) samples (Figure 4.1 a).  Upon extraction, samples were frozen to -20 °C

overnight in 60 mL sample pots.  The samples were then thawed by placing the pots in

tap water at room temperature for three hours.  This freeze-thaw cycle was carried out

three times in total.  The samples were cleaned of bone marrow and bone fragments

using a dental flosser to fire a jet of PBS at room temperature into the bone trabeculae

(Chapter 2, Section 2.3.3).  Between irrigation treatments, the samples were soaked in

PBS at room temperature to help further loosen the bone marrow and fatty membrane

around the IVD.  Any loosened tissue was trimmed away using dissecting scissors.

Samples were returned to 60 mL sample pots, covered with hypotonic buffer

containing aprotinin and frozen to -20 °C overnight.  Samples were thawed at room

temperature for three hours by standing the sample pots in tap water.  These

freeze-thaw cycles in hypotonic buffer were carried out three times in total.   The

samples were placed into individual 250 mL sample pots and washed by cycling

between SDS hypotonic buffer with aprotinin and hypotonic buffer only with aprotinin;

this was followed by aprotinin containing PBS washes.  Samples were then treated

with nuclease solution for three cycles.  PBS and hypertonic buffer washes followed

before peracetic acid (PAA) surface decontamination and finally PBS washes.  All

steps were carried out in 250 mL sterile containers using 150 mL of solution.  Pots

were laid horizontally on shakers and agitated.  All steps were carried out at 240 rpm

apart from nuclease steps which were carried out at 80 rpm and the PAA and final

PBS washes which were carried out at 160 rpm.  All solutions were preconditioned to

the appropriate temperature before use.  Details of the incubation conditions, including

temperature and agitation speeds can be found in Table 4.2.  Samples were wrapped

in PBS soaked filter paper and stored frozen at -20 °C until evaluation was carried out

(no longer than two weeks post decellularisation).  The decellularisation protocol

lasted a total of six weeks.  This initial iteration of the decellularisation protocol was not

carried out aseptically.
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Table 4.2 The six week basic decellularisation protocol.*

Week
No.

Step
No.

Procedure details Aprotinin
addition?

Temp
(°C)

Duration
(hours)

1 1 Freeze
Thaw                                      x3

NA -20
RT

3-18
3

2 Irrigation PBS wash buffer No RT NA
3 Hypotonic buffer freeze

Thaw                                       x3
Yes -20

RT
16-18
3

4 Hypotonic buffer Yes 4 66-72
2 5 0.1 % w/v SDS hypotonic buffer Yes 42 22-24

6 0.1 % w/v SDS hypotonic buffer Yes 42 22-24
7 Hypotonic buffer Yes 4 22-24
8 Hypotonic buffer Yes 42 22-24
9 0.1 % w/v SDS hypotonic buffer Yes 42 66-72

3 10 Hypotonic buffer Yes 4 22-24
11 Hypotonic buffer Yes 42 22-24
12 0.1 % w/v hypotonic buffer Yes 42 22-24
13 0.1 % w/v hypotonic buffer Yes 42 22-24
14 PBS wash buffer Yes 42 6-8
15 PBS wash buffer Yes 42 66-72

4 16 PBS wash buffer Yes 42 6-8
17 PBS wash buffer Yes 42 16-18
18 Nuclease solution No 37 3
19 Nuclease solution No 37 3
20 Nuclease solution No 37 16-18
21 PBS wash buffer No 42 22-24
22 Hypertonic buffer No 42 22-24
23 PBS wash buffer No 42 66-72

5 24 Peracetic acid solution No 27 3
25 PBS wash buffer No 4 22-24
26 PBS wash buffer No 42 22-24
27 PBS wash buffer No 4 22-24
28 PBS wash buffer No 42 22-24
29 PBS wash buffer No 4 66-72

6 30 PBS wash buffer No 4 22-24
31 PBS wash buffer No 42 22-24
32 PBS wash buffer No 4 22-24
33 PBS wash buffer No 42 22-24
34 PBS wash buffer No 4 66-72

7 35 Storage No -80 Up to 1
month

*Protocol adapted from the working week protocol for bone-meniscus-bone
decellularisation, developed by Hasan (2014). RT = room temperature;
PBS = phosphate buffered saline; SDS = sodium dodecyl sulphate

4.4.3.2 Protocol 2 (VB-D-VB, acetone)

The basic method (Protocol 1) was applied to bovine C1 tail VB-D-VB samples (Figure

4.1 a) (N = 3) as detailed in Section 4.4.3.1 with the following alterations.  The bone
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irrigation step was carried out with PBS at 42 °C.  Acetone wash steps were added

immediately following the hypotonic freeze-thaw cycles (Table 4.2, Step 3).  This was

carried out by transferring the samples to individual 500 mL acetone resistant

polypropylene bottles and incubating in 300 mL of acetone for one hour at 42 °C and

200 rpm.  A total of three acetone washes were carried out.  The samples were then

transferred back into 250 mL sample pots and washed three times for 15 min in PBS

with aprotinin added.  The basic protocol was then followed from Step 4 (Table 4.2).

Solution changes were made aseptically in a class II biological safety cabinet.

4.4.3.3 Protocol 3 (VB-D-VB, acetone and sonication)

The basic method (Protocol 1) was applied to bovine C1 tail VB-D-VB samples (N = 3)

as detailed in Section 4.4.3.1 with the following alterations.  The bone irrigation step

was carried out with PBS at 42 °C.  Acetone wash steps were added immediately

following the hypotonic freeze-thaw cycles as detailed in Section 4.4.3.2.  Ten minute

sonication steps were added to the end of all incubations, apart from the nuclease

treatment steps.  Sample pots were placed in an ultrasonic water bath with the sample

orientated so that it was stood with one of the bone surfaces uppermost.  The

ultrasonic water bath (40-50 Hz) was turned on for 10 min. Solution changes were

made aseptically in a class II biological safety cabinet.

4.4.3.4 Protocol 4 (VB-D-VB, sonication)

The basic method (Protocol 1) was applied to bovine C1 tail VB-D-VB samples (N = 3)

as detailed in Section 4.4.3.1 with the following alterations.  The bone irrigation step

was carried out with PBS at 42 °C.  Ten minute sonication steps were added to the

end of all incubation steps, apart from the nuclease treatment steps as detailed in

Section 4.4.3.3.  Solution changes were made aseptically in a class II biological safety

cabinet.

4.4.3.5 Protocol 5 (GP-D-GP, sonication, antibiotics)

Protocol 4 (Section 4.4.3.4) was adapted as detailed below and applied to bovine

growth plate–disc–growth plate (GP-D-GP) C1 tail IVDs (N = 6) in which the vertebral

bone had been removed to exposed the GP (Figure 4.1 b).  The exposed GP was

drilled using a 1.5 mm drill bit; the drilling pattern made in the GP of the IVDs is shown

in Figure 4.2.  The irrigation step was carried out with PBS at 37 °C.  Samples were

decontaminated immediately following the hypotonic freeze-thaw cycles (Table 4.2,

Step 3); they were transferred into 60 mL sample pots and 20 mL of Cambridge

antibiotic solution was added.  Samples were incubated at 37 °C with 80 rpm agitation.

Samples were transferred into 250 mL sample pots and the protocol was then followed
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from Step 4 as detailed in Table 4.2. All steps following the antibiotic decontamination

step were carried out aseptically in a class II biological safety cabinet.

Figure 4.1 Regions of the intervertebral disc tissue samples and sample types.
a) tissue regions of the IVD, the central nucleus pulposus (NP) contains clusters
of notochord-like cells (NP notochord-like cell regions), it is surrounded by the
inner and outer annulus fibrosus (iAF and oAF). These IVD regions are
integrated into the vertebral bone (VB) at the endplate (EP).  The VB has a
growth plate (GP) running through it which results in a layer of VB sandwiched
between the GP and EP, referred to here as the midbone (MB); b) GP-D-GP
sample where the excess GP has been exposed and drilled and c) EP-D-EP
where the GP has been removed by reaming to expose the underlying bone.

Figure 4.2 Drilling pattern made in the exposed growth plate (GP) of the
extracted sample. The vertebral bone was removed from the samples to expose
the GP, which was then drilled using a 1.5 mm drill bit.

4.4.3.6 Protocol 6 (EP-D-EP, sonication, antibiotic and increased
solution volume)

The method used in Protocol 5 (Section 4.4.3.5) was applied to six bovine C1 tail IVDs

(from Limousin cattle of unknown age) with the following alterations.  The VB was

detached from the extracted VB-D-VB samples to expose the GP which was then

removed by reaming using an electrical burr (Dremel multi-tool 8200, Uxbridge, UK,

with a 6.5 mm round head tungsten carbide reamer attachment).  This exposed the
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underlying bone which had an approximate depth of 1-2 mm over the endplate (EP).

The resulting tissue was termed an endplate-disc-endplate sample (EP-D-EP) (Figure

4.1 c).  The volume of hypotonic buffer, SDS hypotonic buffer, PBS buffer and

nuclease treatment solution was increased to 300 mL.  To allow for this increased

volume, 500 mL polypropylene pots were used in place of the 250 mL sterilin pots

used previously.

4.4.3.7 Protocol 7 (Protocol 6 plus vacuum)

Protocol 7 was based on Protocol 6 (Section 4.4.3.6) with the sample pots attached to

a vacuum pump.  Here the process was carried out in adapted 500 mL polypropylene

pots.  These pots differed in dimensions to those used in Protocol 6 (Section 4.4.3.6);

the pots used in Protocol 6 and 7 are shown in the image in Figure 4.3.  The adapted

pots allowed for connection to a vacuum line which was used to reduce the pressure in

the pots to below atmospheric pressure.  Six EP-D-EP C1 samples (Figure 4.1 c) were

prepared.  Samples were obtained from Limousin cattle of approximately 28 months

old.  Incubations from Step 4 onwards (Table 4.2) were carried out with the sample

pots connected to the vacuum pump (PM13717-813.5, KNF Neuberger, Whitney, UK).

A  0.2 µM polytetrafluoroethylene (PTFP) filter was inserted into the tubing in order to

help maintain the sterility of the samples.  Two water traps were placed between the

sample pots and the pump, both of which were placed in a polystyrene box containing

a mixture of wet and dry ice in order to produce a condenser.  This was necessary for

incubations carried out above room temperature as the solution vapour produced

would otherwise have entered the vacuum pump.  The adapted 500 mL pots and their

connections to the vacuum pump are shown in Figure 4.4.  At the start of each

incubation step, the vacuum was applied (-900 to -1000 mbar) to the samples for

approximately ten minutes before slowly releasing the vacuum for 5 minutes.  The

vacuum was then reapplied for the duration of the incubation with the appropriate

agitation. All steps were carried out at 200 rpm apart from the nuclease steps, which

were carried out at 80 rpm, and the PAA and final PBS washes which were carried out

at 160 rpm.  Solution changes were made in a class II safety cabinet.  It was

necessary to reduce agitation to a maximum of 200 rpm in order to prevent solution

washing over the vacuum inlet.  The solution volume was increased from 300 to 360

mL in order to compensate for solution loss (which occurred during the process) and to

keep the tissue submerged in the solution.



100

Figure 4.3 500 mL polypropylene sample pots used in the decellularisation
processes. Example of pots used in Protocol 6 (left) and Protocol 7 (right)
While the dimensions of the pots differed, both had a maximum volume of
500 mL

Figure 4.4 Adapted sample pots and vacuum set up for Protocol 7. a) adapted
500 mL polypropylene sample pot with vacuum outlet line, filter and tubing
connector; b) six sample pots on an orbital shaker connected a vacuum pump
(foreground, partially visible) via two water traps, both of which were placed in ice
to create a condenser.
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4.4.3.8 Summary of decellularisation protocols investigated

The seven protocols investigated are summarised in Table 4.3.

Table 4.3 Summary of decellularisation protocols investigated.

Protocol number
1 2 3 4 5 6 7

Basic
method

ü  ü ü ü ü ü ü

Solution
volume
(mL)

150 150 150 150 150 300 360

Sample pot
size (mL)

250 250 250 250 250 500 500

Acetone ü ü

Sonication ü ü ü ü ü

Antibiotic
decontami-
nation

ü ü ü

PBS
irrigation
temp (°C)

Room

temp.

42 42 42 37 37 37

Sample
type

VB-D-VB VB-D-VB VB-D-VB VB-D-VB GP-D-GP EP-D-EP EP-D-EP

N number 3 3 3 3 6 6 6

Key to sample type: VB-D-VB = intervertebral disc (IVD) with vertebral bone

attachments;  GP-D-GP = IVD with growth plates exposed and drilled; EP-D-EP = IVD

with growth plates removed to leave approximately 1-2 mm vertebral bone overlaying

the endplates.
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4.4.4 Evaluation of native and decellularised intervertebral discs

4.4.4.1 Division of tissue for evaluation

Native and decellularised VB-D-VB, GP-D-GP and EP-D-EP samples were dissected

for histological and biochemical evaluation.  A slice of approximately 0.5 cm wide was

taken from the centre of the samples in the sagittal plane (Chapter 2, Section 2.3.2.3).

This slice was taken for histological evaluation while the tissues either side were taken

for biochemical evaluation.  The bovine IVD samples investigated were relatively large

structures made up of several tissue regions, each with varying biochemical and

cellular make up.  For the purposes of histological and biochemical evaluation, the IVD

samples were subdivided in to multiple tissue regions.  Both native and decellularised

tissue was subdivided in to the following: the nucleus pulposus (NP), Notochord-like

cell regions within the NP (NP notochord), inner annulus fibrosus (iAF) and outer

annulus fibrosus (oAF).  (For Protocol 1, the AF was treated as whole.)  Bony

structures were subdivided in to the vertebral bone (VB), end plate (EP), growth plate

(GP) and midbone (MB) (the region of VB between the GP and EP), where present.  A

diagram showing the subdivision of the IVD in to tissue regions for evaluation is shown

in Figure 4.1 a.

4.4.4.2 Histological evaluation

Native (C2) and decellularised (C1) samples were compared by histological methods.

Samples were prepared as described in Chapter 3, Section 3.3.2.  H&E and DAPI

stained tissue sections (Chapter 2, Sections 2.3.5.7.1 and 2.3.5.7.4) were used to

visualise nuclei within the various tissue regions, as an indication of the effectiveness

of the decellularisation protocol through the assessment of cell removal.  Histological

staining of tissues sections for sulphated GAGs was carried out using safranin O/fast

green (Chapter 2, Section 2.3.5.7.3) in order to qualitatively assess GAG presence,

since GAGs are key functional molecules in the IVD. H&E and safranin O/fast green

stained sections also enabled assessment of the histoarchitecture of the tissue.  For

all protocols, decellularised C1 tissue sections were stained alongside their

corresponding C2 matched native control.  This reduced any variation in batch staining

and allowed for a comparison of staining intensities to be made, particularly relevant

for DAPI and safranin O/fast green staining results where staining intensity gave an

indication of relative amounts of DNA and GAGs respectively.

4.4.4.3 Biochemical evaluation

DNA extraction and quantification (Chapter 2, Section 2.3.6.2) was used to measure

the total DNA content of native and decellularised tissue samples.  The sulphated
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GAG assay (Chapter 2, Section 2.3.6.3) was used to quantify the GAG content of the

native and decellularised tissue samples.

4.4.4.4 Decellularisation protocol assessment criteria

The initial criteria used to assess the success of each decellularisation protocol was

the total or near total removal of cells from histological sections in all areas of the

decellularised tissue.  This was in conjunction with the reduction of total DNA levels of

the tissue to a maximum target of 50 ng.mg-1 dry weight of tissue.  Secondary criteria

were the retention of histoarchitecture or collagen structure and the maintenance of

GAG content of the tissue post decellularisation.

4.4.5 Eosin diffusion investigation

A small scale investigation was carried out in order to assess the diffusion of solutions

into IVD specimens in a similar manner to Giers et  al. (2017) who assessed the

diffusion of 0.1 % (w/v) safranin O and 0.23 % (w/v) fast green solutions into porcine

IVDs with attached EPs.  In their study, Giers et al. found that these dyes with

molecular masses of 350.85 and 808.85 g.mol-1 respectively were able to pass through

the EP and AF.  In the current investigation the readily available histological dye

eosin Y (647.89 g.mol-1) was selected in favour of food dyes for its affinity for binding

to ECM, which allowed more accurate visualisation of penetration depth upon

dissection.  Previously food dyes have been found to smear upon tissue dissection

and did not provide a distinct boundary line.  Eosin Y, with a molecular mass between

that of safranin O and fast green should also be able to penetrate through the EP and

AF.

EP-D-EP samples, from four separate bovine tails were frozen and thawed for a total

of three times.  Bone marrow was removed with irrigation treatment using PBS

(Chapter 2, Section 2.3.3).  The samples were then submerged in hypotonic buffer

containing aprotinin (Chapter 2, Section 2.2.18.2) and freeze-thawed a further three

times as described in Section 4.4.3.1.  Eosin Y solution (0.5 % aqueous, Chapter 2,

Section 2.2.19) was diluted 1 in 5 in PBS to give a 0.1 % aqueous solution.  The

diluted eosin solution (300 mL) was transferred to each of the four containers used in

the investigation (Table 4.4 and Figure 4.5).  An EP-D-EP sample was placed into

each of the containers with the eosin solution.  A vacuum line was attached to the

appropriate pots and a vacuum of -900 to -1000 mbar was applied as described in

Section 4.4.3.7.  The samples were incubated at 42 ºC and 210 rpm for 24 hours.  At

the end of the 24 hour incubation, the samples were cut in half through the sagittal

plane and in half again.  They were immediately photographed and measurements
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were taken before the eosin dye could diffuse across the surface of the exposed IVD.

Digital Vernier callipers were used to measure penetration depth of the eosin dye into

the oAF; four measurements were taken (two in the lateral dimension and two in the

A-P dimension of the IVD) for each sample and a mean penetration depth calculated.

Due to the varying depths of the MB and EP, measurements were not taken for the

penetration of dye into these areas.

Table 4.4 Eosin diffusion treatment details for each of the four conditions.

Condition 1 2 3 4

IVD level C1 C1 C1 C2

Treatment Short pot

No vacuum

Tall pot

No vacuum

Short pot

Vacuum

Buchner flask

Vacuum

Figure 4.5 Eosin diffusion investigation, containers used for each sample.
Condition 1, 500 mL short sample pot; Condition 2, 500 mL tall sample bottle;
Condition 3, short sample pot with vacuum line attachment and Condition 4,
500 mL Buchner flask with attached vacuum line.

4.4.6 Bone irrigation investigation

A small scale investigation was carried out in order to assess the effects of PBS

temperature on marrow clearing efficiency during irrigation treatment of bony sample

surfaces.  A single VB-D-VB sample and a single GP-D-GP sample (with drilled GPs)

were irrigated with PBS at either room temperature, 37 °C or 42 °C (Chapter 2,

Section 2.3.3).  The samples were cut in half through the sagittal plane in order to
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assess how effective the treatments were at removing bone marrow, which was

assessed by eye.

4.4.7 Sterility testing of decellularised tissue

For Protocols 5-7, sterility testing was carried out at the end of the decellularisation

protocol.  Both the final PBS wash solution and biopsies of the oAF were tested as

described in Chapter 2, Section 2.3.4
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4.5 Results

4.5.1 Native bovine intervertebral disc tissue

4.5.1.1 Histological evaluation

Representative images of native bovine tissue sections stained with H&E, DAPI and

safranin O are shown in Figure 4.6.  For each decellularisation protocol, decellularised

tissue (C1) was compared directly to native tissue from the matched native control

(C2).

Cellularity

Native bovine IVD tissue sections showed the characteristic staining with H&E

described in Chapter 3, Section 3.4.2.1. Cell nuclei were stained purple/blue with

haematoxylin stain, while the ECM was stained pink/purple with eosin.  Cell nuclei in

the NP were rounded and were either sparsely distributed through the tissue region or

present in notochord-like cell clusters as discussed previously in Chapter 3 (Figure

4.6; NP (inset) and NP notochord; H&E).  The cells of the iAF and, to a greater extent,

the oAF were elongated along the direction of fibres (Figure 4.6; iAF, oAF; H&E, inset).

Cell morphology could be more clearly seen at higher magnifications (see also

Chapter 3, Figure 3.13).  Cells within the MB and VB were situated either within the

lacunae of the bone or within trabecular bone spaces, as part of the bone marrow

(Figure 4.6; MB, VB; H&E; inset and arrows respectively).  Cells within the EP and GP

were orientated into columns (Figure 4.6; EP, GP; H&E).  DAPI stained sections

showed the same cellular distribution visualised in H&E stained sections;  DAPI

stained nuclei in native tissue fluoresced intensely and were clearly defined (Figure

4.6; DAPI).

Histoarchitecture

Native tissue from each decellularisation protocol investigation showed the same

histoarchitecture as previously described in Chapter 3, Section 3.4.2.1.

Histoarchitecture could be assessed using either H&E stained tissue sections or those

obtained from safranin O stained tissue.  Safranin O staining proved clearer

visualisation of the histoarchitecture of NP, iAF and oAF than the H&E staining method

(Figure 4.6, NP, iAF, oAF, H&E, Safranin O); this was particularly evident for the oAF

where the lamella structure could be clearly seen.  Representative images of native

tissue sections stained with H&E and safranin O are shown in Figure 4.6.
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Safranin O/GAG stained sections

Native NP tissue sections were stained as previously described in Chapter 3, Section

3.4.2.1).  Native NP tissue sections were stained intensely red with safranin O,

showing the presence of GAGs (Figure 4.6; NP; Safranin O).  Safranin O staining in

the iAF was almost as intense as that of the NP (Figure 4.6; iAF; Safranin O).  The

safranin O staining intensity gradually diminished in the tissue section, away from the

NP towards the oAF.  The oAF did not show staining for GAGs with safranin O but was

stained with the fast green counter stain  (Figure 4.6; oAF; Safranin O).  The interface

between the iAF and oAF showed an overlap of green and red staining (Figure 4.6;

iAF/oAF; Safranin O).
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Figure 4.6 Representative micrographs of sections of native VB-D-VB regions
stained with H&E, DAPI and safranin O/fast green. NP = nucleus pulposus;
NP notochord = notochord-like cells; iAF = inner annulus fibrosus; oAF = inner
annulus fibrosus; MB = midbone; EP = endplate; GP = growth plate and
VB = vertebral bone.  All images were taken at 100 x magnification, with the
exception of the images for the NP notochord, stained with H&E, and for the
iAF/oAF transition zone, stained with safranin O/fast green; these images were
taken at 50 x and 25 x magnification respectively.
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4.5.1.2 DNA and GAG content of native intervertebral disc tissues

The results of the DNA and GAG assessment of native IVD tissue are presented

alongside those of the decellularised tissue within the following sections.

4.5.2 Protocol 1 (basic method)

Upon gross inspection of the decellularised VB-D-VB there was no apparent size or

structural changes when compared to native VB-D-VB samples.  The native VB was

pink/red due to the presence of bone marrow and blood.  The native oAF had a slight

pink tint due to remnants of surrounding tissue (Figure 4.7 a).    Decellularised tissue

was white having been washed of the bone marrow, blood and cells (Figure 4.7 c).

When the decellularised sample was cut through the sagittal plane the inner tissue

was also colourless (Figure 4.7 d).  Representative images of a native and

decellularised VB-D-VB samples (whole and sliced) are shown in Figure 4.7.

Figure 4.7 Bovine tail intervertebral discs before and after decellularisation with
Protocol 1. a) native vertebral bone-disc-vertebral bone sample (VB-D-VB); b)
cross-section of native VB-D-VB sample; c) decellularised VB-D-VB sample;
d) cross-section of decellularised native VB-D-VB sample.
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4.5.2.1 Histological evaluation

Cellularity

H&E and DAPI stained sections revealed a reduction in the number of whole individual

purple/blue stained nuclei in the NP region (Figure 4.8; NP, H&E, DAPI).  The NP

showed the presence of “ghost” nuclei; areas which were diffuse, less intensely

stained regions (in contrast to the intensely stained round nuclei seen in the native NP

(Figure 4.6; NP; H&E, DAPI)).  Clusters of notochord-like cell nuclear material were

present in the decellularised NP, the majority of which was fragmented and diffusely

stained.  The notochord-like cell clusters in the decellularised tissue also contained a

small number of more intensely stained round cell nuclei, resembling the intact nuclei

of native tissue (Figure 4.6; NP notochord; H&E).  For both the NP and NP notochord

regions, the DAPI staining of any whole nuclei present in decellularised tissues was

less intense than those in native control tissue, suggestive of a reduction in the

amount of nuclear material present.

Images of H&E and DAPI stained decellularised iAF and oAF tissue sections produced

by Protocol 1 also showed a reduction in the number of whole cell nuclei in these

regions.  The iAF showed “ghost” nuclei staining and some whole nuclei post

decellularisation (Figure 4.8; iAF; H&E, DAPI).  The oAF did not show “ghost” nuclei

staining but did show staining of occasional whole nuclei (this was much less frequent

than in the iAF) (Figure 4.8; oAF; H&E, DAPI).  For both the iAF and oAF regions, the

DAPI staining of any whole nuclei present in decellularised tissues was less intense

than those in native control tissue, suggestive of a reduction in the amount of nuclear

material.

Histoarchitecture

H&E and safranin O/fast green stained decellularised tissue sections produced by

Protocol 1 showed a retention of the histoarchitecture in the NP (Figure 4.8; NP; H&E,

Safranin O).  The ECM in the NP retained its random alignment of fibres and appeared

similar to the NP of native tissue with some apparent loosening of the structure

compared to the native NP.  Both the iAF and oAF of decellularised tissues retained

the layered concentric structures and parallel fibre alignment (Figure 4.8; iAF, oAF;

H&E, Safranin O).

Safranin O/GAG stained sections

Micrographs of safranin O/fast green stained decellularised tissue sections produced

by Protocol 1 showed less intense red safranin O staining for GAGs in the NP and iAF
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than native tissue, suggestive of some GAG loss (Figure 4.8:NP, iAF; Safranin O).  As

the red staining intensity was reduced in the decellularised iAF tissue, fast green

staining of the matrix became more noticeable (Figure 4.8; iAF, Safranin O).  The

matrix of the decellularised oAF, was stained with fast green dye to a similar intensity

to native oAF tissue (Figure 4.8; oAF; Safranin O).

Figure 4.8 Representative micrographs of sections of decellularised VB-D-VB
regions produced by Protocol 1, stained with H&E, DAPI and safranin
O/fast green. NP = nucleus pulposus; NP notochord = notochord-like cells;
iAF = inner annulus fibrosus and oAF = inner annulus fibrosus.  All images were
taken at 100 x magnification with scale bars of 100 µm.

4.5.2.2 DNA and GAG content

The total DNA content of tissue decellularised using Protocol 1 was compared to the

total DNA content of the matched native controls (Figure 4.9 a).  A reduction in the

total DNA content was seen in the decellularised NP, AF and VB when compared to

matched native controls.  Only the decellularised NP had a total DNA content below

the maximum limit of 50 ng.mg-1 dry weight target.  The GAG contents of the

decellularised and native tissues are shown in Figure 4.9 b. There was a loss of

sulphated GAGs in decellularised NP and whole AF when compared to the matched

native control tissue.
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Figure 4.9 a) Total DNA (ng.mg-1 dry tissue weight) and b) sulphated GAG
(µg.mg-1 dry tissue weight) content of native and decellularised tissue
regions produced by Protocol 1. NP = nucleus pulposus; AF = whole annulus
fibrosus; VB = vertebral bone.  Data shown for individual biological replicates
(N = 3).

4.5.2.3 Summary

Protocol 1 was not successful in fully removing whole nuclei or in reducing the mean

total DNA concentration to below the maximum target of 50 ng.mg-1 dry tissue weight

in all the investigated tissue regions.  Changes to the decellularisation protocol were

therefore made in an attempt to improve cell and DNA removal.  It was hypothesised

that the inclusion of acetone washes and sonication steps would improve the efficiency

of the decellularisation procedure as both have been reported to improve the

effectiveness of decellularisation protocols (Lumpkins, Pierre and McFetridge 2008;

Crapo, Gilbert and Badylak 2011; Herbert et al. 2015).  In order to test this hypothesis,

three revised protocols were carried out.  In Protocol 2 acetone washes were included,

in Protocol 3, both sonication and acetone were included and in Protocol 4 sonication

alone was included.  Hence any improvement in decellularisation efficacy due to either

acetone washes or sonication would be identified. These studies were conducted in

parallel using a low sample size for each protocol (N = 3) for reasons of practicality.

Through histological examination of native tissue obtained in Protocol 1, it was

apparent that the AF could be sub-divided in to the iAF and oAF.  These two regions

showed variation in GAG and cellular (and therefore DNA) content.  A lower density of

cells was present in the native iAF compared to the native oAF (Figure 4.6; iAF, oAF;

H&E, DAPI).  The iAF had a higher GAG content compared to the oAF as seen in

safranin O Stained sections (Figure 4.6; iAF, oAF; Safranin O).  AF tissue region
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sampling methods used in biochemical evaluation were altered accordingly in

subsequent studies.  By subdividing the AF, more accurate information on DNA and

GAG levels could be elucidated.  Also, in  subsequent protocol iterations, histological

evaluation of bony tissue regions was made as this was not carried out for Protocol 1

because a method for the processing of bony tissue had not been developed up to this

point.

4.5.3 Protocol 2 (VB-D-VB, acetone)

4.5.3.1 Histological evaluation

Cellularity

H&E and DAPI results for decellularised NP, NP notochord, iAF and oAF produced by

Protocol 2 were comparable to those of Protocol 1.  The number of whole nuclei were

reduced in all decellularised regions of the IVD, compared to native tissue (Figure

4.10; NP, NP notochord, iAF, oAF; H&E, DAPI).  NP, NP notochord and iAF tissue

regions contained less intensely stained “ghost” nuclei alongside a reduced number of

whole nuclei in H&E sections.  H&E stained sections of the oAF did not show any

ghost nuclei. Results for DAPI staining supported those of H&E which revealed a

reduction in whole nuclei in all IVD regions along with visible fragmented nuclear

material.  Staining of whole nuclei present in decellularised tissues was less intense

than those in native control tissue, indicating the presence of less nuclear material.

H&E stained tissue sections of decellularised MB and VB produced by Protocol 2

showed a reduction in the amount of bone marrow (and its associated cells) from

within the bone spaces and very few purple stained nuclei within the bone itself; the

majority of cell lacunae were devoid of purple stained cell nuclei, though occasionally a

purple stained cell nucleus was observed within the bone (Figure 4.10; MB, VB; H&E).

DAPI staining of tissue sections also showed occasional whole nuclei within the bone

and within the bone space (with associated bone marrow).  No fragmented ghost

nuclei were seen.  DAPI staining of any whole nuclei present in decellularised tissues

was less intense than those in native control tissue.

H&E stained tissue sections showed a reduction of purple stained nuclei in the

decellularised EP-IVD entheses region compared to native tissue (Figure 4.10; EP;

H&E).  Whole purple nuclei however could be clearly seen in the decellularised tissue

in the dense regions where the IVD tissue forms an entheses with the EP.  This was

observed along the whole length of the EP.  Almost all the cells present post

decellularisation were within the IVD side of the interface, rather than the EP.  DAPI

staining of nuclear material showed the presence of many whole cell nuclei in
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decellularised EP-IVD enthesis tissue sections (Figure 4.10; EP; DAPI). Cells were

more clearly seen in decellularised EP-IVD enthesis tissue sections when stained with

DAPI than when stained with H&E.  DAPI staining of any whole nuclei present in

decellularised tissues was slightly less intense that those in native control tissue.

H&E stained tissue sections of decellularised tissue showed a reduction of purple

stained nuclei in the GP compared to native tissue (Figure 4.10, GP, H&E).  DAPI

staining of nuclear material showed the presence of whole cell nuclei in decellularised

tissue sections to a greater frequency than in the H&E stained tissue sections (Figure

4.10, GP, DAPI).  The intensity of DAPI staining of any whole nuclei (where present) in

decellularised tissue sections was slightly less intense that those in native control

tissue sections.

Histoarchitecture

As for Protocol 1, there was no evidence of gross changes to the histoarchitecture of

the NP, NP notochord, iAF and oAF in the stained tissue sections (Figure 4.10, NP,

NP notochord, iAF, oAF; H&E, Safranin O).  The ECM in the NP retained its random

alignment of collagen fibres though they appeared a little looser than native NP.  Both

decellularised iAF and oAF retained their layered concentric structures and parallel

alignment, similar to stained native tissue sections.

The VB and MB in decellularised tissue sections retained a similar structure to that of

native bone; a retention of the concentric ring structure around cell lacunae and bone

canals was evident in stained histological sections (Figure 4.10; VB, MB, H&E).

Histologically stained decellularised tissue showed the retention of the columnar

structure of the GP (Figure 4.10; GP; H&E).  A retention of the histoarchitecture of the

interface between the EP and IVD was also seen with the integration of oAF fibres in

to the dense structure of the EP which resembled that of native tissue (Figure 4.10;

EP; H&E).

Safranin O/GAG stained sections

Safranin O/fast green staining results were similar to those of Protocol 1.   Less

intense red safranin O staining for GAGs was seen in the NP and iAF tissue sections

when compared to native tissue sections stained with safranin O.  This is suggestive of

some GAG loss (Figure 4.10; NP, iAF; Safranin O).  The collagen matrix of the

decellularised oAF tissue sections, was stained with fast green dye to a similar

intensity to that of native oAF tissue sections (Figure 4.10; oAF; Safranin O).
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Figure 4.10 Representative micrographs of sections of decellularised VB-D-VB
regions produced by Protocol 2, stained with H&E, DAPI and safranin
O/fast green. NP = nucleus pulposus; NP notochord = notochord-like cells;
iAF = inner annulus fibrosus; oAF = inner annulus fibrosus; MB = midbone;
EP = endplate; GP = growth plate and VB = vertebral bone.  All images were
taken at 100 x magnification with scale bars of 100 µm.

4.5.3.2 DNA and GAG content

The total DNA content of the native and decellularised tissues are shown in Figure

4.11 a.  A reduction in the total DNA content of decellularised tissue was seen in all

investigated tissue regions when compared to matched native control tissue.  Only the

decellularised VB had a total DNA content below the maximum limit of 50 ng.mg-1 dry

weight target. The sulphated GAG content of the native and decellularised tissues are

shown in Figure 4.11 b. The sulphated GAG content of decellularised tissue regions

was similar to that of matched native control tissue.
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Figure 4.11 a) Total DNA (ng.mg-1 dry tissue weight) and b) sulphated GAG
(µg.mg-1 dry tissue weight) assay results for native and decellularised
tissue regions produced by Protocol 2. NP = nucleus pulposus; iAF = inner
annulus fibrosus; oAF = outer annulus fibrosus; VB = vertebral bone.   Data
shown for individual biological replicates (N = 3).

4.5.4 Protocol 3 (VB-D-VB, acetone and sonication)

4.5.4.1 Histological evaluation

Cellularity

Histological staining results for H&E and DAPI stained tissue sections produced by

Protocol 3 were comparable to those produced by Protocol 2.  Whole nuclei were

present in all investigated regions (NP, NP notochord, iAF, oAF, MB, EP, GP and VB)

(Figure 4.12; NP, NP notochord, iAF, oAF, MB, EP, GP, VB; H&E, DAPI).

Histoarchitecture

Micrographs of H&E and safranin O/fast green stained decellularised tissue sections

produced by Protocol 3 are shown in Figure 4.12; Safranin O.  Results were similar to

those for Protocol 2 with a retention of histoarchitecture in the IVDs and bony

attachments seen in stained tissue sections.

Safranin O/GAG stained sections

Micrographs of safranin O/fast green stained decellularised tissue sections produced

by Protocol 3 mirrored those for Protocol 2.  Less intense red safranin O staining for

GAGs was observed in the tissue sections of the NP and iAF, compared to native

tissue sections (Figure 4.12; NP, iAF; Safranin O).  The matrix of the decellularised
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oAF tissue sections, was stained green with fast green dye to a similar intensity to that

of native oAF tissue sections (Figure 4.12; oAF; Safranin O).

Figure 4.12 Representative micrographs of sections of decellularised VB-D-VB
regions produced by Protocol 3, stained with H&E, DAPI and safranin
O/fast green. NP = nucleus pulposus; NP notochord = notochord-like cells;
iAF = inner annulus fibrosus; oAF = inner annulus fibrosus; MB = midbone;
EP = endplate; GP = growth plate and VB = vertebral bone.  All images were
taken at 100 x magnification with scale bars of 100 µm.

4.5.4.2 DNA and GAG content

The total DNA content of the native and decellularised tissue are shown in Figure 4.13

a.  A reduction in the total DNA content was seen in the all the decellularised tissue

regions investigated when compared to matched native control tissue.  Only the

decellularised NP and VB had a total DNA content below the maximum limit of

50 ng.mg-1 dry weight target.  The total DNA content of decellularised iAF was almost
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below the maximum limit with a mean total DNA value of 51.4 (± 2.4) ng.mg-1 dry

weight (± 95 % CL.   The sulphated GAG content of native and decellularised tissue is

shown in Figure 4.13 b. The sulphated GAG content of decellularised tissue regions

was similar to that of matched native control tissue.  Preferential use of tissue samples

in the DNA assay resulted in a limited amount of decellularised NP sample.  For this

reason, for the decellularised NP in the GAG assay, the sample size was two.

Figure 4.13 a) Total DNA (ng.mg-1 dry tissue weight) and b) sulphated GAG
(µg.mg-1 dry tissue weight) assay results for native and decellularised
tissue regions produced by Protocol 3. NP = nucleus pulposus; iAF = inner
annulus fibrosus; oAF = outer annulus fibrosus; VB = vertebral bone.  Data
shown for individual biological replicates (N = 3, except for the GAG assay where
N = 2 for the decellularised NP).

4.5.5 Protocol 4 (VB-D-VB, sonication)

4.5.5.1 Histological evaluation

Cellularity

Histological staining results for H&E and DAPI stained tissue sections produced by

Protocol 4 were comparable to those produced by Protocols 2 and 3.  Whole nuclei

were present in all investigated tissue region sections (Figure 4.14; NP, NP notochord,

iAF, oAF, MB, EP, GP, VB, H&E, DAPI).  Images of DAPI stained tissue sections

suggested a lower frequency of whole nuclei in all regions in all tissue produced by

application of Protocol 4 (when compared to the results for Protocol 2 and 3).
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Histoarchitecture

Micrographs of H&E and safranin O/fast green stained decellularised tissue sections

produced by Protocol 4 are shown in Figure 4.14; H&E, Safranin O. Results were

similar to those for Protocols 2 and 3 with a retention of histoarchitecture of the IVDs

and bony attachments.

Safranin O/GAG stained sections

Micrographs of safranin O/fast green stained decellularised tissue sections produced

by protocols 3 mirrored those for Protocol 2 and 3 with less intense red safranin O

staining for GAGs in the NP and iAF compared to stained native tissue sections

(Figure 4.14; NP, iAF, Safranin O).  The collagen matrix of the decellularised oAF

tissue sections, was stained with fast green dye to a similar intensity to that of native

oAF tissue sections (Figure 4.14; oAF, Safranin O).
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Figure 4.14 Representative micrographs of sections of decellularised VB-D-VB
regions produced by Protocol 4, stained with H&E, DAPI and safranin
O/fast green. NP = nucleus pulposus; NP notochord = notochord-like cells;
iAF = inner annulus fibrosus; oAF = inner annulus fibrosus; MB = midbone;
EP = endplate; GP = growth plate and VB = vertebral bone.  All images were
taken at 100 x magnification with scale bars of 100 µm.

4.5.5.2 DNA and GAG content

The total DNA content of the native and decellularised tissue are shown in Figure

4.15 a.  A reduction in the total DNA content was seen in the all the decellularised

tissue regions investigated when compared to matched native control tissue.  The

decellularised NP, iAF and VB had a mean total DNA content below the maximum limit

of 50 ng.mg-1 dry weight (36.4 (± 46.6), 9.9 (± 6.6) and 28.4 (± 2.5)  ng.mg-1 dry weight

respectively (± 95 % CL)); the mean value for the decellularised oAF came very close

to this maximum limit, with a value of 50.9 (± 50.3) ng.mg-1 dry weight (± 95 % CL).

The sulphated GAG content of the native and decellularised tissues are shown in
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Figure 4.15 b.  The sulphated GAG content of decellularised oAF tissue regions was

similar to that of matched native control tissue.  There appeared to be a loss of GAGs

form the decellularised iAF when compared to matched native control tissue.

Preferential use of tissue samples in the DNA assay resulted in sample exhaustion of

the decellularised NP and so no results were obtained for the decellularised NP in the

GAG assay.

Figure 4.15 a) Total DNA (ng.mg-1 dry tissue weight) and b) sulphated GAG
(µg.mg-1 dry tissue weight) assay results for native and decellularised
tissue regions produced by Protocol 4. NP = nucleus pulposus; iAF = inner
annulus fibrosus; oAF = outer annulus fibrosus; VB = vertebral bone.   Data
shown for individual biological replicates (N = 3).

4.5.5.3 Summary (Protocols 2-4)

Histological evaluation of decellularised tissue produced by Protocols 2, 3 and 4

showed the presence of whole cells in all the tissue regions investigated.  DAPI

images suggested that the frequency of these whole nuclei was lower in tissues

produced by Protocol 4 than for tissue produced by Protocol 2 and 3 (Figure 4.10,

Figure 4.12, Figure 4.14; DAPI).  The total DNA content for decellularised NP tissues

was comparable across the three protocols but for decellularised oAF, iAF and VB

tissue, the application of Protocol 4 resulted in the lowest total DNA contents in these

regions.  Mean total DNA content for the NP, iAF and VB were below the maximum

target of 50 ng.mg-1 dry weight (36.4 (± 46.6), 9.9 (± 6.6) and 28.4 (± 2.5) ng.mg-1 dry

weight respectively (± 95 % CL)) and the mean total DNA content of the oAF was

close to the maximum level at 50.9 ng.mg-1 (± 50.3) dry weight (± 95 % CL).

Protocol 4 was therefore selected as the basis of future protocol iterations.
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4.5.5.4 Bone irrigation results

The effectiveness of PBS to irrigate the bone marrow from VB-D-VB and GP-D-GP

samples was investigated at different temperatures.  The results are shown in Figure

4.16.  Results for room temperature treatment showed that some bone marrow was

still present in the MB between the EP and GP of the VB-D-VB sample.  Heating of the

PBS to 37 °C appeared to improve removal of bone marrow from the VB as did PBS

warmed to 42 °C, but to a lesser extent.  For VB-D-VB samples at all investigated

temperatures, bone marrow was still present in the MB.  When the VB was removed

and the exposed GP drilled (GP-D-GP), the removal of bone marrow from the MB was

improved.  Warming PBS also appeared to improve the bone marrow removal when

compared to room temperature PBS for the GP-D-GP samples.  It was not clear from

these results whether 37 °C or 42 °C was more effective at bone marrow removal, only

that warming of the irrigation solution did improved marrow removal.

Figure 4.16 Bone marrow irrigation of vertebral bone-disc-vertebral bone
(VB-D-VB) and growth plate-disc-growth plate (GP-D-GP) samples with PBS
at a range of temperatures.

4.5.6 Protocol 5 (GP-D-GP, sonication, antibiotics)

Histological results for Protocol 4, showed that whole nuclei were still persisting in all

regions of the decellularised IVD tissues.  It was hypothesised that a reason for this

was because the VB acted as a barrier to the diffusion of decellularisation solutions.  A

change was therefore made to the samples used for decellularisation.  In an attempt to

reduce the barrier for diffusion, the VB was removed and channels were drilled into the

exposed GP as described in Section 4.4.3.5.  In order to address the variation in

values obtained in the DNA and GAG assays, six bovine tail IVDs were decellularised.

An antibiotic decontamination step was added at this point in the protocol
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development, in order to overcome any potential risk of contamination, possible as a

result of the increase in the number of samples being handled (here and in potential

future scale up).  Cambridge antibiotic solution was introduced as this is a preferred

decontamination solution used by NHS Blood and Transplant Tissue and Eye Services

(NHS BT TES).  The alteration to the sample type decellularised led to an alteration in

the sampling for the DNA assay.  In place of a VB sample, a GP/EP sample was

taken.  The GP and EP were sampled together due to the difficulty posed in separating

the two structures, which have a very thin layer of bone between them (1-2 mm).

4.5.6.1 Histological evaluation

Cellularity

Histological staining results for H&E and DAPI stained tissue sections produced by

Protocol 5 were comparable to previous protocols.  Whole nuclei were present in all

investigated regions (Figure 4.17; NP, NP notochord, iAF, oAF, MB, EP, GP; H&E,

DAPI).  Very few whole nuclei and almost no ghost nuclei were seen in the NP, iAF

and oAF and MB stained tissue sections.  The EP-IVD enthesis and GP regions did

however still show several whole nuclei.

Histoarchitecture

Micrographs of H&E and safranin O/fast green stained decellularised tissue sections

produced by Protocol 5 were shown in Figure 4.17; H&E, Safranin O.  Results were

similar to those for previous protocols with a retention of the histoarchitecture of the

IVDs regions and bony attachments.

Safranin O/GAG stained sections

Micrographs of safranin O/fast green stained decellularised tissue sections produced

by Protocol 5 were similar to the result for previous protocols.  There was less intense

red safranin O staining for GAGs in the NP and iAF tissue sections compared to

stained native tissue sections (Figure 4.17, NP, iAF; Safranin O).  Fast green staining

of the collagen matrix of the oAF tissue sections was a similar intensity to that of native

oAF tissue sections (Figure 4.17; oAF; Safranin O).
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Figure 4.17 Representative micrographs of sections of decellularised GP-D-GP
regions produced by Protocol 5, stained with H&E, DAPI and safranin
O/fast green. NP = nucleus pulposus; NP notochord = notochord-like cells;
iAF = inner annulus fibrosus; oAF = inner annulus fibrosus; MB = midbone;
EP = endplate and GP = growth plate.  All images were taken at 100 x
magnification with scale bars of 100 µm.

4.5.6.2 DNA and GAG content

The mean total DNA content of the native and decellularised tissue is shown in Figure

4.18 a.  The following data passed the Shapiro-Wilk normality test (alpha = 0.05):

native NP p = 0.73; decelularised NP p = 0.22; native iAF p = 0.49; decellularised iAF

p = 0.45; decellularised oAF p = 0.19; native GP/EP p = 0.46 and decellularised

GP/EP p = 0.24.  A reduction in the mean total DNA content was seen in the all the

decellularised tissue regions investigated when compared to matched native control

tissue.  The mean total DNA contents of the decellularised NP, iAF and oAF regions

were below the maximum limit of 50 ng.mg-1 dry weight target.  The mean total DNA

value of the decellularised GP/EP region almost fell within the tolerable limit with a
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value 60.6 (± 17.6) ng.mg-1 dry weight.  The reduction in mean total DNA content was

found to be significant in the iAF, oAF and GP/EP regions (Figure 4.18 a).  The

difference between the DNA values of native and decellularised NP was not significant

(p = 0.18).  DNA content data for native oAF was found not to be normally distributed

and so an additional analysis was carried out for native and decellularised oAF data; a

Mann-Whitney U test was carried out which showed the difference in mean DNA

content to be significant (p = 0.002).

The mean sulphated GAG content of the native and decellularised tissues are shown

in Figure 4.18 b; all data passed the Shapiro-Wilk normality test where alpha = 0.05

(native NP p = 0.82; decelularised NP p = 0.97; native iAF p = 0.44; decellularised iAF

p = 0.50; native oAF p = 0.08; decellularised oAF p = 0.50).  A 4.2, 42.0. and 47.3 %

loss of sulphated GAGs was seen in decellularised NP, iAF and oAF respectively

when compared to matched native controls.  There was a significant difference in the

GAG content between native and decellularised tissue regions only in the iAF (Figure

4.18 b).  The differences between the native and decellularised NP and oAF were not

significant (p = 0.63 and p = 0.058 respectively, Student’s t-test).

Figure 4.18 a) Total DNA (ng.mg-1 dry tissue weight) and b) sulphated GAG
(µg.mg-1 dry tissue weight) assay results for native and decellularised
tissue regions produced by Protocol 5. NP = nucleus pulposus; iAF = inner
annulus fibrosus; oAF = outer annulus fibrosus; GP/EP = growth plate/endplate.
Data are expressed as the mean (N = 6) (± 95 % CL). * significant difference
between decellularised tissue region and the in tissue native control p < 0.05
(Student’s t-test).

4.5.6.3 Summary

The total DNA content of the NP, iAF, oAF decellularised tissue produced by

Protocol 5 fell below the maximum target of 50 ng.mg-1, with the value for the GP/EP

being just above this maximum limit.  Removal of the excess bone appeared to help
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improve DNA and cell removal from the tissue, though histological results showed that

cell nuclei were still present, particularly in the NP notochord region, the GP and the

EP-IVD enthesis.  A loss of GAGs was seen in the NP, iAF and oAF; only the loss

from the iAF was found to be statistically significant.

4.5.6.4 Sterility of decellularised  tissue

Sterility testing of the oAF of the tissue samples was carried out during Protocols 5-7.

Representative sterility test results for these protocols are shown in Figure 4.19.  Only

the positive controls showed evidence of microbial growth.  Nutrient broth with the

addition of oAF tissue for all samples (N = 6) and negative controls (nutrient broth

only) remained clear.  This was suggestive of no contamination of either the

decellularisation solution or the oAF tissue.

Figure 4.19 Sterility test results for final PBS wash solution and annulus
fibrosus (AF) biopsies, 48 hours post inoculation. The cloudy positive
control indicates microorganism growth.

4.5.7 Protocol 6 (EP-D-EP, sonication, antibiotic and increased
solution volume)

Due to the persistence of whole cell nuclei in tissue regions produced by the

application of Protocol 5, the barrier to decellularisation solution penetration into the

IVD was further reduced in Protocol 6.  Once the GP had been exposed, it was

removed by reaming to uncover the underlying MB.  Direct contact of decellularisation
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solutions with the MB would theoretically improve their access to the EP and

underlying IVD structures.  Solution volumes were also doubled from 150 mL to

300 mL in order to ensure that the solutions were in excess and not becoming

saturated during the incubations.  The size of the sample pots were increased

accordingly in order to accommodate the increase in solution volume.

4.5.7.1 Histological evaluation

Cellularity

Histological staining results for H&E and DAPI stained tissue sections produced by

Protocol 6 were similar to those of previous protocols.  Some whole nuclei were

present in all investigated regions (Figure 4.20; NP, NP notochord, iAF, oAF, MB, EP;

H&E, DAPI).  Few whole nuclei and almost no ghost nuclei were seen in the NP, iAF

and oAF and MB tissue sections.  The EP-IVD enthesis did however still show several

whole nuclei present.

Histoarchitecture

Micrographs of H&E and safranin O/fast green stained decellularised tissue sections

produced by Protocol 6 are shown in Figure 4.20; Safranin O.  Results were similar to

those for previous protocols with a retention of histoarchitecture in the stained tissue

sections of the IVD regions and bony attachments.

Safranin O/GAG stained sections

Micrographs of safranin O/fast green stained decellularised tissue sections produced

by Protocols 6 showed similar results to previous protocols.  There was less intense

red safranin O staining for GAGs in the NP and iAF tissue sections compared to

stained native tissue sections (Figure 4.20; NP, iAF; Safranin O).  Fast green staining

of the collagen matrix of oAF tissue sections was a similar intensity to that of native

oAF tissue sections (Figure 4.20; iAF; Safranin O).



128

Figure 4.20 Representative micrographs of sections of decellularised EP-D-EP
regions produced by Protocol 6, stained with H&E, DAPI and safranin
O/fast green. NP = nucleus pulposus; NP notochord = notochord-like cells;
iAF = inner annulus fibrosus; oAF = inner annulus fibrosus; MB = midbone and
EP = endplate.  All images were taken at 100 x magnification with scale bars of
100 µm.

4.5.7.2 DNA and GAG content

The mean total DNA content of the native and decellularised tissue is shown in Figure

4.21 a.  The following data passed the Shapiro-Wilk normality test (alpha = 0.05):

native NP p = 0.16; decelularised NP p = 0.60; native iAF p = 0.07; decellularised iAF

p = 0.62; native oAF p = 0.08; native EP p = 0.13 and decellularised EP p = 0.85.  A

reduction in the mean total DNA content was seen in the all the decellularised tissue

regions investigated when compared to matched native control tissue.  The mean total

DNA contents of the decellularised iAF, oAF and EP regions were lower than the

maximum limit of 50 ng.mg-1 dry weight.  The mean total DNA content of the

decellularised NP region, however, was 90.5 (± 18.3) ng.mg-1 dry weight.  The
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reduction in total DNA content was significant in the iAF, oAF and EP regions (Figure

4.21 a).  The difference seen between the DNA content of native and decellularised

NP was not significant (Student’s t-test, p = 0.50).  DNA content data for decellularised

oAF was found not to be normally distributed and so an additional analysis was carried

out for native and decellularised oAF data; a Mann-Whitney U test was carried out

which showed the difference in mean DNA content to be significant (p = 0.002).

The mean sulphated GAG content of the native and decellularised tissues are shown

in Figure 4.21 b; all data passed the Shapiro-Wilk normality test where alpha = 0.05

(native NP p = 0.17; decelularised NP p = 0.96; native iAF p = 0.40; decellularised iAF

p = 0.07; native oAF p = 0.08; decellularised oAF p = 0.75).  A 13.6 and 41.4 % loss of

sulphated GAGs was seen in the decellularised iAF and oAF respectively when

compared to matched native control tissue.  The decellularised NP did not show a loss

of GAGs (1.0 % increase). The difference between native and decellularised tissue

regions was not significant in all investigated regions (p = 0.93, 0.30 and 0.14 for the

NP, iAF and oAF respectively, Student’s t-test).

Figure 4.21 a) Total DNA (ng.mg-1 dry tissue weight) and b) sulphated GAG
(µg.mg-1 dry tissue weight) assay results for native and decellularised
tissue regions produced by Protocol 6. NP = nucleus pulposus; iAF = inner
annulus fibrosus; oAF = outer annulus fibrosus; EP = endplate.   Data are
expressed as the mean (N = 6) (± 95 % CL). * significant difference between
decellularised tissue region and the in tissue native control p < 0.05 (Student’s
t-test).

4.5.7.3 Summary

Evaluation of DNA content for decellularised tissue produced by Protocol 6 showed

the total DNA concentration of the iAF, oAF and EP fell below the maximum target of

50 ng.mg-1 dry weight.  In the NP, the total DNA content post decellularisation however

was around double that previously seen in Protocols 1-5.  Native DNA content of the
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NP was also found to be around double the values previously seen.  It appeared that

these bovine tail IVDs contained unusually high DNA contents within their NP regions.

As seen in Protocol 5, removal of the excess bone (including the GP) appeared to

improve DNA and cell removal.  Histological evaluation however, showed that cell

nuclei were still present, particularly in the NP notochord region and the  EP-IVD

enthesis.

4.5.8 Protocol 7 (Protocol 6 plus vacuum)

A vacuum was applied during solution incubations in Protocol 7 as it was hypothesised

that a more forceful infiltration of solutions into the tissue structures could help with the

removal of cells and DNA.  The decision to apply negative pressure to the solutions

stemmed from its use in hard tissue and regular histology in order to help infiltration of

resin and tissue processing solutions respectively.  Solution volumes were the same

as in Protocol 6 but owing to the addition of an applied vacuum, different sample

containers were used with differing dimensions.  This allowed the attachment of a

vacuum line as the new sample containers were able to withstand the applied negative

pressure.

4.5.8.1 Histological evaluation

Cellularity

Histological staining results for H&E and DAPI stained tissue sections produced by

Protocol 7 were similar to those of previous protocols.  Whole nuclei were present in

all investigated regions (Figure 4.22; NP, NP notochord, iAF, oAF, MB, EP; H&E,

DAPI).  Some whole nuclei and almost no ghost nuclei were seen in the NP, iAF and

oAF and MB tissue sections.  Tissue sections of the EP-IVD enthesis did however still

show the presence of several whole nuclei.

Histoarchitecture

Micrographs of H&E and safranin O/fast green stained decellularised tissue sections

produced by Protocol 7 are shown in Figure 4.22, H&E, Safranin O.  Results were

similar to those for previous protocols with a retention of histoarchitecture in the tissue

sections of the IVD regions and the bony attachments.

Safranin O/GAG stained sections

Micrographs of safranin O/fast green stained decellularised tissue sections produced

by Protocols 7 showed similar results to previously carried out protocols.  There was

less intense red safranin O staining for GAGs in the NP and iAF compared to native
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tissue sections (Figure 4.22; NP, iAF, Safranin O).  Fast green staining of the matrix of

oAF tissue sections was a similar intensity to that of native oAF tissue sections (Figure

4.22;  oAF: Safranin O).

Figure 4.22 Representative micrographs of sections of decellularised EP-D-EP
regions produced by Protocol 7, stained with H&E, DAPI and safranin
O/fast green. NP = nucleus pulposus; NP notochord = notochord-like cells;
iAF = inner annulus fibrosus; oAF = inner annulus fibrosus; MB = midbone and
EP = endplate.  All images were taken at 100 x magnification with scale bars of
100 µm.

4.5.8.2 DNA and GAG content

The mean total DNA content of the native and decellularised tissue is shown in Figure

4.23 a; all data passed the Shapiro-Wilk normality test where alpha = 0.05 (native NP

p = 0.21; decelularised NP p = 0.93; native iAF p = 0.79; decellularised iAF p = 0.60;

native oAF p = 0.06; decellularised oAF p = 0.50; native EP p = 0.43; decellularised
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EP p = 0.10).  A reduction in the mean total DNA content was seen in the all the

decellularised tissue regions investigated when compared to matched native control

tissue.  The mean total DNA content of all the decellularised tissue regions

investigated fell below the maximum limit of 50 ng.mg-1 dry weight.  The reduction in

mean total DNA content was significant in the iAF, oAF and EP regions (Figure 4.23

a).  The difference seen between the DNA values of native and decellularised NP was

not significant (p = 0.058, Student’s t-test).

The mean sulphated GAG content of the native and decellularised tissues is shown in

Figure 4.23 b; all data passed the Shapiro-Wilk normality test where alpha = 0.05

(native NP p = 0.06; decelularised NP p = 0.76; native iAF p = 0.31; decellularised iAF

p = 0.51; native oAF p = 0.23; decellularised oAF p = 0.19).  A 5.9, 24.5 and 51.7 %

loss of sulphated GAGs was seen in decellularised NP, iAF and oAF respectively

when compared to matched native control tissue.  The difference between native and

decellularised tissue regions was not significant in all investigated regions (p = 0.51,

0.09 and 0.10 respectively; Student’s t-test).

Figure 4.23 a) Total DNA (ng.mg-1 dry tissue weight) and b) sulphated GAG
(µg.mg-1 dry tissue weight) assay results for native and decellularised
tissue regions produced by Protocol 7. NP = nucleus pulposus; iAF = inner
annulus fibrosus; oAF = outer annulus fibrosus; EP = endplate.   Data are
expressed as the mean (N = 6) (± 95 % CL). * significant difference between
decellularised tissue region and the in tissue native control p < 0.05 (Student’s
t-test).

4.5.8.3 Summary

Evaluation of DNA content for decellularised tissue produced by Protocol 7 showed

the total DNA concentration of all the investigated regions (NP, iAF, oAF and EP) fell

below the 50 ng target.  This was the only protocol investigated which resulted in all

tissue regions falling below 50 ng.mg-1 total DNA per mg of dry weight tissue.  Whole
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nuclei however, particularly within the NP notochord cell area and EP-IVD enthesis

persisted.

4.5.8.4 Eosin diffusion results

Since the presence of cell nuclei and DNA persisted in the decellularised tissue

regions, the fluid penetration during the decellularisation process was investigated by

using eosin dye to track the progress of solution into EP-D-EP samples.  The

penetration of eosin dye into the bone and EP is shown in Figure 4.24.  The thickness

of the EP and overlying bone varied between samples; regardless of the thickness of

the EP and MB region, eosin did not penetrate past the EP into the IVD structures.

This was seen for all four conditions and did not vary with sample container type or

with the application of negative pressure.  Images of the penetration of the eosin dye

into the oAF are also shown in Figure 4.24.  Diffusion depth into the oAF was

consistent regardless of container type or vacuum application status (2.6-2.8 mm)

(Figure 4.25).

Figure 4.24 Penetration of eosin solution into the EP and oAF of bovine
EP-disc-EP samples under four different conditions. (Condition 1, 500 mL
short sample pot; Condition 2, 500 mL tall sample bottle; Condition 3, short
sample pot with applied vacuum and Condition 4, 500 mL Buchner flask with
applied vacuum.)  The dye can be seen to penetrate into but not beyond the EP
and into the oAF only.
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Figure 4.25 Penetration distances (mm) of eosin solution into the oAF of bovine
EP-disc-EP samples under four different conditions. (Condition 1, 500 mL
short sample pot; Condition 2, 500 mL tall sample bottle; Condition 3, short
sample pot with applied vacuum and Condition 4, 500 mL Buchner flask with
applied vacuum.)  Data are expressed as the mean (N = 4) (± 95 % CL).
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4.6 Discussion

The aim of the current work was to develop a decellularisation protocol for bovine tail

IVDs with bone attachments.  The IVD is well integrated into the VB via the EPs and

so the preservation of the EPs in the sample taken for decellularisation would not only

preserve the structure of the IVD, it would also provide a fixation point for future

implantation of the scaffold.  Due to the similarities between the IVD and the meniscus,

the initial protocol (basic method) applied to the IVDs was based on the working week

protocol produced by Hasan (2014) for the decellularisation of porcine

bone-meniscus-bone samples.  Both the AF of the IVD and the meniscus are

fibrocartilaginous structures that are integrated into adjacent bone to form dense

enthesis; both function to stabilise joints (vertebrae and knees respectively) and both

are subjected to circumferential tensile stresses (Boyd and Myers 2003; Kandel,

Roberts and Urban 2008).

As discussed in Chapter 3, Section 3.1, bovine tail IVD’s were selected for

decellularisation protocol development in part due to their relatively large IVDs.  To

further maximise tissue size for protocol development, the largest “C1” tail IVDs were

selected for decellularisation.  Human IVDs, particularly in the lumbar region, are very

large and by developing a protocol on the largest available animal tissue, translation to

larger human tissue should be feasible.  The adjacent and second largest (“C2”) IVDs

were selected as matched native controls.  These were considered appropriate

controls as it has been previously reported that adjacent bovine tail IVDs from the

upper nine IVDs do not differ significantly in their GAG and DNA content;  this was

found to be the case for both cattle aged 8-20 months old and 2-4 years old (Demers,

Antoniou and Mwale 2004).

During freeze-thaw cycles, ice crystals grow which push open the ECM; this is

believed to improve entry of decellularisation solutions into the IVD sample.  In

addition, freezing results in a degree of cell lysis which also occurs when water enters

cells during hypotonic buffer treatment.  In the protocols described, low concentration

SDS (0.1 % (w/v)) treatment was used to disrupt the cell membranes.  SDS molecules

insert into the phospholipid bilayer of mammalian cells and at the critical micelle

concentration (CMC), the detergent molecules form micelles with the phospholipids,

thus solubilising the cell membrane.  Once the cell membranes had been disrupted

and solubilised, Benzonase was introduced to digest the released DNA and RNA.

Following this, hypertonic buffer was introduced to dissociate hydrophobic molecules

from the ECM allowing them to be washed away during subsequent PBS washes.

Aprotinin was used throughout the protocol in order to inhibit intracellular proteinases



136

released from solubilised cells which would otherwise degrade the tissue matrix.

Previous decellularisation protocols developed within the research group included

EDTA within the solutions as an additional proteinase inhibitory step (Booth et al.

2002; Stapleton et al. 2008).  EDTA sequesters the metal ions from within solutions

making them unavailable for use by matrix metalloproteases (MMPs).  EDTA was not

used in the current study, as this may have contributed to loss of calcium from the

bony attachments, potentially leaving spongy demineralised bone which may be

unsuitable for this application.

In order to allow both histological and biochemical evaluation to be carried out on the

same IVD sample, a sagittal slice was taken through the centre of the whole sample

which was taken for histological evaluation while the surrounding tissue was taken for

biochemical evaluation.  It was anticipated that successful decellularisation of the

central region of the sample may have been a challenge and so it was important to

visualise the very centre of the IVD.  This was not necessarily the ideal method,

however, as this resulted in a limited amount of tissue being available for biochemical

analysis.  This was particularly the case for the NP where the majority was present in

the sample taken for histological analysis.  This limitation in the method accounts for

the missing result for decellularised NP tissue from the GAG assay in Protocol 4.  In

hindsight it may have been better to cut the sample in half before removing a slice for

histological analysis from half of the sample thus offsetting the position of the slice.

This would have freed up more of the tissue for use in the biochemical assays allowing

an for increased experimental replicate number and additional analyses to be carried

out on the tissue.

Both acetone and sonication have been previously shown to improve the effectiveness

of decellularisation protocols (Lumpkins, Pierre and McFetridge 2008; Crapo, Gilbert

and Badylak 2011; Herbert et al. 2015).  Acetone is thought to help by sequestering

the fats within tissues which would otherwise attract SDS molecules preventing their

action upon cell membranes.  Sonication is thought to improve the washing process

through the agitation of solution molecules.  The addition of sonication and acetone

washes in to the decellularisation protocol was therefore investigated in Protocols 2-4.

Protocol 4 resulted in the lowest mean total DNA contents in the iAF, oAF and VB

tissue regions which were either below or very close to the maximum target of

50 ng.mg-1 dry weight.  Histological evaluation also suggested that Protocol 4 removed

cell nuclei to greater extent than Protocols 2 and 3.  Though acetone has previously

been found to be a beneficial addition to decellularisation processes, this did not

appear to be the case in the current study.
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For Protocols 1-4 statistical analysis was not carried out as the low sample size and

high variation were not conducive to the production of meaningful results.  For

subsequent protocols (Protocols 5-7) the sample size was increased to six allowing

statistical analysis to be carried out on the results from the biochemical assays.  This

protocol scale-up had the potential to increase the risk of contamination and so the

decision was made to include Cambridge antibiotic treatment, which was not part of

Hasan’s (2014) original protocol.

Largely through their work on small intestinal submucosa (SIS), Crapo, Gilbert and

Badylak (2011) recommended that decellularised tissue scaffolds should contain a

maximum ds DNA content of 50 ng.mg-1 dry weight.  In the current investigation, total

DNA content of native bovine NP was found to be in the region of 50 ng.mg-1 dry

weight and for some NP samples, the absolute DNA values were lower than this

maximum threshold.  Boubriak et  al. (2013) estimated the nuclear density of the

central bovine NP to be as low as 2 million cells.g-1 wet weight.  If the DNA content of

an individual nucleus is assumed to be 7 pg (Downs and Wilfinger 1983), 2 million

cells.g-1 wet weight would equate to a total DNA content of 14 ng.mg-1 wet weight.  In

the current investigation the water content of the NP was found to be approximately

80 % (w/w) (not reported) and so in terms of wet weight, total levels in the current

investigation were around 10 ng.mg-1 and, therefore, within the same order of

magnitude as the results of Boubriak et al. (2013).  It appears that DNA levels of the

NP are already at the recommended level (according to Crapo, Gilbert and Badylak

(2011)).  It should however be noted that DNA present in native tissues is intact and is

contained within whole cells.  Decellularisation would still be required to remove the

cell membrane components capable for invoking the hyperacute and acute rejection

responses discussed in Chapter 1, Section 1.7.1.  It is not only the absolute DNA

content and the presence of cell surface antigens that are important factors to

consider.  DNA fragment size is also an important consideration (Crapo, Gilbert and

Badylak 2011).  DNA within natural tissue scaffold requires digestion into small

fragment sizes, which are more likely to induce an alternatively activated M2

macrophage response that is capable of facilitating wound healing and tissue

remodelling.  This would be in preference to the pro-inflammatory M1 macrophage

response that has been found to be induced by larger DNA fragment sizes (Mills et al.

2000; Cassetta, Cassol and Poli 2011; Keane et al. 2012) (discussed in Section

4.2.2.1).

For both the native and decellularised NP tissue investigated in Protocol 6, mean total

DNA content was around double that of the results found in the investigation of any

other protocol.    It is possible that the unusually high value for DNA content of native
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NP tissue in the IVDs used in Protocol 6 could be due to differences in the age of the

cattle used in the investigations.  The information provided for each animal by the

abattoir was limited and so it is not possible to know details such as age and breed of

the animals used in all the investigated protocols.  It was known only that the animals

used in Protocol 6 were Limousin cattle.  Though not significantly different, Demers,

Antoniou and Mwale (2004) reported that the DNA content of NP and AF from IVDs of

the upper bovine tail were higher in animals aged 8-20 months old than those aged

2-4 years old.   The lack of significance shown by the statistical results may be

accounted for the low sample size of three investigated by Demers, Antoniou and

Mwale (2004) and the large variation in the DNA content they encountered.  The

difference in DNA content of the native NP tissue investigated in Protocol 6 and all

other protocols could be accounted for by the age of the cattle used in each.  Younger

specimens may have been used in Protocol 6 which may have possessed greater

numbers of notochord and notochord-like cells which are known to be present from

birth and diminish with age (Alini et al. 2008; Gilson, Dreger and Urban 2010; Risbud,

Schaer and Shapiro 2010).  The cattle used in the other protocols may have been

older with diminished notochord and notochord-like cell numbers and therefore had a

lower DNA content.  Regardless of the DNA content of native tissues, all protocols

investigated resulted in only minimal reductions in DNA content of this region.  It

seems that while the decellularisation solutions maybe be able to enter and act on the

individual NP cells, they are less efficient at removing those present in the clusters of

notochord-like cells.

Vacuum application is used to aid solution infiltration in both hard tissue and regular

histology; in the food industry to impregnate foodstuffs with preservatives and to

improve agro-infiltration of genes to induce transgene expression in plant tissue

(Rajapakse, Hewett and Banks 1992; Martinez-Monteagudo et  al. 2006; Simmons,

VanderGheynst and Upadhyaya 2009).  It has also been reported that the rehydration

time of freeze-dried decellularised tissues is reduced through the application of a

vacuum (Negishi et al. 2014).  In the present study, it appeared that vacuum

application did improve decellularisation in terms of residual DNA content as this was

the only protocol to achieve total DNA content below the minimum target threshold in

all tissue regions investigated.

The vacuum set-up used in the investigation posed some unforeseen problems and

was not a reproducible method for a number of reasons.  It was difficult to maintain a

consistent negative pressure in the early stages of the protocol due to air leakages

from the containers used;  there were problems with the sealing of both the lids and

the junctions between the lids and tubing connectors.  The leakages occurred



139

randomly in the containers so that each container was not subject to the same

pressure conditions during the course of the protocol.  This was overcome by sealing

all the containers with electrical tape, however this led to an increase in the time taken

to make the solution changes as all the containers had to be opened and resealed.

This was carried out on the bench top at room temperature and so it was not possible

to keep samples at the correct incubation temperature during this time.  There was

also the problem of solution loss from the containers which resulted in the outlet filters

becoming saturated and blocked with decellularisation solutions.  This occurred for two

reasons during various stages of the protocol.  In the initial stages, the agitation speed

used for shaking the containers was the same as that used in the previous protocols.

This speed however proved to be too vigorous for the adapted containers and

solutions were allowed to enter the outlet tubing and travel to the filter.  Consequently

the agitation speed was lowered to overcome this.  A second reason for solutions

entering the tubing and travelling to the filters was that during 42 °C incubations,

solutions evaporated, entered the vacuum lines and condensed in the filters and

vacuum pump.  These events also resulted in a loss of solutions from the containers

which occurred to differing extents and resulted in some of the samples not being fully

submerged within decellularisation solutions for the duration of the incubation.  The

sterility of the sample containers and solutions could also not be guaranteed as the

re-pressurisation of the containers required non-sterile air to be drawn back into the

containers which had passed through the vacuum pump and non-sterile vacuum lines.

Despite the problems encountered with the vacuum set-up in Protocol 7, the results

obtained were very promising and this method should be investigated further.

Purpose made containers should be designed and manufactured which are airtight

and capable of sealing against pressure leaks.  Purpose made inlets and outlets

should be incorporated in to the design.  Future investigations should make use of

sterilisable tubing and the sample container should be fitted with separate inlet and

outlets each with sterile filters.   A condenser system should also be incorporated

before the outlet filter to help prevent filter blockage by vaporised decellularisation

solutions.

The small scale eosin diffusion experiment showed that in 24 hours, eosin dye was

only able to diffuse into the IVD samples as far as the EP and half way into the oAF.

Given that this was the time period for the majority of the solution incubations in each

protocol, it was possible that solutions were failing to penetrate fully into the deep

areas of the tissue.  This may explain why histological images from the current study

showed fewer whole cells in the tissue regions on the periphery of the samples

(VB/GP/EP and oAF), but a greater number within the NP, deep within the tissue, and
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in the dense enthesis region where the IVD interphases with the EP.  These results

mirror those of others who also found dense tissues challenging to decellularise

(Woods and Gratzer 2005; Elder, Kim and Athanasiou 2010; Crapo, Gilbert and

Badylak 2011).  It may be that these problems could be overcome with either an

improved vacuum set-up, such as those discussed above, or by another more forceful

approach to drive decellularisation solutions into the NP and dense tissue regions.

The bovine tissue used in the investigation was from immature animals with highly

cellular material.  Decellularisation may be more effective in mature human tissue.

Mature donor tissue is likely to lack the highly cellular GP and NP notochord-like cell

regions; fusion of epiphyseal plates should have occurred and notochord cell numbers

should have diminished after the teenage years (Bibby et al. 2001; Hunter, Matyas and

Duncan 2003; Crowder and Ausitn 2005).  Also, if any residual cells are present deep

within the human NP post decellularisation, it is possible that these may not be

detrimental due to the immune privileged status of the IVD (Sun et al. 2013).  What

may be more important is the efficient removal of cells from the outer regions, in

particular the vascular outer layer of the oAF, which could otherwise allow human

donor cells to come in to contact with the host’s immunological cells.

GAGs are important in providing the NP with its compressive mechanical properties

(Middleditch and Oliver 2005; Whatley and Wen 2012) and so their retention post

decellularisation is important and desirable.  For all Protocol iterations, the percentage

loss of GAGs was greatest from the outer regions of the IVD (iAF and oAF) with very

small losses seen from the NP.  This may have been due to the relative positions of

the tissue regions, with the NP being shielded from GAG loss by the iAF and oAF.

This retention of GAGs in the NP is promising though it is unknown whether they are

functional post decellularisation.

Decellularisation of the IVD with bony attachments was incrementally improved

through the addition of sonication, removal of excess bone and through the application

of negative pressure to the samples and solutions during the decellularisation steps.

The cells and DNA persisted in the NP and in the IVD enthesis however, even with

these improvements to the protocol.  GAG levels were largely retained in the NP after

treatment.  Chapter 5 reports on the effect of decellularisation upon the biomechanical

properties of the IVD.
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Chapter 5 Biomechanical characterisation of decellularised
bovine intervertebral discs

5.1 Introduction

Glycosaminoglycans (GAGs) play an important role in the compressive function of the

IVD, attracting and retaining water, particularly within the NP where they are present in

large amounts (Urban and Roberts 2003; Whatley and Wen 2012).  The swollen NP is

constrained by the surrounding AF which allows the IVD to resist compressive loads

(Middleditch and Oliver 2005; Whatley and Wen 2012).  It is possible therefore that a

loss of GAGs from the IVD resulting from decellularisation (as reported in Chapter 4)

could result in changes to IVD biomechanics.  SDS applied during decellularisation

protocols has been shown to cause GAG removal from tissues (Woods and Gratzer

2005; Stapleton et  al. 2008; Vavken, Joshi and Murray 2009; Crapo, Gilbert and

Badylak 2011; Xu et al. 2014).  Some studies that reported a loss of GAGs from other

tissues also reported alterations in tissue biomechanics (Woods and Gratzer 2005; Xu

et al. 2014), while others did not (Stapleton et  al. 2008).  The difference in these

biomechanical results can be attributed to the concentration of SDS used in the

decellularisation protocols.  Loss of biomechanical properties in the investigations of

Woods and Gratzer (2005) and Xu et  al. (2014) occurred when relatively high

concentrations of SDS were applied (1 % and 0.5 % w/v respectively).  Stapleton et al.

(2008), on the other hand, applied 0.1 % w/v SDS to porcine menisci and found no

significant differences in the compressive and tensile properties of the tissue.  Other

researchers have also reported this trend.  Du et al. (2011) for example found that

decellularisation using higher SDS concentrations (1 % w/v) resulted in a greater loss

in tensile strength of porcine cornea compared to lower concentrations (0.5 % w/v).

There may also be other changes resulting from decellularisation which could alter the

biomechanics of the IVD, that were not investigated in Chapter 4, for example

disruption to the collagen network in the annulus or changes in the permeability of the

EPs (Kasimir et al. 2003; Crapo, Gilbert and Badylak 2011; Xu et al. 2014).  In order to

understand the overall effects of decellularisation the aim of this chapter was to

investigate the effects of decellularisation on the biomechanical function.

A number of groups have developed biomechanical testing methods on whole IVDs

with bony attachments.  Such investigations have often incorporated lengthy periods of

cyclic compression testing (Vresilovic, Johannessen and Elliott 2006; Lam et al. 2011;
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Wilke et al. 2016) however the protocols used were often not sensitive enough to

detect subtle changes in biomechanics (Detiger et al. 2015; Sikora et al. 2018). A

protocol for the biomechanical testing of bovine IVD with VB attachments has been

developed within the Institute of Biological and Mechanical Engineering (iMBE) at the

University of Leeds by Drs S. Sikora and R. Coe (Coe et al. 2018).  This method has

been developed in parallel to the current study for the evaluation of biomechanical

changes of artificially degenerated IVDs before and after nucleus augmentation with

peptide based hydrogels.  A sensitive compression testing method was developed

utilising a short cycle protocol which allows the longitudinal testing of IVDs in the

native, degenerated and treated states.

Past research within iMBE showed that natural variations between specimens masked

any differences between treatment groups.  For example, the Young’s moduli of

bovine tail functional spinal units with removed NP, were found not to be significantly

different from the control group with intact NP (when tested under quasi-static axial

loading) (Sikora et al. 2018).  The complete removal of the nucleus would have been

expected to adversely affect the compressive properties of the IVDs.  Based on the

conclusions of this previous research, longitudinal testing was carried out in the

current study in order to overcome variation between specimens.  Biomechanical

testing was carried out on the same set of specimens pre- and post-decellularisation

rather than on two independent sample groups that had or had not been subject to

decellularisation.

Variation in the results found by Sikora et al. (2018) were also attributed to differences

in hydration levels of the specimens; the study had not been carried out with the

specimens submerged in physiologically relevant solution which would have

maintained their hydration state.  There was also no provision to fully rehydrate the

specimens prior to testing.  The standardisation of hydration levels across all tested

specimens has since been addressed by researchers in iMBE and so the current study

incorporated a hydration equilibration step prior to testing along with testing of

specimens submerged in PBS at 37 ºC.

In the original work of Sikora et al. (2018) quasi-static compression testing of IVDs was

carried out.  IVDs in the body however are subject to cyclic compression as a result of

natural movements of the body.  Research within iMBE has subsequently led to the

development of a biomechanical testing regimen that mimics the loading conditions

experienced by IVDs in vivo.  Cyclic compression testing of the bovine IVD has been

carried out using nuclear pressures (1.1-2.3 MPa) experienced by human lumbar IVDs

during daily activities; loads were also applied at a frequency (1 Hz) within the
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physiological range experienced during normal human activities.  Submerged testing

which utilised hydration equilibration and cyclic testing under physiologically relevant

conditions has been shown to be sufficiently sensitive to allow the detection of

differences in compressive stiffness between native and GAG-depleted IVDs (Coe et

al. 2018).  A similar methodology, was selected for use in the current study and is

described in full in Section 5.3.4.3.

This chapter reports on the effects of decellularisation on the biomechanical properties

of bovine IVDs.  Protocol 6, developed in Chapter 4, was selected for use in the

current investigation because of the high level of DNA and cell removal that was

achieved by its application to bovine IVDs.  Biomechanical testing protocols that were

previously developed within iMBE were adapted for use in the current study.  A cyclic

compression testing protocol designed to mimic in vivo loading conditions was applied

to IVDs pre- and post-decellularisation and changes in mechanical properties were

assessed.
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5.2 Aims and objectives

5.2.1 Aims

The aim of the work carried out in this chapter was to biomechanically test IVDs before

and after application of a decellularisation protocol in order to ascertain the effects of

decellularisation on the mechanical properties of the tissue.

5.2.2 Objectives

· Apply a dynamic compression testing protocol to native IVDs prior to

decellularisation in order to determine the biomechanical properties of the

native tissue;

· Decellularise the IVD samples from above using Protocol 6 developed in

Chapter 4;

· Apply the same dynamic compression testing protocol to the decellularised

IVDs;

· Compare the biomechanical properties of IVDs before and after

decellularisation to establish if decellularisation altered the biomechanics of the

IVD.
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5.3 Methods

5.3.1 Experimental approach

EP-D-EP samples (N=6) were extracted from bovine tails.  They were subject to

biomechanical testing (Section 5.3.4) before undergoing decellularisation treatment

according to Protocol 6 (Chapter 4, Section 4.4.3.6).  Post decellularisation, the same

six samples were subject to re-testing using the same biomechanical testing protocol.

5.3.2 Sample harvest

Bovine tails were obtained from a local abattoir (John Penny & Sons, Leeds, UK)

within five hours of slaughter.  IVD tissue was extracted following the methods

described in Chapter 2, Section 2.3.2.2.  The largest IVDs (“C1”) from bovine tails

were extracted with attached vertebral bone (VB).  The VB was detached above the

growth plate (GP), which was then removed by reaming using an electrical burr

(Dremel multitool 8200, Dremel, Uxbridge, UK, with a tungsten carbide reamer

attachment) to leave an exposed endplate (EP) (EP-D-EP samples).  Six C1 EP-D-EP

samples from six individual bovine tails were harvested and stored at -70 ºC until

required.  Samples were defrosted and wrapped in PBS (Chapter 2, Section 2.2.1)

soaked tissue paper in order to maintain tissue hydration during the potting process.

5.3.3 Potting of samples into the testing fixtures

Specimens tested previously within the group were VB-D-VB samples with parallel

bone surfaces that did not require adaptation to enable them to fit between the fixtures

of the materials testing machine.  The EP-D-EP specimens tested in the current study

had non-parallel and concave EPs.  Potting within cement end caps was required in

order to provide surfaces suitable for fitting into the materials testing machine.  Potting

into cement end caps was carried out on samples before and after decellularisation.

5.3.3.1 Mixing of cement

The two component Centibase (WHW plastics Ltd., Kingston-upon-Hull, UK)

polymethyl methacrylate (PMMA) cement was mixed at a weight ratio of 2:1 on a

downdraft table.  A digital balance was used to weigh approximately 20 g of the solid

component followed by approximately 10 g of the liquid component into a glass

beaker.  The components were mixed thoroughly using a metal spatula.  The

consistency of the cement was altered by addition of a small amount of either the solid

or liquid component in order to give it either a liquid or putty consistency, as required.

The cement was used immediately.
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5.3.3.2 Casting of cement spacers

Previous studies have used PMMA endcaps to secure VB-D-VB samples into the

fixtures of materials testing machines (Mengoni et al. 2017; Sikora et al. 2018).  In the

current study a method was developed specifically for EP-D-EP samples.  Delrin

fixtures (manufactured in-house for a previous project), for use on the materials testing

machine, were used as moulds for the casting of cement spacers.  The hole in the

base of each fixture was sealed using masking tape.  The recessed surface of the

fixture was greased using Vaseline petroleum jelly to facilitate the removal of cured

cement spacers.  Cement was made to a liquid consistency (Section 5.3.3.1); poured

into the fixture to within 2-3 mm of the top and allowed to cure (25-30 min) (Figure

5.1 a).  The cement spacer was removed from the fixture and the edge was reamed

using the electrical burr; this ensured that the spacer could easily be inserted and

removed from the stainless steel fixtures during testing.  The resulting spacers were

approximately 60 mm in diameter and 5 mm in depth.  Cement spacers were stored

until required for attachment to EP-D-EP samples.

5.3.3.3 Cementing of endplate surfaces to cement spacers

PMMA cement was mixed to a putty like consistency (Section 5.3.3.1) and transferred

into one of the concave EP surface of the EP-D-EP sample, using a metal spatula.

The cement filled EP surface was placed face down and pressed into the centre a

cement spacer (Section 5.3.3.2).  A little cement was allowed to push out from the EP

surface and slightly surround the IVD.  Liquid cement was then poured over and

around the putty cement in order to help bond the putty to the spacer (Figure 5.1 b).

Care was taken to prevent the cement from contacting the AF.  The cement was

allowed to cure for 25-30 minutes.  Cement putty was pushed into the second surface

of the EP-D-EP sample, which was inverted and pushed into the centre of the second

cement spacer.  Liquid cement was poured around the putty cement as above with the

aid of a plastic funnel to direct the liquid cement between the two cement spacers.

The second surface was allowed to cure (25-30 mins).  Any cement which had run

down the edge of the spacer disc was removed by reaming to ensure that the spacer

would fit comfortably into the testing fixtures.  This procedure was repeated for all six

EP-D-EP samples.  The stages of sample potting in preparation for mechanical testing

are shown in Figure 5.1 a-d.  Once the cement had cured, the fully potted samples

were stored at -20 ºC until the day of mechanical testing.  Images of a potted IVD

pre- and post-decellularisation are shown in Figure 5.2.
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Figure 5.1 Potting of bovine intervertebral disc in PMMA cement. a) A cement
spacer was cast into the Delrin fixture and allowed to cure;  b) The surface of the
endplate-disc-endplate (EP-D-EP) sample was filled with cement putty and
placed face down on the cement spacer, liquid cement was poured over and
around the putty cement; c) The second surface of the EP-D-EP was potted on
to a second cement spacer and d) diagrammatic representation of the
cross-section though a potted EP-D-EP sample, showing the cement consistency
used for each step of the process.  Spacer = cement spacer; putty = cement of
putty-like consistency; liquid cement = pourable cement used to hold putty
cement and EP-D-EP in place.

Figure 5.2  Potted intervertebral disc pre- (a) and post- (b) decellularisation.
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5.3.4 Cyclic compression testingi

The following biomechanical testing methodology was based on the protocols

previously developed in iMBE at the University of Leeds.   EP-D-EP samples (N=6)

were subject to dynamic compressive testing before and after decellularisation.

5.3.4.1 Hydration equilibration of intervertebral discs

The potted EP-D-EP samples (Section 5.3.3) were placed into a six-station

compression rig (Figure 5.3).  The rig was filled with PBS which was heated to 37 ºC

using an external peristaltic pump and heater.  A plastic sheet was sealed over the rig

in order to reduce heat loss from the PBS (Figure 5.3 a).  Each individual sample was

loaded with approximately 40 N using combinations of weights.  Samples were held

under this load for a minimum of 24 hours to allow the hydration of the samples to

equilibrate.  The addition of the weights prevented over swelling which could damage

the tissue.  Previous work had found that this combination of time and weight was

sufficient to achieve acceptable levels of consistency in hydration levels of IVDs (Dr. S.

Sikora, personal communication).  This load was slightly larger than that which was

later applied to the IVDs during the initial hold in the mechanical testing protocol (35 N

which simulated an intradiscal or nuclear pressure of 0.1 MPa, equivalent to loads

experienced by human IVDs during prone laying (Wilke et al. 1999), (Section 5.3.4.3)).

During the hydration equilibration step described here, more exact loading was limited

by the available weights.  The loads, however, were within the same order of

magnitude.

Figure 5.3 Six station compression rig used for the equilibration of intervertebral
disc (IVD) hydration. a) Six individual potted IVDs loaded with 40 N; b) Samples
submerged in 37 ºC PBS.

i Work carried out with the help of R. Coe
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5.3.4.2 Biomechanical testing of intervertebral discs

Potted EP-D-EP samples were individually removed from the compression rig for

mechanical testing.  A materials testing machine (ElectroPuls E10000, Instron Ltd.,

High Wycombe, UK), fitted with a 10 kN load cell and controlled by proprietary

software (WaveMatrix™, Version 1), was used for the mechanical testing.  Samples

were placed into the lower fixture of the machine with the cranial end of the IVD

uppermost.  The crosshead was lowered in order to bring the upper fixture into contact

with the upper cement spacer.  This was made possible as the upper fixture was

attached to the crosshead via a linear bearing which allowed movement in the

horizontal plane.  The self-alignment of the upper fixture prevented the sample from

being over constrained.  Load and displacement values were digitally zeroed.  Testing

was carried out with the sample submerged in PBS warmed to 37 ºC (Figure 5.4).  The

testing protocol followed is described in Section 5.3.4.3.

Figure 5.4 Biomechanical testing set up. a) The Instron ElectroPuls E10000
materials testing machine with the specimen housing in place; b) close-up of
specimen housing, the endplate-disc-endplate sample is within the upper and
lower recessed stainless steel compression plates and submerged in phosphate
buffered saline at 37 °C.

5.3.4.3 Mechanical testing protocol

An initial 30 minute hold to exert a desired intradiscal (nuclear) pressure of 0.1 MPa

was applied to the EP-D-EP samples.  This was carried out in order to overcome any

loss in equilibrium which may have occurred when the IVD was unloaded during

transfer from the six-station compression rig to the materials testing machine.  A target

hold of 0.1 MPa was selected as this is equivalent to the lowest loads seen

physiologically in the human IVDs (during prone laying) (Wilke et  al. 1999).  Cyclic
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loading was then applied in order to generate target intradiscal pressures of between

1.1 and 2.3 MPa, which correspond to pressures seen in humans during daily activities

(standing up from a chair and lifting a 20 kg weight with poor lifting technique

respectively) (Wilke et al. 1999).  Samples underwent 100 load-unload cycles at 1 Hz

which was applied in a sinusoidal waveform.  One hundred cycles of loading-unloading

had been previously found to be sufficient to allow the stiffness of IVDs to reach a near

plateaux (Dr. S. Sikora, personal communication); the testing frequency was chosen to

be within the range of normal daily activities (Dreischarf et al. 2016) and allowed

comparison of data with previous studies within the group.  Bovine VB-D-VB tail

specimens had previously been found to withstand these loads at this frequency.  For

the samples undergoing mechanical testing for a second time (post-decellularisation)

an additional step was added to the end of the testing regimen; samples were

compressed to a maximum load of 7.5 kN, at a ramp speed of 1 mm.min-1, in an

attempt to induce failure of the specimen.  This step was not included in the first

pre-decellularisation test, in order to avoid potential damage of the specimens.  The

loads required to exert the intradiscal pressures specified were calculated as

described in Section 5.3.4.4 and inputted in to the testing method within the

Wavematrix™ software.

5.3.4.4 Load calculations

The anterior-posterior (A-P) and lateral diameters were measured for all six IVDs with

digital Vernier callipers; a mean diameter was calculated using all A-P and lateral

diameter readings.  This mean IVD diameter (d) was used to calculate the

cross-sectional area (A) of the IVDs (Equation 5.1) which in turn was used to calculate

the load required for application to the IVDs in order to exert the required pressure

(MPa) on the nucleus for each stage of the testing protocol detailed in Section 5.3.4.3,

Equation 5.2.  A 0.66 correction factor was used in order to find the required load

needed to exert the pressure on the NP rather than the IVD (Nachemson 1966;

Dreischarf et  al. 2016).  The same loads were applied for testing the IVDs pre- and

post- decellularisation (Table 5.1).

Cross sectional area of IVD =
2

Equation 5.1

( ) = ( ) ×   ( ) × 0.66

Equation 5.2
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Table 5.1 Mean (N = 6) intervertebral disc (IVD) diameter and cross-sectional
area used to calculate the loads applied to the IVDs in the biomechanical
testing protocol.

Mean IVD diameter and range
(mm)

25.9

(23.5 - 30.1)

IVD Cross-sectional area
(mm2)

527

Hold load (N) required for 0.1
MPa nuclear pressure

35

Lower cycle limit (N) required
for 1.1 MPa nuclear pressure

383

Upper cycle limit (N) required
for 2.3 MPa nuclear pressure

800

Load to failure limit (N)
(Post-decellularisation only)

7500

5.3.4.5 Data processing

In house Python scripts (written by Dr S. Sikora) were used to extract load and

displacement data from the .csv data files produced by the Wavematrix™ software.

The scripts were also used to calculate stiffness of the tested specimens for each of

the 100 loading cycles by fitting a line of best fit to the load-displacement data over the

loading portion of the cycle and determining the gradient of the line.

5.3.5 Decellularisation

The cement end caps were removed from the native C1 bovine EP-D-EP samples

which had undergone biomechanical testing Section 5.3.4.  The samples were frozen

to -20 °C and the decellularisation Protocol 6 methodology was followed (Chapter 4,

Section 4.4.3.6).  Decellularisation solutions were made as described in Chapter 2,

Section 2.2.18 and were identical to those used for decellularisation of bovine IVDs

described in Chapter 4.  At the end of the decellularisation procedure, the samples

were stored at -80°C until required for re-potting into cement end caps (Sections

5.3.3.2 and 5.3.3.3), prior to biomechanical re-testing.
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5.4 Results

The calculated stiffness over the 100 load-unload cycles for each EP-D-EP sample

tested pre-and post-decellularisation, is shown in Figure 5.5 a & b.  The stiffness of all

samples (pre- and post-decellularisation) increased with each load-unload cycle.  The

increase became less pronounced for all samples after 20 load-unload cycles and

reached a near-plateaux by 100 cycles (Figure 5.5 a & b).  Stiffness of the whole

EP-D-EP sample was used as the property for compression rather than the

compressive modulus.  This was because previous work in iMBE found that the

compressive modulus of VB-D-VB samples showed large variations.  This was, in part,

due to the samples being comprised of several different tissue types, each with its own

modulus.  It was also found by colleagues that IVD geometry played an important role

in the sample’s properties; when different specimens, with different geometries, were

assigned the same material properties in a computational model, the resulting

compressive moduli were different.  Calculating the stiffness for the whole specimen,

rather than normalising to cross-sectional area eliminated this variation.  Such

normalisation was also unnecessary as the same set of EP-D-EP samples were tested

before and after they were decellularised.

Figure 5.5 Stiffness of individual endplate-disc-endplate (EP-D-EP) Samples 1-6
pre (a) and post (b) decellularisation. For each of the six samples, stiffness
data is shown for each of the 100 cycles of compression between 1.1 and 2.3
MPa nucleus pressure.

The mean stiffness data from the last ten load-unload cycles of each of the six tested

samples, pre- and post- decellularisation, is shown in Figure 5.6 a.  The figure shows

the increase in stiffness in samples 1 to 5, post-decellularisation.  The stiffness of

Sample 6 however decreased post decellularisation (Figure 5.5 a & b and Figure 5.6
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a).  Data for Sample 6 was not used to calculate the mean IVD stiffness because it

was suspected to be an anomalous result.  This was later confirmed by the data

presented in Figure 5.8 which shows the load-displacement curves for the ramped

compression applied to the samples post decellularisation.  There is an interruption in

the curve for Sample 6 at a displacement of 2.5 mm (load 4500 N) which

corresponded to an audible “clunk” during testing.  This was not deemed to be caused

by damage to the specimen because the load-displacement response continued to be

linear and of the same gradient as before the interruption.  It seems likely that the

specimen was not positioned correctly between the testing fixtures, and upon zeroing

the testing apparatus, an insufficient initial load was applied which failed to bring the

cement spacers to a parallel start position.  This would explain the lower stiffness data

for this specimen as the actuator of the materials testing machine would not have been

able to apply force to the whole specimen cross-section and would not have

experienced the full resistance of the specimen to compression.  This is also

corroborated by the data presented in Figure 5.8, which shows a shallow initial

gradient of the curve for Sample 6 which starts to match that of the other samples at

around 1500 N of applied load as the specimen presumably came in to the correct

alignment and the load was applied over the whole specimen.  The interruption in the

curve was likely due to the application of sufficient load to produce sudden shift of the

specimen and end caps within the fixtures.  The inclusion of this anomalous result

would have given a false impression of the effects of decellularisation on specimen

stiffness suggesting a smaller increase than in fact was the case.

Mean data (N=5) for the last 10 load-unload cycles are shown in Figure 5.6 b and for

the first 20 compression cycles in shown in Figure 5.7; all data passed the

Shapiro-Wilk normality test were alpha = 0.05 (p values for the mean stiffness data

from the last 10 load-unload cycles, pre- and post- decellularisation was 0.88 and 0.43

respectively; p values for the mean stiffness data from the first 20 load-unload cycles,

pre- and post- decellularisation was 0.83 and 0.43 respectively).  Mean stiffness data

showed that there was no significant differences in stiffness post-decellularisation

during the first 20 cycles (p = 0.92; paired t-test; Figure 5.7).  Mean stiffness data

showed that the stiffness of samples increased significantly in the last 10 cycles as a

result of decellularisation (p = 0.004; paired t-test; Figure 5.6).  This change equated to

a mean increase in stiffness of 9.2 %.  It can be seen from Figure 5.6 that there was

some variance in the stiffness between specimens, both pre- and

post-decellularisation.  The percentage difference between the highest and lowest

stiffness values was 18.7 % prior to decellularisation and 19.6 % following

decellularisation (excluding sample 6).
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Figure 5.6 Stiffness of endplate-disc-endplate (EP-D-EP) samples pre- and
post-decellularisation calculated from the last 10 load-unload cycles.
a) Mean stiffness values for individual EP-D-EP (1-6) pre- and
post-decellularisation, calculated from the stiffness values of the last 10
load-unload cycles.  b) Mean stiffness of Samples 1-5, pre- and
post-decellularisation, calculated from the mean stiffness values for each sample
during the last 10 cycles.  Data are expressed as the mean (N=5 ± 95 % CL).
* significantly different (p = 0.004; paired t-test).

Figure 5.7 Stiffness of endplate-disc-endplate (EP-D-EP) samples pre- and
post-decellularisation calculated from the first 20 load-unload cycles. Mean
stiffness of Samples 1-5, pre- and post-decellularisation, calculated from the
mean stiffness values for each sample taken from the first 20 cycles.  Data are
expressed as the mean (N=5 ± 95 % CL).  The differences were not significant
(p = 0.92; paired t-test).
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Figure 5.8 Load-displacement curves for decellularised endplate-disc-endplate
(EP-D-EP) undergoing a ramp to 7.5 kN at 1 Hz. Curves for Samples 1-5 follow
comparable gradients where as that of Sample 6 initially follows a more shallow
gradient to a load of approximately 1500 N after which it follows a comparable
gradient to all other samples.  A disruption to the load-displacement curve occurs
at approximately 4500 N after which the curve follows the same gradient as
before the disruption event.

The load-displacement data for Sample 1 (post decellularisation) was not available

past 5 kN (Figure 5.8).  The maximum load limit for the ramp test had not been

entered in to the software of the materials testing machine (the field was left blank).

The test was stopped manually during the ramp to protect the sample and the

materials testing machine.  Had this action not been taken, the machine would have

stopped the ramp itself but the actuator would have dropped onto the sample requiring

lengthy recalibration of the setup.
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5.5 Discussion

Biomechanical testing of IVDs is challenging and very few physiological testing

protocols have been developed that are sensitive enough to detect small changes in

biomechanical properties.  The current study demonstrated the successful application

of a testing regimen to examine IVD pre- and post-decellularisation which was able to

detect small changes in IVD biomechanics.  The current study showed that there was

a significant change to the biomechanics of the IVD samples as a result of

decellularisation.  A small increase in stiffness of 9.2 % was observed.  This change,

although significant,  was within the variation in stiffness observed in both untreated

and treated specimens (18.7 % and 19.6 % respectively).  This suggests this

biomechanical change would not take the majority of specimens outside of the natural

range.

Decellularisation significantly increased the stiffness of the IVDs, albeit only by a small

amount.  The samples became less readily compressed, requiring an increased load

in order to displace them by the same amount as non-decellularised samples.  It is

possible that this was linked to the loss of GAGs from the IVD which has been shown

to occur as a result of decellularisation (Chapter 4).  It is known that GAGs function

within tissues to attract and hold water creating a swelling pressure (Urban and

Roberts 2003; Whatley and Wen 2012).  A lower amount of GAGs (and/or a reduced

amount of functional GAGs) would therefore decrease the attraction and retention of

water in the IVD, in particular in the NP.  This would mean that at the start of the

biomechanical testing, decellularised IVDs may have been less swollen with water.

The more compact structure may have resulted in the shifting of the applied load onto

the collagen component of the specimen, and in particular the AF (Adam, McNally and

Dolan 1996; Fengdong et al. 2005; Iatridis et al. 2013).  Stiffness data from the initial

20 cycles of the test showed that there was no significant difference between IVDs

pre- and post-decellularisation i.e. decellularised IVDs were not collapsing more under

initial cyclic loading but there may still have been a decrease in height of unloaded

decellularised specimens prior to biomechanical testing.  Samples had already

undergone loading to equilibrate the hydration levels and the application of load would

have masked any initial difference in unloaded IVD height.  It is not possible to say if

there was initial loss in height of decellularised samples as, unfortunately, unloaded

IVD height measurements before and immediately after the completion of

decellularisation were not taken.  It would be useful for such measurements to be

taken in future work.  The observations made during the current work are supported by

the recent research of colleagues who deliberately removed GAGs from bovine IVDs
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through enzyme digestion of the NP (Coe et al. 2018; Warren et al. 2018); it was found

that the stiffness of the IVDs increased substantially post papain treatment (mean

25 % ± 10 % SD) which was thought to be due to the collapse of the IVD and the

bulging of the AF into the area which would, under normal circumstances, be occupied

by a hydrated and swollen NP.  Human degenerate IVDs also show GAG losses and

reduction in height which result in increased compressive modulus (and therefore

increased stiffness) of the AF due to compaction of the IVD structure (Iatridis et  al.

1998; Iatridis et al. 2013)

The differences in stiffness observed in the current study could have been as a result

of factors other than the loss of GAGS.  Specimens underwent several freeze-thaw

cycles during both the potting and decellularisation process.  Freezing is known to

affect the biomechanics of IVD tissue (Bass et al. 1997).  It has been previously found

that porcine IVDs frozen stepwise to -80 ºC without the addition of a cryopreservation

solution became significantly stiffer than native controls, possibly as a result of

cross-linking occurring during dehydration (Lam et al. 2011).  Freezing may have

accounted for the increase in stiffness observed in the current study and not

necessarily the loss of GAGs.  The inclusion of a control group in future investigations,

in which IVDs undergo the same freeze-thaw regimen but not the application of

decellularisation solutions would be useful to address this question.   It is also possible

that the increase in stiffness was a product of the testing procedure itself.

The loading regimen used in the current study for both the overnight hold and the

biomechanical testing was based on mean IVD diameters and so the same loads were

applied to all IVDs before and after decellularisation.  IVDs therefore did not

necessarily reach the target intradiscal pressures during testing.  The correction factor

(0.66) for the area occupied by the NP within each bovine IVD was also an assumption

based on the estimates made for human lumbar IVDs (Nachemson 1966; Dreischarf et

al. 2016).  These assumptions however do not undermine the quality of the results

presented.  The loads could have been slightly adjusted in an attempt to overcome

these assumptions, however the load-displacement was relatively linear in the loading

range used, so slight changes would not have altered the measured stiffness to any

great extent.  By using the same loading regimen for all IVDs pre- and

post-decellularisation, the test conditions were standardised and variability reduced.

The difference in stiffness of these samples in the two tests was clearly demonstrated

by the current testing protocol.

The mechanical testing protocol was previously developed by colleagues, for the

testing of VB-D-VB samples.  These samples were extracted so that the proximal and
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distal bone surfaces were parallel, allowing the VB-D-VB sample to sit between the

two perforated stainless steel testing fixtures in the materials testing machine (Sikora

et al. 2018).  The samples in the current study had concave proximal and distal EPs

which were not parallel to each other and so could not be placed directly between the

fixtures.  In addition, the samples were not of sufficient height to clear the recessed

surfaces of the fixtures; the fixtures would have pressed on each other rather than the

load being applied to the sample.  The development of a methodology for potting

EP-D-EP samples into cement end caps was carried out as part of the current study,

with several iterations being investigated (not reported).  The method detailed in

Section 5.3.3 was an improvement on earlier iterations; it required fewer steps, and so

decreased both the number of freeze-thaws the samples underwent and the time

taken to pot the samples.  The method also produced endcaps which conformed well

to the EP and which did not move during testing.  While the use of cement end caps

overcame the problem of specimen insertion into the testing fixtures, the cement could

have prevented any fluid flow through the EPs which is thought to occur in the native

IVD to aid the exchange of nutrients and waste products (Bibby et  al. 2001;

Middleditch and Oliver 2005; Wong and Transfeldt 2007; Whatley and Wen 2012).

This may have changed the biomechanics of the specimen compared with having, for

example, a perforated loading platform in contact with the EP to allow fluid contact.

Nevertheless, as previously highlighted, the standardisation of testing conditions

pre- and post-decellularisation allowed for robust comparisons to be made of the

biomechanical properties of IVD before and after decellularisation.

In conclusion a robust testing method has been applied to IVDs pre- and

post-decellularisation which was sufficiently sensitive to detect relatively small

changes in sample stiffness.  A small but significant increase in stiffness was observed

when the IVD was decellularised though this change was within the natural variation of

the tissue.
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Chapter 6 Decellularisation of human intervertebral discs

6.1 Introduction

This chapter details the application of decellularisation Protocol 6, developed using

bovine tissue (Chapter 4) to human intervertebral discs (IVDs) with attached vertebral

bone (VB) (VB-D-VB).  Protocol 6 was selected because of the high level of DNA and

cell removal from bovine IVDs that resulted from its application, while the retention of

GAGs in soft tissue regions remained high.  Protocol 6 was selected in favour of

Protocol 7 (which showed comparable results) because the sterility of solutions and

samples used in the method of Protocol 7 could not be guaranteed; this was due to

influx of non-sterile air upon removal of the applied vacuum which was incorporated in

to Protocol 7.  Protocol 7 was also impracticable for application to human tissue; the

limitations of this protocol are discussed in Chapter 4, Section 4.6.

Human thoracic IVDs were selected for decellularisation in this study, as discussed in

Chapter 3, Section 3.1, human IVDs from this region of the spine are comparable in

size to the IVDs found in the upper portion of the bovine tail (Panjabi et al. 1991a;

Panjabi et al. 1991b; Panjabi et al. 1992; Fang et al. 1994; Zhou et  al. 2000).  This

enabled the use of the same size sample pots and volumes of solutions and thus

agitation, as had been used with bovine VB-D-VB.
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6.2 Aims and objectives

6.2.1 Aims

The aim of the research described in this chapter was to apply decellularisation

Protocol 6, developed using bovine tail IVDs with attached endplates in Chapter 4, to

upper thoracic human VB-D-VB samples.

6.2.2 Objectives

· To characterise cellular human thoracic VB-D-VB samples;

· To apply decellularisation Protocol 6 to cellular human thoracic VB-D-VB

samples;

· To characterise the decellularised human thoracic VB-D-VB tissue regions for

comparison to cellular tissue regions:

· Qualitatively using histological staining methods for the detection of the

presence/absence of cell nuclear material and glycosaminoglycans

(GAGs), and for the visualisation of tissue histoarchitecture;

· Quantitatively through biochemical determination of DNA and GAG

content.
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6.3 Methods

6.3.1 Donor spine selection

Following ethical approval (Yorkshire and The Humber Health Research Authority and

Sheffield Research Ethics Committee REC ref 15/YH/0096, IRAS project ID:170894) a

list of donor spines available from the Leeds GIFT Research Tissue Project at

St James’ Hospital in Leeds was consulted; suitable spines were selected based on

the medical history and age of the donor.  Spines were not selected for this study if

there was evidence of metastatic cancer; if the donor had bone cancer or any other

bone related cancer or if there was any other reason to suspect that the bone quality

of the donor would be compromised.  For example, spines were excluded if there was

evidence of systemic corticosteroid use which may cause bone loss with long term use

(National Osteoporosis Society 2014). Younger donor specimens were preferentially

selected from the resulting spines available, after the medical history had been taken

in to account.  Details of donor spines selected for use in this investigation are

provided in Table 6.1.  Spine 1 had been stored at -80 ºC for approximately nine years

prior to use in the current investigation while Spines 2 and 3 were stored at -80 ºC for

approximately six years prior to use.

Table 6.1 Details of donor spines selected for the investigation.

Spine number Age Gender

1 38 M

2 54 F

3 75 M

6.3.2 Human tissue handling

Human tissue storage, dissection and disposal was carried out in accordance with the

Human Tissue Act (2004).  All tissue samples were tracked using an electronic

tracking system (Achiever Medical, Version 1712.4, Interactive software limited,

Birmingham, UK) in which samples were given unique identification codes.  Storage

locations for all samples were recorded using this system.
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6.3.3 Intervertebral disc harvest from human donor spines

The selected donor spines (Table 6.1) were removed from -80 ºC storage (the storage

temperature of tissue immediately post-harvest) to -20 ºC storage at the University of

Leeds.  Forty-eight hours before dissection, spines were thawed at 4 ºC.  On the

morning of dissection, the lumbar end of the spine was housed in a carbon fibre

container and placed into a high resolution peripheral quantitative computed

tomography (CT) scanner (XtremeCT, Scanco Medical AG, Brüttisellen, Switzerland).

The specimen was scanned with the inbuilt scan view protocol using a low x-ray dose.

A low resolution scout view was produced and used to identify anatomical markers for

use in orientation of the spine.  The location of the lumbosacral junction was identified

(Figure 6.1) in order to allow identification of lumbar and thoracic vertebra and IVDs

from this point.

The spine was dissected in a class II biological safety cabinet (Figure 6.2 a).  Soft

tissue was removed from the lumbar spine using a scalpel and blade (No. 22) and rat

tooth forceps.  This exposed the vertebrae and IVDs, allowing the location of each to

be identified in relation to the lumbosacral junction.  Five lumbar and 12 thoracic

vertebrae were counted and the location of T12 was confirmed by the presence of the

bottom pair of ribs which are associated with this vertebra.

The ribs were removed from T7; muscle and soft tissue was removed from around the

ribs and a scalpel blade was inserted between the costovertebral and costotransverse

joints connecting the rib to the vertebral body and pedicle of T7 (Figure 6.2 b).  The T7

vertebral body was then sectioned through the transverse plane at the midpoint using

an electrical oscillating saw.  The T7 to cervical region of the spine was retained for

further dissection (Figure 6.2 c), while T7 to lumbar was stored at -20 ºC for use in

future studies.

The ribs were removed from T1 to T6 as previously described (Figure 6.2 d).

VB-D-VB units were extracted by cutting through the vertebral body either side of the

IVD.  Initially, cuts were made in order to leave approximately 5 mm of vertebral bone

(VB) attached to each side of the IVD.  Due to the curvature of the thoracic spine this

was found to be a sub-optimal method as there was potential for cutting though the

endplate (EP) if such a small amount of VB was harvested.  The method was adapted

for subsequent spine dissections and vertebral bodies were simply cut in half through

the transverse plane.  Once the IVD had been extracted (with VB on either side), the

spinous processes were removed using an oscillating saw (Figure 6.2 e), the resulting

VB-D-VB samples were cleaned of excess soft tissue (fatty tissue, bone, ligaments
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and spinal cord).  The resulting upper thoracic VB-D-VB samples (T1-T2, T2-T3, T3-

T4, T4-T5, T5-T6 and T6-T7) were stored at -20 ºC.

Figure 6.1 Scout views of lumbar regions of Spines 1-3 taken in the sagittal axis.
The lumbosacral junction (arrow) was identified and used as an anatomical
marker for orientation during tissue dissection. This allowed the lumbar (L1 to L5)
and thoracic vertebra to be identified during tissue dissection and extraction of
the correct thoracic IVDs.  Images a, b and c show the scans for Spines 1, 2 and
3 respectively.

Figure 6.2 Stages of human spine dissection for the retrieval of VB-D-VB
samples for decellularisation. a) Whole spine (Spine 1); b) Spine cleaned of
soft tissue and ribs removed from the T7 vertebrae; c) lower cervical to T7;  d)
lower cervical to T7 with ribs removed from thoracic vertebrae and e) extracted
VB-D-VB samples: T1-T2 to T6-T7 IVDs (left to right of image).  Variation in
vertebral bone size and shape can be seen in the samples from Spine 1.
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6.3.4 Sample selection for decellularisation

Frozen VB-D-VB samples were inserted into polypropylene pots for scanning,

orientated with the cranial VB uppermost.  The pots were inserted into the carousel of

the µCT sample scanner (µCT100, ScanCo Medical AG, Brüttisellen, Switzerland).

Samples were scanned using the in-built routine to produce low resolution scout view

images.  This allowed the 2D visualisation of the position of the IVD within samples

and the assessment of the condition of the IVDs.  This quick, low dose x-ray minimised

the thawing of samples during the scanning process and provided images of sufficient

quality to use for sample selection.  Sagittal and coronal scout views were produced

and used to identify samples for decellularisation which had approximately equal VB

thickness on both the cranial and distal surface of the IVD, which had VB of equal

depth across the width of the IVD sample and which showed no evidence of IVD

collapse (Figure 6.3).

Figure 6.3 Sagittal and coronal scout views of VB-D-VB samples. The cranial
vertebral bone (VB) surface is uppermost.  a) Example of a specimen suitable for
use in the investigation, with roughly parallel and equal amounts of VB either
side of the intervertebral disc (IVD) (Spine 1, T4-T5).  The IVD shows good
height with no evidence of collapse. b) example of an IVD sample in which the
VB surfaces are not parallel with an unequal amount of bone over the surface of
the IVD (Spine 3, T3-T4).  The sagittal view in image b) shows where the distal
endplate (EP) has almost been cut through.  A = anterior; P = posterior and L =
lateral.

6.3.5 Decellularisation

Review of µCT scout views allowed the selection of samples for decellularisation

(Section 6.3.4).  T1-T2 and T5-T6 specimens from all donor spines were selected for

decellularisation while the adjacent T2-T3 and T6-T7 were selected as the cellular

(non-decellularised) controls to which decellularised samples were compared.

Decellularisation solutions were prepared as described in Chapter 2, Section 2.2.18.
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and were identical to those used for decellularisation of bovine IVDs described in

Chapter 4.  Decellularisation was carried out following Protocol 6 detailed in Chapter 4,

Section 4.4.3.6.

6.3.6 Evaluation of cellular and decellularised intervertebral discs

6.3.6.1 Gross anatomical observations

Human untreated VB-D-VB samples were termed “cellular” rather than “native” as in

previous chapters; the reason for this is explained in Section 6.5.  Comparisons of

cellular VB-D-VB samples were made between levels of the same spine and between

donor spines.  Tissue colour, size and shape were compared.  Visual comparisons of

VB and IVD quality/integrity were made before and after decellularisation.

6.3.6.2 Division of tissue for evaluation

For histological and biochemical evaluation, the IVD samples were subdivided in to

multiple tissue regions.  Both cellular and decellularised tissue was subdivided in to

the nucleus pulposus (NP), inner annulus fibrosus (iAF), outer annulus fibrosus (oAF),

end plate (EP) and vertebral bone (VB).

For both cellular and decellularised VB-D-VB units, two parallel cuts were made

through the centre of the sample in the coronal plane (lateral-lateral dimension, L-L)

giving a slice of VB-D-VB approximately 0.5 mm thick.  This was used for histological

evaluation.  The remaining tissue was used for biochemical evaluation.

6.3.6.3 Histological evaluation

VB-D-VB slices were processed for histological evaluation as detailed in Chapter 2,

Section 2.3.5 and histological comparisons of cellular and decellularised samples were

made.  Haematoxylin & eosin (H&E) and 4′,6-diamidino-2-phenylindole (DAPI) stained

tissue sections (Chapter 2, Sections 2.3.5.7.1 and 2.3.5.7.4) were used to visualise

nuclei within the various tissue regions; the results were used as an indication of the

effectiveness of the decellularisation protocol through the assessment of cell removal.

Histological staining of tissues sections for sulphated GAGs was carried out using the

safranin O/fast green method (Section 2.3.5.7.3) to qualitatively assess GAG

presence.  Sirius red staining (Section 2.3.5.7.2) of histological sections was used to

assess the histoarchitecture of the tissue through the visualisation of collagen fibres in

the extracellular matrix (ECM).  For all protocols, decellularised tissue sections were

stained alongside cellular control samples in order to eliminate variations in staining

between batches.  This allowed comparisons of staining intensities to be made,

particularly relevant for observations of DAPI and safranin O/fast green stained
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sections, where staining intensity gave an indication of the relative amounts of DNA

and GAGs respectively.

6.3.6.4 Biochemical evaluation

DNA extraction and quantification (Chapter 2, Section 2.3.6.2) was carried out to

assess the total DNA content of cellular and decellularised tissue samples.  The

sulphated GAG assay (Chapter 2, Section 2.3.6.3) was used to quantify the GAG

content of the cellular and decellularised tissue samples.

6.3.6.5 Sterility testing of decellularised tissue

Sterility testing was carried out at the end of the decellularisation protocol.  Biopsies of

the oAF were tested as described in Chapter 2, Section 2.3.4.2.
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6.4 Results

6.4.1 Gross anatomical observations

The images of human VB-D-VB samples extracted for use as cellular control tissue

and in the decellularisation investigation are shown in Figure 6.4 and Figure 6.5

respectively.  The images illustrate how samples from the same thoracic level varied in

size and shape across different spines.  The variation can be most clearly seen in

Figure 6.5 b which shows that the samples from Spine 3 were noticeably larger than

those of Spines 1 and 2 at both the T1-T2 and T5-T6 levels.  The cross sectional

shape of the vertebral body was kidney shaped in the T1-T2 and T2-T3 levels and

more triangular in the T5-T6 and T6-T7 levels (Figure 6.4 and Figure 6.5).  The

variations in sample height seen in these images were primarily due to the different

extraction methods used rather than natural variation between spines, although in

reality vertebral body height is likely to have also differed between donor spines.

Spine 3 appeared much darker in colour and the marrow leached from the bone more

readily.

Figure 6.4  Thoracic VB-D-VB samples selected for use as cellular control tissue.
T2-T3 and T6-T7 thoracic IVDs with vertebral bone attachments were selected
from three donor spines for use as cellular control tissue.  Images a and b are
taken of the same samples, from different angles.
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Figure 6.5 Thoracic VB-D-VB samples selected for decellularisation. T1-T2 and
T5-T6 thoracic IVDs with vertebral bone attachments were selected from three
donor spines for the application of the decellularisation protocol.  Images a and b
are taken of the same samples, from different angles.

Images of VB-D-VB samples captured during the decellularisation process are shown

post PBS irrigation in Figure 6.6.  The removal of bone marrow highlighted the

difference in bone quality between donors.  The VB from Spine 1 contained thicker

trabecular bone with smaller spaces compared to the VB from Spines 2 and 3.  The

VB in T5-6 showed large holes beneath the cortical bone of the vertebral body.
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Figure 6.6 Thoracic VB-D-VB samples post irrigation with phosphate buffered
saline (PBS). In the early stages of the  decellularisation process,  PBS was
used to irrigate vertebral bone to aid bone marrow removal.  Images a and b are
taken of the same samples, from different angles.

Images of VB-D-VB samples post decellularisation are shown in Figure 6.7.  The IVDs

from Spines 2 and 3 were more brown in colour than those in Spine 1, which were

white in appearance (Figure 6.7 c).  The outer IVD surface of the decellularised

samples appeared spongy, having a looser structure than before decellularisation, and

some areas of the oAF looked to have protruded out from between the VB surfaces.

This can be more clearly seen in the anterior side of T5-T6 from Spine 3 (Figure 6.7 b,

circled).
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Figure 6.7 Thoracic VB-D-VB samples post decellularisation. a  &  b)  images  of
whole VB-D-VB samples taken of the same samples, from different angles.
Protrusion of the oAF tissue can be seen for sample T5-6 from Spine 3 (circled);
c) coronal slice though the VB-D-VB (lateral to lateral dimension). A = anterior,
P = posterior, L = lateral.

6.4.2 Histological evaluation

6.4.2.1 Cellularity

6.4.2.1.1 Cellular tissue

Representative images of cellular human tissue sections stained with H&E and DAPI

are shown in Figure 6.8 and Figure 6.10 respectively.  An overview of a H&E stained

cellular VB-D-VB tissue section is shown in Figure 6.8 f.  DAPI staining of cellular

human VB-D-VB tissue sections was used in conjunction with the H&E staining

method in order to confirm the distribution of cells within the tissue; nuclear material

showed fluorescence when illuminated with a UV light source and is shown as white

areas in Figure 6.10.

Cells were present within the IVD structures, increasing in number from the NP to the

iAF to oAF (Figure 6.8 a–c and Figure 6.10 a–c).  Cells of the NP were often present in

pairs or small clusters of 3 to 5 cells (Figure 6.8 a and Figure 6.10 a, circled regions).
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DAPI staining also showed the nuclei to be elongated in the oAF (Figure 6.10 c) and

rounded in all other regions (Figure 6.10 a, b, d & e).  Cells were present within

lacunae in the EP and VB and they were also present within the trabecular spaces in

the bone as part of the bone marrow (Figure 6.8 d & e and Figure 6.10 d & e).

6.4.2.1.2 Decellularised tissue

Representative images of decellularised human tissue sections stained with H&E and

DAPI are shown in Figure 6.9 and Figure 6.11 respectively.  An overview of a H&E

stained decellularised VB-D-VB tissue section is shown in Figure 6.9 f.  H&E staining

results suggested that in all regions (NP, iAF, oAF, EP, VB, Figure 6.9 a-e) there were

no whole nuclei present because clearly defined purple/blue areas were not visible in

the histological sections.  Some tissue sections did show diffuse areas of slightly more

intense purple/blue staining that was barely distinguishable for the ECM; these “ghost

nuclei” regions were more common in the NP region than other VB-D-VB regions

(Figure 6.9 a, circled).  Bone marrow was not fully removed but did not appear to have

any cell nuclei present in H&E stained sections (Figure 6.9 e).

DAPI staining gave a clearer reflection on the presence of nuclear material within the

regions of the VB-D-VB tissue sections.  Faint nuclear material was seen in most

areas of the NP (Figure 6.11 a, circled).  An occasional faint staining of nuclear

material was observed in the iAF but was not very common (Figure 6.11 b, circled).

Some, but not all, areas of the oAF showed the presence of whole cell nuclei while

other areas of this region were completely clear of nuclear material.  The presence of

cell nuclei could be seen in denser tissue regions such as the enthesis region between

the EP and oAF (Figure 6.11 c).  An occasional whole nucleus was seen in the EP and

VB but these areas were generally free of nuclear material (Figure 6.11 d & e).  While

nuclear material was found to be present in decellularised tissue it fluoresced at a

lower intensity than in cellular tissue (both cellular and decellularised tissue were

stained in the same batch and imaged using the same microscope UV light settings

and camera exposure settings).
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Figure 6.8 Representative micrographs of sections of cellular human VB-D-VB
regions stained with H&E. Image f was taken at 25 x magnification (scale bar
5000 µm), all other images were taken at 100 x magnification (scale bar
100 µm). NP = nucleus pulposus; iAF = inner annulus fibrosus; oAF = outer
annulus fibrosus; EP = endplate and VB = vertebral bone.  Image a) Spine 1,
T2-T3; b) Spine 1, T6-T7; c) Spine 2, T2-T3, d) Spine 1, T6-T7; e) Spine 3,
T2-T3; f) Spine 2, T2-T3.
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Figure 6.9  Representative micrographs of sections of decellularised human
VB-D-VB regions stained with H&E. Image f was taken at 25 x magnification
(scale bar 5000 µm).  All other images were taken at 100 x magnification (scale
bar 100 µm). NP = nucleus pulposus; iAF = inner annulus fibrosus; oAF = outer
annulus fibrosus; EP = endplate and VB = vertebral bone.  The ringed area in NP
(image a) shows possible faintly stained fragmented nuclear material.  Image a)
Spine 3, T1-T2; b) Spine 1, T1-T2; c) Spine 3, T1-T2, d) Spine 2, T5-T6; e)
Spine 3, T1-T2; f) Spine 2, T1-2.
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Figure 6.10 Representative micrographs of sections of cellular human VB-D-VB
regions stained with DAPI. All images were taken at 100 x magnification  (scale
bar 100 µM).  NP = nucleus pulposus; iAF = inner annulus fibrosus; oAF = outer
annulus fibrosus; EP = endplate and VB = vertebral bone.  Ringed areas show
clusters of NP cells.  Images captured using same light and exposure settings as
those shown in Figure 6.11.  Image a) Spine 1, T6-T7; b) Spine 2, T2-T3; c)
Spine 1, T6-T7, d) Spine 1, T6-T7; e) Spine 2, T6-T7.

Figure 6.11 Representative micrographs of sections of decellularised human
VB-D-VB regions stained with DAPI. All images were taken at 100 x
magnification (scale bar 100 µm). NP = nucleus pulposus; iAF = inner annulus
fibrosus; oAF = outer annulus fibrosus; EP = endplate and VB = vertebral bone.
The ringed areas show faintly fluorescing fragmented nuclear material.  Images
captured using same light and exposure settings as those shown in Figure 6.10.
Image a) Spine 1, T5-T6; b) Spine 3, T1-T2; c) Spine 3, T5-T6, d) Spine 1,
T5-T6; e) Spine 3, T5-T6.
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6.4.2.2 Histoarchitecture

6.4.2.2.1 Cellular tissue

Representative images of cellular human tissue sections stained with sirius red are

shown in  Figure 6.12.  Sirius red staining was used to assess the histoarchitecture of

the tissue sections, allowing clearer visualisation of the structure and collagen fibre

orientation than H&E staining.  Collagen fibres within the ECM of the cellular human

NP showed a random fibre alignment (Figure 6.12 a).  There was an increased

organisation of collagen fibres from the NP to the oAF becoming thicker from the

centre of the IVD to the outer regions.  In both the iAF and oAF,  fibres were parallel to

each other; evidence of a crimped structure was seen in the iAF (Figure 6.12 b and c).

The collagen fibres in the AF followed the circumference of the IVD from upper to

lower EP (Figure 6.12 f).  The fibres within the EP were found to run roughly

perpendicular to those of the IVD.  Collagen fibres of the IVD were seen feeding into

the EP (Figure 6.12 d).  Stained histological sections of the cellular VB showed a

concentric collagen structure within the trabeculae (Figure 6.12 e).  Sirius red staining

allowed for the IVD regions (NP, iAF and oAF) to be distinguished from one and other

more readily than with other histological staining methods such as H&E.

6.4.2.2.2 Decellularised tissue

Representative images of cellular human tissue sections stained with sirius red are

show in Figure 6.13.  An overview of a sirius red stained decellularised VB-D-VB

tissue section is shown in Figure 6.13 f.  Collagen fibre alignment in the NP showed a

random alignment similar to that found in cellular tissue (Figure 6.13 a).  In some

regions, it appeared looser than in cellular tissue but this may have been due to

natural differences within the regions or differences in section quality.  Collagen fibres

in the decellularised iAF were aligned in layers and showed evidence of crimping

(Figure 6.13 b).  The structure of the oAF appeared looser and this area appeared to

contain more holes than in the cellular tissue, particularly towards the periphery of the

IVD (Figure 6.13 c, arrows).  This was supported by macroscopic observation of

decellularised VB-D-VB tissue where the IVD tissue appeared looser (Section 6.4.1).

Both decellularised EP and VB appeared to show no differences in histoarchitecture

compared to the cellular tissue (Figure 6.13 d & e).
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Figure 6.12 Representative micrographs of sections of cellular human VB-D-VB
regions stained with sirius red.  Image f was taken at 25 x magnification (scale
bar 5000 µm), all other images were taken at 100 x magnification (scale bar
100 µm).  NP = nucleus pulposus; iAF = inner annulus fibrosus; oAF = outer
annulus fibrosus; EP = endplate and VB = vertebral bone. Image a) Spine 1,
T2-T3; b) Spine 2, T2-T3; c) Spine 3, T2-T3, d) Spine 2, T2-T3; e) Spine 2,
T2-T3; f) Spine 1, T2-T3.
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Figure 6.13 Representative micrographs of sections of decellularised human
VB-D-VB regions stained with sirius red. Image f was taken at 25 x
magnification (scale bar 5000 µm).  All other images taken at 100 x magnification
(scale bar 100 µm). NP = nucleus pulposus; iAF = inner annulus fibrosus;
oAF =  outer annulus fibrosus; EP = endplate and VB = vertebral bone.  The
arrows show holes within the ECM of the oAF.  Image a) Spine 1, T1-T2; b)
Spine 2, T1-T2; c) Spine 1, T5-T6, d) Spine 3, T5-T6; e) Spine 3, T1-T2; f)
Spine 1, T1-T2.

6.4.2.3 Staining for sulphated glycosaminoglycans

6.4.2.3.1 Cellular tissue

Representative images of cellular human tissue sections stained with safranin O/fast

green are shown in Figure 6.14.  An overview of a safranin O/fast green stained

cellular VB-D-VB tissue section shown in Figure 6.14 f.  Cellular human VB-D-VB

tissue sections showed intense red safranin O staining in the NP, iAF, oAF and EP

(Figure 6.14 a-d).  The safranin O staining intensity was similar across the NP, iAF and

oAF regions suggesting that there was a similar amount of GAGs present in each

region.  Safranin O staining was much more intense in the EP than the IVD regions,

suggesting a higher concentration of GAGs in this region (Figure 6.14 a-d & f).  The

VB did not show red safranin O staining and was stained green with the fast green

counterstain (Figure 6.14 e & f).
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6.4.2.3.2 Decellularised tissue

Representative images of decellularised human tissue sections stained with safranin

O/fast green are shown in Figure 6.15.  An overview of a safranin O stained

decellularised VB-D-VB tissue section is shown in Figure 6.15 f.  Both cellular and

decellularised tissue sections were stained within the same batch and images were

taken with the same transmitted light settings in the microscope and camera exposure

settings.  This allowed for the comparison of staining intensities of cellular and

decellularised tissue.  Decellularised NP, iAF, oAF tissue sections showed less intense

safranin O staining than cellular tissue sections (Figure 6.15 a-c).  In the oAF the fast

green counter stain was seen, particularly in the outermost regions of oAF, suggesting

loss of GAGs is this area (Figure 6.15 c, arrow).  Safranin O staining of the EP had a

slightly “washed out” appearance (Figure 6.15 d) and the fast green staining intensity

of the VB also appeared reduced in decellularised tissue sections (Figure 6.15  e).
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Figure 6.14 Representative micrographs of sections of cellular human VB-D-VB
regions stained with safranin O/fast green. Image f was taken at 25 x
magnification (scale bar 5000 µm), all other images were taken at 100 x
magnification (scale bar 100 µm). NP = nucleus pulposus; iAF = inner annulus
fibrosus; oAF = outer annulus fibrosus; EP = endplate and VB = vertebral bone.
Image a) Spine 1, T2-T3; b) Spine 1, T2-T3; c) Spine 3, T6-T7, d) Spine 1,
T2-T3; e) Spine 3, T6-T7; f) Spine 2, T6-T7.
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Figure 6.15 Representative micrographs of sections of decellularised human
VB-D-VB regions stained with safranin O/fast green. Image f was taken at
25 x magnification (scale bar 5000 µm), all other images were taken at 100 x
magnification (scale bar 100 µm). NP = nucleus pulposus; iAF = inner annulus
fibrosus; oAF = outer annulus fibrosus; EP = endplate and VB = vertebral bone.
Reduced red safranin O staining/increased fast green staining can be seen in the
oAF (image c, arrow).  Image a) Spine 3, T1-T2; b) Spine 3, T1-T2; c) Spine 2,
T5-T6, d) Spine 3, T1-T2; e) Spine 1, T5-T6; f) Spine 1, T1-T2.

6.4.2.3.3 Additional histological observations

Spines 2 and 3 showed evidence of calcification in both the cellular IVDs evaluated

(T2-T3 and T6-T7).  There was a suggestion of this in the results of H&E stained

histological sections where the NP showed darker stained purple regions similar to the

staining of VB (Figure 6.16 a, arrow).  This finding was supported by safranin O/fast

green staining.  Regions of the NP were stained green similar to the VB in the section

(Figure 6.16 b, arrow), and sirius red staining in which NP regions showed

birefringence similar to that seen in VB (Figure 6.16 c, arrow).
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Figure 6.16 Representative micrographs of cellular human nucleus pulposus
obtained from Spine 3 stained with H&E (a), safranin O/fast green (b) and
sirius red (c). These histological staining methods suggest the presence of
calcified regions (arrow) within the older IVD specimens.  All images were taken
at 100 x magnification (scale bar 100 µM) and are of stained tissue sections
obtained from Spine 3, T2-T3.

6.4.3 Biochemical evaluation

6.4.3.1 DNA content

The total DNA content of the cellular and decellularised human VB-D-VB tissue

regions is shown in Figure 6.17 and Figure 6.18 respectively.  There was a large

variation in absolute values for total DNA content within each tissue region for cellular

NP, iAF, oAF, EP and VB.  In the cellular NP, absolute values ranged from 229 to 489

ng.mg-1 dry tissue; absolute values for total DNA content of cellular iAF and oAF

ranged from 110 to 479 and 164 to 424 ng.mg-1 dry tissue respectively and in the

cellular EP the range in values was 171 to 396 ng.mg-1.  Cellular VB had the highest

total DNA values with a range of 1382 to 4621 ng.mg-1.  The total DNA content in all

the decellularised tissue regions of all six replicate decellularised IVDs was found to be

below 50 ng.mg-1 dry tissue.  The highest total DNA concentration of any

decellularised tissue region was 29 ng.mg-1 (found in the VB), the lowest value was

2 ng.mg-1 (iAF).
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Figure 6.17 Total DNA (ng.mg-1 dry tissue weight) of cellular tissue regions from
each of the six intervertebral discs used in the investigation. NP = nucleus
pulposus; iAF  = inner annulus fibrosus; oAF = outer annulus fibrosus;
EP = endplate and VB = vertebral bone.  Note the difference in scale between
this figure and Figure 6.18.
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Figure 6.18 Total DNA (ng.mg-1 dry tissue weight) of decellularised tissue
regions from each of the six intervertebral discs used in the investigation.
NP = nucleus pulposus; iAF = inner annulus fibrosus; oAF = outer annulus
fibrosus; EP = endplate and VB = vertebral bone. Note the difference in scale
between this figure and Figure 6.17.
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6.4.3.2 GAG content

The sulphated GAG content of cellular and decellularised IVD tissue regions is shown

in Figure 6.19 and Figure 6.20 respectively.  No GAG content results are shown for the

NP from Spine 1, T2-T3 (Figure 6.19 a) because the size of the NP sample obtained

from the IVD was small, it was used preferentially in the DNA assay.  There was a

large variation in absolute values for GAG content within each tissue region for cellular

and decellularised NP, iAF and oAF.  In the cellular NP, values ranged from 153 to

307 µg.mg-1 dry tissue; in the cellular iAF they ranged from 151 to 314 µg.mg-1 dry

tissue and in the cellular oAF the range was 168 to 269 µg.mg-1.  In the decellularised

NP, values ranged from 139 to 477 µg.mg-1 dry tissue; in the decellularised iAF they

ranged from 140 to 360 µg.mg-1 dry tissue and in the decellularised oAF the range was

81 to 262 µg.mg-1.  The GAG content profiles of five of the decellularised samples

showed a decrease in GAG content from the NP to the iAF to the oAF.  GAGs

appeared to be most readily lost from the outer regions of the IVD (Figure 6.20 a-e).
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Figure 6.19 Sulphated glycosaminoglycan content (µg.mg-1 dry tissue weight) of
cellular tissue regions from each of the six intervertebral discs used in the
investigation. NP = nucleus pulposus; iAF = inner annulus fibrosus and
oAF = outer annulus fibrosus.
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Figure 6.20 Sulphated glycosaminoglycan content (µg.mg-1 dry tissue weight) of
decellularised tissue regions from each of the six intervertebral discs used
in the investigation. NP = nucleus pulposus; iAF = inner annulus fibrosus and
oAF = outer annulus fibrosus.
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6.4.4 Sterility of decellularised tissue

Sterility test results for the decellularisation of human VB-D-VB samples are shown in

Figure 6.21.  Only the positive control showed evidence of microbial growth.  Nutrient

broth for all samples (N = 6) and negative controls remained clear suggesting no

contamination of the AF tissue.

Figure 6.21 Sterility test results for annulus fibrosus (AF) biopsies 48 hours post
inoculation.
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6.5 Discussion

The purpose of this investigation was to determine if the decellularisation protocol,

developed using bovine IVDs with bony attachments in Chapter 4, could be

successfully applied to human IVDs with attached VB.  As for the bovine tissue, the

initial criteria used to assess the success of each decellularisation protocol was the

total or near total removal of cells from histological sections in all areas of the

decellularised tissue.  This was in conjunction with the reduction of total DNA levels of

tissue regions to a maximum of 50 ng.mg-1 dry weight of tissue.  Secondary criteria

were the retention of histoarchitecture/collagen structure and the maintenance of GAG

content of the tissue, post decellularisation.

In previous chapters, the non-decellularised bovine tissue was referred to as “native”.

Here there has been a change in nomenclature, with non-decellularised human tissue

being referred to as “cellular”.  This is an acknowledgment of the fact that the human

tissue used in this investigation had undergone several years of storage and is likely to

have undergone chemical and biological changes during this time.  Bovine tissue on

the other hand was extracted from freshly slaughtered animals and underwent minimal

storage prior to its use in the investigation.

Spines from a human tissue bank were obtained for use in this investigation.  Human

tissue and especially spines are precious research materials and in an effort to reduce

tissue use and wastage, three spines were selected for this initial attempt at

decellularising human IVDs.  Though effort was made to select spines from the

youngest available donors there was still a broad donor age range (38 to 75 years)

which had the potential to impact tissue quality.  Indeed IVDs from the 54 and 75 year

old individuals (Spine 2 and 3 respectively) showed age related changes such as NP

calcification and EP fissures (Boos et al. 2002).  It was also unknown exactly how long

the donated tissue had been stored in the tissue bank.  Spine 3 for example showed

evidence of more decomposition than the other two spines, with marrow and tissue

fluid that leached from the samples; possibly as a result of longer storage or having

experienced more temperature fluctuations that may have allowed for some thawing of

the tissue.  This may have also been a product of donor age as this spine was

harvested from the oldest of the three donors.

Two VB-D-VB samples were taken from each of the three spines in order to achieve

six replicates from the low sample size.  The small sample size of three however was

too low to carry out any meaningful statistical analysis of the results and so for this

reason, data for each individual sample has been presented for both the GAG and
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DNA content.  Now that an extraction method for obtaining human VB-D-VB for study

has been established, further testing on a larger number of donor spines can take

place with increased confidence that tissue extraction is possible without damage to

the tissue.  Further decellularisation investigations utilising Protocol 6 should now be

carried out to ascertain the reproducibility of the method, in order to gain a fuller

understanding of the effects of the process.  The initial understanding of the variation

of GAG and DNA content of tissues from different donors gained in this study may be

of use in the design of future studies using power analysis.

Despite the large variation seen in DNA values and the lack of statistical analysis

carried out, the DNA assay results showed that application of decellularisation

Protocol 6 was able to reduce total DNA content in all tissue regions of all samples to

below the initial target of 50 ng.mg-1 dry tissue weight; maximum and minimum values

across all spines and tissue regions were 29 and 2 ng.mg-1 respectively.  This study

measured the total DNA content of the tissue rather than double stranded DNA

content recommended by Crapo, Gilbert and Badylak (2011) and so DNA values

achieved in the current study would have been even lower, had the levels of double

stranded DNA been reported.  This promising reduction in DNA was supported by the

histological results which showed high levels of nuclear material removal.

IVD tissue GAG concentration data also showed large variations in both cellular and

decellularised tissue regions.  The range in GAG concentration levels was similar in

cellular and decellularised NP and iAF tissue regions.  From this data it is difficult to

assess if decellularisation resulted in GAG loss from within these regions.  Safranin O

staining however did suggest some loss of GAGs demonstrated by less intense

staining within tissue sections taken from within these regions.  GAG content data

suggested that GAGs were more readily lost from the oAF during decellularisation

which was supported by less intense safranin O staining of tissue sections from this

region and almost no safranin O staining at the periphery of the oAF.  Safranin O

histological staining results also showed reduced staining intensity in the EP of

decellularised tissue.  It is promising that GAGs are still present in decellularised tissue

though the true extent of the effects of decellularisation on the GAG content of the IVD

tissue requires more investigation.  As discussed in Chapter 5, Section 5.1, though

GAGs may have been lost as a result of the decellularisation process applied in the

current investigation, it is possible that the low SDS concentrations used  (0.1 % w/v)

will limit any changes in the biomechanical properties of the IVD (Stapleton et al. 2008;

Du et al. 2011).  There also appeared to be some reduction in the integrity of the IVD

as a result of decellularisation.  Macroscopic observations revealed some protrusion of

the AF and histological staining results, using sirius red to identify collagen, showed
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more holes in sections of the outer region of the outer AF post decellularisation.  It

remains unknown what effects these changes could have on the biomechanical

properties of the decellularised IVD.

It is well documented that cellular allograft bone is osseointegrated by a process

known as creeping substitution.  The presence of donor cells attracts macrophages

which remove the necrotic cells and in doing so create channels in the bone through

which neovascularisation can occur.  The blood vessels facilitate the entry of

osteoclasts and osteoblasts into the area which remove the donor bone, laying down

new bone in its place (Galea and Kearney 2005).  It is therefore possible that the

occasional non-viable cell, shown to be present in the VB after decellularisation, would

not be detrimental to the osseointegration of the bony component of the scaffold upon

implantation into recipient bone.  A decellularised natural scaffold therefore, which has

had the majority of its cellular component removed, should be integrated quicker into

the recipient than a cellular allograft as there would be a reduced amount of donor

cells for macrophages to clear (Galea and Kearney 2005). An argument could also be

made that more porous bone within a VB-D-VB scaffold could accelerate the

remodelling process, allowing the recipient’s cells easier access to the site.  A reduced

amount of donor bone could also be replaced quicker and therefore samples from

older donors may not need to be discounted on the grounds of bone quality.

Extracted VB-D-VB samples had differing amounts of VB at the cranial and distal

surfaces.  This was due to the extraction method differing slightly between the first and

subsequent spines.  Initially an attempt was made to extract IVDs with approximately

5 mm of VB, as carried out previously in bovine IVD extraction (Chapter 4).  However

µCT scanning of the first dissected spine highlighted that the lordosis of human

thoracic spines together with the concave nature of the EP increased the risk of cutting

through the EP and into the IVD when attempting to leave such a small amount of

bone attached.  This almost occurred in some of the samples dissected from the first

spine.  The extraction method was subsequently adapted so that the vertebral body

was cut at its midpoint, half way between the two adjacent IVDs.  This negated the risk

of cutting through the EP but resulted in the VB-D-VB samples having a greater depth

of VB distally than proximally because the height of vertebral bodies increase towards

the lumbar spine (Panjabi et al. 1991b).  Further improvements to the extraction

method could be made, for example through µCT scanning and measurement of the

spine segment prior to extraction of VB-D-VB.  In conjunction with a jig to accurately

mark cutting points, samples could be extracted with specific amounts of VB

proximally and distally to the IVD.  Sikora et  al. (2018) recently carried out a similar

process to achieve plano-parallel cuts in bovine specimens prior to their mechanical
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testing.  This adapted method could perhaps allow specific amounts of VB to be taken

to enable size matching of samples to donors for restoration of IVD height.  The

current extraction method did however allow the orientation (proximal/distal surfaces)

of the sample to be clear.  Future methods may need to allow for this because the

position of the NP within the IVD and the IVDs centre of rotation are important to its

function (Middleditch and Oliver 2005) and so the orientation of an implanted

decellularised IVD scaffold is likely to be an important consideration.

It is well known that age related changes in the IVD render its structure disorganised

and without differentiation between the NP and AF (Thompson et al. 1990; Boos et al.

2002).  The five grade classification system developed by Thompson et al. (1990)

documented that Grade III IVDs exhibit “loss of nuclear-annular demarcation”; all three

spines used in the current investigation were a minimum of Grade III according to this

classification system (where grade V IVDs show the most degeneration); the NP, iAF

and oAF regions of these IVDs were difficult to distinguish macroscopically, likely due

to the age of the tissue.  For this reason IVD tissue for biochemical evaluation was

simply split in to thirds (NP from the central third, iAF from the middle third and oAF

from the outer third of the IVD).  It was possible that because a VB-D-VB slice was

taken from the central portion of the sample for histological evaluation, the majority of

the NP was removed and not retained for use in biochemical evaluation.  This potential

lack of accurate separation of the tissue regions may account for the similarity in

cellular DNA and GAG content measured across these three regions in the cellular

tissue.  This could also be accounted for and compounded by the lack of differentiation

of these regions within ageing IVDs.  Samples for histological evaluation were taken

from the coronal plane (L-L dimension), which is the widest dimension of the VB-D-VB

samples from the upper thoracic spine.  Sagittal (A-P) slices would have left more IVD

for biochemical evaluation, which was already limited due to the low IVD height.

Sagittal histological slices would also have allowed for better comparison with images

from the literature as this is the preferred orientation; both Thompson et al. (1990) and

Boos et al. (2002) carried out sagittal sectioning in their investigations.

IVD degeneration is common in the lumbar spine.  For transplantation of a

decellularised IVD to be successful in treating degeneration of the lumbar IVD, size

matching of the implanted scaffold to the recipient would be of utmost importance.

There are no IVD in animals from the food chain which compare in dimensions,

geometry and function to human lumbar IVDs.  Future work would require the

extension and adaptation of the decellularisation protocol to human lumbar IVDs as a

potential source of IVD for treatment of lumbar IVD degeneration.
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In summary, a decellularisation protocol has been applied to the human IVD with VB

attachments. This has not previously been documented in the literature.  The results

are promising with the DNA levels within accepted levels and a seemingly high GAG

retention.  The presence of residual cellular material in the VB should not be

detrimental to integration of the donor VB into the recipient.  There was some evidence

of the loss of oAF integrity and so biomechanical performance of the decellularised

scaffold should be established.
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Chapter 7 Discussion

7.1 General discussion

7.1.1 Introduction

The aim of the current study was to develop a decellularisation protocol for the IVD

with bony attachments, using an animal model, which could then be translated to

human IVDs.  This aim, and the objectives stated in Chapter 1, Section 1.9, were

achieved.  An animal model was selected from the food chain.  The selected bovine

tail IVDs were of a comparable size to human thoracic IVDs (Chapter 3).  The

biochemical composition and biomechanical properties of the bovine tail IVDs were

also within the range of human IVDs (Beckstein et al. 2008; Showalter et al. 2012).

The histological, biochemical and biomechanical properties of the native bovine tissue

were characterised (Chapters 3 and 5) and the data compared to that of decellularised

bovine tissue (Chapter 4 and 5).  A decellularisation protocol was developed using

bovine tail IVDs (with bony attachments). Due to the similarities in the composition and

structure between the IVD and the meniscus (discussed in Chapter 4, Section 4.6), the

initial protocol was based on one which had been previously developed for the porcine

meniscus with attached bone blocks (Hasan 2014).  Application of the developed

decellularisation protocol to bovine tail IVDs reduced the cell and DNA levels to within

tolerable levels with good retention of GAGs and the change in the biomechanical

stiffness of the IVDs were within the range of natural tissue variation.  The

decellularisation protocol was subsequently applied to human thoracic IVDs with

attached bone in order to ascertain if the protocol could be successfully translated to

human tissue (Chapter 6).  The results were promising with the reduction of DNA

content to within accepted levels and an apparent high level of GAG retention.

7.1.2 Intervertebral discs with attached bone

Other approaches to tissue engineering of scaffolds for IVD replacement (Chapter 1,

Section 1.6) have either concentrated on the fabrication of individual IVD components

or NP-AF composites using synthetic or natural materials.  These approaches have

yet to overcome the problems of integration of the scaffold into the recipient’s spine,

replication of the complex IVD structure and replication of the mechanical properties

comparable to native tissues.  Work on decellularised tissue regions (NP and AF)

(Mercuri, Gill and Simionescu 2011; Wu et al. 2014; Xu et al. 2014; Fernandez et al.

2016; Wu et al. 2017) shares the problem of integration of the scaffold into the host.



194

These limitations could be overcome through the use of a decellularised biological

IVD, complete with bony attachments which should provide a means of surgical

fixation to the adjacent vertebrae.

In the current study of the decellularised human IVD, the VB within the scaffold

showed the presence of occasional cell nuclei.  This is unlikely to be detrimental to the

integration of the implanted bone because allogeneic bone grafts are not normally

decellularised, usually only being irrigated to remove bone marrow and irradiated to

prevent disease transmission (NHS Blood and Transplant ; McNamara 2010; Lomas,

Chandrasekar and Board 2013).  Although allogeneic bone grafts contain dead donor

cells and cell remnants, they are successfully used in orthopaedic surgery, giving

comparable clinical results to autograft bone in spinal fusion surgery (Gibson et al.

2002).  The EPs of cryopreserved cervical allograft IVD grafts have been shown to

integrate with recipient VB; the implants did not migrate even without the use of

internal fixation (Ruan et al. 2007).  It has been suggested that the time taken for bone

integration to occur may be less for donor bone which has been more efficiently

washed of bone marrow.  This is because there are far fewer donor cells and marrow

constituents which could otherwise reduce the ability of progenitor or osteogenic cells

to adhere to bone and initiate remodelling (Smith et  al. 2015).  Smith et  al. (2015)

reported on a washing procedure which removed 99.6 % of marrow components from

human femoral heads.  The washing procedures bore some similarity to those

undertaken in the current study (with the incorporation of agitation and sonication in to

the wash steps).  The resulting bone was biocompatible and was able to induce

increased osteogenic differentiation of human MSCs and increase their osteogenic

gene expression in vitro (Smith et al. 2015; Porzionato et al. 2018).  This indicates that

a decellularised allogeneic IVD and its attached VB, containing fewer cells and cell

remnants, should integrate within the VB of the recipient.

Since the IVD has a very organised and complex attachment to the VB via the EPs

(Middleditch and Oliver 2005; Kandel, Roberts and Urban 2008; Risbud and Shapiro

2011; Whatley and Wen 2012), the current study also preserved the bony attachments

of the IVD tissue in order to maintain the integrity of the IVD.  Hensley et al. (2018)

recently decellularised bovine tail NP with the surrounding AF, without any bony

attachments.  By detaching the IVD from the EPs, the integrity of the IVD was

compromised and as a result, uncontrolled swelling and protrusion of the NP and iAF

occurred during the decellularisation process.  The EPs were not present to restrict

this swelling and cause the IVD to become pressurised, as in a natural IVD (Kandel,

Roberts and Urban 2008).
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7.1.3 Decellularisation of largest available intervertebral disc for
improved translation to larger human tissue

No food chain animal exists that possesses IVDs with comparable dimensions and

geometry to human IVDs  (Panjabi et  al. 1991a; Panjabi et al. 1991b; Panjabi et al.

1992; Kumar et  al. 2000; Boszczyk, Boszczyk and Putz 2001; Beckstein et al. 2008;

Busscher et al. 2010; Showalter et al. 2012).  Upright locomotion in humans places

increased loads through the spine, with each level of the spine being required to

support the vertebral column above it.  As a consequence human IVDs, particularly in

the lumbar region, are much larger than those in food chain animals.  Human and

animal EPs also differ in their shape; the current study for example has shown that

EPs are concave (bulging into the IVD) in cattle and convex (bulging into the vertebral

body) in humans.  Size matching of donor IVD graft tissue to the recipient is likely to

be important in preventing graft migration (Luk et al. 1997; Ruan et al. 2007; Luk and

Ruan 2008) and so the source tissue for the production of a decellularised IVD

scaffold is likely to be human donor tissue, particularly for the large lumbar spine

region where IVD degeneration is common.  For this reason the current study

developed a decellularisation protocol on the largest and most easily obtainable

animal IVD with the intention of facilitating translation of the protocol to much larger

human IVDs.  This could potentially facilitate the matching of donor IVDs to the unique

anatomy of the human spine.  The study also paves the way for future work on

decellularised large animal IVDs for cervical IVD replacement where size matching

may be possible.

Spinal dimensions and geometry vary between individuals and also between levels of

the same spine, and so there may be future challenges in size matching donor and

recipient IVDs.  It may be necessary therefore to preferentially match some

dimensions, for example the A-P and lateral IVD diameters, over others (e.g. the

height of the implant).  In this scenario, discrepancies in height could be overcome in a

variety of ways.  As human donor tissue is not limited by the presence of a GP, as

seen in skeletally immature bovine tissue, the amount of VB retained either side of the

IVD could be increased or decreased accordingly.  If however the absence of

increased amounts of VB is found to be detrimental to decellularisation efficiency, any

deficiency in bone could be overcome by using one of a range of autograft, allograft or

synthetic bone substitutes routinely used in orthopaedic surgery  (Lomas,

Chandrasekar and Board 2013; Campana et al. 2014).  Size matching could be

accomplished by matching similar spinal levels.  TDRs are designed to maintain the

mobility of the spinal segment upon implantation.  They, however, have a fixed centre
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of rotation that is not adjustable to the spinal level.  It has been suggested that this

altered centre of rotation could be responsible for initiating IVD degeneration at

adjacent levels (Anderson et al. 2012).  It is possible, therefore that by size matching

donor decellularised IVD to the specific spinal level, natural spinal mobility could be

restored circumventing this problem.

7.1.4 Biomechanical analysis in the current study

The current study implemented novel biomechanical testing methods developed at the

University of Leeds in order to test decellularised IVD with bony attachments.  The

testing regime employed physiologically relevant conditions and was undertaken

sequentially to allow the detection of small changes in biomechanical properties which

are often masked by the variation in properties between natural tissue samples (Sikora

et al. 2018).  The biomechanical testing of bovine tail IVD pre- and

post-decellularisation is documented in Chapter 5.  A small increase in stiffness was

observed in bovine EP-D-EP samples post decellularisation.  This was within the

range of natural tissue variation suggesting that any change in biomechanics would

not result in the majority of specimens being outside the natural range of the tissue.

While biomechanical testing was not undertaken on the human specimens, the

preliminary findings suggest that the biomechanical performance would not be greatly

altered, similar to the finding in bovine specimens.  Histological assay results

suggested that the collagen structure was largely preserved and there was a high

retention of GAGs.  It is possible that if similar small changes in stiffness are observed

in decellularised human IVDs, then the difference may not be critical to the successful

function of an implanted decellularised IVD.  The implanted IVD would have different

biomechanical properties to the degenerate IVD it is replacing, and so it may only

need to have biomechanical properties sufficient to temporarily withstand the loading

conditions in the donor spine until the biological response has had sufficient time to

mediate endogenous cellular repopulation and maintenance of the ECM.

7.1.5 Constructive remodelling of decellularised tissue

It has been suggested that decellularised ECM is bio-inductive due to the presence of

growth factors, polysaccharides and functional peptides (Benders et al. 2013), for

example cell adhesion peptide sequences such as RGD (Atala 2007).  There is

considerable evidence that appropriately decellularised tissues undergo constructive

remodelling following implantation by supporting and encouraging specific tissue

formation rather than less functional scar tissue formation at the implant site (Badylak

2007; Benders et al. 2013; Badylak 2014).
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There is extensive evidence of constructive remodelling gained from studies of

decellularised porcine small intestinal submucosa (SIS) which has been used as a

scaffold for the repair of a range of non-homologous soft tissues (skin, dura mater,

urinary bladder, urethra, intestine, diaphragm and rotator cuff) (Badylak 2007).  Upon

implantation, SIS has been shown to be re-cellularised by progenitor cells from the

surrounding tissue with remodelling observed through the deposition of new collagen

fibres, muscle tissue and blood vessels (Turner et al. 2010; Benders et al. 2013).

There is also evidence that larger decellularised structural tissues are able to restore

function and undergo constructive remodelling when implanted in vivo.  There  is  a

comprehensive history of decellularised allogeneic cardiac valves, produced by a

range of methods, being successfully used in clinic with satisfactory early, medium and

long term results comparable, if not superior, to standard cryopreserved allogeneic

valves (Elkins et al. 2001; da Costa et al. 2005; Zehr et al. 2005; da Costa et al. 2009;

Burch et al. 2010; da Costa et al. 2010; Ruzmetov et al. 2012; da Costa et al. 2014).

These studies show that decellularised allogeneic cardiac valves are able to function

clinically without adverse host immune responses due to the removal of specific cell

surface molecules from the tissue as part of the decellularisation process (Chapter 1,

Section 1.7.1 and Chapter 4, Section 4.2.2.2).  There is also evidence for the

remodelling of implanted decellularised cardiac valves.  Decellularised porcine aortic

roots have been implanted into the right ventricular outflow tract (RVOT) of sheep and

compared to cryopreserved ovine valves, also implanted in sheep (Paniagua Gutierrez

et al. 2015).  The implants were harvested six months post implantation.  Explanted

cryopreserved ovine valves were hard, rigid and were heavily calcified.  Minimal

calcification, however, was seen in the decellularised porcine valves, present only

around suture sites and, in one valve, in locations thought not to have been completely

devoid of cells and DNA.  Histological and IHC evaluation revealed the presence of a

high density of macrophages but not lymphocytes in the decellularised valves,

suggestive of remodelling of the scaffold.  M2 polarised macrophages have been

implicated in the tissue remodelling process (Mills et al. 2000; Badylak and Gilbert

2008; Cassetta, Cassol and Poli 2011).  Decellularised porcine aortic heart valves

have also been implanted into the RVOT of pigs (allogeneic model), the cells

infiltrating the explanted tissue was evaluated by IHC and found to be predominantly

macrophages of an M2 phenotype (Iop et al. 2014).

Two separate large animal studies have been conducted by researchers from iMBE at

the University of Leeds in which decellularised human bone-patellar tendon-bone

(hBTB) and decellularised porcine superflexor tendon (pSFT) were implanted as

anterior cruciate ligament replacements (ACL) in ovine knees for up to 26 weeks
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(Edwards et al. 2017a; Herbert et al. 2017b).  In both instances the tendons were

decellularised using protocols based upon 0.1 % (w/v) SDS with antibiotic washes and

nuclease treatments.  After 26 weeks there was evidence of constructive remodelling

for both the hBTB and pSFT grafts; ligamentisation of the grafts was evidenced by an

increase in the characteristic crimp of tendon tissues and osseointegration into the

bone was observed (Edwards et al. 2017a). Under ramped loading to failure

biomechanical testing, time zero controls for pSFT grafts failed due to the graft pull out

while grafts which had been implanted for 26 weeks failed due to intra-ligamentous

tearing, illustrating the integration of the scaffolds into the bone of the knee.  All results

for biological and biomechanical testing for both hBTB and pSFT were comparable to

the respective sheep allograft controls.  There is evidence, therefore, that low

concentration SDS bone-soft tissue composites (hBTB) and dense tissues (pSFT)

have the potential to be constructively remodelled in vivo. These studies support the

concept of decellularised IVDs for the replacement of degenerate IVDs.

Following implantation, the mechanical properties of a decellularised scaffold will

change as a function of both degradation rate and remodelling rate by host cells

(Badylak 2007).  Based on the investigations in to SIS, degradation is thought to be

rapid, however SIS is a thin tissue while IVDs are much larger, thicker and complex

structures so it is logical to assume that the time taken for IVD remodelling would be of

a longer duration.  It is important that the initial mechanical properties of the

decellularised IVD are sufficient to restore IVD height to treat the symptoms

associated with degenerate IVD height loss, and to resist in vivo forces long enough

for the hosts biological responses to start to remodel the scaffold.  IVDs may need to

maintain their mechanical properties for longer due to a slower turnover of the ECM

which could initially only occur at the periphery of the structure.  It is known that

cryopreserved allogeneic cervical IVDs implanted clinically have persisted in one form

or another for up to 10 years post implantation (Ding et al. 2016) without total collapse

of IVD structure but there were signs of degeneration on MRI scans and so it appears

as though cryopreserved IVDs may not have remodelled back to a healthy state in this

time.

7.2 Future studies

Experimental limitations of the current study have been discussed within each chapter

and suggestions for improvements have been made throughout.  As identified in

Chapters 4 and 6, the method used to subdivide the IVD tissue limited the amount of

NP tissue available for biochemical evaluation.  By taking a slice through the centre of
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the bone-disc-bone samples, the majority of the NP was removed for histological

evaluation.  While this limitation was identified early on in the protocol development,

the decision was made not to alter the sampling method between protocols in order to

maintain the consistency of the method and to allow for comparisons to be made

between protocols.  Adaptations to the sampling methods in future investigations

should now be considered, for example cutting the sample in half before taking a slice

for histological evaluation.  This would leave half of the sample available for

biochemical evaluation and would provide a larger amount of NP for use in assays.

7.2.1 Decellularisation of human lumbar intervertebral discs

The preliminary work that was carried out on human tissue in the current investigation

needs to be extended.  Now that an appreciation of human anatomy and human tissue

handling has been acquired, larger sample sizes should be studied.  Decellularisation

studies should be repeated on a larger number of samples and from different donors in

order to assess repeatability and the potential effects of the protocol on samples from

a wider range of individuals.  In the present study, tissue from only one female and two

male donors was used (ages 38, 54 and 75).  Equal numbers of male and female

donor tissue should be used from donors of different ages.

The major area of the spine affected by IVD degeneration is the lumbar region (Kelsey

and White 1980).  Humans have very large lumbar spines adapted to cope with the

demands of higher load transmission brought about by bipedal locomotion (Panjabi et

al. 1992; Boszczyk, Boszczyk and Putz 2001; Busscher et al. 2010).  Size matching of

decellularised donor IVDs to the recipient would be necessary in order to prevent

migration of the implanted scaffolds (Luk et al. 1997; Ruan et al. 2007; Luk and Ruan

2008), however, there are no sources of food chain animal IVDs which are comparable

in size and shape. The source for decellularised tissue for the replacement of

degenerate lumbar spines is therefore likely to be human donor lumbar spines.  It is

therefore important to ascertain the ability to translate the developed decellularisation

method to human lumbar IVDs.  This may require some adaptations to the existing

protocol to accommodate the larger lumbar tissue.  Larger samples may require more

extensive washing to facilitate diffusion of solutions into the tissues, for example

through increased times in decellularisation solutions, by adding an increased number

of washes at each stage or by increasing agitation.

Extraction of lumbar IVDs would be similar to the thoracic IVD extraction described in

Chapter 6, and has the potential to be more straightforward due to the lack of the

ribcage in this area of the spine, and so ribs would not require removing.  Lordosis of

the lumbar region would require the utilisation of µCT scanning (or other imaging
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methods) to identify the location of IVDs to prevent their damage during extraction,

and this could also be used in conjunction with a cutting jig to control the amount of

bone attached to the IVD.  This would help keep the amount of bone consistent

between specimens for decellularisation purposes and also for samples to be

biomechanically tested (Section 7.2.4).

7.2.2 Biological evaluation

Once a decellularisation method has been established on lumbar IVDs that meets

acceptable levels of cell and DNA removal (assessed through H&E and DAPI staining,

DNA extraction and assay), further characterisation of the decellularised tissue would

be required to assess the levels of molecules removed or retained.  As in the current

study, biochemical assessment of GAG content should be carried out along with

histological assessment of GAG distribution and matrix structure (safranin O and Sirius

red histological staining respectively).  Additional evaluation of the retention of

functional molecules should be made through IHC investigations.

Examples of molecules that could be investigated are type I and type II collagens,

responsible for the main mechanical roles of the AF and NP of IVDs (Urban and

Roberts 2003) and aggrecan, the major PG core protein and the sulphated GAGs that

surround it and which are responsible for maintaining hydration and osmotic content of

the IVD (Urban and Roberts 2003).  Previous work in the laboratory has found that

there is a difficultly in staining for aggrecan in tissue sections due to the surrounding

GAGs which prevent the antibody from accessing and binding to the aggrecan

epitopes.  For this reason the surrounding sulphated GAGs (chondroitin-6-sulphate,

chondroitin-4-sulphate and keratan sulphate) or other PGs known to be present in the

IVD (decorin, biglycan, lumican, fibromodulin) could be targeted by staining instead,

though assessment of these molecules would be limited to the available antibodies

specific to these molecules in human tissue.  Keratan sulphate substitution of

aggrecan is more extensive in the IVD than in articular cartilage and so could provide

a suitable target (Urban and Roberts 2003).  Type III, V, VI, IX X, XI, XII and XIV

collagens have also been found in bovine IVDs (Roberts et  al. 1991a; Roberts et  al.

1991b) and are also potential targets should the appropriate antibodies be

commercially available.  Type IX, for example, is thought to form crosslinks between

collagen fibrils providing integrity and organisation of the ECM (Urban and Roberts

2003) and its detection through IHC could provide an indication in to the structural

integrity of the decellularised scaffold.  Elastin is responsible of the elastic recoil of the

IVD after bending (Ghosh et al. 1977; Urban and Roberts 2003).  The current study

failed to identify elastin effectively through Miller’s elastin histological staining and so
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IHC staining specific for elastin may prove a more sensitive method (Yu et al. 2007).

The glycoprotein fibronectin, important for cell attachment, could also be assessed.  In

addition to assessing the retention of the functional molecules detailed above, IHC

should also be used to investigate the removal of major histocompatibility complex

(MHC) class 1 molecules (which would illicit a specific immune response in the host) in

a similar manner to Vafaee et al. (2018).

7.2.3 Biocompatibility testing in vitro

It is important that the decellularised tissue is biocompatible and does not cause

damage to the cells and tissues of the host.  A means of assessing biocompatibility is

the in vitro testing for cytotoxicity of decellularised scaffolds to mammalian cells.  It is

unknown if potentially cytotoxic chemicals, such as SDS and PAA, used in the

decellularisation process developed in the current study have been sufficiently

removed by the PBS washes in the latter stages of the protocol.  These chemicals

may adversely affect the potential for constructive remodelling.  Cytotoxicity testing

should therefore be carried out on decellularised scaffolds in order to assess the

potential for toxic effects on mammalian cells (Stapleton et al. 2008).

International Organisation for Standardisation (ISO) standards should be followed as

this is a regulatory requirement.  Part five of ISO 10993 (Biological evaluation of

medical devices) relates to in vitro cytotoxicity testing and describes test guidelines for

direct contact, indirect contact and extract cytotoxicity testing (ISO10993-5:2009).

Within the iMBE laboratories, both contact and extract cytotoxicity testing is carried out

in compliance to ISO 10993-5:2009.  In the contact cytotoxicity testing protocol, the

mammalian cells are grown in the presence of the decellularised scaffolds (e.g. 3T3

mouse fibroblasts and baby hamster kidney (BHK) cells).  Morphological changes of

the cells, cell lysis, cell detachment and the presence of a zone of growth inhibition

around the scaffold are indicative of scaffold toxicity.  In extract cytotoxicity, a known

weight of decellularised human tissue is macerated in appropriate growth medium to

release any potential residual chemicals.  The medium is seeded with mammalian

cells which are allowed to grow before a measure of cell viability is made by the

assessment of ATP levels through the use of a luminescence assay such as ATPlite

(Perkin Elmer, Buckinghamshire, UK).

For both types of cytotoxicity testing, all tissue regions (NP, iAF, oAF and VB) should

be tested to assess the cytotoxicity of both peripheral and deep tissue regions.

Decellularisation solutions may be less readily washed from some tissue regions than

others or may become trapped in the deeper regions of the tissue.  Stapleton (2008),

for example, found that while the peripheral structures of decellularised porcine
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meniscus was not cytotoxic in contact cytotoxicity tests, the deeper layers were.  The

dense structure of the meniscus was thought to prevent solutions from being washed

out and so changes were made to the decellularisation protocol which resulted in

favourable contact cytotoxicity results while still efficiently removing cells and DNA.  It

is possible that the decellularisation method developed in the current study may

require further development should the cytotoxicity results not be favourable.

In addition to cytotoxicity testing, the monitoring of the release of cytotoxic chemicals

such as SDS into PBS wash solutions could be measured in the latter stages of the

decellularisation process.   Radio labelled 14C SDS could be substituted into the SDS

containing solutions used in the decellularisation protocol.  Decellularisation solutions

could be analysed on a radio-isotope plate reader against known standards in order to

monitor the SDS levels throughout the decellularisation protocol (Stapleton 2008).

SDS in the scaffold could also be quantified in a similar manner or as in the

investigation of Gratzer, Harrison and Woods (2006) who used a methylene blue

dye-binding assay in which freeze-dried decellularised matrix was digested with

collagenase solution and combined with the dye.  SDS levels were determined by

absorbance readings (650 nm) of the solutions against a standard curve.  This

however is a destructive method of analysis and could only be performed at the end of

decellularisation.

7.2.4 Biomechanical evaluation

The effects of decellularisation on the biomechanics of human IVD tissue also needs

to be established.  It is possible that the changes may be a similar magnitude to those

seen in bovine tissue and if so a small alteration may not be sufficient to affect the

clinical function of the scaffold.  However large changes may require adaptation of the

decellularisation protocol, particularly if a large loss in structural integrity is seen that

has a deleterious effect on the stiffness properties of the samples.

Human IVDs should be biomechanically tested pre- and post-decellularisation, using

biomechanical testing methods established in Chapter 5.  This could be carried out

immediately on thoracic IVDs (using the developed decellularisation protocol and

established experimental procedures) or on lumbar IVD once a decellularisation

protocol had been developed.  The biomechanical testing method described would

require some adaptations in order to accommodate the specific morphology of the

sample in the materials testing machine.  The samples tested in the current study were

bovine IVDs with a concave EP which required the production of cement end caps to

produce parallel surface that could be held within the materials testing machine.

Decellularised human thoracic IVDs however with attached VB have flat surfaces
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which would not require such cement endcaps.  Colleagues within iMBE have

previously found that the bone in VB-D-VB samples, compressed upon mechanical

testing, added to the variability of results between samples (Sikora et al. 2018).

Adaptations therefore would be required to the sample extraction step to ensure that

the sample not only had parallel VB surfaces but equal amounts of VB at the cranial

and distal end of all tested samples.  It would be possible to use µCT scanning in

conjunction with a cutting jig to extract samples for decellularisation, in a similar

process utilised by Sikora et al. (2018), or to adapt the already extracted and stored

samples.  Decellularised lumbar VB-D-VB samples should also be tested in this way.

The lack of cement end caps would allow the perforated fixtures of both the

compression rig (used in the equilibration of hydration prior to biomechanical testing of

specimens) and the materials testing machine to be in direct contact with the VB of the

sample.  This would increase the physiological relevance of the test as solutions would

be able to enter the sample via the VB, rather than just the AF, as is thought to be the

case in the natural IVD in vivo.  This may allow for more complete levels of hydration

to be achieved.

7.2.5 Sterility

Before a decellularised scaffold can be implanted into a living host (animal or human)

it must be sterile.  To do otherwise would be unethical and would cause uncertainty in

the results, particularly with respect to immunocompatibility testing.    PAA, used in the

end stages of the protocol developed in the current study, is effective at killing

resistant bacterial spores in decellularised scaffolds (Wilshaw et al. 2006).  Future

work, could determine the sterility of the decellularised scaffolds. Portions of the

scaffolds could be incubated on agar plates or in nutrient broth to encourage growth of

any contaminating bacteria or fungi.  The current study was limited in its assessments

of sterility as only samples of the very outer portion of the oAF were taken and they

were only incubated in the presence of nutrient broth.  The deeper areas of the IVD

and VB should be assessed in future studies.  The current study only assessed

aerobic growth and so culture of anaerobic microorganisms should now be

considered.  These methods are only able to assess the presence of bacterial and

fungi and so options for the detection of viruses could also be explored.

There is a risk of disease transmission from implanted human tissue.  This is reduced

through donor screening for infectious agents and the production of tissue in clean

rooms with aseptic tissue handling to reduce contamination (Varettas and Taylor

2011).  Ideally a terminal sterilisation step would be included as part of the production

of decellularised IVD tissues to remove all infectious agents.  Terminal sterilisation



204

methods would also allow the scaffold to be sterilised once it had been packaged,

negating the need for aseptic packaging of decellularised scaffolds with its potential of

introducing contamination.  The American Association of Tissue Banks recommends

the γ-irradiation of tissues with a standard irradiation dose of 25-kGy before clinical

use (Smith et al. 2015).  This dose is routinely used for joint replacements, however

γ-irradiation of biological tissue, has been shown to cause damage to the collagen in

the ECM through the generation of free radicals which results in altered biomechanical

properties (Smith and Kearney 1996; Gouk et al. 2008; Cornu et al. 2011; Edwards et

al. 2017b). This may be detrimental to some applications in which the decellularised

tissue is required to load-bear immediately upon implantation.  Ding et al. (2014)

irradiated fresh IVDs from beagles with either 18, 25 or 50 kGy doses of γ-irradiation.

No differences in mechanical properties were detected between any of the irradiated

samples and fresh controls.  However three months post implantation, in an allogeneic

canine mode, more degeneration was seen for 25 and 50 kGy irradiated grafts than for

18 kGy irradiated and non-irradiated grafts.  Collapse of the IVD and fusion of bone

was seen after six months in IVDs irradiated with the two highest doses.  It appeared

that irradiation by the standard 25 kGy dose could be detrimental to the long term

survival of this type of implant.

Alternative terminal sterilisation methods to γ-irradiation include ethylene oxide and

electron-beam (E-beam).  Ethylene oxide has been found to be an effective sterilising

agent against bacteria, viruses and fungi, though there are concerns over toxic

residues and limitations in penetration depth (Shintani 2016).  Work within the iMBE

laboratories has compared the effects of γ-irradiation and E-beam on the biological

and biomechanical properties of decellularised porcine superflexor tendon (pSFT) for

use as a potential repair for ruptured ACLs (Herbert et  al. 2017a; Edwards et al.

2017b).  A range of E-beam (15, 34 and 15 + 15 kGy fractionated dose) and

γ-irradiation doses (15, 30 and 55 kGy) were compared to a PAA only treated scaffold.

All irradiated scaffolds remained biocompatible after treatment (assessed through

contact cytotoxicity assays) but the amount of denatured collagen increased with

increasing irradiation dose and the biomechanical properties were altered (decreased

ultimate tensile strength and Young’s modulus and increased failure strain), though

biomechanical properties were superior to those reported for human ACL (Edwards et

al. 2017b).  Of these conditions a 30 kGy of γ-irradiation had the least effect on the

grafts suggesting that this dose was suitable for use on pSFT in this application.  Each

sterilisation method has its advantages and limitations, and each has different effects

on different tissues.  Once a decellularisation method has been developed for the
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human IVD, investigations in to terminal sterilisation methods should take place to

determine their suitability.

7.2.6 In vivo studies

Once in vitro cytotoxicity and sterility of the decellularised scaffold have been

established, in vivo studies should be carried out in order to assess the

immunocompatibility and functional performance of the scaffold.

7.2.6.1 Small animal study: immunocompatibility

The mouse subcutaneous implantation model has been widely used to assess the

immunocompatibility of decellularised tissues (Mirsadraee et  al. 2007; Wilshaw et al.

2008; Stapleton et al. 2011; Vafaee et al. 2018).  Small samples of decellularised and

native tissue specimens could be subcutaneously implanted onto the backs of normal

mice, such as C3H mice, retrieved 12 weeks post implantation and evaluated

histologically and by IHC.  Different regions of the decellularised IVD should be

implanted with a minimum of N = 6 native and decellularised tissue samples used for

implantation.  H&E stained tissue sections should be evaluated for the presence of an

adverse host response such as capsule formation around the implant (and its

thickness), cell infiltration and the morphology of any present cells which could give an

indication of the types of cells present (e.g. lymphocytes with their characteristic

morphologies).  Further investigations in to the cell phenotypes present could be

conducted through IHC staining of histological sections with antibodies specific to cell

membrane markers (e.g.  CD4 on mouse helper T cells, F4/80 for macrophages or

CD34 for endothelial cells) (Stapleton et al. 2011).  Histological evaluation of scaffolds

would allow an assessment of the extent of host cell infiltration and the integrity of the

scaffold to be made (through H&E staining) and could allow calcification levels of the

scaffold to be investigated (von Kossa staining).

7.2.6.2 Large animal study: functional testing

A proof of concept should be performed in an appropriate allogeneic large animal

model to predict the clinical performance of an implanted IVD scaffold.  This would

allow investigation of the host immune response to the potential presence of MHC

molecules in the decellularised tissue of the selected species.  The choice of large

animal model for these studies is not straightforward.  Ideally a bovine model would be

used, given that a method has been developed for the decellularisation of bovine

IVDs.  IVD transplantations studies have previously been carried out with

cryopreserved IVDs in dogs, goats and non-human primates (Olson et al. 1991;

Katsuura and Hukuda 1994; Matsuzaki et al. 1996; Luk et  al. 1997; Luk et al. 2003;
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Xiao et al. 2015; Huang et al. 2017; Huang et al. 2018).  There is little precedent for

this type of study and so if work was to progress to this stage, the advice of relevant

regulatory bodies (e.g. the medicines and healthcare products regulatory agency

(MHRA) or the food and drug administration (FDA)) should be sought.

In the proposed allogeneic model, decellularised IVD from one animal would be

implanted into another animal of the same species.  Past investigations have used a

small number of donor animals from which several IVDs have been harvested.  These

have then been used to replace a single level within donor animals (Olson et al. 1991;

Katsuura and Hukuda 1994; Matsuzaki et al. 1996; Luk et al. 2003; Xiao et al. 2015;

Huang et  al. 2017; Huang et  al. 2018).  In order to aid size matching however,

decellularised IVDs from donor animals should be implanted at the same level in the

recipient animal.  The lumbar region should ideally be the region investigated as this is

the region that is being targeted by the solution under investigation.  Previous studies

of cryopreserved allograft IVDs in animal models have generally only implanted donor

IVDs without the addition of any controls.  A sham operation could be included in

which the IVD is removed and replanted in order to assess the effects of the procedure

alone.  The ideal negative control would be to use isogenic animals as donor and

recipients, where both animals have the same genotypes.  This may be possible in

sheep who regularly successfully birth twins.  Human decellularised tissue could also

be implanted into the recipient animal model.  Regulatory advice, however should be

sought in order to establish what controls would be acceptable.

If possible, imaging (x-ray and MRI) could be carried out up until sacrifice of the

recipient animals to assess scaffold height, position and hydration levels.  This would

provide insight in the scaffold’s ability to maintain segment height, not become

displaced and could identify any degenerative changes in the implant.  Different

animals should be sacrificed at different time points in order to assess any progressive

changes in the integration of the scaffold.  For example Luk et al. (2003) were able to

obtain data from Rhesus monkeys over the short, medium and long term (weeks,

months and years).  The length of the study would however have cost implications and

would require a larger number of animals to cover all the time points.  As for the large

animal studies on tendon, previously carried out in the iMBE research group, (Edwards

et al. 2017a; Herbert et al. 2017b) and as described for small animal in vivo study,

explanted IVDs should undergo histological and IHC evaluation.  Scaffold integration

into the surrounding tissue should be assessed and the infiltration of host immune

cells and potential colonisation of host chondrocyte-like and fibroblast-like cells should

be looked for to gain an insight in to the ability for the scaffold to integrate and remodel

in the host.  Explanted IVD could also undergo biomechanical testing and µCT imaging
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in order to evaluate bone integration.  A more accurate representation of the in vivo

function of the scaffold and immune response to the whole scaffold in a clinically

relevant model would be obtained through a large animal study.

7.2.7 Scale-up of production of decellularised intervertebral discs

Future studies should consider how the decellularisation method could be adapted to

increase production numbers to meet potential demands of decellularised samples for

clinical use.  Investigations could examine the production of multiple samples within

the same decellularisation vessel (rather than one specimen per container) to

decrease the time required to make solution changes.  As the UK Human Tissue Act

of 2004 prevents tissue from a single donor coming in to contact with tissue from other

donors,  decellularisation vessels will need to contain samples from the same donor

(Human Tissue Act 2004).  Batches of tissue from each donor would therefore need to

be processed in parallel, in a scale-out model rather than a scale-up model (where

increased numbers of samples would be processed per vessel).  There may be a

requirement to separate the larger lumbar tissue from the thoracic and cervical tissue

of a single donor if decellularisation protocols need to be tuned to different tissue

sizes.

Adaptations to the protocol could be made to decrease protocol duration suitable for

production in a commercial setting.  The University of Leeds spin out company Tissue

Regenix Group plc (www.tissueregenix.com), for example, successfully decreased the

six week long meniscus protocol developed by Stapleton (2008) to a two week,

working week protocol (Dr G McNnally, Tissue Regenix Group plc, personal

communication).  As IVD tissue is a very dense and particularly large in the lumbar

region of the spine, it may be that additional changes such as carrying out

decellularisation with an applied vacuum or with cyclic compression of the sample may

be required to help the infiltration of solutions.  Automation of solution changes would

also help reduce the burden on production personnel and decrease change-over times

between washes.

Good manufacturing practice (GMP) production must also be taken in to account to

meet the future requirements set by regulators for the production of modified human

tissues  in order to maintain consistent quality between batches.  For example the

Cambridge antibiotic solution, used in the current study, was selected in part because

these are routinely used by our collaborators at NHS Blood and Transplant Tissue and

Eye Services (NHS BT TES) (www.nhsbt.nhs.uk) in the production of human tissues

for clinical use and it is subject to GMP production with quality control and quality
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management systems to ensures product consistency between batches.  Other

pre-made solutions, produced to GMP specifications could also be incorporated in to

the production of a decellularised IVD.

7.3 Conclusion

Current surgical interventions for IVD degeneration have limitations. Removal of the

affected portion of the IVD through a discectomy can result in a loss of IVD height,

joint instability and further degeneration.  Spinal fusion causes immobility of the joint

and the resulting compensatory movements can lead to degeneration at adjacent

spinal levels (Eck et  al. 2002; Kandel, Roberts and Urban 2008; Whatley and Wen

2012).  Total disc replacements have had limited success in the lumbar region and can

subside and wear (Lemaire et al. 2005).  A decellularised IVD with bony attachments

has the potential to integrate into the recipients spine, maintain the mobility of the

spinal segments and maintain the height of the joint thus overcoming these limitations.

The work presented in this thesis constitutes a major step forward in the

understanding of the decellularisation of large and complex IVD tissue of both animal

and human origin.  This study is the first to decellularise large IVDs with bony

attachments for the purpose of producing a scaffold for the replacement of degenerate

IVDs.  To the author’s knowledge it is also the first to apply decellularisation protocols

to human IVDs.  Further investigations however are required to assess the

reproducibility of the decellularisation method on human tissue; the effects of

decellularisation on the biological and biomechanical properties, and the

biocompatibility, immunocompatibility and functional performance of the scaffold.  The

decellularised IVD scaffold has the potential for the development of a tissue

engineered solution for the replacement of degenerate IVDs.
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Appendix A: Materials

Table I Equipment used throughout the current project

Item description Model/Part no Manufacturer
Balance, 4 figure digital GX-2000 A&D

Biological safety cabinet
(class II)

HERASafeKS Thermo Scientific

Chisel: 12 mm army pattern 38D125610 Surgipath

Computed tomography
scanners (CT and µCT)

Xtreme CT and

µCT 100

Scanco Medical

Coplin jar 900470 Wheaton Scientific

Dental flosser Waterpik Ultra Water

Flosser WP-120

Waterpik

Digital dry bath AccuBlock TM -

Digital microscope camera AXIOCAM MRc5 Zeiss

Dremel drill (with 6.5 mm
roundhead tungsten carbide
reamer attachment)

8200 Dremel

Forceps, curved with fine
points

E006/02 Samco

Forceps, spring, blunt ended
ss 125 mm

E003/02 Samco

Forceps, straight with fine
points

E004/03 Samco

Forceps, Treves rat toothed
125 mm

N262/01 Samco

Freeze dryer ModulyoD-230 ThermoSavant

Histology moulds (large)
36mm x 36mm x 10mm

12608396 Fisher Scientific

Histology moulds (standard)
32 x 23 x 14 mm

3803085E Leica Biosystems

Histology water bath MH8515 Barnstead Electrothermal

Hotplate (histology) E18.1 Raymond A Lamb

Lens tissue 11517362 Fisher Scientific

Magnetic stirrer/heater - Fisher Scientific

Materials testing machine E10000 Instron

Microbalance, 7 figure
digital

ABJ220-4NM KERN

Microscope, upright light AXIO Imager.M2 Zeiss

Microtome semi-automatic RM2255 Leica Biosystems
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Item description Model/Part no Manufacturer
Nanodrop
spectrophotometer

ND-1000 Labtech International

Orbital incubator, flat bed S150 Stuart

Orbital incubator, for
Eppendorf tubes

Thermomixer comfort Eppendorf

Orbital shaker PSU-10i Grant bio

Oscillating hand saw AFM14 FEIN Akku

Multimaster

Fein

Pestle and mortar - marble
(7 cm diameter)

- Victor

pH meter 3510 pH meter Jenway

Post mortem knife handle
(PM40)

INS4456 Swann Morton Ltd via SLS

Pump heater CP106108 Instron

Scalpel handle No. 3 12464070 Fisher Scientific

Scalpel handle No. 4 12348019 Fisher Scientific

Scissors (dissection)
straight 150 mm

E101/03 S Murray

Sonication bath (40-50 Hz) U300H Ultrawave

Spectrophotometer Multiskan 60 Thermo Fisher Scientific

Sterilisation oven - GenLab

Tissue processor TP1020 Leica

Vacuum pump Pmax 1.0 bar PM13717-813.5 KNF Neuberger

Vernier callipers (digital) 76991500 Hilka Pro-craft

Vortex mixer Whirlmixer

SGP-202-010J

Fiscons

Water bath - Clifton

Wax dispenser E66 wax dispenser R.A.LAMB

Wax oven GPWAX-SO-HYD Jim Engineering Ltd

(Table continued from previous page)
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Table II Consumables used throughout the current project

Item name Part number Supplier
Bijou tube 7 ml (polystyrene) SLS7522 Scientific Laboratory Supplies

Electrical tape LFT4500STK Polybags Ltd

Histology cassettes (large) 38VSP59066E Leica Biosystems

Histology cassettes
(standard)

EMB-130-020R Fisher Scientific

Histology cover slips (large
50 x 70 mm)

3800198G Leica Biosystems

Histology cover slips
(standard 22 x 64 mm)

MIC3228 Scientific Laboratory Supplies

Histology slides (large 50 mm
x 75 mm)

3808158G Leica Biosystems

Histology slides (superfrost
plus 25 x 75 mm)

10149870 Fisher Scientific

Microtome blades (Feather
N35)

3808311E Leica Biosystems

Pasteur pipette (3 ml) pmk-500-070w Fisher Scientific

Plate (96 well, flat bottom) 269620 Scientific Laboratory Supplies

Poly tubing 4” wide LFT4500STK Polybags

Post mortem blades (PM40) 2551 Swann Morton Ltd

Sample bottle polypropylene
500 mL (11.2 cm diam
x 8.8 cm height)

2118-0016 Nalgene

Sample bottle polypropylene
500 mL (7.3 cm diam x
16.8 cm height)

2105-0016 Nalgene

Sample pot, polystyrene
150 mL

SLS7570 Scientific Laboratory Supplies

Sample pot, polystyrene
250 mL

SLS7580 Scientific Laboratory Supplies

Sample pot, polystyrene
60 mL

SLS7530 Scientific Laboratory Supplies

Scalpel blade No. 10 12398009 Fisher Scientific

Scalpel blade No. 22 12398009 Fisher Scientific

Serological pipette 10 mL
(Corning)

CLS4101-200EA Sigma-Aldrich

Serological pipette 25 mL
(Corning)

CLS4251-200EA Sigma-Aldrich

Serological pipette 5 mL
(Corning)

CLS4051-200EA Sigma-Aldrich
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Item name Part number Supplier
Staining dish
(118 x 88 x 70 mm)

900301 Wheaton Science Products

Staining rack for 30 slides 12676756 Fisher Scientific

Syringe (1 mL) GS572 Terumo

Syringe (10 mL) GS576 Terumo

Syringe (25 mL) GS574 Terumo

Syringe (hypodermic) needle
(18 G x 1 ½ inch)

NN1838R Terumo

Syringe (hypodermic) needle
(23 G x 1 ¼ inch)

NN2332R Terumo

Syringe filter 0.22 µM 16532K Sartorius Stedim UK

Tubing filter 0.2 µM Midisart®
2000 PTFE filter

17805 Sartorius

Universal tube 30 mL
(polypropylene)

SLS7516 Scientific Laboratory Supplies

Universal tube 30 mL
(polystyrene)

SLS7500 Scientific Laboratory Supplies

(Table continued from previous page)
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Table III Chemicals and reagents used throughout the current project

Reagent Name Part number Supplier
1,9 dimethylmethylene blue
(DMMB)

34,1088 Sigma-Aldrich

Acetic acid (Glacial) 10001CU BDH

Acetone 20065.362 VWR International

Alcian blue 8 GX RRSP4-E Atom Scientific

Aprotinin (10000 KIU/ml)
(Trasylol®)

AP020 Bayer

Aqueous mountant
(fluorescence mounting medium)

S3023 Dako

Benzonase (25 Kun) 71205-3 Novagen

Calf thymus DNA D4522 Sigma-Aldrich

Cambridge antibiotic solution 04-301 Source BioScience

Centribase cold cure dental
cement

R01T5C3 WHW plastics Ltd

Centribase rapid repair liquid R01CCL1 WHW plastics Ltd

Chloramine T C9887 Sigma-Aldrich

Chondroitin sulphate B C3788 Sigma-Aldrich

Citric acid monohydrate 20276.292 VWR international

DAPI stain (4',6-diamidino-2-
phenylindole dihydrochloride)

D9564 Sigma-Aldrich

Di sodium ethylene-
diaminetetraacetic acid (EDTA)

E/P140/53 Fisher Scientific

Di sodium hydrogen
orthophosphate

1.06586.0500 Merck

DNeasy kit (including buffers:
AE, AL, ATL, AW1 and AW2)

69504 Qiagen

DPX mountant RRSP29 Atom Scientific

Dulbecco’s PBS tablets BR0014G Oxoid

Eosin Y 1.09844.1000 Merck Millipore

Ethanol, absolute 99.8+% E/0650DF Fisher Scientific

Fast green F7258 Sigma-Aldrich

Fluorescence mounting medium S3023 Dako

Formaldehyde (37 %) GPC44 Atom Scientific

Formic acid F-4166 Sigma-Aldrich

Hydrochloric acid H/1200/PB17 Fisher Scientific

L-cysteine hydrochloride
anhydrous

C1276 Sigma-Aldrich

Magnesium chloride 25108.260 VWR International

Mayer’s haematoxylin RRSP60 Atom Scientific
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Reagent Name Part number Supplier
Millers stain LAMB/080-D Raymond A Lamb

Neutracon - Deacon Laboratories Ltd.

Neutral buffered formalin (10 %) RRFFD4000-G Atom Scientific

Nuclease free water 1039480 Qiagen

Nuclease free water 436912C VWR International

Nutrient broth No 2 CM0067 Oxoid

Oxalic acid 1017440 VWR International

Papain A3824.0100 Applichem

Paraffin wax W2 Raymond A Lamb

p-dimethylaminobenzaldehyde S647861 Sigma-Aldrich

Peracetic acid 269336 Sigma-Aldrich

Perchloric acid (60 %) 294583P BDH

Petroleum jelly - Vaseline, Unilever

Phosphate buffered saline,
Dulbecco’s (PBS)

BR0014 Oxoid

Picric acid 36011 Sigma-Aldrich

Potassium permanganate P/6520/53 Fisher Scientific

Propan-1-ol (isopropanol) ≥
99.5 %

20861.363 VWR International

Proteinase K (>600 mAU/ml) 1019499 Qiagen

Safranin O 41921-0250 Acros Organics

Scott’s tap water substitute RRSP190 Atom Scientific

Sirius red F3B VWR International

Sodium acetate (3 M) R1181 Fisher Scientific

Sodium acetate trihydrate S/2040/53 Fisher Scientific

Sodium chloride S/3160/63 Thermo Fisher Scientific

Sodium di-hydrogen
orthophosphate

102454R VWR International

Sodium dodecyl sulphate (SDS) 71725 updated Sigma-Aldrich

Sodium formate 30142LN VWR international

Sodium hydroxide pellets S8045 Sigma-Aldrich

Surgipath Sta-On, histology
water bath additive

380317 Leica Biosystems

Trans-4-hydroxy l-proline H7279 Sigma-Aldrich

Trizma base T-1503 Sigma-Aldrich

Van Gieson LAMB/400-D Raymond A Lamb

Weigert's haematoxylin A/B RRSP72-D/

RRSP73-D

Atom Scientific

Xylene GPS1001-G Atom Scientific

(Table continued from previous page)
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Table IV Software used throughout the current project

Name Version number
GraphPad Prism (statistics package) Version 7.05

Image J (image processing package) Version 1.46r

Wavematrix (Instron E10000 operating software) Version 1

Zen (Zeiss microscope image capture and processing
software)

Version 2 (blue edition)
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Appendix B: Conference presentations and awards

· Halina Norbertczak, Ruth Wilcox and Eileen Ingham (2015), Evaluation of the

decellularisation process for the intervertebral disc for disc repair, MEI Bio Eng,

University of Leeds, UK. (Poster presentation)

· Halina Norbertczak, Ruth Wilcox and Eileen Ingham (2015), Evaluation of the

decellularisation process for the intervertebral disc for disc repair, EPSRC

Centre of Doctoral Training Joint Conference, University of Leeds, UK. (Poster

presentation)

· Halina Norbertczak, Ruth Wilcox and Eileen Ingham (2016), Evaluation of

decellularisation processes for the intervertebral disc for disc replacement,

EPSRC and MRC Centres of Doctoral Training in Tissue Engineering and

Regenerative Medicine Joint Conference, Manchester, UK. (Poster

presentation)

· Halina Norbertczak, Hazel Fermor, Ruth Wilcox and Eileen Ingham (2016),

Evaluation of decellularisation processes for the intervertebral disc for disc

replacement, White Rose Biomaterials and Tissue Engineering Group (BiTEG),

Durham, UK. (Poster presentation)

· Halina Norbertczak, Eileen Ingham, Hazel Fermor and Ruth Wilcox (2017), A

proof of technical concept study of the decellularisation of bovine tail

intervertebral discs: preliminary results, Tissue and Cell Engineering Society

(TCES), Manchester, UK. (Poster presentation)

· Halina Norbertczak, Eileen Ingham, Hazel Fermor and Ruth Wilcox (2017), A

decellularised biological scaffold for the replacement of degenerate

intervertebral discs, British Orthopaedic Research Society (BORS), London,

UK. (Podium presentation) First prize: Best Research Paper

· Halina Norbertczak, Eileen Ingham, Hazel Fermor and Ruth Wilcox (2017), A

decellularised biological scaffold for the replacement of degenerate

intervertebral discs, EPSRC Centres of Doctoral Training Joint Conference in

Tissue Engineering and Regenerative Medicine, Leeds, UK. (Poster

presentation)
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· Halina Norbertczak, Eileen Ingham, Hazel Fermor and Ruth Wilcox (2018),

Decellularised intervertebral discs: biological scaffolds for degenerate

intervertebral disc replacement, BritSpine, Leeds, UK. (Poster presentation)

First prize: Best Non-Surgical Poster

· Halina Norbertczak, Eileen Ingham, Hazel Fermor and Ruth Wilcox (2018),

The development of a decellularisation protocol for the intervertebral disc for

disc replacement, Tissue Engineering and Regenerative Medicine International

Society (TERMIS), Kyoto, Japan. (Poster presentation)

· Halina Norbertczak, Eileen Ingham, Hazel Fermor and Ruth Wilcox (2018),

Decellularisation processes for the intervertebral disc. Postgraduate Research

Showcase, The University of Leeds, Leeds, UK. (Podium presentation)

Third prize: Postgraduate Researcher of the Year


