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Thesis outline

Chapter onereviews the literature pertaining to the intervertebral disc nucleus pulposus
replacements and repair strategies with emphasis on the cell material interactions and the
effect of various scaffold surface propert@sthe cell behavior. To start with the chapter, it
reviewed basic structure of intervertebral disc, strategies to disc replacements, currently
available biomaterials their application, and the surface modification technigques to improve

scaffold surface jperties.

Chapter twoinvestigates the biocompatibility of knitted titanium scaffold that supports cell

viability and adhesion.

Chapter threegives the insights on the effect of eleepalishing treatment on wear particle
generation, wear particles chaexization, effect of scaffold surface modification on overall
cell response with a particular focus on the effect of surface roughness and surface energy.
Furthermore, it also describes the effect of surface hydrophilisation using oxygen plasma

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

Chapter fourdescribes thé vitro generation of synthetic modified Link N mRNA and their
effect on mesenchymal stromal cells and human primary chondraayteso in 2D and
together with knitted titanium scaffold in augmenting chondrocytes specific gene expression

and thus reparative response together with replacement.

Chapter fivestudiesthe cellular response to knitted titanium scaffold wear debris, describes
the effect of electrgoolishing treatment on the hemocompatibility of the knitted titanium
scaffold and further provides the insights on the biochemical surface modification of the
knitted titanium scaffold

Chapter sixdiscusses the findings from this stualyd provides conclusioto direct a future

research
Chapter sevemprovidesthe comprehensiore the currentesearchn the form ofsummary

Chapter eightcompiles theeferences which are marked correspondingly



CHAPTER 1

1 Introduction

1.1 Chronic low back pain

Chronic low back pain is the most common condition among people ag8@ ¥6ars,
affecting men and women alike globa(iloy et al, 2012) It is one of the leadingausef
disability that is associated with high socieconomic costs due to increased morbidity of
afflicted individuals and hence correspondingly decreased produdiwitgray et al, 2012;
Waldrop et al, 2015) Worldwide prevalence isapproximately84% in ther lifetime, out of
which 53% occurs atyoung (18 44 years) or middle (4%4 years) agéMurray et al, 2014)

In Germany the annual costs déw back pain (BP) were estimateaver G 50 billion, as
reported by Werbeand Schiltenwolf(Werber and Schiltenwolf, 2016).ow back pain can
fluctuates over the period of time with frequent recurrencesgaderbations, and moreover
10% of the patients develop chronic persistent or recurrent pain, thereby generating
approximately 80% of health care costs. During ihipariod of low back pain, 287 %
relapses of work absence andiZ8% pain relapse has been descril§8dri et al, 2016;
Werber and Schiltenwolf, 2016)

Chronic low back pain has been describetheéstrongly associatd with intervertebral disc
degeneration, although the exact etiology still remains ung¢leaomma et al, 2000; de
Scheppeet al, 2010; DePalmaet al, 201]). Degenerative disc disease (DDDxigonditian

known to result in chronic back pain due to the biomechanical instability caused by loss of
disc height, disc dehydration andr annular tear¢Urban and Roberts, 2003dams and
Dolan, 2012.

1.2 Intervertebral d isc- structure and morphology

Human vertebral column is responsible for supporting the ladgncethereby protecting

nerve roots and the spinal cord. The spine is not just straight but has 4 curvatures; two
kyphotic that concave posteriorly and two lordotic that convex anteriorly. This unique
structure enables body flexibility and motion to performbaldy functions simultaneously
(Putz and MiulleiGerbl, 1996) The human spine comprised of 24 vertebrae (seggrical,

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

fibrocartilage intervertebral discs which is normally surrounded by muscles and ligaments.
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Therefore, the spinal column along with vertebral bodies and interverdibeal helps to
absorb the load applied to the spine which normally include different kind of moveeents
flexion, extension, lateral flexion, rotation and circumduc{iGnamerGregoryet al, 2014)

Sa the intervertebral discs are complex main joints of the vertebral cdleajn2008) Since

the shape of spinal column is not the same throughout, varied vertebral bodies shape
determines the different shape of intervertebral disc. Adult intervattelsc is a largest
avascular fibrocartilaginous structure situated between the two vertebral bodies, despite
having rich vascular supply during fetal development and shortly after(GirtmerGregay

et al, 2014) Intervertebral disc mainly function as flexible pivots, by providing the flexibility
and stability to the spinal column thereby absorbing and transmitting the mechani¢&®dpad
2008;Colombieret al, 2014) It is a joint that mainly provides flexibility and elasticity with a

wide range of movement to the spine as a whole and while doing so, it does allow limited
mobility between adjacent vertebrae. The intervertebral discs strongly provides pressure and
tenson resistance while transmitting mechanical load through the spinal c§Rattiappaet

al., 2012) Intervertebral disdfigure 1) comprised of gelatinous centre called Nucleus
pulposus (NP), which is peripherally enclosed by annulus fibrous (AF) and cartilaginous
endplate (CEP) that limits majorly the most peripheral rim of the disc superiorly and
inferiorly (Walteret al, 2015)

Intervertebral Disc

__—~Vertebra—__ Front

//Disc: \//_\

*Nucleus pulposus--+

-P*‘/-—' «Anulus fibrosus—= ,\;/)

\'Spinal nerve/
T root
“Spinal cord
Back
Side view Top view

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

The primary compeents of discs are water, céltsainly chondrocyte like cells and

fibroblasts, proteoglycan, collagen and other matrix compori8itghet al, 2009) Fibrillar

collagens, aggrecan and water are the three main structural componentstdritegtebral

disc (VD) which tagether contributes around 98% of volume of the healthy IVQUrban
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and Roberts, 2003galthough the ratio varies across the disc. For example, collagen is found
highest in outer AF and lowest in the NP, whereas reverse is true for water and aggrecan
content. Specific matrix gicture maintained by distinct cell population makes these tissues
differ in function (Pattappeet al, 2012). Although cell density in the human disc is |aiv

around 6x1fcells/cn?, extracellular matrix ECM) produced by them is essential to regulate
mechanical response. Endplates are the outer region of IVD where AF and NP are embedded
in. During development, blood vessels penetrate into the endplates and provide nutrition to the
developing IVD and until sketal maturity IVD becomes completely avascular. Nutrients and
metabolites are therefore reaching to the IVD mainly by diffufiémore, 2000)

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

embryonic development and in later stages notochord goes through a transition to form
nucleus pulposus progenitor cells (Tieand GDZ positive). NP is originated from the
notochord and between the vertebrae this notochord enlarges to fofHsMR and Twomey,

2010) During developing vertebrae notochord is replaced by bone whereas ,in NP
notochordal cells get replaced by chondrocytes like cells. Presently it is still unclear whether
this replacement of cell population is because of apoptosis of residentcaeksng
consequential invasion by mesenchymal cells or dedifferentiation afhmttal cell{Hunter

et al, 2004) However at maturity, theNP cells arel0 um small, round chondrocyte like
cells, present in a densityf about 4x16cells/cn?(Roughley, 2004) Nucleus pulposuss

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

Il and proteoglycans mainly predominates in Wih small amount of types VI, IX and XI
collagen(figure 2). Hydrophilic nature NRs responsible for high water content, due te90%6

of water content and high proportion of proteoglycans (ca. 50% of dry wéiKgyt)eret al,

2013) Presence of hydrophilic proteins called proteoglycans enriches nucleus pulposus with
high water content, which is almost 9 at birth and thedecreases over the age up t6470
(Buckwalter, 1995)



Figure 2: Rat intervertebral disc, sagittal section (A) Hematoxylin and eosistain, original magnificatior
4x: the nucleus pulposus (NP) contains chondretieecells immersed in an abundant matrix, surroun
by the anulus fibrosus (AF), (B) Alcian blgtain, original magnificatiodOx: the matrix in NP is mostly
proteoglycangblue stain) and type Il collagen, and is directly in contact with the vertebral endplate
(Courtesy of Makarand V. Risbud, Ph{)i Martino et al, 2005)

Out of 1% of proteoglycan (wet weight); aggrecan in major and decorin, biglycan and
lumican in small amount, and glycoproteins like elastin, fibronectin, laminin, lubricin, link
protein and chondromodulinorganized to form matrix microenvironmemiggrecan and
biglycan are highly present proteoglycans within (fRttappaet al, 2012)and together with

cells areembedded in collagen fibers (especially collagen type Il) mesh, which is randomly
orientedand makes up to 20 of the dry weigh{Buckwalter, 1995)Ratio of collagens:GAG

differs NP from hyaline cartilage endplate which is 1:5 and 5:2 respec{ivslple et al,

2004) Proteoglycans are the most abundant macromoleculeshwdrie loosely bound
together with type Il collagen fibers; makingP a highly hydrated and forms gel like
structure(Robertset al, 2006)and therefore allows NP to be elastic and defander stress
(Colombier et al, 2014) Additionally, proteoglycans; a multiple chains of
glycosaminoglycan taggher with hyaluronic acid forms narovalently linked complexes that

helps in water absorption and therefore enat#s to withstand compressive forces
(Roughley, 2004)Hydrated healthyNP thus generates intradiscalegsure which separates

two vertebral bodies, tensions tiAd= and distributes the pressure evenly over the two
adjacent endplates. Generated hydrostatic pressure further enables NP to resist compression
under load. During loading and different movement of spine, NP can later its shape and
position and thus can ac$ aature of loading dependgtatridis et al, 1996) NP primarily

absorbs the loads and equalize the compressive stress on the vertebral cartilaginous endplates
(latridis et al,, 1996;Colombieret al, 2014)



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

ECM is comparable to knee menisdiderurkaret al, 2010) AF is primarily composed of
fibroblasts which mainly synthesize collagen | and therefore, proportion of collagen |
predominates in the AF. It is a tough fibrocartilaginous outer layer of the intervertebral disc
which primarily consists of collagen type iterconnected via elastic fibers which are
normally oriented iralternating direction forming successive laygovides mainly tensile
force resistancéColombieret al, 2014) Structural and cellular differences within AF mainly
distinguish into inner and outer part of AF, where outer AF is highly organized with
fibroblasts like cells with elongated nuclei whiare aligned with collagen fibers and
relatively low proteoglycan and water conté@blombieret al, 2014) Moving towards the

inner AF region, cell are more rounded and chondrocyte like with poorly organized ECM
which mainly composed of collagen I, |, proteoglycan and high water cofR&tiud and
Shapiro, 2011)However, other types of collagen for example: type V, VI and IX are also
present along with a minor amount of type 11l agradually differentiates from the perigly

of the nucleus to form outer layguter AF region is highly tension resistant than inner AF
and overall AF serves as a boundary for the(Rféemont, 2009aColombieret al, 2014)

Cell density in the AF is almost double thahatt of NP, which is roughly about
9x1CPcells/cn? (Roughley, 2004)Though AF entirely derived from mesenchyme, cells from
different regions within AF, has a different morphology and so ECM component they produce
as wellvaries. Bundle of collagen and GAG (ratio is 3:1) elements enables AF to tension and
compression resistant and therefoiteis known to be viscoelastic (rateependent) and
anisotropic (directiordependent). Mechanical properties of AF are dependent on highly
organized lamellar structure and therefore, based on the axial, circumferential and radial
directions, order of magpude of tensile, compressive, and shear stress may differ on AF
(Nerurkaret al, 2010) Collagen percentage in the outer and innErmakes up to 460%

and 2540% of the dry weight respectiveli{smith and Fazzalari, 2009\Ithough colagen |

and Il are the most prevalent, their relative proportion gradually changes as move towards the
inner AF from outer. Therefore, type | collagen is most abundant in outermost region whereas
collagen 1l close to NP. Depending on the circumferentiehtion, spinal level and age,
number of distinct lamellae (bundle of collagens) varies betwe&d Xom one vertebral to
other and as well amongst individy&epleret al, 2013) Alternative orientation of lamellae

with respect to spinal axis thus forms angle ply structure in whichlartellar septa mainly

contains proteogtans. Poteoglycan makes up 58% of the outer AF an@®% of the inner
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AF (Smith and Fazzalari, 20Q9)hich is primarily responsible for tissue hydration. Through
their water binding capacity, it enables to distrébfirce around the circumference of AF

(Pattappaet al, 2012) Aggrecan and versican are major abumgoteoglycan present in AF,

however small traces of biglycan, decorin, fibromodulin and lumar@well presen{Singh

et al, 2009)

Cartilaginous endplate (CEP) is a thin hyaline and fibrocartilage layer. Hyaline cartilage is
located opposite the vertebral body whereas fibrocartilage is fond adjacent to the IVD
(CramerGregoryet al, 2014) It is mainly composed of chondrocytes and ECM rich in
collagen Il and proteoglycan (ratis 1:2) (Colombieret al, 2014) Healthy cartilaginous
endplate is a 1 mm thick homogenous layer of hyaline cartilage which distributes pressure of
the NP and tension of théAF to the subcbndral bone uniformly(Rutgeset al, 2013)
Moreover, it prevents thlP from bulging into the adjacent vertebral body during mechanical
load of the spine. In addition, CEPs are very important for disc nutrition, since vascular buds
present in the endplate and multiple perforations are very much essential source of nutrition

and water exchange into théD during growth and developmegtirbanet al, 2004)

1.3 Intervertebral d isc degeneration

Substantial changes in composition anogpessive loss of structurategrity is the hallmark

of the intervertebral disc degeneratiMialter et al, 2015) which occurs mostly in adults at

the age over 30 in one or more discs or during trauma. With aging or in case of trauma, water
retention capacity of proteoglycans starts diminishing with loss of proteoglycan content,
which consequently leads to inability of nucleus pulposus to resist compression pressure.
Subsequently, AF lamellae loses their physiological orientation / arrangement leading to
further compromise in the structuiategrity as well as mechaniad the disc§Walker and
Anderson, 2004)As the degeneration process is age dependent, their pathologic changes
characterized right from second decade in (iféalker and Anderson, 2004&skolaet al,

2012. Pathologic intervertebral disc degenerafiigure 3) is associated with pain due to AF
fissure, AF collapsing, structural changes in vertebral bodies and nerve inguev@bhepper

et al, 2010;Adams and Dolan, 2012Althougha biochemical change within intervertebral
discs has no direct association with pain, it is difficult to distinguish the changes are either due
to aging or due to patholodrinjikji et al, 2015) Several etiological factors suchaging,
smoking, infection,genetic predisposition, abnormal biomechanical loadamgl nutrition

insufficiency are thought to be involved in the pathogendtlsban and Roberts, 2003
6



Robertset al, 200§. Moreover genetic heritability estimates up to 74%acGregoret al,
2004)

(B) Degenerative intervertebral disc

Annulus fibrosus

Figure 3. Histology of intervertebral disc. (A) Normal histological depiction of healthy intervertebral d
between the two vertebrae, where annulus fibrosis, nucleus pulposus and endplate is clearly disting
(B) histology of degenerative intervertebral disc where annulus fibrosis has bulgedbime endplate edg
and nucleus pulposus is mildly replaced by fibrocartilaginous ti&aiei and Schol, 2017)

Downregulation of the endplates diffusion efficiency due to loss of blood vessels with aging
mainly limits the nutrient supply(Buckwalter, 1995; Urbaret al, 2004; Walker and
Anderson, 2004)it therefore produces low oxygen tension, procuring acidic environment and
accumulating lactic acid, which all together affects abilitydidfc cells to synthesize and
maintain their ECM(Kepler et al, 2013) Disc cells onthe other hand undergo phenotypic
changes including morphology, metaboligihsan et al, 2001; Jianget al, 2014) and
insufficient amount of active and viable cells therefore makes it unable to maintain ECM

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

Progressive structural failure is a salient feature of the intervertebral disc degeneration, which
is aconsequence of mechani¢eduma, injuries, smoking, obesity, ahdr aging. It is a cell
mediated response where extracellular matrices mainly gttsadates(Setton and Chen,
2006) Inadequate nutrient supply, reduced cell viability, cell senescence, and programmed
cell death contributes to this deteriorati®@rbanet al, 2004 Shiri et al, 2010;Ding et al,

2013, which is mainly characterized by elevated levels of inflammatory cytokines, increased
proteoglycan (aggrecan) and collagen type Il degradation in the NP, and alterations in IVD
cell phenotypeslLoss of aggrecan in the NP mainly triggers a complex of growth factors,
cytokines and catabolic enzymes which consequently penetrates into theadisiog the
vascular and neural ingrowtiMatrix degradation during intervertebral disc degeneration,
alters their turnover through a multiple biochemical proce¢Bashmeieret al, 2009)
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Previous studies have shown that degenerated disc contains high levels of matrix
metalloproteinases (MMPsyvhich are catabolic enzymes that encourage matrix degradation.
Healthy disc otherwise inhibit the activity of MMP by using tissue inhibitors of MMPs
(TIMPs) where, TIMPL specifically increases the proghgcans and matrix production.
Activation of serie proteinases and MMPs, cytokines (specificalhI& IL-6), nitric oxide

(NO), and prostaglandin E2 (PGE2) specifically degrades proteoglycans and other ECM
proteins(Kanget al, 1995; Ishihara and Urban, 1998ctivation of MMP1, MMR2, MMP-

3, MMP-8, MMP-9, and aggrecanases (a disintegrin and a metalloprotease with
thrombospondin motifs (ADAMTS), ADAMTS-4, ADAMTS-5, ADAMTS-9, and
ADAMTS-15) promotes the degradation of collagens and hyaluronic acid binding region
which slower proteoglycans syntiesvithin the extracellular matrices of intervertebral disc
(Bachmeieret al, 2009; Freemont, 2009b; Shargjial, 2010) In addition, direct implication

of MMP-1 (collagenase), MMR (geldinase), and MMREB (stromelysin) in aggrecan,
collagen types | and Il, and collagen typesdihd V, respectivelyhas also been identified
(Cassinelli and Kang, 2000)L-1 upregulates the MMPs release thereby decreasing the
proteoglycan productioKanget al, 1997) Change in different collagen types and as well in
their ratio ultimately alters the collagen crosslinking and therefore the ability of disc to
support mechanical loads deteriora{d&acGregoret al, 2004) Increase of disorganized
collagen type | with corresponding loss of type Il collagen and proteoglycan leads to fibrous
structure of the disc and thus the disc becomes less elastic, preventing its ability to absorb and
disgpate spinal forceé Roughley, 2004Kepleret al, 2013) There is as well a theory which
suggests that cell death due to low pH primarily affects the proteoglycan c(Dtemshiet

al., 2018) With aging and/ or during degeneration chemical composition of the nucleus
pulposus changes, causing the change in the proteoglycan concentration while increase in
keratin sulfate / chondroitin ratio. Loss of proteoglycans and decrgaghe ratio of
proteoglycarcollagen(Urban and Rberts, 2003)consequently loses hydrostatic properties
inducing structural wear of the intervertebral disoble, 2002)and thus progresses towards

the fibrotic natureStress distribution over the nucleus pulposus therefore tendsluce at

the centreand the more pressure around the periphery, essentially unable the nucleus pulposus
to perform its function of load transfer. As nucleus pulposus dehydrates, it shrinks its size
causing the additional load on annulus fibr¢gseNally and Adams, 1992pisintegation of
collagen lamellae with increased intaindle spaces and increase in the thickness of
remaining lamellae fails to maintain AF lamellar organization and therefore affects the

stability of the disc(Nerurkaret al, 2010) Subsequently, annulus fibrosis is subjected to
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abnormal compressive stress and therefore is more prone to injuries and hence radial tears,
cracks and fissure arise within the annulus fibr¢Ssti et al, 1992) Due to lack of intra

discal pressure; the load absorption and transmissisuacim dehydratediscs is significantly
altered(figure 4) and subsequently it results in disc height reduction, osteophyte formation,
facet joint arthritis, and deformation of vertebral bodieseemont, 2009a)Dehydration of

nucleus pulposus and gradual disappearance of nucleus pulposus and annulus fibrosis border
defines the loss of normal architecture. With continued degeneration, the structural deficit is
accompnied by leakage of central nucleus pulposus material which migrates through the
crack developed in annulus fibrosis towards the periphery that results in immune cell

activation thereby evoking pa{Baoet al, 1996; Vaday and Lider, 20Q0)

Figure 4: The stress distribution of the vertebral body under the axial load of 500 N in the 4 modeléd)
Normal IVD; (B) degenerative 1VD; (C) IVD with NP removal; (D) IVD with NP replacement;ctiieur form
blue to red represented stressris& D = i ntervertebr al(WahgaaYi2B = 1

Intervertebral disc degeneration and iteogression is dependent on thlgenetic and
environmental factors such as nutrition, smok{iNgrurkar et al, 2010) Moreover the
correlation between the state of degeneration and the age factor makes it difficult
distinguish the impact between the aging from that of degeneration on the biomechanical
behavior of the intervertebral dist/D degeneration results in lowabk pan but is not

always the casd.ocation of affected disc, nerve damage, pressure on the spinal column all
together defines the degree of degeneration. For example, some patients may not feel pain
while others, with exact equal amount of damage mayecacross chronic back pain. Degree

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

degeneration is most common cause of the lower bacKlpairet al, 2017)



1.4 Conventional treatments

1.4.1 Conservativetreatments

Currenttreatments are mostly symptomatic thatre not shown repair strateglylgD so far
(Masuda and Lotz, 2010Huanget al, 2018) Bed rest is the most common conservative
treatment that has been recommended as it helps in the reduction of Hugstdrgpressure.
Since the exact pathogenesisintervertebraldisc degeneration igoorly understood many

trials / therapies are nonspecific flow back painand do not treat the root cause of the low
back pain. Nevertheless, physiotherapy, muscle relaxant, spmahipulation and antk
inflammatorydrugs €.g: Cyclooxygenas selective inhibitorsjvan Tulderet al, 2006)

have been shown effective for short term pain relief, maintaining ordinary activity @misati

with acute low bak pain (Assendelftet al, 2004;Arnau et al, 2006; Koest al, 2010) In
chronic low back pain, various interventions like physiotherapy, antidepressants, weak
opioids, cognitive behavioral therapedatives, ultrasound, and electrotherdjaye been
shownto relief stort term pain(Haldorseret al, 1998; Schnitzer, 200650me patients with
suspeted disc herniation and radicular pain or progressive neurologic deficits get benefit
from epidural corticosteroid injections. However the effects of these treatments are temporary,

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

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

radiography, computed tom@phy (MacGregoret al, 2009, discogaphy, and magnetic
resonance imaging (MRI). Microdisctomy is routinely used procedureexcised herniated
disc fragment which otherwise impinging on the nerve roots, causing the pain. Motbisver
is recommended if the annulus fibrosis damage iseotre and results to eliminate the back
pain n 90-95% of the casef_e et al, 2003)

1.4.2.1 Spinal fusion
Spinal fusionwas he gold standard for many decades, wihsaformally recommended if the

annulus fibrosis is severely damaged. It is a highly invasive treatment, foremost aiming for
pain relief for the patient. It involves the fixation across the two adjacent ver{élgyae 5

by inducing the bone growth. It thereby stabilizes the damaged intervertebral disc joint by
eliminating the motion between the vertebral bodies. Several studies have shown wise range
of success rate, ranging from -88% (Bao et al, 1996) Fusion certainly alters the
biomechanics of the entire spinal column thereby increasing the stress on the adjacent
vertebrae (Javedan and Dickman, 1999)ack of motion often leads to secondary

complications like degeneration of adjacent discs and this in turn creates more instability and
10



pain (Adams and Dola, 2012; Bridwellet al, 2013) Elevated degree of degeneration in
adjacent discs due to this internal rigid fixation consequently suspected of causing
osteoporosis, stress shielding which results in decrease bone density, muscle atrophy,
pseudoarthosis, and spinal stenddiseet al, 1991;Javedan and Dickman, 99). Although

the numbe of spinal fusions performed each year is continually incregsi@dleuveret al,

2003) the clinical success rate of lumbar fusion is variable ranging fro®b6%§ as long

term results are poor due to increased risk of complications

Figure 5: Postoperative radiograph (lateral view) with posterior spinal fusion performed(Wonget 4.,
2010)

Ultimately patients require revision of surgdman den Eerenbeenat al, 2010) Although
procedure aimed to alleviate the back pain, it fails to repair the intervertebral disc or to restore

the biomechanics and thus has become a controversial&smget al, 2016)

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

motion, arthroplasty have been developed where total disc replacement and nucleus pulposus
replacements were studied extgrly ( Schizaset al, 2010; Lewis, 2012b The scaffold or
biomaterial aiming for intervertebral disc arthroplasty should be biocompatible that should not
cause local tissue reaction or toxicftyee et al, 1991). In addition, wear resistance is a key
consideration, because the foreign body response generated due to wear particles may result
in secondary complications like hypersensitiiGunningham, 2004; Schizas al, 2010)

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

the material should withstand the cyclic compression to which intervertebral disc is otherwise
subjectedLeeet al, 1991)
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1.4.2.2.1 Total disc replacement
Theoretically, totabisc replacement aims removal of damaged or degenerating intervertebral

disc thereby replacing it with the mobile and potentially shock absorbing artificial biomaterial.
Principle advantage of this technique is that, success of the surgery is indepsnitent
annulus fibrosis integrity or the state of degeneration. Ideally it should preserve not only the
spinal motion but also disc height thereby alleviating pain. Additionally, it should also avoid
morbidity, stiffening associated with spinal fusion. Maver, implant should have adequate
fixation to the vertebral end plate and vertebrae, in order to simulate the natural structure and
function of the intervertebral disdén order to provide the structural support, biomaterial
would be attractive approachat would provide immediate closure for the defects and thus
aiming to restore the biomechanical properties of the intervertebral disc, while the cellular
components would repopulate the defect site and enable new extracellular matrix synthesis
(Guterl et al, 2013) Restoration of biomecharal cues of the native tissue and tissue
integration, enabling ECM organization are the prerequisites of the biomé&hézrairkaret

al., 2010) It was also suggested that material should be wear and corrosion resistance and in
addition, it should withstand the fatigue loading up dyclic 100 million cycles that
equivalents to 40 yr. life spdBaoet al, 1996; Cunningham, 2004)

Large efforts have been made over the last couple of years to develop artificial iebealer
disc. Broadly, artificial disc consists of a body embedded within two endplates. Few designs
were tested clinically out of which, Fernstrom made the first attgfginstrom, 1966)
Fernstrom ball is one of the earliest prosthetic discs made of stainless (Me&enzie,
1995) The advantage of considering complete metal was the fatigeregth and compressive
load.Prosthetic resulted excellent in 79% of the cases during clinical investigation. In spite of
these results, resettling of balls in to the vertebral bodies plus migration of disc intaaspinal
moreover, stiffness mismatch svane of the reasons to abandon the scaffold deSgmg
Systemis yet another type of metal based prosthetiere, disc either made ©f-6Al-4V (Ti
alloy with 6 wt% Al and 4 wt% V) springs placed between either hot isotactically pressed or
CoCrMo endplates with CoCr beads sintered to the endpl@testuik, 1997) Design was
aimed to withstand 100 million cycles, equivalent to 40 years of use. Later studies showed
that Tt6AI-4 V wear particles between 1 em to 30 e€n
em andm30oes (e bothrthee tsgingfendplate interface and hindepin
interfaceqSchmiedberget al, 1994) Bone resorption and no tissue ingrowth were seen in to
the springs, was ona the major drawback3.he SBCharité disc is commercially available
in Europe (ButtnerJanz et al, 1989) mainly made of an ultrdnigh molecular weight
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polyethylene (UHMWPE) positioned between two CoCrMo endplates. Since 1984, over 7000
prostheses have been implanted in patients dmadle. As reported by Cinotti, further
modification to the original design achieved goodiltssat a 2 yr. follow up in 6% of the
patients(Cinotti et al, 1996) Early clinical tests showed high occurrence of problems like
plate dislodgement and fracture, improper fixation at implant and endplate interface. Similarly,
clinical outcomes ofrodisc (Delamarteret al, 2003)and other metallic implants made of
Ti-6Al-4V (Ti alloy with 6 wt% Al and 4 wt% V), CoCrMo, CoCr were equivalent to those

with spinal fusion(Zigler and Delamarter, 2012)Total disc replacementimplants are
therefore resultedn susceptible to wear interfacial bonding, causing aseptic loosening
(Schmiedberget al, 1994; Kostuik, 1997; Cunningham, 2004n addition, due to lack of

wear resistance and unable to withstand fatigue, implants showed inadequate fixation to the
vertebral endplate and vertebrae leading to the failtre.apophyseal joints of therebrae

are often gets degenésd when intervertebral disc is replaced. In order to maintain motion
segment and two adjacent vertebrae, function of the facet joints needs to be integrated in the
intervertebral disc prosthetiS8i nce | ong term results emsth al
optimal, there is a need to develop an alternative strategy for intervertebr@astngham,

2004; Huanget al, 2018)

Figure 6: Total disc replacement scaffolds(A) Prestige artificial cervical disc, (B) Bryan artificial cervical dis
(C) ProDiseC artificial cervical dis¢Parket al, 2018).

1.4.2.2.2 Nucleus pulposugeplacement
Nucleus pulposus replacement is only possibiaefannulus fibrosis is intact and therefore

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

function. It is also known as a minimal invasivehieique in contrast with current surgical
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procedures like the total disc replacement or spinal fufdemMartino et al, 2005; Goinset

al., 2005) The potential benefit of only replacingetlilehydrating nucleus while preserving
annulus fibrosis and endplates could be a less invasive posterior surgery. While maintaining
the natural tension of the healthy annulus fibrosis during this procedure, prosthetics are not
intended to be fixed into theertebral bodies and therefore endplate fixation problem is also
avoided(Di Martino et al, 2005; Goinset al, 2005) Nucleus replacement might not be
suitable for the later stages of disc degeneration. Nonetheless, Scaffold meant for nucleus
pulposus replacement as well need to maintaitam requirements such as biocompatibility,
fatigue strength, cyclic compression, wear and corrosion resi@aniagnoliet al, 2005;

Joshiet al, 2005)

First human implanted nucleus scaffeléis developed b¥ernstrom in 1966, which was
made of stainless steel ball; aimed to allow the movement between the two vertebrae
(Fernstrom, 1966)However it did not maintain the biomechanics of the disc which led
further to implant migration problem. It was then realiZeat the metal blocks as a scaffold

are too stiff to replace the nucleus pulposus replacement. Later, evolution of using polymer
either into injectable form or preformed stdteu et al, 2017)allowed curing the nuclear
cavity with better stability.

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

the ability to hold the water uptake, make them similar to those of natural soft tissues.
Newcleusis one of the examples a@fucleus replacement devi¢Bgure 7), composed of
polycarbonate urethane (PCWIpi Martino et al, 2005) The material hags 336 water
absorption property and this elastic spiral design allows for easy uncoiling and coiling
facilitating a minimally invasive implantation. Fatigue test of 50 wnillcycles showed no
change in terms of implant stabilitfGoins et al, 2005) It is no longer under clinical
evaluation due to adverse preclinical events such as incidents of migration or extdasion

and Mummaneni, 2008)

1.4.2.2.2.2Polyacrylonitrile b asedhydrogels
Ray and Corbin in 1980s, designed a cylindrical implants consisted offdy@n shells of

biodegradable pol{glycolic acid) (PGA) that were filled with a thixotropic hydrogel such as
hyaluronic acid once inserted after removal of the nuqlRay, 1988Ray, 1990 Rayet al,
1991). With the intention of tissue ingrowth, implants shell intends to degradation upon
swelling. Therefore, implants were further investigated for the cordrotidease of
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therapeutic artinflammatory drugs(Ray, 1990) Difficulties with fluid sealing within
capsules led this design to sit bg8aoet al, 1996) Later improvement to the early design,
Ray et al proposed yet another design that involved side by side positioniting imedial
lateral position and implant made of polyacrylonitrile (PAN) copolymer hydrogel enclosed in
polyethylene fibefRayet al, 1997;Rayet al, 1998;Ray,2002. PAN was further renamed

as thePDN (ProstheticDisc Nucleus) Fatigue testing with 50 million cycles showed no
change in hydrogel properti¢Ray, 2002;Di Martino et al, 2005; Goinset al, 2005 and
viscoelastic behavior as well testedngsicadaver disc which revealed the progressive disc
height reductior{Bain et al, 2000) Moreover, itdn vivo compatibility (using baboon lumbar
spine model) showed endpé degeneration and dysfunctioning of adjacent vertebrae,
scaffold migration as a potential probler(i3i Martino et al, 2005) Also, leachingof
acrylonitrile and acrylamide monomers from the hydrogel was one of the major drawbacks of

using this material.

Di Martino et al.reported that, 1% of PDNs implanted patient suffered with endplate failure

or extrusion(Di Martino et al, 2005) Similar results were seen in another clinicaidy
demonstrated by Baet al. (Bao et al, 1996) and it was then assumed that improper
positioning of the implant do not ensure compressive stresses on the disc would translate in to
tensile stresses in the annulus, legdithange in the biomechanical behavior, unlike healthy
intervertebral discPDN-SOLO (Shimet al, 2003) an upgraded version of the PDN implant
(figure 7) later showed an improvement in clinical follow up study, showing mibeece of

failure or dislocation in any of the patierifsn et al, 2003)

Replication Medical, Inc. developed another implant calleddisg composed of grolyzed
polyacrylonitrile (Aquacryl) and polyester mesiig@re 7). Design is aimed to implant in
dehydrating state anto be hydrated to 80 once in position. Biocompatibility tests in New
Zealand rabbit¢Di Martino et al, 2005)and in addition another study bBertagnoliet al.
demonstrating fatigue tests of 10 million cyc{Bgrtagnoliet al, 2005) reported Neudisc as

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

deformation or bulgingBertagnoliet al, 2005)
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Figure 7: Nucleus replacement device$A) The Aquerelle Poly (vinyl alcohol) hydrogel has a swellir
pressure similar to the nucleus pulposusivo. Once implanted, its final volume depends on the water col
at equilibrium. (Reprinted with permission from Stryker Spine, Allendale, NJ),P@)-SOLO device in
dehydrated and hydrated states. The PEDLO device is designed to swell both in height and in width wi
the disc space. The porous polyethylene weave allows fluid to pass into the hydrophilic core, which ce
device to expand vertittg and horizontally(Milner et al). This process ma xiinton:
the vertebral endplates. (Reprinted with permission from Raymedica Inc., Minneapolis, MN), (SBgUdisc
hydrogel, prehydration (leftyand posthydration (right) Hydration occurs in aanisotropic fashion, mainly ir
the vertical plane. (Reprinted with permission from Replication Medical, Inc., New Brunswick, NJ), (C
NewcleusSpiral Implant; once implanted, the device reconstitutes its original spiral shape. It localizes i
of the nucleus pulposus of which reconstitutes the volume, sparing the anular fibers. (Reprinted with pe
from Zimmer Spine, Warsaw, INDi Martino et al, 2005)

1.4.2.2.2.3PVA-based lydrogels
Poly (vinyl alcohol) PVA) made nucleus pulposus replacement device developed by Bao and

Higham aimed to mimic physiological properties of the ¢i&mo and Higham, 1993; Bao and
Higham, 1996;Bao et al, 1996;Bao et al, 1998; Bao and Yuan, 200Bao and Higham,
20017). Design is similar to Rays design with ease of insertion and reduced size of hole needed
in the annulugBao and Higham, 1991No adverse local or systemic tissue reaction was
reported when PVA modeésted in a baboon mod@ao and Yuan, 2000Bao and Yuan
further proposed a concept gbeature sealing, to correct the annulus fibrosis defects arose
due to nucleus hydrogel implani8ao and Yuan2001) Stammeret al. (Stammenet al,

2001) introduced PVA hydrogel physically cross linked with fre#zaw cycling and they
found increase in tangent compressive modulus betwleE8 MPa from 1660% strain.
Partially hydrated PVA with 80% watefAquarelle) is yet another nucleus implaffigure 7),
which has been tested for fatigue up to 40 million cy¢l@sMartino et al, 2005) No
systemic orocal toxicity was observed up to 24 months post implantation in baboon model
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(Allen et al, 2004) although there was 20% extrusion rate. Nucleus replacement using
Aquarelle into humans has been performed within Eur@enningham, 2004)Semi
crystaline, hydrophilic PVA polymer undergoes dissolution within the physiological condition,
which mainly involves unfolding of PVA crystals chains that join the amorphous region of the
polymer (Mallapragada and Peppas, 1996; Mallapragetdal, 1997) It ultimately hampers

the mechanical stiffness. Mar colongo and Lowman further introduced a combination of
polyvinyl alcohol (PVA) and plyvinyl pyrrolidone (PVP) as a stable hydrogel over pure

PVA (Thomaset al, 2003) Also, their mechanical testing restored

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

of using the dehydrating implants has a potential inability of a surgeon to accassesg the
nuclear cavity and appropriately implant dehydrated hydrogels. Ther#fierapproach of
replacing the damaged nucleus with the injection of liquid based comiogure 8) became

the wide interest. This technique could potentially fill thecdipace; completely contact the
surrounding annulus fibrosi@loshiet al, 2005) In 1955 David Clevelandmade a first
attempt at injectable nucleus replacement using meitwylic into 14 patients undergoing
discectomy(Cleveland, 1955; Goinet al, 2005) Nachemson in late 1950s explored the use

of liquid silicone rubber, which unfortunately turned out to be failure as degradation of the
implant after 30,000 compressiaycles was found out, which mimicked a walking road
(Szpalskiet al, 2002) A fluid filled bladder was the next revolution since the designed was
already explored for breast implants. Critical rupture was majorly seen in the implants and
moreover, the biomechanics were also not comparable with that of disc, and therefore thought
might not be suitable for the intervertebral nucleus pulposus replacement. Polyurethane
elastomer(Langranaet al, 1994) oligomers such as isocyanate olarsé functionalized
prepolymers(Milner et al, 2001) polyurethane balloo(Di Martino et al., 2005)etc. have

also been evaluated in animal stud{¥se et al, 2008)out of which, there is barely any
suitable injectable hydrogel that have been utiliredinical trial (Liu et al, 2017) Injection

of heated thermoplastic to the disc space is known as disc augmentation technology, where
thermoplastic would harden after it cools within the disc sfdae et al, 2008) Exothermic
process of polymen situis a major concern as it involves monomer, short chain oligomers,
initiators and/ or catalysts that in many cases are toxic and carcinogenic. Furthermore,

herniation or fissure in the annulus fibrosis due to the injection pressure needs to be closely
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monitored. BioDisc is yet another injectable hydrogel, mainly composed of proteingbydro
solution. Disc height restoration of-tieicleated disc is seen in fatigue study in the calf spine
model; moreover disc remained intact, stable even after 10 million compression cycles
(Yukselet al, 2002)

Figure 8: Rigid and injectable nucleus replacement devicestA) Nubac 2-piece mechanical nucleu:
Articulated PEEKon-PEEK device ready for insertion. Picture used with permission from Pioneer Surgici
Regain 1-piece mechanicall/rigid nucleus replacement. Picture used with permission of BiomBag&r
injectable hydrogel elastomeric nucleus. Picture used with permission from Disc Dynamidsud¢e
Injectable Disc Nucleus (red), shown interdigitating witbrmal disc after injection into nucleotomy defe
Picture used with permission of Spine W¢@eric and Mummaneni, 2008)

Nucleus pulposus replacement devices has been categorized into six types, isustiuas
curable polymer, preformed polymer, composite polymer;meee mechanical, twpiece

mechanical, and knitted mechanical.

Table 1. Commercial nucleus pulposus eplacement materials(Lewis, 2012b)

Type Name Material(s)/ Company
Salient Features
In situ BioDisc Albumin + glutaraldehyde hydroge Cryolife,
curable Kennesaw, GA
polymer DASCOR A polyurethane (PU) core and a P Disc Dynamics,
balloon Eden Prairie, MN
Hydrafil Hydrophilic PVA and polyvinyl Synthes USA,
pyrrolidone) West Chester, PA
(PVP) copolymer
Preformed | Aquarelle A poly(vinyl alcohol) (PVA) Stryker Howmedica
polymer hydrogel (80% water) Osteonics,
Allendale, NJ
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NeuDisc A modified hydrolyzed Replication Medical,
poly(acrylonitrile) Cranbury, NJ
reinforced with a Dacron mesh
Composite| HydraFlex Flexible preformed hydrogel core Raymedica, LLC,
polymer encased in f@cket fabricated from Minneapolis, MN
tightly woven fibers otiltra-high-
molecularweight polyethylene
Onepiece IPD An elastic component (elastic Dynamic Spine,
mechanical springs) attachetb a fixation Nahtomedi, MN
component
Newcleus A memorycoiling polycarbonate Centerpulse
urethane Orthopaedics,
Winterthur,
Switzerland
Two-piece | NuBacVR | Poly(etheretherketone) (PEEX Pioneer Surgical
mechanical Disc PEEK Technology,
Arthroplasty Marquette, Ml
Knitted Buck Knitted Ti filaments Buck GmbH & Co.,
mechanical Bondorf, Germany

Theoretical advantages of arthroplasty especially the nucleus replacéobitaset al,
2010)are to decrease the pastrgery risk factor like implant dislocation, lack of integrat

and thus to restore the biomechanical stability. Nonetheless, techniques are primarily focusing
on restoration of mechanical integrity of the annulus fibrosis and do not offers a clear solution
for delivery and fixation(Lewis, 2012b) In spite of so much of advancement, currently
available nucleus implants are often associated with complications like changes in vertebral
body, dislocation, vertical height lossf the disc and the lack of necessary associated
mechanical rigidity (Cunningham, 2004) Therefore it often limits in resulting load
distribution, fatigue strength aral vivo compatibility concerning more about the peatgery

complications.

1.5 Titanium as a biomaterial

Titanium and their alloy are highly accepted material lgadecause of its high resistantce
corrosion. Especially pivot joint implants need mechanical strength and corrosion can erode
the strength which ultimately leads to implant failure. Robust nature of titanium enables to
withstand the loading during compressi@ohler, 200Q) Moreover immunologically inert

nature minimizes hypersensitivity reactipmghich can be problematic with other metals like
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nickel, cobalt(Geethaet al, 2009) Thereforeit plays essential role from cywmmpatibility

point of view. Further, scaffold surface modification &ddyanging surface chemistry dad
topography uplifts its interaction with surrounding tissue, increasing the possibility of tissue
integration(Puleo and Nanci, 19994ao and Li, 2014)Since tissue integration is critical for

the long term success of the implant, it has been thought that scaffold surface modifications
may optimize the conditions for rapid tissue integmatPhysicoechemical properties of the
scaffold are mainly thought to enhance the potential of tissue integration and at the same time
minimize the chances of scaffold failume vivo. Alteration to any of these characteristics

influences the level of interaction with surrounding tissues.

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

Branemarket al (Branemarket al, 1964)proposed a phenomenon of osseointegration. Ti
possess certain adequate properties such as excellent compressive strength, elastic moduli
(110 GPa), corrosion resistant, low density and moreover the biocompatibility which ranks Ti
high in the orthopedic éid over other types of biomaterials such as stainless steel , CoCr
(Niinomi, 2007) Layer of surface oxide (=89 nm) makes the material corrosion resistant.
Pure titanium(cp-Ti), Ti-6Al-4V and NiTi are commonly used alloyBohler, 2000 Katti,

2009). Selection of appropriate alloy has an influence on the overall performance of the
material and thus Ti alloy is of prime importance in clinical suc¢€sethaet al, 2009)
Compare to pure titanium, alloys are stronger and less prone to fatigue and therefore mainly
explored for pivot joints replacements such as intervertebra(ldatab and Singh, 2014)

1.5.2 Surface modification
Apart from choice of material to hesed in cartilage tissue engineering, it is equally important

to have suitablecaffold properties and thus to function in accordance with host tissue upon
implantation. Therefore it is foremost important that implant should be able to bond to the
tissue in succession manner at the site of implantgGaethaet al, 2009) with the direct
contact between the tissue and implant without a growth of fibrous tissue at the interface.
Implant surface properties plays pivotal role in influencing the tissue integration as the
interactions takes place at the interfgd€eetla et al, 2009) Hence a striking balance
between bulk and surface properties of sicaffold is necessary for effective performance
(Geethaet al, 2009) For instance, a thin layer of oxides on the surface of Ti and its alloy
provides he resistance to corrosion however, despite, thisneid surface unable to develop

20



anchorage directly to the tissue upon implantation which ultimately corroborates longer tissue
integration period(Burns et al, 2009) Thus surface modification is an effective strategy
which not only improves corrosion resistance of the implant but also renders the surface
bioactive (Boyan et al, 1996) It is a way to improve the implants biocompatibility and
bioactivity while retaining the bulk properties of the matefiadyanet al, 1996; Geethat

al., 2009) Surface properties of titanium and its alloys can alter by means of various physical,
chemical and biological methods. In mechanical way of surface modification, machining,
grinding, blasting techniques are employed, whereas physical methods involves, thermal,
kinetic / electrical energy is utilized to deposit a thin films on the surface. Chemical surface
modification involves alteration of atoms, compounds or molecules on treeasininodified
(Kurella and Dahotre, 2005)

Table 2: Mechanical surface modification strategiegTallawi et al, 2015)

Mechanical methods| Modified layer Objective
1 Grinding Rough or smooth - Produce specific surface topographic
§ Polishing surface formed by - Clean and roughen surface;
9 Machining | the subtraction - Improve adhesion in bonding.
{1 Blasting process

Table 3: Surface modification strategiesto improve cell material interactions(Tallawi et
al., 2015)

Surface Modified biomaterial properties
modification
Physical coatings containing pores to enhance tissue ingrowth

topography induced (groves, morphology, roughness)
fibrous materials
porous materials

Chemical glow discharge tincrease surface energy and tissue adhesion
crosslinked polymeric surfaces to decrease surface permeability i
increase surface hardness

plasma treatment with reactive gases to create new functional grq
on polymer surface

grafting macromolecugesuch as polyethylene glycol to reduce pro
adsorption and cell adhesion

functional groups used to produce positively or negatively charge
surface
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Biological immobilization of biomolecules to promote cell adhesion and grov,
heparin, heparisulfate binding peptides

natural ECM proteins (fibronectin, laminin, collagen)

peptide sequences (RGD)

growth factors

Any targeted biomaterial primarily owes the requirement of achieving favorable surface
properties that certainly influence thell material interactions. Despite the fact that titanium
and its alloy exhibit suitable biomechanical and biocompatible properties, negligence of
specific requirements oftsi specific scaffold does limiheir application. Therefore, scaffold
bio-functionalization is being widely investigated using classical approaches such as

mechanical, physical, chemical and biological.

1.6 Cell-material interactions

The main objective of implantology ibat,scaffold material should induce controlled, guided
and rapid healing. Although the interaction between the tissue and material is a dynamic
complex process which is mainly dependent upon the scaffolds ployseoacal properties

and respective host resper{glghazaliet al, 2015; Pateét al, 2018) A scaffolds physice
chemical property includes surface roughness, topography, surface compositionityettab
pore size, porosityEl-Ayoubi et al, 2011) Protein adsorption is the very first event that
takes place at the interface during cells material intera¢foireo ad Nanci, 1999) Cell
interaction is mediated by adsorbed protein from physiological fluids ifritus/o, else in the

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

as laminins(Wilson et al, 2005) Protein adsorption on the scaffold surface is followed by
cell attachment, spreading and then late everiksstglace such as cell proliferation,
differentiation and matrix formatiofGriffith and Naughton, 2002De Bari et al, 2009.
Cellular response towards scaffold surface is mainly dependent scaffold surface properties
(figure 9) such ascomposition,stiffness,roughness, chemistry, topography, surface energy,
pore size, and porosit§ince thepresent study aims to characterize the novel knitted titanium
scaffold scaffold for the replacement of intervertebral disc nucleus pulpbssigxtremely
important to understand the response of the human primgegertebral disc cellend
mesenchymastromal cellYMSCs). Besides terms of their, cell adhesion, proliferation and

so differentiation on the knitted titanium scaffold surface in order to achieve better tissue
integration as well as for developing suitable design for rapid tissue h@bgbunattet al,
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2007) Physicechemical properties are generally interconnected and often it is difficult to
distinguish the cellular response as a consequence of individual characteristics. Nonetheless,
several studies have demonstrated the effect of individual parameter on cediptarses by
exploiting each surface characteristics as well as studying the synergy thereby eliminating the
effect of other propertigZhu et al, 2004;Gittenset al, 2014; Ruppet al, 2014.

OB Chon

40 MA 29 MA 18 MA

72 MA

Figure 9: Cytoskeleton arrangement was altered by substrate stiffnesRepresentative staining ofdetin

by phalloidin (green) and nuclei by DAPI (blue) hmman MSCs (AD), oseoblasts(EH), and chondrocyte:
cultured on surfaces of varying stiffness. (Scale bars: eki0for A,B,D; 50 em for all others)(Olivares

Navarreteet al, 2017)

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

turn regulates cellular behavidvlicro and / or nano structured scaffadrfaces are known to
modulate the cellular behavior such as cell morphology, cell adhesion and RhoA activity
(Nishimuraet al, 2018) Physical and chemical surface modification alters the topographical
features(figure 10) thereby forming pits and grooves, moreovée@ing pores at macro,
micro and/ or nano scale, which in turn affects surface roughness at microscaleoand
nanoscale(Singh et al, 2013) Degree of surface roughness is described by the height
descriptive parameter of Sa or Ra i.e. arithmetic mearation of a profile (Ra) or a surface

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

surface and tissue.

Cell adhsion is mediated by transmembrane protein receptors called integrins. Cell
morphology on the other hand is mainly driven by surface topogr@ang et al, 2010) It

has been demonstrated that smooth surface roughness allows full cell spreading with filopodia,
whereas rough surface allows elongated, spindle shaped cell spreading which normally
oriented in the directions of grooves. Actin organization defines uhéty of cell adhesion.

This kind of behavior was reported by Jayararatal. (Jayaramaret al, 2004)and many

other, confirming that cell morphology is a complete topography driven phenortieordret

al., 2010; Ros®t al, 2012) It has been demonstrated that roughened surface have a greater
tissue integrative potential thamooth and or machined surfaces with an optimal roughness
being in the range of-10 um, although there are also contradictory findi(iyka et al,

2011)

Figure 10: Scanning electron microscopy of titanium disk surfacesSmooth surface (A), HF/HNgetched
surfacei 15 min (B), HF/HNQ-etched surfacé 30 min (C). Scale= 50um, magnification= 80(Bilva et al,
2009)

Smooth surfaces are more prone to fibremsapsulation which ultimately results in failure of
tissue integration(Bobyn et al, 1995; Gittenset al, 2014) Fibrous encapsulation is the
formation of a poorly vascularized collagenous capsule around the scaffold and number of
factors such as sustained inflammatory response, lack of vascularization at the implant site
and low levels of cell migteon or attachment to the scaffold surface are involved in the
formation of fibrous capsule co@obynet al, 1995) As an outcome, tissue does not directly
attach to the implant surface and thus fluid gets entrapped in a space between the fibrous
capsule and implant. This fluid is an ideal environment for bactémfdtration and
subsequent infection which then cause bone resorption via sustained inflammatory reactions.
On contrary, rough surface has thicker titanium oxide layer which thought to has superior

influence on cell attachment and thus enhancing the mheability. Also, increased
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adherence of fibrin clot to the rough implant surface increase the possibility of cell progenitor
migration and thus expected to increase the rate of the tissue integration. Increased adherence
of the initial fibrin clot to tke implant surface primly lowers the events of fibrous
encapsulation around roughened implant sur{@obyn et al, 1995) The effect of various

micro and nanoscale mictopography on chondcytes behavior were studied Bhartinezet

al. (Costa Martinezt al, 2007)and othergBoyanet al, 1996 Murakamiet al, 200Q Malda

and Frondoza, 2008ageret al, 2007). With increase value of surface roughness, decrease in

cell adhesion, proliferation while increase in cell differentiation phenomenon has been
observed(Neveset al, 2011; Rosst al, 2012) However, an optimized method to create

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

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

to play a critical role in establishing initial cell interactiqfigure 11) at material interface

such as cell adhesion and morphol¢@jttenset al, 2014; Ruppet al, 2014) In particular

higher wettability/ hydrophilic surface have been shown to have the specific capacities to
enhance cellular behavigzhu et al, 2004;Rupp et al, 2014) On contrary, a number of
studies also suggested that hydrophobic surface over hydrophilic is superior from clinical
point of view(Wennerberget al, 2011) At molecular level, RhoA (small GTPase protein of
the Rho family, involved in cytoskelat regulation) activity and subsequent cell adhesion has
been shown significantly higher in cells on hydrophobic surfaces compare to hydrophilic
surfaces(Nishimura et al, 2018) Moreover time dependent wettability reduction and
subsequent alteration in surface energy &lso been reporté¢dtt et al, 2009) Contact angle

is a measure of wettability of the solid surface by a liquid drop. Theofgticahtact angle
should fall between-Q8(°. Surfaces are classes as hydrophilic if the contact angle is less than
9. If the wetting angle is more than®Ben the surfaces are known as hydrophobic. When
contact angle reach either O or 18@en, surfaces are considered either stagdrophilic or
superhydrophobic respectively. Dynamic contact angle mainly defines the hysteresis,
meaning the difference between the advancing contact angle (the maximum value of the
contact angle) and recediiggntact angle (the minimum value of the contact an@tens

et al, 2014; Ruppet al, 2014)
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Figure 11: Typical SEM images of cell morphology with different contact angles at 180 min incubatior
(Wei et al, 2009b)

Titanium and its alloy although has a high surface free energy, are the example of poor
wetting, weak hydrophilic surface with corresponding high contact angle abe®@°80
Although titanium is well known suitable biomaterial, its surface modification may yield a
hydrophilic surface with low contact angle which then enhance the cell material interactions.
Plasma surface modification is one of the rapid processes to chengearface chemistry
using either cold or atmospheric plasma system, thereby modify the surface hydrophilicity
(Dowling et al, 2011) Previously it has been reported that oxygen plasma treatment has a
positive influence on the cellular behavior in terms of tigal cell adhesion, proliferation
and also in the differentiation proce@éamamuraet al, 2015) In this study we used the
oxygen plasma in order to obtain low range of water contact angles. At laboratory level;
plasma is generated through an electric gas discharge by creating a potential difference
between the two electrodes into a fixed chamber, ta@aing a pressure below 100 Pa.
Balance between the hydrophilicind hydrophobicitydoes influence the cell adhesion and
growth (Gittens et al, 2014; Ruppet al, 2014) It has been previously shown that cells
preferentially anchored to hydrophilic surface. Yamagusthial. on parallelshowed that
surfaces contact angle below’@e more suitable for better callhesior(Yamaguchiet al,
2004) Although there have been several studies reported on the cellular behavior on the
response of surface properties, no clear evidence yet exist with gggalhdiman primary
chondrocytes and mesenchymal stromal cells response on porous knitted titanium. As such,
studies on the influence of surface chemistry and surface roughness on cell behavior has
already been reported, their specific role in the cell aesp especially, cell adhesion,
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proliferation and differentiation is still unclear. Moreoyvér is extremely important to
understand the specific role of surface properties on the human chondrocytes and
mesenchymal stromal cells performance at mateftetface. This formed the basis of the one

of the objective of this study.

1.7 1VD tissue engineering

Tissue engineering approaches over the past few years have been addressing the objective to
recapitulate functional and structural features of the healthy intervertebral disc. Reparative
treatment mainly targets intervention at early stages of intervaltéisc degeneration so to
alleviate  ECM homeostasis restoration, control of inflammation and prevention of
angiogenesisAs current surgical procedures only focuses on alleviating symptoms associated
with IVD degeneration, it does not promote tissue reglind. On the other hand, tissue
engineering offers an alternative to design a biomaterial by encompassing cells and growth
factors that will aid in the IVD tissue regeneration. Thereby, it offers multiple strategies to
prevent and possibly cure degeneadadésc by encouraging disc repaihe exact mechanism

of cartilage regeneration is still not known, however the several studies have been focused on
the effect of segmental distraction in IVD diseg¢Beric and Pulidori, 2011Guterl et al,
2013;Fontanaet al, 2015) Recently, stimulatory factor together with cells either unaided or
together with biomaterials has thought to provide suitable repair site to ensure maximum cell
differentiation or depason of appropriate ECM. Nonetheless selection of biomaterials, cells
and appropriate stimulatory factor is very much important as the ideal combination is yet to be
established. In this chapter we have explicitly discussed synthetically modified messenge
RNA therapy.

1.7.1 Invitro transcribed mRNA therapy
The potential application of recombinant proteins and nucleic acid therapy has been widely

explored in tissue engineering to produce specific growth factors, transcription factors, or
molecules with therapéia effects(Liebermanet al, 2002;Henry et al, 2018)to stimulate
regenerative responses in the tissue. Ideally, gene therapy can overcome the recombinant
growth factor delery limitations, including suprahysiological dose, short hdlfe and poor
distribution. The use of synthetic peptides as drugs is also associated with similar challenges
and moreover, their pronounced conformational flexibility sometimes leads @&ckaof
selectivity and the activation of undesired cells, which can lead to adverse @ffearibe et

al., 2010) Although viral and plasmid mediated gene delivery has demonstrated the ability to
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effectively produce desired proteiris,also has several disadvantages, such as high risk of
insertobnal mutagenesis leading to tungmmicity due to genome integration, high
immunogenicity, inefficient transduction in naividing cells , high levels of prexisting
immunity, and other potgial serious complication@Katz et al, 2013; Steinleet al, 2017)
Limitation of DNA based gene therapy has led to intense research on messenger RNA
delivery as a promising alternative. Exogenous deliverynofitro transcribed messenger
RNA encoding protein of interest résuin rapid but transient production of protein of
interest (Mitchell and Nair, 2000;Bettinger et al, 2001) and thus holds promising
therapeutics in variety of medical indicati¢havernieret al, 2011; Steinleet al, 2017.

Upon exogenasl delivery ofin vitro transcribed mRNA, cells intend to produce functional
proteins which are not naturally synthesized or not needed. Besides, targeted aalVvafter
transcribedIVT) mRNA delivery exhibit a new protein profile aiming to improve a cellular
functions. The translational efficacy of synthetic mMRNA has also improved compared to
plasmids, since it bypasses the need for nuclear trafficking and it is immediately translated
upon entering the cytopl asm. The risk of gen
remain major obstacles during the mRNA delivery. Moreover, their effectiveness as well in
nontdividing cells holds a central advanta@teinleet al, 2017) IVT mRNA tends to trigger
severe, undesirable immune response and besides, tonaérfiorm of mRNA is instable

and labile, leading to early decay of the administered mRNA product in the target cell.
Although, the use of mMRNA as a therapeutic for protein replacing is not a new concept, it was
also not widespread for many years duet® NA6s hi gh i nstability a
Further Kariko et al. and others have demonstrated that modification of mRNA by
incorporating modified nucleoside (replacing the uridines and cytidines witlutitime and
5-methytcytidine respectively) into RNA elevates the stability mMRNA and also lowers
down the immunogenicitgKariko et al, 2005; Karikéet al, 2008; Nallagatla and Bevilacqua,
2008 Kormannet al, 2017).

28



MRNA can be synthetically synthesized using DNA templates targeting protein of interest by
in vitro transcription(figure 12). In order to increase the mRNA stability and as well to
reduce the immunogenicity, generated mRNA can be modified. DelivermRINA by
transfection into the cells, allows direct translation into protein in the cytosol. Delivery of
modified mMRNA, which is noiintegrating into the host genome, provides a transient pulse of
protein expression. Therefore, it also avoids the posgilofibncogenic mutation and allows
efficient delivery in dividing, nosdividing cells (Steinleet al, 2017) It thus suggests an
alternative to traditional DNA based gene therapy which allowed delivering therapeutic

proteins either unaided or together with a scaffold.

I. Synthesis of in vitro transcribed (IVT) mRNA

DNA mRNA IVT mRNA
N\
PCR e wr DNAse treatment
e 4
—_— _— . V., —
cma—— \ N
—— purification
Poly (T)  ‘e—
overhang
Plasmid ARCA Poly (A) tail

I1. Delivery of IVT mRNA for exogenous protein expression in cells

Transport vehicle/
mRNA complexes @ % @
,:\-:\ IRy, Cellulaf =Y Translation of ; \
ST 2 transfection @ mRNA
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———
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e 2’ degradation  p.orein
Cell Cell

Figure 12: Schematic overview of (I) synthesis of IVT mRNA and (1) delivery of IVT mRNA into cells.
In the PCR, the DNA template containing the coding DNA sequence of the desired protein is genera
a 507100250 overhang from the corresponding DNAasmid. To produce the mRNA, an vitro
transcription reaction is performed. Duriimgvitro transcription, a 3@oly (A) tail is generated to prevent t
MRNA from nucl ease degradati on. Additional lew,,
5-methylcytidine and pseudouridihand a 5&ap structure (e.gARCA) to improve translation and mRN,
stability. The presence of RNAse inhibitor during thevitro transcription protects the mRNA from nuclea
attack. To transfect cells, mMRNA molecules are complexed with a cationidhgied transport vehicle. Tt
complexes are taken up via endocytosis. After endosomal escape of the IVT mRNA into the cytopl:
MRNAs are translated by ribosomes into the desired protein(s). Abbreviations: ARCAevansie cag
analog; IVT,in vitro transcribed; mMRNA, messenger RNA; PCR, polymerase chain re4&tieimleet al,
2017

Although there have been studies reported on nucleidlaeidpy, delivery of Link N mRNA

were not explored for intervertebral disc regeneration. Furthermore, although there are reports
on the improved intervertebral disc height restoration using peptide form of Link N, the exact
mechanism of cell behavior upatelivery of messenger RNA encoding Link N remains

uninvestigated. We have evaluated the possibility of Link N mRNA delivery either unaided or
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together with knitted titanium and explored their chondrocytes specific anabolic ability with
emphasis on the effe of messenger RNA delivery on the functionality of human primary
chondrocytes as well as mesenchymal stromal cells. The details form the basis for chapter 4.

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

aggrecan and hyaluronaBach et al, 2014) in extracellular matrices including in
intervertebral disc matrix. The N terminal proteolytic cleavafykiok protein leads to the
generation of Link N peptide, which B16 amino acid long peptid@Bach et al, 2017)
Positive relevance of Link N peptide has shown in the matrix of degenerating intervertebral
discs; in addition, it appears to have additive effect on intervertebral discat@tgbwhich
stimulates the proteoglycan synthe@¢anget al, 2013) Recently, the Link N peptide has
been identified as promising growth factor that stimulates the ECM synthd$IB itissue
(Wanget al, 2013 Gawri et al, 2013a; Gawret al, 2013b; Gawrket al, 2014; Bactlet al,

2017 and therefore, acts ilWD repair. Furthermore Antonioet al. and Mwaleet al.
demonstrated that,ink N has suitable properties to drive chondrogenesis and therefore it
serves as a potential growth factor during the phaség»fhealing(Mwale et al, 2011a;
Antoniouet al, 2012a; Gawret al, 2014 Mwaleet al, 2014)

Although these studies reported on the possible role of Link N peptide as a novel growth
factor inlVD response in terms of their anabolic effect, Linlapplicationusing nucleic acid
therapy for intervertebral disc regeneration is yet to be investigatedhave explored the
influence of Link N messenger RNA delivery in human primatyondrocytesand

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

In order to overcome the drawbacks of cotle available nucleus implagtKettler et al.
reported the development of a nucleus prosthesis made of knitted titanium wire$Bhek
& Co.) which proved to have low migration tendency and thus aimed to restore the
physiological axial deformabilityKettler et al, 2007; Buck and Kaps, 20jL4introducing
knitted titanium implant in the clinical setting requires further characterization; therefore the
current study was aimed to characteane investigate the cytocompatibility aspeckoitted

titanium scaffold for the replacement of intemtedral disc nucleus pulposus.

2.1 Knitted titanium scaffold

The very first design of the scaffold had a shape as that of the bovine NP with a rough surface
roughnesgKettler et al, 2007) Biomechanical tesffigure 13) concerning axial deformity

(AD) and disc height reduction was carried out on bovine lumbar spire3l#hd L4L5
segments). Quasiatic loading (increased from 100 to 1000 N) revealed that the median
value of AD was same as that obtained immediately upon implantation. However, cyclic
complex loading (axial force of 10600 N, at 5 Hz) changed the median of AD by 33% and
also disc height reduction was seen by small amount compare to inta¢ketilsr et al,

2007) Further, migration’ expulsion assessment of the scaffold showed no extrusion but
there was an evidence of migration within the implant cavity and also towards anterior border
of the dis¢(Kettler et al, 2007) Double the range of motion (ROM) as high in extension as it
was in flexion, showed lordotic tilt caused upon implantation. However ROM effect on lateral

bending and in axial rotatiomas margina(Kettleret al, 2007)

Figure 13: Biomechanics Experimental setup:knitted titanium nucleus scaffold (A) was implanted after ante
fenestration of the annulus fibrosus (B). Two lateral annulus flaps were created and sutured after implanfgthe(@}
al., 2007)
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Thesis objective

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

nucleus implant. This was achieved by investigatimgfollowing aspects

To perform comparative analysis of unpolished and elgutshed scaffold with respect to
their physicochemical properties, wear particle characterization, hemocoifityasind

cellular responseell- material interface

To furtherexecutehe surface hydrophilisation of the eleepolished scaffold and investigate
the cell adhesion, spreading and proliferation behavior of the mesenchymal stromal cells and

human primary chondrocytes.

To generate synthetically modified Link N mRNA and talerate its effect on mesenchymal
stromal cells and human primacfiondrocytesn terms increase anabolic respomseitro in

2D and together with knitted titanium scaffold.
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CHAPTER 2

3 Results

Publication 1

Tendulkar G, Grau P, Ziegler P, Buck A Sr, Buck A jr, Badke A,KapsPHEhnert S,
Nussler AK:Imaging cell viability on non-transparent scaffold® using the example of a
novel knitted titanium implant, Journal of Visualized Experiment2016 Sept 7,
115:e54537

3.1 Synopsis

Ideal biomateriafor an intervertebral disc nucleus pulposus replacement is onCGls@nic

back pain associated with intervertebral disc degeneration is of major socioeconomic concern
(Melrose, 2016; van Udent al, 2017) The major significant discussion in the field of
arthroplasty related to intervertebral disc is the need for nucleus replacement. Various
biomaterials including hydrogels, polymers, metal and composites have been investigated to
treat these conditions thi wide range of succeg¥homaset al, 2003;Allen et al, 2004;
Goinset al, 2005; Lewis, 2012a A number of these matersahave been used for total disc
replacement depending on the site and degree of injury.

However the major concern is thguitability of materials for dotissue repair together with

load bearing application. Thugivot joint replacement scaffold mustogsess certain
properties to meet the requirement of lead bearing application. Adequate biomechanical
properties including elasticity, fatigue properties so as to able to withstand compression
pressure and suitable biological properties for effedgtiveivo functioning are the two main
requirementgGoinset al, 2005; Coric and Mummaneni, 2008 ntil now, the choice of the
material was limited to the hydrogel, as far as nucleus replacement is con@iriMartino

et al, 2005; Goinget al, 2005) On contrary, metals with their good compressive and tensile
strength mainly limit other materials such as ceramics, polymers and corapositead

bearing applicationfor bone tissue engineering and hard tissue répatelet al,, 2018)

Although metals such as titanium and its alloy, ceblafomiumalloys, stainless steel are the
man classes of metal that has been intensely investigated for total disc replacement, their
mismatched elasticity lost its prominence in the long term success and so for the nucleus
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pulposus replacement. Nonetheless, fumaiity with such low elastic modulus is required

for load bearing application and therefore might be suitable for nucleus pulposus replacement
if material is modified. Titaniurand its alloy has gained much importance over stainless steel
and cobalt chromm alloy for biomedical applications due to their excellent corrosion and

wear resistance, strendiBeethaet al, 2009)

Buck GmbH & . has developed a knitted mechanical based nucleus implant made of
titanium filaments. Further Kettleet al. invesigated their biomechanical properties,
demonstrating suitable alternative of currgnéivailable nucleus scaffold&ettler et al,

2007) In this study, v have further evaluated the biocompatibility including the wear
particle characterization and tested theivitro cytotaxicity and cellular behavior of human
mesenchymal stromal cells and human primary chondrocytes when seeded on the knitted
titanium scaffold by investigatinidpe adhesion and proliferation behavior
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Intervertebral disc degeneration and disc herniation is one of the major causes of lower back pain. Depletion of extracellular matrix, culminating
in nucleus pulposus (NP) extrusion leads to intervertebral disc destruction. Currently available surgical treatments reduce the pain but do not
restore the mechanical functionality of the spine. In order to preserve mechanical features of the spine, total disc or nucleus replacement thus
became a wide interest. However, this arthroplasty era is still in an immature state, since none of the existing products have been clinically
evaluated.

This study intends to test the biocompatibility of a novel nucleus implant made of knitted titanium wires. Despite all mechanical advantages, the
material has its limits for conventional optical analysis as the resulting implant is non-transparent. Here we present a strategy that describes

in vitro visualization, tracking and viability testing of osteochondro-progenitor cells on the scaffold. This protocol can be used to visualize the
efficiency of the cleaning protocol as well as to investigate the biocompatibility of these and other non-transparent scaffolds. Furthermore,

this protocol can be used to show adherence pattern of cells as well as cell viability and proliferation rates on/in the scaffold. This in vitro
biocompatibility testing assay provides a propitious tool to analyze cell-material interaction in non-transparent and opaque scaffolds.

Video Link

The video component of this article can be found at https://www.jove.com/video/54537/

Introduction

Chronic back pain is a multifactorial disease. The interest in a minimally invasive treatment option for the degenerative disc disease has grown
since the 1950s. Until today, multi-segmental fusion of the spinal column is the most widely used treatment. Since, this method often leads to
limitations in the mobility of the affected segmentm, exploration of the arthroplasty era became a wide interest. Significant advancements in
total disc replacement and nucleus replacement has become a good alternative to treat chronic back painw. Despite the huge progress, none of
the methods has been clinically evaluated. The less rigid nucleus implants represent a promising alternative to total disc replacement, provided
that the annulus fibrosus is intact™®. However, the currently present nucleus implants on the market are often associated with comg:lications

like changes in vertebral body, dislocation, vertical height loss of the disc and the lack of necessary associated mechanical rigidity™. In order to
overcome the current drawbacks, a novel nucleus implant made of knitted titanium wires has been successfully developedﬁ. Due to the unique
knitted structure, this newly developed scaffold has shown distinguished biomechanical characteristics, e.g., damping feature, pore size, loading
capacity and reliabiHlyT. Aiming to test the biocompatibility of this novel nucleus implant, depicted severe limitations in the (optical) analysis
techniques attributed to the non-transparent nature of the implant.

In order to test the biocompatibility, cell-metal interaction plays a prominent role®"®. An interaction between the cells and the scaffold is
necessary for the stabilization and hence for the better implant integration within the host system. However, an increasing ingrowth depth
might alter the mechanical properties of the scaffold. Aiming to investigate whether the scaffold surface provides a base for cell attachment,
proliferation and differentiation or whether the metal affects cell viability, it is important to troubleshoot the common well-known problem of
imaging cells on/in non-transparent and opaque scaffolds. In order to overcome this limitation several fluorescent based techniques were
explored. Companies provide a large range of fluorophores to visualize living cells, cellular compartments, or even specific cellular states'".
Fluorophores for this experiment were chosen with the help of the online tool spectral viewer in order to best fit our fluorescent microscope.

The developed strategy for the analysis of the adherent cells behavior on/in the non-transparent knitted titanium scaffold involves the following:
1) fluorescent (green fluorescent protein/GFP) labeling of the osteochondro-progenitor cells to allow tracking of the cells on the scaffold, 2)
measuring the viability (mitochondrial activity) of the cells, and 3) visualizing cell-cell and cell-material interactions within the scaffold. The
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procedure has the advantage that it can be easily transferred to other adherent cells and other non-transparent or opaque scaffold. Furthermore,
viability and ingrowth pattern can be monitored over several days, thus it can be used with limited amounts of scaffold material or cells.

The present study demonstrates the successful use of our current protocol to measure the cell viability and visualize in-growth pattern of
osteochondro-progenitor cells on/in the non-transparent knitted titanium scaffold. Furthermore, the developed protocols might be used in order to
determine the scaffold impurities and to check cleaning protocols.

NOTE: Immortalized human mesenchymal stromal precursor cells (SCP-1 cells) were used for the experiments. SCP-1 cells were provided by
Prof. Matthias Schieker'2.

1. Expansion of SCP-1 Cells

=

Prior to working with the SCP-1 cells, properly clean the working area (designated biosafety cabinet I) with 70% ethanol (v/v) wearing gloves.
2. In the cleaned biosafety cabinet prepare an appropriate volume of cell culture medium by mixing the required components as indicated in
Table 1. In order to maintain sterility of the basal medium, add supplements by passing through sterile filters with a pore size of 0.22 pm.
1. To prevent contamination, prepare medium at least 24 hr before use. In order to test its sterility, incubate 1 ml medium in a cell culture
plate without cells in the standard cell culture incubator: 37 °C, 5% CO,, 20% O, and 90% humidity. After 24 hr, check medium
microscopically using a magnification of at least 200X.

3. Maintain SCP-1 cells in a standard cell culture incubator with supportive condition: 37 °C, 5% CO,, 20% O, and 90% humidity.
4. For maintenance and expansion, grow the SCP-1 cells until they reach 80-90% confluency. During this time period culture, change medium
every 2-3 days. Upon reaching 80-90% confluency, split SCP-1 cells (in general a 1:2 ratio) to the next passage for expansion or plate for the
experiments (as indicated).
For splitting the SCP-1 cells, warm the culture medium at 37 °C and thaw trypsin/EDTA using a water bath at 37 °C.
Completely aspirate the culture medium from the 80-90% confluent cells and discard it into a waste container.
Wash the cells at least twice with DPBS (Dulbecco's Phosphate buffered saline without magnesium and calcium, pH 7.2).
1. Pipette an appropriate volume of DPBS onto the cells (5 ml DPBS for a T75 culture flask and 12 ml for a T175 culture flask).
2. Aspirate DPBS carefully and discard it into a waste container.

Noo

8. Pipette an appropriate volume of 0.25% trypsin/EDTA onto the cells (1 ml DPBS for a T75 culture flask and 2 ml for a T175 culture flask) and
incubate for 5-10 min at 37 °C in the standard cell culture incubator with 5% CO,, 20% O, and 90% humidity.

9. Dislodge the cells by tapping the vessel and ensure all cells are detached from the culture plastic (trypsinization) by observing the floating
cells under the microscope.

10. Inactivate the trypsin reaction by adding 10 ml of culture medium. Mix the trypsin and cells with the medium carefully by repeated pipetting.

11. Transfer the cell suspension into a reaction tube and centrifuge at 600 x g for 10 min at room temperature.

12. Aspirate the supernatant and resuspend the cell pellet in 10 ml culture medium.

13. Count the cells by Trypan Blue exclusion method as described in protocol 2.

14. Seed the cells depending on the experimental design.

2. Counting of SCP-1 Cells

Perform a viable cell count (Trypan Blue exclusion method) of the resuspended cells using a hemocytometer.

Prior to the cell count, clean the hemocytometer using tap water. Dry the hemocytometer components using a lint free tissue. Assemble it by
moistening the cover glass and pressing it inversely onto the two glass runners on each side of the counting area. Ensure that Newtonian
rings are seen on the glass runners (Figure 1).

Take 10 pl of the resuspended cells and mix with 10 pl of 0.1% Trypan Blue solution to obtain a dilution factor of 2.

Load 10 pl of the total sample on the pre-cleaned and assembled hemocytometer chamber.

Count the number of live (white/transparent cells) and dead (blue nuclei) cells on the 4x4 squares (see Figure 1B).

Calculate the total number of cells following the given formula:

Total number of cells counted * dilution factor * 10°4 _ number of cells

N =

o0 b W

number of squares mL
3. GFP Transfection of SCP-1 Cells

NOTE: In order to observe SCP-1 cell growth on and into the knitted titanium scaffold over a certain culture period we marked the cells

with green fluorescent protein (GFP). Overexpression of GFP is achieved by infection with adenovirus particles coding for GFP. Replication
incompetent (-E1/-E3) adenovirus particles coding for green fluorescent protein (GFP) were used to infect SCP-1 cells. The virus particles
were obtained from Prof. Steven Dooley13 by collecting culture supernatant of recombinant adenovirus (Ad5-GFP) transfected HEK293T cells
(Biosafety lab II). Three repeated freeze (-80 °C) and thaw (37 °C in the water bath) cycles ensured that no HEK293T cells remain viable to
produce new virus particles. Using this adenovirus seed stock can efficiently infect the SCP-1 cells without producing new virus particles. Thus,
the infected cells can be handled in a Biosafety Lab I.

1. Resuspend the target cells (SCP-1 cells) with a seeding density of 50,000 cells/ml in culture medium. Pipette 2 ml per well into a 6-well tissue
culture plate.
2. Incubate at 37 °C in the standard cell culture incubator; 5% CO,, 20% O, and 90% humidity, till SCP-1 cells reach a confluency of 70-80%.

Copyright © 2016 Journal of Visualized Experiments September 2016 | 115 | e54537 | Page 2 of 10
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NOTE: Confluency depends on the seeding density of the cells. For above stated conditions, SCP-1 cells reach a confluency of 70-80% in
1.5-2 days.
At a confluency of 70-80%, without aspirating the culture medium add 100 pl of the adenovirus seed stock per 1 ml of culture medium.
1. Determine the concentration range individually depending on the amount of virus particles in each virus seed stock preparation. In case
the infection efficiency is too low, purify and concentrate virus particles using various commercially available kits.

Incubate for an hour in the standard cell culture incubator at 37 °C (5% COj, 20% O, and 90% humidity).
Remove the culture medium containing the virus seed stock and collect it for disposal. Add fresh culture medium 2 ml per well of a 6-well-
culture-plate to replenish.

1. Make sure that prior to disposal, virus particle containing medium is autoclaved.

Evaluate the intracellular GFP expression (infection efficiency) 24 hr after the infection using a fluorescence microscope with a GFP LED
cube/filter set.
1. Observe the cell morphology (Figure 2). Cells detaching from the culture plastic can give false positive results.

4, Cleaning of Knitted Titanium Scaffolds

-

o

©woND

Place up to 5 scaffolds into a 50 ml reaction tube.

Wash the scaffold (6-7 mm thickness) three times with 30 ml distilled-deionized water for 20 min at room temperature, using rotor conditions
(8xg).

Replace the distilled-deionized water with 30 ml 1% (w/v) Triton-X-100 solution (dissolved in distilled-deionized water) and then wash the
scaffolds once for 20 min at room temperature, using rotor conditions (8 x g).

Discard the Triton-X-100 solution followed by washing with 30 ml distilled-deionized water twice (5 min each at room temperature)
maintaining rotor conditions (8 x g).

Replace the distilled-deionized water. Rinse the scaffolds sequentially with reagent grade 99% acetone, 99% isopropanol and 99% ethanol
(30 ml each) for 2 x 5 min each in an ultrasonic bath (~ 50 Hz, 50 W, 220-240 V).

Wash again three times with 30 ml distilled-deionized water for 5 min, keeping the ultrasonic bath treatment constant.

Place the scaffolds on a lint-free tissue in order to air dry overnight at room temperature.

Autoclave the scaffold for 15 min at 121 °C with 15 psi.

Confirm the cleaning protocol by indirect fluorescence as described in protocol 5.

5. Imaging Scaffold Structures by Indirect Fluorescence

NOTE: The present protocol describes the imaging of scaffold structures by indirect fluorescence using the fluorophore sulforhodamine B
which gives a bright red fluorescence at an ex/em wavelength of 565/586 nm. However, the fluorophore can be changed to better fit for given
microscope settings or possible auto-fluorescence of the scaffold

1.
2.

3.

Prepare the sulforhodamine B staining solution (0.04%) in 1% acetic acid and store at room temperature with protection from light.
Take a 24-well tissue culture plate and immerse the cleaned scaffold in 500 pl of the sulforhodamine B staining solution by placing it inside
the well using forceps.
Capture the negative images of the scaffold using fluorescence microscope.
1. Take pictures with a RFP LED cube/filter set with an excitation wavelength of 531/40 nm and an emission wavelength of 593/40
nm. Alternatively choose the adequate excitation and emission wavelength with the help of the fluorescence spectral viewer™.
Sulforhnodamine B has its peak excitation at 578 nm and its peak emission at 593 nm.
2. Inorder to visualize the scaffold structure, take pictures at lower magnifications, e.g., 4X or 10X (Figure 3). Using these pictures,
determine characteristics, e.g., the pore size and shape with the help of the ImageJ.
3. Inorder to detect scaffold impurities, take pictures at higher magnifications, e.g., 20X or 40X, considering that this will limit the analysis
depth. Ensure that dirt particles/substances are not seen (see representative results; Figure 3)

6. In Vitro Biocompatibility Assay

1. Pre-warm the culture medium at 37 °C in a water bath.

2. Take a 24-well tissue culture plate and using forceps, place the cleaned and sterilized scaffolds in each test well aseptically. Work under the
pre-cleaned biosafety cabinet I!

3. Soak/incubate the scaffolds with a culture medium for about 15 min (500 pl per well of a 24-well tissue culture plate), in order to remove air
from inside of the scaffold.

4. Meanwhile, resuspend 500,000 Ad-GFP-infected SCP1 cells in 1 ml of culture medium.

5. After 15 min of scaffold soaking, aspirate the medium completely off the scaffold.

6. For seeding the cells on the scaffold, dispense 100 pl of cell suspension carefully on the scaffold (which is placed in 24-well plate) surface.
Maintain a minimum volume of cell suspension while seeding the cells, so to ensure no medium flows out of the scaffold.

7. Incubate the cells for 30 min at 37 °C in the standard cell culture incubator (5% CO,, 20% O and 90% humidity).

8. Add 500 pl more culture medium and incubate for 24 hr in the standard cell culture incubator (37 °C, 5% CO,, 20% O; and 90% humidity).

9. Evaluate the cell adherence pattern and cell spreading on the scaffold surface using a fluorescence microscope.

1. Take pictures with a GFP LED cube/filter set with an excitation wavelength of 470/22 nm and an emission wavelength of 510/42 nm.
Alternatively choose the adequate excitation and emission wavelength with the help of the fluorescence spectral viewer. GFP has its
peak excitation at 488 nm and its peak emission at 507 nm
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10.

2. Inorder to visualize cell adherence pattern capture pictures at lower magnifications, e.g., 4X or 10X (Figure 4). In order to observe cell
spreading a higher magnification (at least 100X) is needed — limiting the focus depth.

For further evaluating cell spreading on the scaffold surface, fix the cells with 4% formalin and proceed with conventional fluorescence
staining of cellular structures, e.g., actin filaments (Phalloidin). However, adapt incubation times and fluorescent labelling of the antibodies in
order to fit the individual scaffold characteristics, e.g., diffusion times or auto-fluorescence™.

11. The next day, change the culture medium to remove non-adherent cells.
12. Calculate the percentage of adherent cells on the scaffold by resazurin conversion measurement as described in protocol 7.
A B
only Back-
Day 7 imaging Day 7 Resazurin
Scaffolds with SCP-1 Cells Colls | ground c'gr“asnvs‘l"er?gr’;ep for cellg conversion
1 2 3 4 5 6
.
A
-
Plate cells on Medium change
B sterile cleaned every after 2-3- Day 57(;"‘\"9 dead
scaffold days ng
c .
r 2
Day 0 imaging Day 1 Resazurin
D for cell conversion Quantify results
adherence measurement

Figure 5: Timeline of in vitro assay. (A) Experimental setup for plating cells. (B) lllustration of procedure, emphasizing importance of beginning
protocol and cell functionality validation till day 7. Please click here to view a larger version of this figure.

7. Resazurin Conversion measurement

NOTE: Resazurin conversion assay is used for measuring the mitochondrial activity and thus indirectly cell proliferation. Resazurin reduction to
resorufin generates a fluorescent signal, which is based on the mitochondrial activity associated with viable cell numbers (Figure 7A).

1
2:

3.

oo

12.

13.

Completely aspirate the culture medium from the SCP-1 cells and discard it into a waste container.
Wash the SCP-1 cells once with DPBS to remove detached cells. Add 500 ul DPBS per well of the 24-well tissue culture plate containing
SCP-1 cells on the scaffold.
Cover the cells with a required amount of sterile resazurin working solution (0.25% resazurin in culture medium) and incubate at 37 °C in the
standard cell culture incubator (5% CO,, 20% O, and 90% humidity) for 30 min.
1. Make a note that; incubation time depends on the cell type and cell density. It can vary between 10 min and 6 hr. Optimized incubation
time for SCP-1 cells is 30 min.

As a background control, include at least one well with the resazurin working solution but without cells, that is incubated at 37 °C in the
standard cell culture incubator (5% CO,, 20% O, and 90% humidity) for the same amount of time.
Transfer 100 pl conditioned supernatant from each well of the 24-well tissue culture plate into a 96-microwell plate.
Wash the remaining cells three times with 1 ml DPBS for 5 min at room temperature in order to remove residual resazurin working solution.
After the third wash add culture medium to the implants with SCP-1 cells (500 pl per well of the 24-well tissue culture plate) and continue
incubation at 37 °C in the standard cell culture incubator (5% CO,, 20% O, and 90% humidity) for further time course measurements.

1. Make sure to set up replicates at this step (2-4) in order to minimize pipetting errors.

In the meantime, place the 96-microwell plate into the microplate reader and measure the fluorescence of the formed resorufin.
1. In order to reduce background signal, measure fluorescence at an excitation wavelength of 545 nm and an emission wavelength of 585
nm.
2. Alternatively choose the adequate excitation and emission wavelength with the help of the fluorescence spectral viewer. Resorufin has
its peak excitation at 572 nm and its peak emission at 585 nm. The given signal intensity is an average of 25 individual readings (25
flashes per well).

Measure the fluorescence of formed resorufin in conditioned medium, using a bottom optic.
1. Make a note that, the gain depends on the average amount of resazurin converted and can vary between 10 and 4,000. Adjust the gain
to the individual microplate reader used by pipetting a resorufin standard curve, such that the fluorescent signal is below 80% of the
maximum signal intensity detectable (in this case 20,000). The optimized gain for SCP-1 cells is 800.

Subtract the background signal (resazurin working solution without cells) from signal of the test samples.

. Depending on the experimental setup/purpose, proceed with further steps:
. Calculate the percentage of viability of the cells on the scaffold using a standard curve. Make an individual standard curve separately for each

cell line used.

Analyze cell growth/proliferation by estimating the relative increase in resazurin conversion throughout the cultivation time. For this
calculation, set the resazurin conversion on day 1 as reference. Freshly prepare the resazurin working solution for this kind of analysis.
Furthermore, incubation times have to be equal between the different measurements.

Repeat the entire protocol of resazurin conversion measurement at least three times to get consistent results.
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8. Live-dead Staining

1. Plate the SCP1 cells on the scaffold with a seeding density of 50,000 cells/scaffold and allow it to grow on the scaffold keeping the standard
cell culture conditions (refer to protocol 1 and 2).
After 24-48 hr completely aspirate the culture medium from the SCP-1 cells and discard it into a waste container.
Wash the SCP-1 cells once with DPBS to remove detached cells. Add 500 pl DPBS per well of the 24-well tissue culture plate and incubate
for 5 min at room temperature.
4. Stain SCP-1 using fluorophores (all three stains at the same time):
1. From now on keep the scaffolds in the dark in order to protect the fluorophores bleaching from daylight!
2. Setan incubation time to 30 min in order to allow equal distribution throughout the scaffold. If transferring to other scaffolds, make sure
to optimize the incubation times to fit the individual scaffold characteristics (pore size, scaffold depth, etc.).
3. Inorder to detect viable cells on the scaffold, stain the cells with calcein AM at a final concentration of 2 pM (in culture medium).
4. In order to detect all cells on the scaffold, stain the cells with Hoechst 33342 at a final concentration of 0.002 ug/ul (in culture medium).
5. Inorder to detect dead cells, incubate the scaffold with ethidium homodimer at a final concentration of 4 uM (in culture medium).

wn

After the incubation time, wash the cells 3 times with DPBS (1 ml per well) for each 5 min at room temperature.
Immediately take pictures by using a fluorescence microscope.

1. Take pictures of the calcein (living cells) with a GFP LED cube/filter set (excitation and emission wavelength of 470/22 nm and 510/42
nm, respectively). Alternatively choose an adequate excitation and emission wavelength with the help of the fluorescence spectral
viewer. Calcein has its peak excitation at 488 nm and its peak emission at 507 nm. Note: Ensure not to use GFP transfected cells for
fluorescence staining with Calcein or other green fluorescent stains.

2. Take pictures of the Hoechst 33342 with a DAPI LED cubeffilter set with an excitation wavelength of 357/44 nm and an emission
wavelength of 447/60 nm. Alternatively choose the adequate excitation and emission wavelength with the help of the fluorescence
spectral viewer. Hoechst 33342 has its peak excitation at 347 nm and its peak emission at 483 nm.

3. Take pictures of the ethidium homodimer with a RFP LED cube/filter set (excitation and emission wavelength of 531/40 nm and 593/40
nm, respectively). Alternatively choose the adequate excitation and emission wavelength with the help of the fluorescence spectral
viewer. Ethidium homodimer has its peak excitation at 530 nm and its peak emission at 618 nm.

Representative Results

Preliminary results showed that the described novel nucleus implant not only has good damping features but also is biocompatible with SCP-1
cells. During the production process of the implant, it comes in contact with strong corrosive and toxic substances (lubricant, mordant, electro-
polishing solution). With the help of indirect fluorescent staining techniques we were able to visualize remaining impurities and consequently
optimize a cleaning protocol showing significant reduction in substance load on the scaffold. Figure 3 shows the efficiency of established
cleaning protocol.

oo

The success of implants used for arthroplasty treatment is determined by events that takes place at the cell-material interface. Figure 4 shows
the cells attached on the scaffold after 24 hr of plating, as described in the protocol section 6. A significant transfection efficiency of SCP-1 cells
was observed as we could image the growth pattern of mesenchymal stromal precursor cells on the scaffold (refer Figure 2). Direct visualization
confirms the biocompatibility of the scaffold and also depicts the adherence pattern on the scaffold surface (Figure 4). Fluorescence staining can
be done further to examine cell interaction with and spreading on the scaffold surface.

Fluorophores were successfully applied in order to examine cell death and proliferation over a period of time on the scaffold. Live-dead-staining
images exemplify how staining can successfully be done on the scaffold to confirm the percent viability of cells over a period of time. Figure

6 shows blue nuclear staining (Hoechst 3342) in all cells, red fluorescently labelled (ethidium homodimer) dead cells, and green labelling for
incorporation of calcein-AM as viability marker. Calcein AM is converted to calcein which exhibits a bright green fluorescence in the presence
of calcium ions in the cytoplasm of the cells. Hoechst 33342 is cell wall permeable and intercalates into the cellular DNA. This way all cells

will show blue nuclei (refer Figure 6). Ethidium homodimer is not cell wall permeable, thus it will only intercalate into the DNA of dead cells.
This way, dead cells will show red nuclei. Furthermore, cell viability and fold increase in cell number on scaffold over a week was quantified by
resazurin conversion assay and represented graphically (Figure 7).
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Figure 1: Cell counting with a Hemocytometer. (A) Setup of a chamber assembly. (B) lllustration of counting chambers; 4 x 4 counting
chamber is used for a cell count. Please click here to view a larger version of this figure.

Figure 2: GFP transfection efficiency. SCP1 cells exhibit a strong green fluorescence indicating positive ad-GFP- transfection efficiency. Scale
bar = 1,000 um, 4X magnification. Please click here to view a larger version of this figure.
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Figure 3: Sulforhodamine B staining negative images capture. (A) Scaffold before cleaning. Arrow indicates the presence of toxic/corrosive
substances on scaffold. (B) Scaffold after the cleaning protocol. Scale bar = 1,000 ym, 4X magnification. Please click here to view a larger

version of this figure.

Figure 4: Adherence pattern of SCP1 cells on scaffold. GFP signal indicates cell adherence and growth pattern on the surface of the knitted
titanium scaffold. Scale bar = 1,000 ym, 4X magnification. Please click here to view a larger version of this figure.
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Figure 6: Co-fluorescence staining of cells on scaffold. (A) The Hoechst nuclear staining (blue) and (B) the Calcein-AM cytoplasmic staining
(green). (C) Arrow indicates the presence of dead cell due to uptake of ethidium homodimer-1 stain (red). (D) shows the merged image. Scale
bar = 1,000 pm, 4X magnification. Please click here to view a larger version of this figure.

A Viable Cell Resazurin conversion assay for cell viability measurement
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Figure 7: Resazurin conversion assay. (A) Biochemical reduction reaction of redox dye (resazurin) into an end product (resorufin) which emits
fluorescence and undergoes colorimetric changes. (B) Mitochondrial activity was measured when cells were plated on 0.75 mg/cm? density
scaffold. Data was collected using fluorescence based measuring instrument. Fluorescence intensity at 590 nm (y-axis) at defined time points (x-
axis) is depicted as a result of quantitative cell viability measurement (Ex = 540 nm, Em = 590 nm). The statistical significance was determined
using Two way ANOVA and standard error of the mean (SEM) is shown as an error bars. Considering the scaffold physical properties, e.g., pore
size and mechanical properties (e.g., damping feature) together, 0.75 mg/cm?® density scaffold was used for biocompatibility characterization.
Please click here to view a larger version of this figure.
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