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Thesis outline

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

scaffold surface properties.

Chapter two investigates the biocompatibility of knitted titanium scaffold that supports cell
viability and adhesion.

Chapter three gives the insights on the effect of electro-polishing treatment on wear particle
generation, wear particles characterization, effect of scaffold surface modification on overall
cell response with a particular focus on the effect of surface roughness and surface energy.
Furthermore, it also describes the effect of surface hydrophilisation using oxygen plasma

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

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

and thus reparative response together with replacement.

Chapter five studies the cellular response to knitted titanium scaffold wear debris, describes
the effect of electro-polishing treatment on the hemocompatibility of the knitted titanium
scaffold and further provides the insights on the biochemical surface modification of the
knitted titanium scaffold

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

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

Chapter eight compiles the references which are marked correspondingly



CHAPTER 1

1 Introduction

1.1 Chronic low back pain

Chronic low back pain is the most common condition among people aged 40-80 years,
affecting men and women alike globally (Hoy et al., 2012). It is one of the leading causes of
disability that is associated with high socio- economic costs due to increased morbidity of
afflicted individuals and hence correspondingly decreased productivity (Murray et al., 2012;
Waldrop et al., 2015). Worldwide prevalence is approximately 84% in their lifetime, out of
which 50% occurs at young (18—44 years) or middle (45-64 years) age (Murray et al., 2014).
In Germany, the annual costs of low back pain (LBP) were estimated over € 50 billion, as
reported by Werber and Schiltenwolf (Werber and Schiltenwolf, 2016). Low back pain can
fluctuates over the period of time with frequent recurrences and exacerbations, and moreover
10% of the patients develop chronic persistent or recurrent pain, thereby generating
approximately 80% of health care costs. During initial period of low back pain, 26-37 %
relapses of work absence and 44-78% pain relapse has been described (Suri et al., 2016;
Werber and Schiltenwolf, 2016).

Chronic low back pain has been described to be strongly associated with intervertebral disc
degeneration, although the exact etiology still remains unclear (Luoma et al., 2000; de
Schepper et al., 2010; De Palma et al., 2011). Degenerative disc disease (DDD) is a condition
known to result in chronic back pain due to the biomechanical instability caused by loss of
disc height, disc dehydration and / or annular tears (Urban and Roberts, 2003; Adams and
Dolan, 2012).

1.2 Intervertebral disc- structure and morphology

Human vertebral column is responsible for supporting the body balance thereby protecting
nerve roots and the spinal cord. The spine is not just straight but has 4 curvatures; two
kyphotic that concave posteriorly and two lordotic that convex anteriorly. This unique
structure enables body flexibility and motion to perform all body functions simultaneously
(Putz and Muller-Gerbl, 1996). The human spine comprised of 24 vertebrae (seven cervical,
twelve thoracic and five lumbar vertebrae) which are connected to one another by

fibrocartilage intervertebral discs which is normally surrounded by muscles and ligaments.
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Therefore, the spinal column along with vertebral bodies and intervertebral discs helps to
absorb the load applied to the spine which normally include different kind of movements i.e.;
flexion, extension, lateral flexion, rotation and circumduction (Cramer Gregory et al., 2014).
So, the intervertebral discs are complex main joints of the vertebral column (Raj, 2008). Since
the shape of spinal column is not the same throughout, varied vertebral bodies shape
determines the different shape of intervertebral disc. Adult intervertebral disc is a largest
avascular fibrocartilaginous structure situated between the two vertebral bodies, despite
having rich vascular supply during fetal development and shortly after birth (Cramer Gregory
et al., 2014). Intervertebral disc mainly function as flexible pivots, by providing the flexibility
and stability to the spinal column thereby absorbing and transmitting the mechanical load (Raj,
2008; Colombier et al., 2014). It is a joint that mainly provides flexibility and elasticity with a
wide range of movement to the spine as a whole and while doing so, it does allow limited
mobility between adjacent vertebrae. The intervertebral discs strongly provides pressure and
tension resistance while transmitting mechanical load through the spinal column (Pattappa et
al., 2012). Intervertebral disc (figure 1) comprised of gelatinous centre called Nucleus
pulposus (NP), which is peripherally enclosed by annulus fibrous (AF) and cartilaginous
endplate (CEP) that limits majorly the most peripheral rim of the disc superiorly and
inferiorly (Walter et al., 2015).

Intervertebral Disc

__—~Vertebra—__ Front

. \ 2
//DISc: i
*Nucleus pulposus =
.””‘/‘—’ *Anulus fibrosus——

Spinal nerve/
root
“Spinal cord
Back
Side view Top view

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

The primary components of discs are water, cells—mainly chondrocyte like cells and
fibroblasts, proteoglycan, collagen and other matrix components (Singh et al., 2009). Fibrillar
collagens, aggrecan and water are the three main structural components of the intervertebral
disc (IVD) which together contributes around 90-95% of volume of the healthy IVD (Urban
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and Roberts, 2003), although the ratio varies across the disc. For example, collagen is found
highest in outer AF and lowest in the NP, whereas reverse is true for water and aggrecan
content. Specific matrix structure maintained by distinct cell population makes these tissues
differ in function (Pattappa et al., 2012). Although cell density in the human disc is low at
around 6x105cells/cm?®, extracellular matrix (ECM) produced by them is essential to regulate
mechanical response. Endplates are the outer region of IVD where AF and NP are embedded
in. During development, blood vessels penetrate into the endplates and provide nutrition to the
developing IVD and until skeletal maturity IVD becomes completely avascular. Nutrients and

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

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

embryonic development and in later stages notochord goes through a transition to form
nucleus pulposus progenitor cells (Tie2" and GD2" positive). NP is originated from the
notochord and between the vertebrae this notochord enlarges to form NP (Hsieh and Twomey,
2010). During developing vertebrae notochord is replaced by bone whereas in NP,
notochordal cells get replaced by chondrocytes like cells. Presently it is still unclear whether
this replacement of cell population is because of apoptosis of resident cells causing
consequential invasion by mesenchymal cells or dedifferentiation of notochordal cells (Hunter
et al., 2004). However at maturity, the NP cells are 10 um small, round chondrocyte like
cells, present in a density of about 4x10°ells/cm3(Roughley, 2004). Nucleus pulposus is
mainly comprised 80% of water (wet weight) and 20% collagen (dry weight) where, collagen
Il and proteoglycans mainly predominates in NP with small amount of types VI, IX and XI
collagen (figure 2). Hydrophilic nature NP is responsible for high water content, due to 70-90%
of water content and high proportion of proteoglycans (ca. 50% of dry weight) (Kepler et al.,
2013). Presence of hydrophilic proteins called proteoglycans enriches nucleus pulposus with
high water content, which is almost 90 % at birth and then decreases over the age up to 70%
(Buckwalter, 1995).



Figure 2: Rat intervertebral disc, sagittal section. (A) Hematoxylin and eosin stain, original magnification
4x: the nucleus pulposus (NP) contains chondrocyte-like cells immersed in an abundant matrix, surrounded
by the anulus fibrosus (AF), (B) Alcian blue stain, original magnification 10x: the matrix in NP is mostly
proteoglycans (blue stain) and type Il collagen, and is directly in contact with the vertebral endplate (EP).
(Courtesy of Makarand V. Risbud, PhD) (Di Martino et al., 2005).

Out of 15% of proteoglycan (wet weight); aggrecan in major and decorin, biglycan and
lumican in small amount, and glycoproteins like elastin, fibronectin, laminin, lubricin, link
protein and chondromodulin-I organized to form matrix microenvironment. Aggrecan and
biglycan are highly present proteoglycans within NP (Pattappa et al., 2012) and together with
cells are embedded in collagen fibers (especially collagen type 1) mesh, which is randomly
oriented and makes up to 20% of the dry weight (Buckwalter, 1995). Ratio of collagens:GAG
differs NP from hyaline cartilage endplate which is 1:5 and 5:2 respectively (Mwale et al.,
2004). Proteoglycans are the most abundant macromolecules which are loosely bound
together with type 1l collagen fibers; making NP a highly hydrated and forms gel like
structure (Roberts et al., 2006) and therefore allows NP to be elastic and deform under stress
(Colombier et al., 2014). Additionally, proteoglycans; a multiple chains of
glycosaminoglycan together with hyaluronic acid forms non-covalently linked complexes that
helps in water absorption and therefore enables NP to withstand compressive forces
(Roughley, 2004). Hydrated healthy NP thus generates intradiscal pressure which separates
two vertebral bodies, tensions the AF and distributes the pressure evenly over the two
adjacent endplates. Generated hydrostatic pressure further enables NP to resist compression
under load. During loading and different movement of spine, NP can later its shape and
position and thus can act as nature of loading dependent (latridis et al., 1996). NP primarily
absorbs the loads and equalize the compressive stress on the vertebral cartilaginous endplates
(‘latridis et al., 1996; Colombier et 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 meniscus (Nerurkar et 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 | interconnected via elastic fibers which are
normally oriented in alternating direction forming successive layers, provides mainly tensile
force resistance (Colombier et al., 2014). Structural and cellular differences within AF mainly
distinguish into inner and outer part of AF, where outer AF is highly organized with
fibroblasts like cells with elongated nuclei which are aligned with collagen fibers and
relatively low proteoglycan and water content (Colombier et al., 2014). Moving towards the
inner AF region, cell are more rounded and chondrocyte like with poorly organized ECM
which mainly composed of collagen 11, I, proteoglycan and high water content (Risbud and
Shapiro, 2011). However, other types of collagen for example: type V, VI and IX are also
present along with a minor amount of type 111 as it gradually differentiates from the periphery
of the nucleus to form outer layer. Outer AF region is highly tension resistant than inner AF
and overall AF serves as a boundary for the NP (Freemont, 2009a; Colombier et al., 2014).
Cell density in the AF is almost double than that of NP, which is roughly about
9x108cells/cm?® (Roughley, 2004). Though AF entirely derived from mesenchyme, cells from
different regions within AF, has a different morphology and so ECM component they produce
as well varies. Bundle of collagen and GAG (ratio is 3:1) elements enables AF to tension and
compression resistant and therefore, it is known to be viscoelastic (rate-dependent) and
anisotropic (direction-dependent). Mechanical properties of AF are dependent on highly
organized lamellar structure and therefore, based on the axial, circumferential and radial
directions, order of magnitude of tensile, compressive, and shear stress may differ on AF
(Nerurkar et al., 2010). Collagen percentage in the outer and inner AF makes up to 40-60%
and 25-40% of the dry weight respectively (Smith and Fazzalari, 2009). Although collagen |
and 11 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 circumferential location, spinal level and age,
number of distinct lamellae (bundle of collagens) varies between 15-25 from one vertebral to
other and as well amongst individual (Kepler et al., 2013). Alternative orientation of lamellae
with respect to spinal axis thus forms angle ply structure in which inter-lamellar septa mainly

contains proteoglycans. Proteoglycan makes up 58% of the outer AF and 11-20% of the inner
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AF (Smith and Fazzalari, 2009), which is primarily responsible for tissue hydration. Through
their water binding capacity, it enables to distribute force around the circumference of AF
(Pattappa et al., 2012). Aggrecan and versican are major abundant proteoglycan present in AF,
however small traces of biglycan, decorin, fibromodulin and lumican are well present (Singh
et al., 2009).

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

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

1.3 Intervertebral disc degeneration

Substantial changes in composition and progressive loss of structural integrity is the hallmark
of the intervertebral disc degeneration (Walter et al., 2015), which occurs mostly in adults at
the age over 30 in one or more discs or during trauma. With aging or in case of trauma, water
retention capacity of proteoglycans starts diminishing with loss of proteoglycan content,
which consequently leads to inability of nucleus pulposus to resist compression pressure.
Subsequently, AF lamellae loses their physiological orientation / arrangement leading to
further compromise in the structural integrity as well as mechanics of the discs (Walker and
Anderson, 2004). As the degeneration process is age dependent, their pathologic changes
characterized right from second decade in life (Walker and Anderson, 2004; Eskola et al.,
2012). Pathologic intervertebral disc degeneration (figure 3) is associated with pain due to AF
fissure, AF collapsing, structural changes in vertebral bodies and nerve ingrowth (de Schepper
et al., 2010; Adams and Dolan, 2012). Although a biochemical change within intervertebral
discs has no direct association with pain, it is difficult to distinguish the changes are either due
to aging or due to pathology (Brinjikji et al., 2015). Several etiological factors such as aging,
smoking, infection, genetic predisposition, abnormal biomechanical loading, and nutrition

insufficiency are thought to be involved in the pathogenesis (Urban and Roberts, 2003;
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Roberts et al., 2006). Moreover, genetic heritability estimates up to 74% (MacGregor et al.,
2004).

Annulus fibrosus

Figure 3. Histology of intervertebral disc. (A) Normal histological depiction of healthy intervertebral disc
between the two vertebrae, where annulus fibrosis, nucleus pulposus and endplate is clearly distinguishable,
(B) histology of degenerative intervertebral disc where annulus fibrosis has bulge beyond the endplate edge
and nucleus pulposus is mildly replaced by fibrocartilaginous tissue (Sakai and Schol, 2017).

Downregulation of the endplates diffusion efficiency due to loss of blood vessels with aging
mainly limits the nutrient supply (Buckwalter, 1995; Urban et al., 2004; Walker and
Anderson, 2004). It therefore produces low oxygen tension, procuring acidic environment and
accumulating lactic acid, which all together affects ability of disc cells to synthesize and
maintain their ECM (Kepler et al., 2013). Disc cells on the other hand undergo phenotypic
changes including morphology, metabolism (Ahsan et al., 2001; Jiang et al., 2014) and
insufficient amount of active and viable cells therefore makes it unable to maintain ECM
which in turn accelerates the loss of proteoglycan and collagen synthesis.

Progressive structural failure is a salient feature of the intervertebral disc degeneration, which
IS a consequence of mechanical trauma, injuries, smoking, obesity, and / or aging. It is a cell
mediated response where extracellular matrices mainly gets deteriorates (Setton and Chen,
2006). Inadequate nutrient supply, reduced cell viability, cell senescence, and programmed
cell death contributes to this deterioration (Urban et al., 2004; Shiri et al., 2010; Ding et al.,
2013), which is mainly characterized by elevated levels of inflammatory cytokines, increased
proteoglycan (aggrecan) and collagen type Il degradation in the NP, and alterations in 1VD
cell phenotypes. Loss of aggrecan in the NP mainly triggers a complex of growth factors,
cytokines and catabolic enzymes which consequently penetrates into the disc, causing the
vascular and neural ingrowth. Matrix degradation during intervertebral disc degeneration,

alters their turnover through a multiple biochemical processes (Bachmeier et al., 2009).
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Previous studies have shown that degenerated disc contains high levels of matrix
metalloproteinases (MMPs), which are catabolic enzymes that encourage matrix degradation.
Healthy disc otherwise inhibit the activity of MMP by using tissue inhibitors of MMPs
(TIMPs) where, TIMP-1 specifically increases the proteoglycans and matrix production.
Activation of serine proteinases and MMPs, cytokines (specifically IL-1 & IL-6), nitric oxide
(NO), and prostaglandin E2 (PGE2) specifically degrades proteoglycans and other ECM
proteins (Kang et al., 1995; Ishihara and Urban, 1999). Activation of MMP1, MMP-2, MMP-
3, MMP-8, MMP-9, and aggrecanases (a disintegrin and a metalloprotease with
thrombospondin motifs (ADAMTS)-1, ADAMTS-4, ADAMTS-5, ADAMTS-9, and
ADAMTS-15) promotes the degradation of collagens and hyaluronic acid binding region
which slower proteoglycans synthesis within the extracellular matrices of intervertebral disc
(Bachmeier et al., 2009; Freemont, 2009b; Shamiji et al., 2010). In addition, direct implication
of MMP-1 (collagenase), MMP-2 (gelatinase), and MMP-3 (stromelysin) in aggrecan,
collagen types | and Il, and collagen types 1V and V, respectively has also been identified
(Cassinelli and Kang, 2000). IL-1 upregulates the MMPs release thereby decreasing the
proteoglycan production (Kang et al., 1997). Change in different collagen types and as well in
their ratio ultimately alters the collagen crosslinking and therefore the ability of disc to
support mechanical loads deteriorates (MacGregor et al., 2004). Increase of disorganized
collagen type | 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
dissipate spinal forces ( Roughley, 2004; Kepler et al., 2013). There is as well a theory which
suggests that cell death due to low pH primarily affects the proteoglycan content (Ohnishi et
al., 2018). With aging and / or during degeneration chemical composition of the nucleus
pulposus changes, causing the change in the proteoglycan concentration while increase in
keratin sulfate / chondroitin ratio. Loss of proteoglycans and decrease in the ratio of
proteoglycan:collagen (Urban and Roberts, 2003) consequently loses hydrostatic properties
inducing structural wear of the intervertebral disc (Noble, 2002) and thus progresses towards
the fibrotic nature. Stress distribution over the nucleus pulposus therefore tends to reduce at
the centre and the more pressure around the periphery, essentially unable the nucleus pulposus
to perform its function of load transfer. As nucleus pulposus dehydrates, it shrinks its size
causing the additional load on annulus fibrosis (McNally and Adams, 1992). Disintegration of
collagen lamellae with increased inter-bundle spaces and increase in the thickness of
remaining lamellae fails to maintain AF lamellar organization and therefore affects the

stability of the disc (Nerurkar et al., 2010). Subsequently, annulus fibrosis is subjected to
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abnormal compressive stress and therefore is more prone to injuries and hence radial tears,
cracks and fissure arise within the annulus fibrosis (Osti et al., 1992). Due to lack of intra-
discal pressure; the load absorption and transmission in such dehydrated discs is significantly
altered (figure 4) and subsequently it results in disc height reduction, osteophyte formation,
facet joint arthritis, and deformation of vertebral bodies (Freemont, 2009a). Dehydration of
nucleus pulposus and gradual disappearance of nucleus pulposus and annulus fibrosis border
defines the loss of normal architecture. With continued degeneration, the structural deficit is
accompanied by leakage of central nucleus pulposus material which migrates through the
crack developed in annulus fibrosis towards the periphery that results in immune cell

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

Figure 4: The stress distribution of the vertebral body under the axial load of 500 N in the 4 models. (A)
Normal 1VD; (B) degenerative IVD; (C) IVD with NP removal; (D) IVD with NP replacement; the colour form
blue to red represented stress rise. IVD=intervertebral disc, NP=nucleus pulposus (Wang and Yi, 2017).

Intervertebral disc degeneration and its progression is dependent on the genetic and
environmental factors such as nutrition, smoking (Nerurkar et al., 2010). Moreover, the
correlation between the state of degeneration and the age factor makes it difficult to
distinguish the impact between the aging from that of degeneration on the biomechanical
behavior of the intervertebral disc. IVD degeneration results in low back pain but is not
always the case. Location of affected disc, nerve damage, pressure on the spinal column all
together defines the degree of degeneration. For example, some patients may not feel pain
while others, with exact equal amount of damage may come across chronic back pain. Degree
of degeneration does not correlate with the degree of pain. Nonetheless, intervertebral disc

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



1.4 Conventional treatments

1.4.1 Conservative treatments

Current treatments are mostly symptomatic that have not shown repair strategy of 1VD so far
(Masuda and Lotz, 2010; Huang et al., 2018). Bed rest is the most common conservative
treatment that has been recommended as it helps in the reduction of the intra-discal pressure.
Since the exact pathogenesis of intervertebral disc degeneration is poorly understood, many
trials / therapies are nonspecific for low back pain and do not treat the root cause of the low
back pain. Nevertheless, physiotherapy, muscle relaxant, spinal manipulation and anti-
inflammatory drugs (e.g.: Cyclooxygenase-2 selective inhibitors) (van Tulder et al., 2006),
have been shown effective for short term pain relief, maintaining ordinary activity in patients
with acute low back pain (Assendelft et al., 2004; Arnau et al., 2006; Koes et al., 2010). In
chronic low back pain, various interventions like physiotherapy, antidepressants, weak
opioids, cognitive behavioral therapy sedatives, ultrasound, and electrotherapy have been
shown to relief short term pain (Haldorsen et al., 1998; Schnitzer, 2006). Some patients with
suspected disc herniation and radicular pain or progressive neurologic deficits get benefit
from epidural corticosteroid injections. However the effects of these treatments are temporary,
and hence the patients are referred for surgery if these treatments fails.

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

radiography, computed tomography (MacGregor et al., 2004), discography, and magnetic
resonance imaging (MRI). Microdiscectomy is routinely used procedure to excised herniated
disc fragment which otherwise impinging on the nerve roots, causing the pain. Moreover, this
is recommended if the annulus fibrosis damage is not severe and results to eliminate the back
pain in 90-95% of the cases (Le et al., 2003).

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

annulus fibrosis is severely damaged. It is a highly invasive treatment, foremost aiming for
pain relief for the patient. It involves the fixation across the two adjacent vertebrae (figure 5)
by inducing the bone growth. It thereby stabilizes the damaged intervertebral disc joint by
eliminating the motion between the vertebral bodies. Several studies have shown wise range
of success rate, ranging from 30-95% (Bao et al., 1996). Fusion certainly alters the
biomechanics of the entire spinal column thereby increasing the stress on the adjacent
vertebrae (Javedan and Dickman, 1999). Lack of motion often leads to secondary

complications like degeneration of adjacent discs and this in turn creates more instability and
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pain (Adams and Dolan, 2012; Bridwell et al., 2013). Elevated degree of degeneration in
adjacent discs due to this internal rigid fixation consequently suspected of causing
osteoporosis, stress shielding which results in decrease bone density, muscle atrophy,
pseudoarthosis, and spinal stenosis ( Lee et al., 1991; Javedan and Dickman, 1999). Although
the number of spinal fusions performed each year is continually increasing (de Kleuver et al.,
2003), the clinical success rate of lumbar fusion is variable ranging from 16-95%, as long-
term results are poor due to increased risk of complications.

Figure 5: Post-operative radiograph (lateral view) with posterior spinal fusion performed (Wong et al.,
2010).

Ultimately patients require revision of surgery (van den Eerenbeemt et al., 2010). Although
procedure aimed to alleviate the back pain, it fails to repair the intervertebral disc or to restore

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

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

motion, arthroplasty have been developed where total disc replacement and nucleus pulposus
replacements were studied extensively ( Schizas et al., 2010; Lewis, 2012b). The scaffold or
biomaterial aiming for intervertebral disc arthroplasty should be biocompatible that should not
cause local tissue reaction or toxicity (Lee et al., 1991). In addition, wear resistance is a key
consideration, because the foreign body response generated due to wear particles may result
in secondary complications like hypersensitivity (Cunningham, 2004; Schizas et al., 2010).
Ideally, mechanical properties including stiffness, viscoelastic properties, fatigue properties of
the material should withstand the cyclic compression to which intervertebral disc is otherwise
subjected (Lee et al., 1991).
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1.4.2.2.1 Total disc replacement
Theoretically, total disc replacement aims removal of damaged or degenerating intervertebral

disc thereby replacing it with the mobile and potentially shock absorbing artificial biomaterial.
Principle advantage of this technique is that, success of the surgery is independent of the
annulus fibrosis integrity or the state of degeneration. Ideally it should preserve not only the
spinal motion but also disc height thereby alleviating pain. Additionally, it should also avoid
morbidity, stiffening associated with spinal fusion. Moreover, implant should have adequate
fixation to the vertebral end plate and vertebrae, in order to simulate the natural structure and
function of the intervertebral disc. In order to provide the structural support, biomaterial
would be attractive approach that would provide immediate closure for the defects and thus
aiming to restore the biomechanical properties of the intervertebral disc, while the cellular
components would repopulate the defect site and enable new extracellular matrix synthesis
(Guterl et al., 2013). Restoration of biomechanical cues of the native tissue and tissue
integration, enabling ECM organization are the prerequisites of the biomaterial (Nerurkar et
al., 2010). It was also suggested that material should be wear and corrosion resistance and in
addition, it should withstand the fatigue loading up to cyclic 100 million cycles that
equivalents to 40 yr. life span (Bao et al., 1996; Cunningham, 2004).

Large efforts have been made over the last couple of years to develop artificial intervertebral
disc. Broadly, artificial disc consists of a body embedded within two endplates. Few designs
were tested clinically out of which, Fernstrom made the first attempt (Fernstrom, 1966).
Fernstrom ball is one of the earliest prosthetic discs made of stainless steel (McKenzie,
1995). The advantage of considering complete metal was the fatigue strength and compressive
load. Prosthetic resulted excellent in 79% of the cases during clinical investigation. In spite of
these results, resettling of balls in to the vertebral bodies plus migration of disc into spinal and
moreover, stiffness mismatch was one of the reasons to abandon the scaffold design. Spring
System is yet another type of metal based prosthetic where, disc either made of Ti-6AIl-4V (Ti
alloy with 6 wt % Al and 4 wt % V) springs placed between either hot isotactically pressed or
CoCrMo endplates with CoCr beads sintered to the endplates (Kostuik, 1997). Design was
aimed to withstand 100 million cycles, equivalent to 40 years of use. Later studies showed
that Ti-6Al-4V wear particles between 1 pm to 30 um and CoCrMo wear particles between 5
um and 30 pm does generate from both the spring / endplate interface and hinge / pin
interfaces (Schmiedberg et al., 1994). Bone resorption and no tissue ingrowth were seen in to
the springs, was one of the major drawbacks. The SB Charité disc is commercially available

in Europe (Buttner-Janz et al., 1989), mainly made of an ultra-high molecular weight
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polyethylene (UHMWPE) positioned between two CoCrMo endplates. Since 1984, over 7000
prostheses have been implanted in patients worldwide. As reported by Cinotti, further
modification to the original design achieved good results at a 2 yr. follow up in 69% of the
patients (Cinotti et al., 1996). Early clinical tests showed high occurrence of problems like
plate dislodgement and fracture, improper fixation at implant and endplate interface. Similarly,
clinical outcomes of Prodisc (Delamarter et al., 2003) and other metallic implants made of
Ti-6Al-4V (Ti alloy with 6 wt % Al and 4 wt % V), CoCrMo, CoCr were equivalent to those
with spinal fusion (Zigler and Delamarter, 2012). Total disc replacement implants are
therefore resulted in susceptible to wear interfacial bonding, causing aseptic loosening
(Schmiedberg et al., 1994; Kostuik, 1997; Cunningham, 2004). In addition, due to lack of
wear resistance and unable to withstand fatigue, implants showed inadequate fixation to the
vertebral endplate and vertebrae leading to the failure. The apophyseal joints of the vertebrae
are often gets degenerated when intervertebral disc is replaced. In order to maintain motion
segment and two adjacent vertebrae, function of the facet joints needs to be integrated in the
intervertebral disc prosthetic. Since long term results with all these prosthetics don’t seems
optimal, there is a need to develop an alternative strategy for intervertebral disc (Cunningham,
2004; Huang et al., 2018).

Figure 6: Total disc replacement scaffolds. (A) Prestige artificial cervical disc, (B) Bryan artificial cervical disc,
(C) ProDisc-C artificial cervical disc (Park et al., 2018).

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

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

function. It is also known as a minimal invasive technique, in contrast with current surgical
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procedures like the total disc replacement or spinal fusion (Di Martino et al., 2005; Goins et
al., 2005). The potential benefit of only replacing the dehydrating nucleus while preserving
annulus fibrosis and endplates could be a less invasive posterior surgery. While maintaining
the natural tension of the healthy annulus fibrosis during this procedure, prosthetics are not
intended to be fixed into the vertebral bodies and therefore endplate fixation problem is also
avoided (Di Martino et al., 2005; Goins et al., 2005). Nucleus replacement might not be
suitable for the later stages of disc degeneration. Nonetheless, Scaffold meant for nucleus
pulposus replacement as well need to maintain certain requirements such as biocompatibility,
fatigue strength, cyclic compression, wear and corrosion resistant (Bertagnoli et al., 2005;
Joshi et al., 2005).

First human implanted nucleus scaffold was developed by Fernstrom in 1966, which was
made of stainless steel ball; aimed to allow the movement between the two vertebrae
(Fernstrom, 1966). However it did not maintain the biomechanics of the disc which led
further to implant migration problem. It was then realized that the metal blocks as a scaffold
are too stiff to replace the nucleus pulposus replacement. Later, evolution of using polymer
either into injectable form or preformed state (Liu et al., 2017) allowed curing the nuclear

cavity with better stability.

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

the ability to hold the water uptake, make them similar to those of natural soft tissues.
Newcleus is one of the examples of nucleus replacement device (figure 7), composed of
polycarbonate urethane (PCU) (Di Martino et al., 2005). The material has a 35% water
absorption property and this elastic spiral design allows for easy uncoiling and coiling
facilitating a minimally invasive implantation. Fatigue test of 50 million cycles showed no
change in terms of implant stability (Goins et al., 2005). It is no longer under clinical
evaluation due to adverse preclinical events such as incidents of migration or extrusion (Coric

and Mummaneni, 2008).

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

biodegradable poly (glycolic acid) (PGA) that were filled with a thixotropic hydrogel such as
hyaluronic acid once inserted after removal of the nucleus (Ray, 1988; Ray, 1990; Ray et al.,
1991). With the intention of tissue ingrowth, implants shell intends to degradation upon
swelling. Therefore, implants were further investigated for the controlled release of
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therapeutic anti-inflammatory drugs (Ray, 1990). Difficulties with fluid sealing within
capsules led this design to sit back (Bao et al., 1996). Later improvement to the early design,
Ray et al proposed yet another design that involved side by side positioning in the medial-
lateral position and implant made of polyacrylonitrile (PAN) copolymer hydrogel enclosed in
polyethylene fiber (Ray et al., 1997; Ray et al., 1998; Ray, 2002). PAN was further renamed
as the PDN (ProstheticDisc Nucleus). Fatigue testing with 50 million cycles showed no
change in hydrogel properties (Ray, 2002; Di Martino et al., 2005; Goins et al., 2005) and
viscoelastic behavior as well tested using cadaver disc which revealed the progressive disc
height reduction (Bain et al., 2000). Moreover, its in vivo compatibility (using baboon lumbar
spine model) showed endplate degeneration and dysfunctioning of adjacent vertebrae,
scaffold migration as a potential problems (Di Martino et al., 2005). Also, leaching of
acrylonitrile and acrylamide monomers from the hydrogel was one of the major drawbacks of

using this material.

Di Martino et al. reported that, 10% of PDNs implanted patient suffered with endplate failure
or extrusion (Di Martino et al., 2005). Similar results were seen in another clinical study
demonstrated by Bao et al. (Bao et al., 1996) and it was then assumed that improper
positioning of the implant do not ensure compressive stresses on the disc would translate in to
tensile stresses in the annulus, leading change in the biomechanical behavior, unlike healthy
intervertebral disc. PDN-SOLO (Shim et al., 2003), an upgraded version of the PDN implant
(figure 7) later showed an improvement in clinical follow up study, showing no evidence of
failure or dislocation in any of the patients (Jin et al., 2003).

Replication Medical, Inc. developed another implant called Neudisc, composed of hydrolyzed
polyacrylonitrile (Aquacryl) and polyester mesh (figure 7). Design is aimed to implant in
dehydrating state and to be hydrated to 80% once in position. Biocompatibility tests in New
Zealand rabbits (Di Martino et al., 2005) and in addition, another study by Bertagnoli et al.
demonstrating fatigue tests of 10 million cycles (Bertagnoli et al., 2005), reported Neudisc as
a promising strategy. Layers of polyester mesh designed to act as resistance against radial

deformation or bulging (Bertagnoli et al., 2005)
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Figure 7: Nucleus replacement devices (A) The Aquerelle Poly (vinyl alcohol) hydrogel has a swelling
pressure similar to the nucleus pulposus in vivo. Once implanted, its final volume depends on the water content
at equilibrium. (Reprinted with permission from Stryker Spine, Allendale, NJ), (B) PDN-SOLO device in
dehydrated and hydrated states. The PDN-SOLO device is designed to swell both in height and in width within
the disc space. The porous polyethylene weave allows fluid to pass into the hydrophilic core, which causes the
device to expand vertically and horizontally (Milner et al.). This process maximizes the device’s footprint on
the vertebral endplates. (Reprinted with permission from Raymedica Inc., Minneapolis, MN), (C) The Neudisc
hydrogel, pre-hydration (left) and post hydration (right) Hydration occurs in an anisotropic fashion, mainly in
the vertical plane. (Reprinted with permission from Replication Medical, Inc., New Brunswick, NJ), (D) The
Newcleus Spiral Implant; once implanted, the device reconstitutes its original spiral shape. It localizes in place
of the nucleus pulposus of which reconstitutes the volume, sparing the anular fibers. (Reprinted with permission
from Zimmer Spine, Warsaw, IN) (Di Martino et al., 2005).

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

Higham aimed to mimic physiological properties of the disc (Bao and Higham, 1993; Bao and
Higham, 1996; Bao et al., 1996; Bao et al., 1998; Bao and Yuan, 2000; Bao and Higham,
2001). Design is similar to Rays design with ease of insertion and reduced size of hole needed
in the annulus (Bao and Higham, 1991). No adverse local or systemic tissue reaction was
reported when PVA model tested in a baboon model (Bao and Yuan, 2000). Bao and Yuan
further proposed a concept of aperture sealing, to correct the annulus fibrosis defects arose
due to nucleus hydrogel implants (Bao and Yuan, 2001). Stammen et al. (Stammen et al.,
2001) introduced PVA hydrogel physically cross linked with freeze-thaw cycling and they
found increase in tangent compressive modulus between 1-18 MPa from 10-60% strain.
Partially hydrated PVA with 80% water (Aquarelle) is yet another nucleus implant (figure 7),
which has been tested for fatigue up to 40 million cycles (Di Martino et al., 2005). No
systemic or local toxicity was observed up to 24 months post implantation in baboon model
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(Allen et al., 2004), although there was 20% extrusion rate. Nucleus replacement using
Agquarelle into humans has been performed within Europe (Cunningham, 2004). Semi-
crystaline, hydrophilic PVA polymer undergoes dissolution within the physiological condition,
which mainly involves unfolding of PVA crystals chains that join the amorphous region of the
polymer (Mallapragada and Peppas, 1996; Mallapragada et al., 1997). It ultimately hampers
the mechanical stiffness. Mar colongo and Lowman further introduced a combination of
polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVVP) as a stable hydrogel over pure
PVA (Thomas et al., 2003). Also, their mechanical testing restored

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

of using the dehydrating implants has a potential inability of a surgeon to accurately assess the
nuclear cavity and appropriately implant dehydrated hydrogels. Therefore, the approach of
replacing the damaged nucleus with the injection of liquid based compound (figure 8) became
the wide interest. This technique could potentially fill the disc space; completely contact the
surrounding annulus fibrosis (Joshi et al., 2005). In 1955, David Cleveland made a first
attempt at injectable nucleus replacement using methyl-acrylic into 14 patients undergoing
discectomy (Cleveland, 1955; Goins et al., 2005). Nachemson in late 1950s explored the use
of liquid silicone rubber, which unfortunately turned out to be failure as degradation of the
implant after 30,000 compression cycles was found out, which mimicked a walking road
(Szpalski et al., 2002). A fluid filled bladder was the next revolution since the designed was
already explored for breast implants. Critical rupture was majorly seen in the implants and
moreover, the biomechanics were also not comparable with that of disc, and therefore thought
might not be suitable for the intervertebral nucleus pulposus replacement. Polyurethane
elastomer (Langrana et al., 1994), oligomers such as isocyanate or silane functionalized
prepolymers (Milner et al., 2001), polyurethane balloon (Di Martino et al., 2005) etc. have
also been evaluated in animal studies (Yue et al., 2008) out of which, there is barely any
suitable injectable hydrogel that have been utilized in clinical trial (Liu et al., 2017). Injection
of heated thermoplastic to the disc space is known as disc augmentation technology, where
thermoplastic would harden after it cools within the disc space (Yue et al., 2008). Exothermic
process of polymer in situ is a major concern as it involves monomer, short chain oligomers,
initiators and / or catalysts that in many cases are toxic and carcinogenic. Furthermore,

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

Figure 8: Rigid and injectable nucleus replacement devices. (A) Nubac 2-piece mechanical nucleus.
Articulated PEEK-on-PEEK device ready for insertion. Picture used with permission from Pioneer Surgical, (B)
Regain 1-piece mechanical/rigid nucleus replacement. Picture used with permission of Biomet, (C) Dascor
injectable hydrogel elastomeric nucleus. Picture used with permission from Disc Dynamics, (D) Nucore
Injectable Disc Nucleus (red), shown interdigitating with normal disc after injection into nucleotomy defect.
Picture used with permission of Spine Wave (Coric and Mummaneni, 2008).

Nucleus pulposus replacement devices has been categorized into six types, such as in situ
curable polymer, preformed polymer, composite polymer, one-piece mechanical, two-piece

mechanical, and knitted mechanical.

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

Type Name Material(s)/ Company
Salient Features
In situ BioDisc Albumin + glutaraldehyde hydrogel CryoLife,
curable Kennesaw, GA
polymer DASCOR A polyurethane (PU) core and a PU Disc Dynamics,
balloon Eden Prairie, MN
Hydrafil Hydrophilic PVA and poly (vinyl 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 a jacket fabricated from Minneapolis, MN
tightly woven fibers of ultra-high-
molecular-weight polyethylene
One-piece IPD An elastic component (elastic Dynamic Spine,
mechanical springs) attached to a fixation Nahtomedi, MN
component
Newcleus A memory-coiling polycarbonate Centerpulse
urethane Orthopaedics,
Winterthur,
Switzerland
Two-piece NuBacVR Poly (etheretherketone) (PEEK)-on- 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 replacement (Schizas et al.,
2010) are to decrease the post-surgery risk factor like implant dislocation, lack of integration
and thus to restore the biomechanical stability. Nonetheless, techniques are primarily focusing
on restoration of mechanical integrity of the annulus fibrosis and do not offers a clear solution
for delivery and fixation (Lewis, 2012b). In spite of so much of advancement, currently
available nucleus implants are often associated with complications like changes in vertebral
body, dislocation, vertical height loss of the disc and the lack of necessary associated
mechanical rigidity (Cunningham, 2004). Therefore, it often limits in resulting load
distribution, fatigue strength and in vivo compatibility concerning more about the post-surgery

complications.

1.5 Titanium as a biomaterial

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

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

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

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

nature minimizes hypersensitivity reactions, which can be problematic with other metals like
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nickel, cobalt (Geetha et al., 2009). Therefore, it plays essential role from cyto-compatibility
point of view. Further, scaffold surface modification by changing surface chemistry and/or
topography uplifts its interaction with surrounding tissue, increasing the possibility of tissue
integration (Puleo and Nanci, 1999; Mao and Li, 2014). Since tissue integration is critical for
the long term success of the implant, it has been thought that scaffold surface modifications
may optimize the conditions for rapid tissue integration. Physico-chemical properties of the
scaffold are mainly thought to enhance the potential of tissue integration and at the same time
minimize the chances of scaffold failure in vivo. Alteration to any of these characteristics

influences the level of interaction with surrounding tissues.

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

Branemark et al. (Branemark et al., 1964) proposed a phenomenon of osseointegration. Ti
possess certain adequate properties such as excellent compressive strength, elastic moduli
(110 GPa), corrosion resistant, low density and moreover the biocompatibility which ranks Ti
high in the orthopedic field over other types of biomaterials such as stainless steel , CoCr
(Niinomi, 2007). Layer of surface oxide (~5-29 nm) makes the material corrosion resistant.
Pure titanium (cp-Ti), Ti-6Al-4V and NiTi are commonly used alloys (Pohler, 2000; Katti,
2004). Selection of appropriate alloy has an influence on the overall performance of the
material and thus Ti alloy is of prime importance in clinical success (Geetha et al., 2009).
Compare to pure titanium, alloys are stronger and less prone to fatigue and therefore mainly
explored for pivot joints replacements such as intervertebral disc (Hallab and Singh, 2014).

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

to have suitable scaffold properties and thus to function in accordance with host tissue upon
implantation. Therefore it is foremost important that implant should be able to bond to the
tissue in succession manner at the site of implantation (Geetha et al., 2009), with the direct
contact between the tissue and implant without a growth of fibrous tissue at the interface.
Implant surface properties plays pivotal role in influencing the tissue integration as the
interactions takes place at the interface (Geetha et al., 2009). Hence, a striking balance
between bulk and surface properties of the scaffold is necessary for effective performance
(Geetha et al., 2009). For instance, a thin layer of oxides on the surface of Ti and its alloy

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

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

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

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

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

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

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

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

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

modification involves

alteration of atoms, compounds or molecules on the surfaces modified

(Kurella and Dahotre, 2005).

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

Mechanical methods Modified layer Objective
e Grinding Rough or smooth — Produce specific surface topographies;
e Polishing surface formed by — Clean and roughen surface;
e Machining the subtraction — Improve adhesion in bonding.
e Blasting process

Table 3: Surface modification strategies to 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 to increase surface energy and tissue adhesion

cross-linked polymeric surfaces to decrease surface permeability and
increase surface hardness

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

grafting macromolecules such as polyethylene glycol to reduce protein
adsorption and cell adhesion

functional groups used to produce positively or negatively charged
surface
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Biological immobilization of biomolecules to promote cell adhesion and growth

heparin, heparin sulfate binding peptides

natural ECM proteins (fibronectin, laminin, collagen)

peptide sequences (RGD)

growth factors

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

mechanical, physical, chemical and biological.

1.6 Cell-material interactions

The main objective of implantology is that, scaffold material should induce controlled, guided
and rapid healing. Although the interaction between the tissue and material is a dynamic
complex process which is mainly dependent upon the scaffolds physico-chemical properties
and respective host response (Alghazali et al., 2015; Patel et al., 2018). A scaffolds physico-
chemical property includes surface roughness, topography, surface composition, wettability,
pore size, porosity (EI-Ayoubi et al., 2011). Protein adsorption is the very first event that
takes place at the interface during cells material interaction (Puleo and Nanci, 1999). Cell
interaction is mediated by adsorbed protein from physiological fluids if it is in vivo, else in the
cell culture medium in vitro, it is mainly fibronectin, vitronectin, fibrinogen, collagen as well
as laminins (Wilson et al., 2005). Protein adsorption on the scaffold surface is followed by
cell attachment, spreading and then late events takes place such as cell proliferation,
differentiation and matrix formation (Griffith and Naughton, 2002; De Bari et al., 2006).
Cellular response towards scaffold surface is mainly dependent scaffold surface properties
(figure 9) such as composition, stiffness, roughness, chemistry, topography, surface energy,
pore size, and porosity. Since the present study aims to characterize the novel knitted titanium
scaffold scaffold for the replacement of intervertebral disc nucleus pulposus, it is extremely
important to understand the response of the human primary intervertebral disc cells and
mesenchymal stromal cells (MSCs). Besides in terms of their, cell adhesion, proliferation and
so differentiation on the knitted titanium scaffold surface in order to achieve better tissue
integration as well as for developing suitable design for rapid tissue healing (Raghunath et al.,
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2007). Physico-chemical properties are generally interconnected and often it is difficult to
distinguish the cellular response as a consequence of individual characteristics. Nonetheless,
several studies have demonstrated the effect of individual parameter on cellular response by
exploiting each surface characteristics as well as studying the synergy thereby eliminating the
effect of other properties (Zhu et al., 2004; Gittens et al., 2014; Rupp et al., 2014).
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Figure 9: Cytoskeleton arrangement was altered by substrate stiffness. Representative staining of F-actin
by phalloidin (green) and nuclei by DAPI (blue) in human MSCs (A-D), osteoblasts(E-H), and chondrocytes
cultured on surfaces of varying stiffness. (Scale bars: 100 pm for A,B,D; 50 pum for all others) (Olivares-
Navarrete et al., 2017).

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

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

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

surface and tissue.

Cell adhesion is mediated by transmembrane protein receptors called integrins. Cell
morphology on the other hand is mainly driven by surface topography (Lord et al., 2010). It
has been demonstrated that smooth surface roughness allows full cell spreading with filopodia,
whereas rough surface allows elongated, spindle shaped cell spreading which normally
oriented in the directions of grooves. Actin organization defines the quality of cell adhesion.
This kind of behavior was reported by Jayaraman et al. (Jayaraman et al., 2004) and many
other, confirming that cell morphology is a complete topography driven phenomenon (Lord et
al., 2010; Ross et al., 2012). It has been demonstrated that roughened surface have a greater
tissue integrative potential than smooth and / or machined surfaces with an optimal roughness
being in the range of 1-10 um, although there are also contradictory findings (Alla et al.,
2011).

Figure 10: Scanning electron microscopy of titanium disk surfaces. Smooth surface (A), HF/HNOs-etched
surface — 15 min (B), HF/HNOs-etched surface — 30 min (C). Scale= 50um, magnification= 800x (Silva et al.,
2009).

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

influence on cell attachment and thus enhancing the implant stability. Also, increased
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adherence of fibrin clot to the rough implant surface increase the possibility of cell progenitor
migration and thus expected to increase the rate of the tissue integration. Increased adherence
of the initial fibrin clot to the implant surface primly lowers the events of fibrous
encapsulation around roughened implant surface (Bobyn et al., 1995). The effect of various
micro and nanoscale micro-topography on chondrocytes behavior were studied by Martinez et
al. (Costa Martinez et al., 2007) and others (Boyan et al., 1996; Murakami et al., 2000; Malda
and Frondoza, 2006; Jéager et al., 2007). With increase value of surface roughness, decrease in
cell adhesion, proliferation while increase in cell differentiation phenomenon has been
observed (Neves et al., 2011; Ross et al., 2012). However, an optimized method to create

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

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

to play a critical role in establishing initial cell interactions (figure 11) at material interface
such as cell adhesion and morphology (Gittens et al., 2014; Rupp et al., 2014). In particular,
higher wettability / hydrophilic surface have been shown to have the specific capacities to
enhance cellular behavior (Zhu et al., 2004; Rupp et al., 2014). On contrary, a number of
studies also suggested that hydrophobic surface over hydrophilic is superior from clinical
point of view (Wennerberg et al., 2011). At molecular level, RhoA (small GTPase protein of
the Rho family, involved in cytoskeleton regulation) activity and subsequent cell adhesion has
been shown significantly higher in cells on hydrophobic surfaces compare to hydrophilic
surfaces (Nishimura et al., 2018). Moreover, time dependent wettability reduction and
subsequent alteration in surface energy has also been reported (Att et al., 2009). Contact angle
is a measure of wettability of the solid surface by a liquid drop. Theoretically, contact angle
should fall between 0-180°. Surfaces are classes as hydrophilic if the contact angle is less than
90°. If the wetting angle is more than 90° then the surfaces are known as hydrophobic. When
contact angle reach either 0 or 180° then, surfaces are considered either super-hydrophilic or
super-hydrophobic respectively. Dynamic contact angle mainly defines the hysteresis,
meaning the difference between the advancing contact angle (the maximum value of the
contact angle) and receding contact angle (the minimum value of the contact angle) (Gittens
et al., 2014; Rupp et al., 2014).

25



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

Titanium and its alloy although has a high surface free energy, are the example of poor
wetting, weak hydrophilic surface with corresponding high contact angle about 80-90°.
Although titanium is well known suitable biomaterial, its surface modification may yield a
hydrophilic surface with low contact angle which then enhance the cell material interactions.
Plasma surface modification is one of the rapid processes to change the surface chemistry
using either cold or atmospheric plasma system, thereby modify the surface hydrophilicity
(Dowling et al., 2011). Previously it has been reported that oxygen plasma treatment has a
positive influence on the cellular behavior in terms of the initial cell adhesion, proliferation
and also in the differentiation process (Yamamura et al., 2015). In this study, we used the
oxygen plasma in order to obtain low range of water contact angles. At laboratory level,
plasma is generated through an electric gas discharge by creating a potential difference
between the two electrodes into a fixed chamber, maintaining a pressure below 100 Pa.
Balance between the hydrophilicity and hydrophobicity does influence the cell adhesion and
growth (Gittens et al., 2014; Rupp et al., 2014). It has been previously shown that cells
preferentially anchored to hydrophilic surface. Yamaguchi et al. on parallel showed that
surfaces contact angle below 60° are more suitable for better cell adhesion (Yamaguchi et al.,
2004). Although there have been several studies reported on the cellular behavior on the
response of surface properties, no clear evidence yet exist with regards to human primary
chondrocytes and mesenchymal stromal cells response on porous knitted titanium. As such,
studies on the influence of surface chemistry and surface roughness on cell behavior has
already been reported, their specific role in the cell response especially, cell adhesion,
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proliferation and differentiation is still unclear. Moreover, it is extremely important to
understand the specific role of surface properties on the human chondrocytes and
mesenchymal stromal cells performance at material interface. This formed the basis of the one

of the objective of this study.

1.7 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 intervertebral disc degeneration so to
alleviate ECM homeostasis restoration, control of inflammation and prevention of
angiogenesis. As current surgical procedures only focuses on alleviating symptoms associated
with VD degeneration, it does not promote tissue remodeling. On the other hand, tissue
engineering offers an alternative to design a biomaterial by encompassing cells and growth
factors that will aid in the IVD tissue regeneration. Thereby, it offers multiple strategies to
prevent and possibly cure degenerated disc by encouraging disc repair. The exact mechanism
of cartilage regeneration is still not known, however the several studies have been focused on
the effect of segmental distraction in IVD disease (Buric and Pulidori, 2011; Guterl et al.,
2013; Fontana et al., 2015). Recently, stimulatory factor together with cells either unaided or
together with biomaterials has thought to provide suitable repair site to ensure maximum cell
differentiation or deposition of appropriate ECM. Nonetheless selection of biomaterials, cells
and appropriate stimulatory factor is very much important as the ideal combination is yet to be
established. In this chapter we have explicitly discussed synthetically modified messenger
RNA therapy.

1.7.1 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 therapeutic effects (Lieberman et al., 2002; Henry et al., 2018) to stimulate
regenerative responses in the tissue. Ideally, gene therapy can overcome the recombinant
growth factor delivery limitations, including supra-physiological dose, short half-life and poor
distribution. The use of synthetic peptides as drugs is also associated with similar challenges
and moreover, their pronounced conformational flexibility sometimes leads to a lack of
selectivity and the activation of undesired cells, which can lead to adverse effects (Vlieghe et

al., 2010). Although viral and plasmid mediated gene delivery has demonstrated the ability to
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effectively produce desired proteins, it also has several disadvantages, such as high risk of
insertional mutagenesis leading to tumorigenicity due to genome integration, high
immunogenicity, inefficient transduction in non-dividing cells , high levels of pre-existing
immunity, and other potential serious complications (Katz et al., 2013; Steinle et al., 2017).
Limitation of DNA based gene therapy has led to intense research on messenger RNA
delivery as a promising alternative. Exogenous delivery of in vitro transcribed messenger
RNA encoding protein of interest results in rapid but transient production of protein of
interest (Mitchell and Nair, 2000; Bettinger et al.,, 2001) and thus holds promising
therapeutics in variety of medical indication (Tavernier et al., 2011; Steinle et al., 2017).
Upon exogenous delivery of in vitro transcribed mRNA, cells intend to produce functional
proteins which are not naturally synthesized or not needed. Besides, targeted cell after in vitro
transcribed (IVT) mRNA delivery exhibit a new protein profile aiming to improve a cellular
functions. The translational efficacy of synthetic mMRNA has also improved compared to
plasmids, since it bypasses the need for nuclear trafficking and it is immediately translated
upon entering the cytoplasm. The risk of genomic integration and the nuclear entry doesn’t
remain major obstacles during the mRNA delivery. Moreover, their effectiveness as well in
non-dividing cells holds a central advantage (Steinle et al., 2017). IVT mRNA tends to trigger
severe, undesirable immune response and besides, conventional form of mRNA is instable
and labile, leading to early decay of the administered mRNA product in the target cell.
Although, the use of MRNA as a therapeutic for protein replacing is not a new concept, it was
also not widespread for many years due to mRNA’s high instability and immunogenicity.
Further Kariko et al. and others have demonstrated that modification of mRNA by
incorporating modified nucleoside (replacing the uridines and cytidines with thio-uridine and
5-methyl-cytidine respectively) into mMRNA elevates the stability mRNA and also lowers
down the immunogenicity (Kariké et al., 2005; Karikd et al., 2008; Nallagatla and Bevilacqua,
2008; Kormann et al., 2011).
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MRNA can be synthetically synthesized using DNA templates targeting protein of interest by
in vitro transcription (figure 12). In order to increase the mRNA stability and as well to
reduce the immunogenicity, generated mRNA can be modified. Delivery of mRNA by
transfection into the cells, allows direct translation into protein in the cytosol. Delivery of
modified mRNA, which is non-integrating into the host genome, provides a transient pulse of
protein expression. Therefore, it also avoids the possibility of oncogenic mutation and allows
efficient delivery in dividing, non-dividing cells (Steinle et al., 2017). It thus suggests an
alternative to traditional DNA based gene therapy which allowed delivering therapeutic

proteins either unaided or together with a scaffold.

I. Synthesis of in vitro transcribed (IVT) mRNA
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Figure 12: Schematic overview of (1) synthesis of IVT mRNA and (I1) delivery of IVT mRNA into cells.
In the PCR, the DNA template containing the coding DNA sequence of the desired protein is generated with
a 50-T100-250 overhang from the corresponding DNA plasmid. To produce the mRNA, an in vitro
transcription reaction is performed. During in vitro transcription, a 30-poly (A) tail is generated to prevent the
mRNA from nuclease degradation. Additionally, mRNA can be generated using modified nucleosides (e.g.,
5-methylcytidine and pseudouridine) and a 50-cap structure (e.g. ARCA) to improve translation and mRNA
stability. The presence of RNAse inhibitor during the in vitro transcription protects the mRNA from nuclease
attack. To transfect cells, MRNA molecules are complexed with a cationic lipid-based transport vehicle. The
complexes are taken up via endocytosis. After endosomal escape of the IVT mRNA into the cytoplasm, the
MRNAs are translated by ribosomes into the desired protein(s). Abbreviations: ARCA, anti-reverse cap
analog; IVT, in vitro transcribed; mRNA, messenger RNA; PCR, polymerase chain reaction (Steinle et al.,
2017)

Although there have been studies reported on nucleic acid therapy, delivery of Link N mRNA
were not explored for intervertebral disc regeneration. Furthermore, although there are reports
on the improved intervertebral disc height restoration using peptide form of Link N, the exact
mechanism of cell behavior upon delivery of messenger RNA encoding Link N remains

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

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

aggrecan and hyaluronan (Bach et al., 2014) in extracellular matrices including in
intervertebral disc matrix. The N terminal proteolytic cleavage of Link protein leads to the
generation of Link N peptide, which is a 16 amino acid long peptide (Bach et al., 2017).
Positive relevance of Link N peptide has shown in the matrix of degenerating intervertebral
discs; in addition, it appears to have additive effect on intervertebral disc metabolism, which
stimulates the proteoglycan synthesis (Wang et al., 2013). Recently, the Link N peptide has
been identified as promising growth factor that stimulates the ECM synthesis in IVD tissue
(Wang et al., 2013; Gawri et al., 2013a; Gawri et al., 2013b; Gawri et al., 2014; Bach et al.,
2017) and therefore, acts in IVD repair. Furthermore Antoniou et al. and Mwale et al.
demonstrated that, Link N has suitable properties to drive chondrogenesis and therefore it
serves as a potential growth factor during the phases of 1VD healing (Mwale et al., 2011a;
Antoniou et al., 2012a; Gawri et al., 2014; Mwale et al., 2014).

Although these studies reported on the possible role of Link N peptide as a novel growth
factor in VD response in terms of their anabolic effect, Link N application using nucleic acid
therapy for intervertebral disc regeneration is yet to be investigated. We have explored the
influence of Link N messenger RNA delivery in human primary chondrocytes and

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

In order to overcome the drawbacks of currently available nucleus implants, Kettler et al.
reported the development of a nucleus prosthesis made of knitted titanium wires (Buck GmbH
& Co.) which proved to have low migration tendency and thus aimed to restore the
physiological axial deformability (Kettler et al., 2007; Buck and Kaps, 2014). Introducing
knitted titanium implant in the clinical setting requires further characterization; therefore the
current study was aimed to characterize and investigate the cytocompatibility aspect of knitted

titanium scaffold for the replacement of intervertebral disc nucleus pulposus.

2.1 Knitted titanium scaffold

The very first design of the scaffold had a shape as that of the bovine NP with a rough surface
roughness (Kettler et al., 2007). Biomechanical test (figure 13) concerning axial deformity
(AD) and disc height reduction was carried out on bovine lumbar spine (L2-L3 and L4-L5
segments). Quasi-static loading (increased from 100 to 1000 N) revealed that the median
value of AD was same as that obtained immediately upon implantation. However, cyclic
complex loading (axial force of 100-600 N, at 5 Hz) changed the median of AD by 33% and
also disc height reduction was seen by small amount compare to intact case (Kettler et al.,
2007). Further, migration / expulsion assessment of the scaffold showed no extrusion but
there was an evidence of migration within the implant cavity and also towards anterior border
of the disc (Kettler et al., 2007). Double the range of motion (ROM) as high in extension as it
was in flexion, showed lordotic tilt caused upon implantation. However ROM effect on lateral
bending and in axial rotation was marginal (Kettler et al., 2007).

Figure 13: Biomechanics Experimental setup: knitted titanium nucleus scaffold (A) was implanted after anterior
fenestration of the annulus fibrosus (B). Two lateral annulus flaps were created and sutured after implantation (C) (Kettler et
al., 2007)
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Thesis objective

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

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

To perform comparative analysis of unpolished and electro-polished scaffold with respect to
their physicochemical properties, wear particle characterization, hemocompatibility and

cellular response cell- material interface.

To further execute the surface hydrophilisation of the electro-polished scaffold and investigate
the cell adhesion, spreading and proliferation behavior of the mesenchymal stromal cells and

human primary chondrocytes.

To generate synthetically modified Link N mRNA and to evaluate its effect on mesenchymal
stromal cells and human primary chondrocytes in terms increase anabolic response in vitro in

2D and together with knitted titanium scaffold.
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CHAPTER 2

3 Results

Publication 1-

Tendulkar G, Grau P, Ziegler P, Buck A Sr, Buck A jr, Badke A,Kaps H-P, Ehnert S,
Nussler AK: Imaging cell viability on non-transparent scaffolds—using the example of a
novel knitted titanium implant, Journal of Visualized Experiments, 2016 Sept 7,
115:e54537

3.1 Synopsis:

Ideal biomaterial for an intervertebral disc nucleus pulposus replacement is on rise. Chronic
back pain associated with intervertebral disc degeneration is of major socioeconomic concern
(Melrose, 2016; van Uden et al., 2017). The major significant discussion in the field of
arthroplasty related to intervertebral disc is the need for nucleus replacement. Various
biomaterials including hydrogels, polymers, metal and composites have been investigated to
treat these conditions with wide range of success (Thomas et al., 2003; Allen et al., 2004;
Goins et al., 2005; Lewis, 2012a). A number of these materials have been used for total disc
replacement depending on the site and degree of injury.

However, the major concern is the suitability of materials for soft tissue repair together with
load bearing application. Thus, pivot joint replacement scaffold must possess certain
properties to meet the requirement of lead bearing application. Adequate biomechanical
properties including elasticity, fatigue properties so as to able to withstand compression
pressure and suitable biological properties for effective in vivo functioning are the two main
requirements (Goins et al., 2005; Coric and Mummaneni, 2008). Until now, the choice of the
material was limited to the hydrogel, as far as nucleus replacement is concerned (Di Martino
et al., 2005; Goins et al., 2005). On contrary, metals with their good compressive and tensile
strength mainly limit other materials such as ceramics, polymers and composites for load

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

Although metals such as titanium and its alloy, cobalt-chromium alloys, stainless steel are the
man classes of metal that has been intensely investigated for total disc replacement, their
mismatched elasticity lost its prominence in the long term success and so for the nucleus
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pulposus replacement. Nonetheless, functionality with such low elastic modulus is required
for load bearing application and therefore might be suitable for nucleus pulposus replacement
if material is modified. Titanium and its alloy has gained much importance over stainless steel
and cobalt chromium alloy for biomedical applications due to their excellent corrosion and

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

Buck GmbH & Co. has developed a knitted mechanical based nucleus implant made of
titanium filaments. Further Kettler et al. investigated their biomechanical properties,
demonstrating suitable alternative of currently available nucleus scaffolds (Kettler et al.,
2007). In this study, we have further evaluated the biocompatibility including the wear
particle characterization and tested their in vitro cytotoxicity and cellular behavior of human
mesenchymal stromal cells and human primary chondrocytes when seeded on the knitted

titanium scaffold by investigating the adhesion and proliferation behavior.
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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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Media components

Concentration

Basal aMEM media (%)

90

Serum (%)

10

Pen/Strep (%)

1

Table 1: Cell culture (aMEM) Media composition.

Problem

Cause

Solution

Cell viability imaging on Non-transparent
scaffold

Scaffold prevents light from penetrating without
distortion

Use fluorophore based imaging technique for
cell assessment.

Interference of fluorescence intensity

Auto fluorescence, background signal

Pay attention to the fluorophores and use
appropriate based on particular scaffold
properties.

Cell viability assessment on scaffold over a
culture period

Repeated measurements over a long time

Transfect the cells with ad-GFP-virus particles.

Cell functionality assessment on non-
transparent scaffold

Fluorescence imaging technique allows only
cell spreading pattern analysis.

Perform resazurin conversion assay
(quantitative cell viability measurement) in a

combination with imaging technique.

Table 2: Summary table: troubleshooting the cell viability imaging on non-transparent scaffold.

The scaffold surface plays an important role in its interaction with surrounding tissue in vivo thereby determining implants functional durability.
Thus, the bio-compatibility of the scaffold is studied by in vitro assays using cells (SCP1 cell line), when plated on the scaffolds.

Microscopy techniques that function well with thin and optically transparent scaffolds are poorly suited for non-transparent scaffolds to study
the biocompatibility. This is mainly because the non-transparent scaffolds prevent light from penetrating without significant distortion'. To partly
overcome these problems we herewith establish a method for cell assessment on/in knitted titanium made scaffolds using various fluorophores.

In order to enable knitting followed by folding of the titanium wires, the material comes into contact with strong corrosive and toxic substances
(lubricant, mordant, electro-polishing solution), which might alter the biocompatibility of the scaffold if traces remain in/on the scaffold. With the
help of a developed indirect-fluorescence protocol (Protocol 5) we could visualize the scaffold structure. Furthermore, scaffold characteristics,
e.g., the material thickness, the individual pore size and shape, or the connective density, were analyzed using ImageJ. A higher magnified
epifluorescence microscopic image allowed visualizing impurities in the scaffold as well as on the scaffold surface. Figure 3b thus represents
the confirmatory result of the successfully developed cleaning protocol. The principle of this indirect staining protocol can be easily reproduced
to other non-transparent scaffolds, taking into consideration the individual scaffold properties, e.g., pore size and corresponding diffusion which
affects the incubation time. Also, auto-flucrescence of the scaffold and microscopic settings affects the choice of fluorophores used. The online
tool fluorescence spectral viewer can help to choose the adequate fluorophores.

Cell-metal interaction has been examined indirectly by analyzing the adherence pattern of cells on the scaffold. Protocol 6 describes the
methodology of how cells can be monitored in vitro if plated on non-transparent scaffolds in culture systems by using a GFP transfection strategy.
Based upon preliminary results of in vitro assays, it has been predicted that the surface properties such as composition, micro-topography and
roughness‘s might play an important role in establishing adherence and spreading of target cells. Titanium being a biomaterial thus might be
acting as a substrate template to provide base for cell attachment (refer Figure 4).

Implant surface topography has been reported to influence cell behavior'®. In the present study, we analyzed the cell growth/spreading and
viability using fluorescence staining technigues in combination with quantitative viability measurements. Analysis revealed subtle variation in cell
percent viability and spreading depending on the scaffold material. However, cell functionality assessed quantitatively by resazurin conversion
assay (mitochondrial activity), was not significantly affected by the scaffold material. The measurement of the mitochondrial activity by resazurin
conversion has the advantage that it is not cell toxic and thus can be performed repeatedly over a long culture period. Special care has to be
taken when washing off residual resazurin working solution, so to not accumulate background signal (false positive results). Despite these
advantages, the resazurin conversion assay will not give any information on the cell spreading on the scaffold. The GFP infected cells hence
can be tracked over a long culture period (GFP signal remained constant for over 14 days), thereby enabling to visualize specific growth pattern
on the scaffold surface. Visualization of cells deeper in the scaffold is still limited by the scaffold material and thus will require dissection of the
implant. The combination of these two techniques has the major advantage that it can be easily transferred to other cell types, considering that
incubation time might have to be adapted to the cell type of interest. However, care has to be taken when transferring this method to other non-
transparent scaffolds, e.g., collagen based scaffolds which generally exhibit a strong green auto-fluorescence’”. In this case other fluorescent
tags might be used. The combination of above stated two methods therefore has several advantages (see Table 2).

Scaffold characteristics, e.g., pore size might trap cells inside the scaffold. If not enough nutrients are supplied, these cells might die and secrete
proteases that affect cell viability of the surrounding cells/tissue. We were able to adapt a fluorescent based staining protocol that is able to
visualize live and dead cells in and on the knitted titanium scaffold. Similar to the indirect fluorescence staining protocol, the principle of this
staining protocol can be easily transferred to other non-transparent scaffolds. While doing so, the individual scaffold properties, e.g., pore

size and corresponding diffusion as well as possible auto-fluorescence, microscopic setting have to be taken into consideration as they might
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affect the incubation time and the choice of fluorophores used. Here, again the online tool fluorescence spectral viewer can help to choose the
adequate fluorophores.

In summary, in vitro results indicate that the proposed knitted titanium nucleus implant model has a biological profile. Initial attachment

of mesenchymal stromal precursor cells (SCP-1 cells) on this material suggests that this titanium alloy implant material is biocompatible.
Although we have not analyzed association of different topographical parameters, scaffold surface modification might enhance cell adherence
proliferation as well as differentiation'. Optimum compatibility between scaffold and cells raise the probability of better implant integration into
the surrounding tissue and so improving in vivo longevity after the treatment ™. Using the above stated test setup opens up the possibility to
measure and visualize improvements in the biological performance of the scaffold induced by surface modifications. The preference of scaffolds
with bioactive surface over unmodified implant designs suggests the better pen‘ormemce20 in terms of osteo-chondrogenic integration. This study
is further enhanced by other reports on the knitted titanium implant where its mechanical property and bioactivity have been reported ™.

The authors declare that they have no competing interests. No portion of the work has been or is currently under consideration for publication or
has been published elsewhere.
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3.2 Synopsis:

For successful in vivo functioning, suitable implants should possess certain biological
properties as the biocompatibility is the prime requirement for any type of scaffold (Griffith
and Naughton, 2002; De Bari et al., 2006; Chang and Wang, 2011; EI-Ayoubi et al., 2011).
Biomaterial should be able to function in the physiological environment without causing any
inflammatory and adverse response upon implantation into the host system. Therefore, tissue
integration is the foremost requisite for long term success of the material. Scaffold surface
plays pivotal role in directing cell response, and moreover physicochemical properties of the
scaffold surface such as surface energy, surface roughness, topography, surface composition,
porosity and pore size have been demonstrated to modulate the cellular response either
directly or in an interdependent manner. For example, Ross et al.demonstrated that, cell
adhesion and proliferation behavior is inversely correlated on rough surface (Ross et al.,
2012). However, it should be noted that there is no conclusive evidence with regard to effect

of surface roughness on the cell behavior pattern.

We have focused on the aspect of cell material interaction by investigating the behavior of
mesenchymal stromal cells and human primary chondrocytes on unpolished and electro-
polished surface of the scaffold in terms of the surface properties. Surface roughness profiles
of these two surfaces were in the sub-micron range although the chemical composition
remained the same. Electro-polishing treatment improved the surface roughness without
affecting the wettability. Furthermore, we have observed a significant difference in the
surface energy upon the electro-polishing treatment, although the difference was not enough
in modulating the cellular responses thereby resulting the similar cell adhesion and

proliferation behavior on electro-polished surface. We can interpret the possible role of
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surface wettability in influencing the cell behavior, with the initial cell spreading highly

accelerated by the high surface energy.

Initial protein adsorption on the scaffold surface modulates the signal transduction and
thereby determines the fate of the cells with respect to cell morphology, adhesion, spreading
and proliferation. Surface modification is the effective strategy to improve the
biocompatibility of the scaffold surface without hampering the materials bulk properties
(Puleo and Nanci, 1999). Various mechanical, physical, chemical and biological surface
modification strategies have been investigated for improving the bioactivity of the scaffold at
cell material interface (Morra, 2006; Mao and Li, 2014). Studies in the past have shown that
hydrophilic surface is favorable to cellular behavior. Therefore, it becomes important to
understand the contribution of surface hydrophilicity of knitted titanium on the cellular
response of SCP1 cells and human primary chondrocytes. Thus, we modified the scaffold
surface using oxygen plasma treatment to create hydrophilisation at the scaffold surface. The
cellular responses were tested towards the modified surfaces and the observed differences in
the differential expression of cell proliferation and cell spreading gave further insights into the
behavior of chondrocytes and mesenchymal stromal cells on the material. The selective
choice of cells, in this in vitro cytocompatibility testing provides further opportunities for

studies, thereby looking at the possible outcome in the in vivo environment.
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Effective restoration of human intervertebral disc degeneration is challenged by numerous limitations
of the currently available spinal fusion and arthroplasty treatment strategies. Consequently, use of
artificial biomaterial implant is gaining attention as a potential therapeutic strategy. Our study is aimed
atinvestigating and characterizing a novel knitted titanium (Ti6Al4V) implant for the replacement

of nucleus pulposus to treat early stages of chronic intervertebral disc degeneration. Specific knitted
geometry of the scaffold with a porosity of 67.67 = 0.824% was used to overcome tissue integration

© failures. Furthermore, to improve the wear resistance without impairing original mechanical strength,

: electro-polishing step was employed. Electro-polishing treatment changed a surface roughness from
15.22 + 3.28 to 4.35 £ 0.87 pm without affecting its wettability which remained at 81.03 +-8.5°.
Subsequently, cellular responses of human mesenchymal stem cells (SCP1 cell line) and human

. primary chondrocytes were investigated which showed positive responses in terms of adherence and

. viability. Surface wettability was further enhanced to super hydrophilic nature by oxygen plasma

: treatment, which eventually caused substantial increase in the proliferation of SCP1 cells and primary

: chondrocytes. Our study implies that owing to scaffolds physicochemical and biocompatible properties,
it could improve the clinical performance of nucleus pulposus replacement.

Chronic low back pain is the most common ailment among people aged 40-80 years, affecting men and women
. alike globally. It is a common cause of disability and one of the top ten disorders causing high socio-economic
¢ burden with a global prevalence of 22-65%'.

Intervertebral disc degeneration has been implicated as a causative factor in chronic lower back pain, since an
inability in the disc function is closely linked with degeneration of its components'. Till date, numerous therapeu-
tic strategies like spinal fusion, drug treatments, physiotherapy, cell therapy, arthroplasty etc. have been developed
aimed at maintaining disc function by preventing further downstream collapse and reduction of inflammatory
pain®’. Nevertheless the potential of these interventions in treating the chronic back pain is debated and con-
tinues to progress*’. In addition, a considerable motivation of using biomaterial has been advanced, aimed at
restoring the function of intervertebral disc. A number of studies have been reported on scaffolds primarily made
of stainless steel, cobalt-chromium alloys, titanium based alloys, hydrogels as potential therapeutic alternatives®”
for such injuries. A more substantial approach through nucleus pulposus replacement® will necessitate as a min-
imal invasive technique, aiming to decrease the post-surgical risk factors. However, currently available nucleus
implants have failed due to associated complications such as corrosion, inflammation, hypersensitivity, fibrous
encapsulation, low fracture toughness, mismatched bone and implant modulus of elasticity, leading to revision
surgery”®. These factors along with patient response (poor compliance with rehabilitation), surgical techniques
and implant surface characteristics results in inadequate benefit of this treatment strategy.
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Figure 1. Physical characterization of the titanium scaffold. (a) 2D digital image of scaffold structure; (b) SEM
micrograph depicting knitted scaffold microstructure; (¢) EDX spectra of the mesh surface; (d) Compressive
elastic modulus of the scaffold.

Thus, several modifications of these artificial implants are in progress to overcome the diminutive emergences
and limitations”. However for a scaffold to be used in tissue engineering applications, it is essential to be biocom-
patible, have sufficient mechanical strength, integrate with biological tissue and should support cell prolifera-
tion'". Interaction between the implant and the surrounding tissue in vivo mainly depends, not only on the bulk
properties of the implant material but also on the surface properties such as surface roughness, composition,
surface energy, microstructure, porosity and the pore size''. Modifications in material surface physical properties
persuade various cellular responses, resulting in changes of cell adhesion and proliferation. Various scaffold sur-
face modifications are promising in terms of modulating and improving wear resistance, inducing long term sta-
bility in the host system and osseo integration'2. Previously, Kettler et al."* in their study reported that this unique
knitted titanium scaffold possessed adequate biomechanical properties and showed low migration tendency,
thereby restoring the physiological axial deformability. Further, we have demonstrated that the knitted scaffold
enable the cell attachment and promote cell proliferation'!. Subsequently, in this current study we have shown
for the first time the influence of oxygen plasma surface treatment towards cellular response. Earlier studies have
proven that, hydrophilic implant surfaces favor the cellular response like cell adhesion and proliferation of various
cell types. Further it has also been reported that the surface wettability plays a role in determining events that
takes place at cell material interface and modification of surface wettability effectively enhances the biological
response’ ', Nevertheless, the contact angles usually observed for titanium and its alloy varies between 70-90°,
indicating weak hydrophilicity'*'°. The main interest of the current study was therefore to hydrophilize the sur-
face of knitted titanium implant for which, this plasma treatment was applied as a favorable approach to increase
the wettability, thus augmenting the mesenchymal as well as primary chondrocyte cell growth. Since, introduc-
tion of this knitted titanium implant in the clinical setting necessitates further characterisation with respect to
host bio-compatibility and bio-functionality, our present study consequently investigated the physio-chemical
properties of the scaffold and cellular responses of human bone marrow derived mesenchymal stem cell as well as
the primary chondrocytes upon surface modification by oxygen plasma treatment.

Results

Physio-chemical characterization of the scaffold. Microscopic image of the knitted scaffold revealed
the mesh construct and the cross sectional view depicting the non-woven structure. Microstructure analysis
using SEM, Fig. 1b illustrates the knitted wire porous architecture of the scaffold having a heterogeneous pore
distribution with pore size of 150-400 um. Surface topography determined at micro scale using SEM and optical
profilometry, confirmed that electro-polished scaffold surface is comparatively smooth as that of unpolished scaf-
fold (Fig. 2a,b) and additional, surface finish has been improved without affecting microstructures. The optical
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Figure 2. Surface characterization of electro-polished scaffold. (a,b) SEM image illustrating surface topography;
(c.d) optical profilometry; (e,f) wettability measurements by sessile drop method; of unpolished and electro-
polished scaffold respectively. For optical profilometry, surface area of 240 um x 180 um was scanned and the
average surface roughness (Ra) was calculated. Ra value of unpolished and electro-polished scaffold was calculated
to be 15.22 4+ 3.28 um and 4.35 4 0.87 um respectively. Subsequently, wettability measurements showed the weak
hydrophilic scaffold surface property which has not affected upon electro-polishing treatment.

profilometry analysis revealed the unpolished surface has average surface roughness (Ra) of 15.22 4+ 3.28 um and
the electro-polished surface has average surface roughness of 4.35 + 0.87 um (Fig. 2¢,d). Energy dispersive X-
spectroscopy (EDX) analyses of the unpolished scaffold denoted the elemental constitution mainly consisting
of Ti, Al, V (Fig. 1d), which remained unchanged upon electro-polishing treatment. In addition, small traces
of oxygen and nitrogen were found as a minor contamination on the scaffold surfaces, which could have origi-
nated either during manufacturing process, handling/storage or electro-polishing treatment. Surface energy and
wettability are considered as the key factors playing role in cell behavior, cell material interaction and the scaf-
fold integrity. Titanium alloy based scaffold represented weak hydrophilic surfaces; exhibiting contact angles of
83.3+12.19° (Fig. 2e,f). The statistical analysis revealed that there was no considerable difference between the
unpolished and electro-polished scaffold wettability (Fig. 2e,f). The observed low wettability of knitted titanium
scaffold is a result of a low surface energy. Moreover, the change in surface roughness due to electro-polishing
treatment didn’t induce any change in wettability.

Mechanical properties of the scaffold play a crucial role in load bearing application. Compression strength of
a biomaterial is therefore considered as one of the main factors. The knitted scaffold illustrated an elastic modulus
of approximately 0.02 GPa (Fig. 1¢), which is comparable to cancellous bone (0.01-3.0 GPa), but is too low in
comparison with cortical bone (4.4-28.8 GPa) as revealed by mechanical analysis'’.
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Figure 3. Wear debris particle analysis. (a) Digital image of unpolished (left) and electro-polished (right) wear
debris particles; (b,c) SEM images representing morphology and size based distribution of wear debris particles
of unpolished and electro-polished scaffold.

Wear debris particle characterization. The morphologies of the titanium debris showed considerable
differences, both in size and shape of the particles. There are two precise differently sized particle groups in
the unpolished scaffold based probe (Fig. 3b) ranging from 10-25um and sub-micrometer, contrarily there are
impartial sub-micron ranged particles in electro-polished scaffold based probe (Fig. 3¢). This was already notice-
able with the high turbidity of the abrasion solution (Fig. 3a). The particles from unpolished scaffold based probe
are very robust and not just clusters of small particles as we initially thought. Since, ultra-sonication as well did
not affect these particles thus; we believe that these are solid particles (Fig. 3b). In addition, the particles are far
from being spherically shaped. Subsequently, we measured all sort of shape descriptors since the titanium wear
particle shape is rather anisotropic.
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Figure 4. Cell viability and proliferation on the knitted titanium scaffold. (a,c) Live dead staining - viable cells;
calcein-AM (green) and nucleus; Hoechst 33342 (blue) staining of SCP1 cell and human primary chondrocytes
upon seeded on the scaffold respectively; (b,d) Resazurin conversion - indirect assay for cell proliferation of

SCP1 cells and human primary chondrocytes respectively. Data represented as mean + SEM; analyzed by Mann
Whitney test. P <0.05 was considered to be minimum level of significance. *p < 0.05 <0.001.
Scale bar = 1000 ym.

Assessment of cell-material interaction. The physical characterization of the scaffold was followed
by cytocompatibility assessment in vitro, where cells were cultured on scaffolds and the cell material interac-
tions like cell adhesion, cell spreading and cell proliferation were observed. The cell culture studies indicated
that the cells were able to adhere and survive on the scaffold in spite of low initial cell attachment at day 1.
Furthermore, day 3 following cell seeding, we observed a noteworthy increase in the cell growth on the scaffolds.
Since electro-polished scaffold exhibited considerably increased wear resistance, we decided to use this scaffold
for further cell interaction studies. Cell viability was qualitatively visualized using live-dead assay, where the
nucleus was stained blue with Hoechst and cytoplasm stained green with calcein-AM (Fig. 4a,c). Additionally, cell
proliferation of human bone marrow derived mesenchymal stem cells as well as of human primary chondrocytes
was determined by resazurin assay for cell mitochondrial activity. When the fluorescence was normalized with
those on day 1, significant fold change increase in the fluorescence intensity and subsequent cell number was
observed, demonstrating the bio-functional potential of the scaffold (Fig. 4b,d).

Cell adhesion and spreading on the scaffolds was determined by staining cells with phalloidin actin fibers
(red fluorescence) and nucleus (blue fluorescence) at day-3 and day-7 post seeding. It was evident that, cells were
effusively spread with extended fliopodia and cytoplasmic protrusions at day 7. In majority cells, orientation was
found to be longitudinal along the direction of the knitted wires (Fig. 5). These results further confirm the cyto-
compatibility of the scaffolds.

Effect of scaffold surface modification by plasma treatment on the wettability. In order to
enhance the cell material interactions, we further modified the electro polished scaffold surface by oxygen plasma
treatment. Tensiometric measurements showed shifts to increased wetting tension values (force/length) likewise
during immersion (wetting) as well as to a minor degree during emersion (de-wetting) after the plasma treatment
(Fig. 6¢). As a result of these shifts, hysteresis of the force loops was diminished. Advancing as well as receding
contact angles were lowered in consequence to plasma treatments, indicating an overall change towards hydro-
philicity. Mean (+standard deviation) advancing contact angles decreased from 72 + 14° to 52 + 14°, receding
angles from 34 4 4° to 25+ 8°.

Whereas the Wilhelmy experiments yielded contact angle data of the pure material surfaces, the sessile drop
experiments characterized the wetting behavior of a heterogenic system, i.e.; the material/air composite surfaces.
Static drops set stable on untreated scaffold surfaces showing contact angles of 83.3 + 12.19° (Fig. 6, see also
Fig. 2). In contrast, the experiments clearly indicated water drops being spontaneously infiltrated into the plasma
treated scaffold (Fig. 6d).
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Figure 5. Cell spreading pattern on the knitted titanium scaffold. Image represents actin-phalloidin; alexa 555
(red) and nucleus; Hoechst 33342 (blue) fluorescent staining of (a,b) SCP1 cells on the scaffold at day 3 and 7
respectively; (c,d) human primary chondrocytes on the scaffold at day 3 and 7 respectively. Scale b.xr ”()()pm
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Effect of plasma treatment on the cellular response.  To elucidate the effect of scaffold pretreatment
with oxygen plasma on the cellular response, cell viability and proliferation were assessed post treatment. Figure 7
represents viable cells at day 3; calcein-AM (green fluorescence) and nucleus (blue fluorescence) staining as indi-
cated in plasma treatment and control group, where more cells were evident on plasma treated scaffolds compare
to non-treated scaffolds. There was no substantial change in terms of cell adhesion, however cell growth was
found to be enhanced upon plasma treatment (Fig. 7c,f). Significant fold increase was observed in the fluores-
cence intensity and subsequent cell number at day 3 and 7 when it normalized with those on day 1. Additionally,
significant difference between the two groups was observed (Fig. 7¢,f). SCP1 cell proliferation at day 7 was almost
similar in both controls and plasma treated scaffolds, whereas primary chondrocyte cell growth was higher upon
plasma treatment; showing a positive effect of oxygen based plasma treatment. Furthermore, we confirmed that
the plasma treatment had an influence on the cell morphology as the cells appeared more spread out with longer
extensions following actin (red fluorescence) and nuclear staining (blue fluorescence) as observed on plasma
treated scaffolds (Fig. 8).

Discussion

Titanium and its alloys are well established in the biomedical field due to their worthy mechanical properties,
biocompatibility and low immunogenicity®. To further pursue this goal, we used titanium scaffold with a unique
knitted geometry simulating the porous structure, precisely to create suitable conditions for cell attachment and
tissue ingrowth. Ideally the scaffold should retain their dimensions, integrity and strength along with the biolog-
ical integrity during the process of wound healing/tissue regeneration after the implantation'’. One of the criti
reasons for implant failure is the mobility of the implant leading to local abrasion and immune reaction’-*".
Therefore the manufacturing procedure and surface modifications have a definite impact on the quality, perfor-
mance and integrity of the implant in vivo'>?!. In a previous study, Kettler et al. showed that cyclic loading of this
knitted titanium scaffold did not cause implant expulsion. A polenndl advantage of using porous titanium knitted
scaffold was its elasticity that in the range of that of cancellous bone. This upon mismatch possibly leads to stress
shielding around the scaffold causing bone atrophy and induction of local inflammation which ultimately results
in implant failure. Nevertheless, with respect to biomechanics, one of the most vital factors to be considered is
wear and corrosion resistance. Wear debris particles have been reported to have role to induce toxicity, especially
particle mediated inflammation triggers the granuloma cascade, necrosis and/or fibrosis all together causing the
aseptic loosening'®** and therefore the excessive amount of the wear debris particles within the host system can
cause adverse cellular host reactions. The intensity of local inflammation mainly depends on debris characteristics
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Figure 6. Effect of plasma treatment on the wettability. (a) Drop before application on the untreated scaffold by
drop shape analysis system; (b) the drop after set from the needle onto the untreated scaffold surface; (c) drop
before application on plasma treated scaffold by drop shape analysis system; (d) drop after set onto a plasma
treated scaffold was immediately infiltrated into the scaffold; (e) tensiometric hysteresis loops of plasma treated
and untreated electro-polished wires. The left arrow indicates shifts towards increased wetting tension values
F/L of the advancing (adv) and the right arrow of the receding (rec) curves due to plasma treatment.
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Figure 7. Effect of plasma treatment on cell viability and proliferation. Live dead staining - viable cells;
calcein-AM (green) and nucleus; Hoechst 33342 (blue) staining of SCP1 cell and human primary chondrocytes
upon seeded on the (a,d) non-plasma treated scaffold; (b,e) oxygen plasma treated scaffold respectively. Scale
bar = 1000 um. More cells are evident on the oxygen plasma treated scaffolds compare to the non-treated
scaffolds; (c,f) Resazurin conversion - indirect assay for cell proliferation of SCP1 cells and human primary
chondrocytes respectively. Fold increase was significant upon oxygen plasma treatment. Data represented as
mean £ SEM; analyzed by Mann Whitney test. P <0.05 was considered to be minimum level of significance.

such as: particle load (size and volume) and chemical reactivity. Wear debris prone implant failure is prime sus-
pect in the field of arthroplasty as attrition evoking immune reaction cannot be omitted'. In our study, the
purpose of explicitly considering the electro-polished knitted scaffold was to emphasize the fact of wear resistant
material goods. Moreover, the purpose of the wear debris analysis was not the elucidation of such body reac-
tions, but rather to obtain a better understanding of the morphology of titanium wear particles. This information
may have future implications for the design and adapting of the scaffold employed in musculoskeletal implants.
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Figure 8. Effect of plasma treatment on cell spreading. Actin-Phalloidin; alexa 555 (red) and nucleus; Hoechst
33342 (blue) fluorescent stained SCP1 cells day 3 post seeded on the non-plasma treated (a), oxygen plasma
treated scaffold (b); human primary chondrocytes seeded on the non-plasma treated (c), oxygen plasma treated
scaffold (d). Scale bar =200 um.

Consequently, electro-polishing resulted in a substantial reduction of overall abrasion production which can
ensure prolonged functional longevity of the scaffold in vivo.

Additionally, the success of an implant also depends on its biocompatibility which maintains its integration
with the surrounding tissue and therefore will define its functionality in vivo®'. In order to mimic the appropriate
conditions, the human bone marrow derived mesenchymal stem cells and human primary chondrocytes were
used for all experiments. As an early cell response towards the implant site, cell adhesion and cell prolifera-
tion were studied considering the scaffold surface characteristics i.e. surface roughness and wettability, as the
desired physical properties of the scaffold are vital for its effective incorporation on the system. Owen ef al. has
described in earlier report that it is possible to modulate specific cell behavior by changing the surface topog-
raphy®*. Previously it has been reported that the optimum pore size range of 200-500 um is suitable for tissue
ingm\\'lhlﬂ However, there is no precise specification for optimal pore size that has been proved. He ef al. earlier
reported that the wire diameter influences the pore size*”. Based on these reports, the scaffold used in our study
presumed to have a favorable pore size distribution which can promote tissue in growth. Since it is possible that
cell behavior could vary with pore size variation, in our study, we maintained uniform defined geometry of the
porous knitted scaffold with a pore size of 150-400 um and porosity roughly about 67.67 & 0.824%, aiming to
evaluate the scaffold cytocompatibility.

In order to obtain a realistic biomechanics prediction of in vivo situation, stress distribution within tissue-
implant interface and its physio-chemical characteristics needs to be further analyzed. Scaffold surface properties
such as surface roughness, composition, topography are known to influence the nature of cell adhesion which
thereby directs the process of cell proliferation and differentiation. The role of surface roughness in deciding cell
behavior is still debatable. A study by Hallab ef al. shows that the surface roughness and the surface energy play
crucial roles during initial cell response at the cell-material interface. Also, changes in the surface topography and
increase in the roughness decreases the cell proliferation®. Surface energy of the material on contrary is proved to
be a prime factor than the surface roughness in regulating the cell adhesion on the material surface’”. Moreover
in our study, the decrease in surface roughness upon electro-polishing treatment did not play any major role
in initial cell attachment and neither affected the cell growth rate. Based on the obtained results, change in the
scaffold surface roughness as observed in the study seems to have negligible effect on the cell proliferation which

supports the possibility that the surface energy is a dominating factor in promoting cell growth”. Nonetheless,
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surface roughness is highly required from a biomechanics prospective for a long term function of load bearing
implant as it limits the micro crack formation and leads to better load distribution®. The host reaction towards
the scaffold is mainly dictated by the adsorbed proteins during initial contact with body fluids. Since this reaction
is preferential, it is influenced by the wide range of scaffold physical properties like surface roughness, topog-
raphy, creating a porous material with high interconnectivity, wettability etc. For example, smooth and double
acid-etched micro rough TiAl6V4 surfaces showed contact angles of 62° and 57°, respectively'. Moreover, surface
modifications aimed at improving its bioactivity can be achieved by modification of these physical parameters.
Therefore, desire scaffold structure and surface modifications are advantageous with respect to the site of scaffold
in order to contribute the clinical success rate.

From clinical aspect, this study was aimed at investigating the biocompatibility of the proposed knitted titanium
scaffold. Concerning the load bearing applications, targeted implant prerequisites to get stabilized first for which cell
reaction towards the material surface is an important factor of selection. From the economic trait, the sooner tissue
integration the better is the healing process. However, it is yet to be clear from clinical aspect that what all parameters
are prime objects for faster healing. Therefore, it is important to develop scaffolds with appropriate surface proper-
ties. Here it could be proposed that, surface modifications should be mainly based on the site of implant within the
body in vivo. In musculoskeletal prosthetics, a hydrophilic surface favors the tissue integration®”.

Surface wettability is another important factor that affects the extent of cellular responses on the implant sur-
face. Hydrophilization and sterilization of biomaterial surfaces due to radio-frequency glow discharge (RFGD)
plasma treatment is well known phenomena and occur due to cleaning of contaminants and by achieving of a
high energy state*’. The foremost intention of the surface modification by plasma treatment in our study was to
improve the scaffold wettability and ultimately modulate cell attachment and proliferation of SCP1 cells and pri-
mary chondrocytes. Importantly, plasma treatment showed a positive influence on cell behavior in terms of cell
viability, proliferation and the morphology; thus indicating a crucial role in mediating the cell response towards
the scaffold surface. Further, studies on cell differentiation could be supportive for further understanding of the
observed cell behavior with respect to SCP1 cells.

In summary, we have explored the potential of knitted titanium to allow viability and proliferation of
adherent-cells. It has further shown that cells response with respect to viability and proliferation indeed remain
unaffected upon electro-polishing treatment. This suggests that it is the wettability and not the surface roughness
which could be the main cause for modulating the response at cell material interaction. Using oxygen plasma
treatment, we have further demonstrated that the proliferation of the adherent-cells on the scaffold has been
elevated as compared to non-treated conditions. Though our results shows in vitro cytocompatibility potential of
knitted titanium scaffold, it needs to be verified further through in vivo studies to project it as a potential treat-
ment option in the clinical settings.

Conclusion

This in vitro study demonstrated the potential of the knitted titanium scaffold as a possible replacement of
intervertebral nucleus pulposus, while revealing some of the weaknesses especially because of the lack in vivo
outcomes. Nonetheless, these results pave the way for establishing knitted titanium scaffold as an alternative solu-
tion for musculoskeletal tissue engineering, involving cell-material interaction. Combination of oxygen plasma
treatment considerably affects cell proliferation compared to non-hydrophilized electro-polished scaffolds alone
and thus seems to be a suitable additional surface modification for better tissue integration. It can be concluded
that knitted titanium wire scaffold has shown a promising potential intervertebral nucleus substitute and can be
used efficiently with oxygen plasma treatment to improve the tissue integration process.

Materials/Methods

Knitted titanium scaffold and surface modification. Kanitted titanium scaffold was prepared as previ-
ously reported’’. Briefly, medical grade titanium alloy (Ti6Al4V) wires with diameter of 0.25 mm were knitted to
produce a mesh like cuboidal disk structure with 5mm height and 14 x 11 mm dimension (Buck Co & GmbH,
Bondorf, Germany), volumetric porosity of 67.67 + 0.824%, and density of 0.75 mg/cm? and used in this study.
Electro-polishing of the scaffolds was used to generate smooth wear resistant surface with defined finish. Scaffolds
were cleaned with 1% Triton-X followed by ultrasonication in reagent grade acetone, iso-propanol, ethanol and
distilled water* respectively for 15min to remove impurities generated either during manufacture or due to
electro-polishing. The scaffolds were then dried at room temperature, followed by sterilization at 121°C and 15
PSI for 20 min before use.

Electro-polished scaffolds were further processed by oxygen plasma treatment, to yield hydrophillized sur-
faces. Single wires as well as scaffolds were treated in a low pressure Dentaplas PC plasma system (Diener elec-
tronic, Ebhausen, Germany). After generation of 0.3 mbar vacuum within 2 min, 160 W plasma was ignited at an
oxygen flow of 3 sccm and applied for 15min at 40°C.

Scanning Electron Microscopy (SEM).  Surface morphology of the knitted scaffold was determined using
SEM (JEOL, JSM-7100F, Japan) after gold sputter coating. Images were recorded at an accelerating voltage of
15kV. The surface roughness of unpolished and electro-polished scaffold was evaluated at 15,000 x magnification.
Chemical analysis of the material was studied by energy dispersive X-ray spectroscopy (EDX). Survey spectra
were collected at pass energy of 80 eV.

All the SEM pictures were then used further to determine the pore size. The Image ] software was used
(https://imagej.nih.gov/ij/). The software was calibrated using the micron scale bar of each picture. An average
pore size was determined by measuring the diameter of 50 different pores. Pores were identified as areas of void
space bounded by fibers on all sides at or near the same depth of field, while their long and short diagonal axes
were measured together to serve as their pore size range.
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Optical profilometry.  The effect of electro-polishing treatment on the scaffold surface roughness was ana-
lyzed using non-contact profilometry (Contour GT-K, Bruker, USA). Breifly, electro-polished and unpolished
scaffold surfaces were scanned using 20 x objective, area of 240 um x 180 um, and calculating the average rough-
ness (Ra) of the surface using Vision-64 (Bruker) surface analysis software.

Sessile Drop Contact Angle Measurement. The contact angle measurements of unpolished and
electro-polished scaffold were performed using surface goniometer (OCA 15 plus, Data-Physics Instrument
GmbH, Germany) equipped with automatic drop application and contact angle evaluation.

Wettability of non-treated and plasma-treated electro-polished scaffolds was analyzed by automatic drop
application and contact angle evaluation by a drop shape analysis system (DSA 10-Mk2, Kruess, Germany). Water
droplets (2ul) were deposited on the surfaces and the drop shape and infiltration behavior was recorded by a
video camera (1 frame/s). If not infiltrated, contact angles of the sessile drops were measured 20 seconds after the
initial surface contact analyzed from drop shapes by applying the circular segment method (circle fitting) imple-
mented in the Kruess software (Kruess, Germany).

Dynamic Contact Angle Measurement. Dynamic wetting of the plasma-treated and untreated
electro-polished single wires was investigated tensiometrically (KSV Instruments Ltd., Finland) using Wilhelmy
balance method . Prior to measurement in water, its surface tension was determined with a standardized, fully
wettable platinum plate (39.4 mm wetted length; 19.6 mm width; 0.1 mm thickness). The samples were immersed
and emersed with speed of 10 mm/min for one complete cycle with an immersion depth of 10 mm. From the
recorded force loops, dynamic advancing (fadv) and receding (brec) contact angles were calculated by extrap-
olating the corresponding immersion and emersion force/length-branches of the hysteresis loops to the zero
immersion depth according to the following equation:

F =L cosf (1)

where ~: surface tension of the liquid, L: perimeter (wetted length) of the wires, and F: force at zero immersion
depth where buoyancy is not apparent.

Compression analysis.  The compression of scaffolds with 5mm height and 14 x 11 mm dimension were
analyzed™ using uniaxial compression test by a mechanical tester (BiSS Ltd, India). The scaffold was placed
between the two arms of load frame and compressed until mechanical failure with a speed of 0.5 mm/min. The
applied force and displacement were continuously recorded during testing. The Young’s modulus was calculated
using the formula:

E = (F/A)/(Al/]) kPa (2)

where E: Young’s modulus, F: applied force, A: cross-sectional area of the scaffold, I: initial length of the test sam-
ple, and Al: change in length under the compressive force.

Porosity. The porosity of the knitted titanium scaffold was directly obtained by mass-volume calculation
method™ using following equation:

P =1-M/(V x ps) x 100 (3)
where P: porosity; M: weight of the scaffold; V: volume of the scaffold; ps: density of the scaffold.

Wear debris particle analysis. The wear test of the scaffold was done by Buck co & GmbH. During the test
particles were collected in suitable lubricant, which then analysed further. Wear debris particle morphology and
size was studied using SEM (Zeiss DSM962, Germany). Briefly, samples were prepared by precipitating the particles
upon centrifugation at 10,000 rpm for 40 min (to remove the traces of lubricant) following resuspension in 70%
ethanol. Spin coating was performed to deposit a uniform thin particle layer on a piece of a Si wafer (70 rps; t=20s;
V =100l, K.L.M. Spin Coater, Germany). To avoid agglomeration, the suspensions were sonicated for 10 min prior
to spin coating process. Upon solvent evaporation following coating, the samples were sputter coated with gold.

Cell culture. Human immortalized bone marrow derived mesenchymal stem cell line (SCP1 cells)** was cul-
tured in a-MEM (minimal essential medium; GIBCO, Germany) containing 1 g/L glucose supplemented with
10% FBS (fetal bovine serum; GIBCO, Germany) and 1% penicillin/streptomycin (Sigma, Germany) 10,000
units/ml 10 mg/ml respectively (P/S) in a humidified incubator (37 °C and 5% CO,).

Human primary chondrocytes were isolated® from the donor samples (BG Klinik, Tiibingen) after com-
plete ethical clearance (338/2015BO2). Briefly, cartilage tissue was removed from the femoral condyles and
transferred to Dulbecco’s modified essential medium (DMEM)/F12 (1:1) medium containing 25 pug/ml
Fungizone®Antimycotic and 1% P/S, Phosphitan: analogue of ascorbic acid (25 mg/mL; Sigma, Germany).
The tissue was cut into small pieces, washed with phosphate-buffered saline (DPBS) and digested with colla-
genase II (GIBCO, Darmstadt, Germany) 1500 U/ml in chondrocyte medium for 16-24 hr at 37 °C with agitation
(100-120 rpm). The suspension was passed through 70pum cell strainer, centrifuged, resuspended in chondrocyte
medium and incubated at 37°C with 5% CO,. At the time of seeding, sterile scaffolds were placed into each well
of 24-well plates, pre-conditioned with media for 30 min; after which medium was aspirated. Cells were trypsin-
ized (Trypsin-EDTA; 0.05%/0.02%, Sigma, Germany), centrifuged and resuspended to achieve a seeding density
of 2 x 10° cells per scaffold. Cells seeded scaffold kept in incubator initially for 3 hr to allow cell attachment and
thereafter, 700 ul of additional medium was added to each well and incubated further.
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Resazurin assay.  Cell proliferation was calculated using resazurin conversion assay””. Briefly, cells seeded
scaffolds were incubated with a 1:10 volume of sterile resazurin (Sigma, Germany) working solution (0.025% in
DPBS) at 37°C for 30 min. Resulting fluorescence (ex/em = 540/590 nm) was then measured spectroscopically
(BMG, Offenburg, Germany) and corrected to background control. Fluorescence value directly correlates with a
cell number. Standard curve was generated which was then used to calculate the cell proliferation.

Live-dead staining.  Cell viability was determined at day 3 post seeded by intracellular esterase activity using
calcein-AM and ethidium homodimer to determine dead cells''. Briefly, cells were stained with 2 uM calcein-AM
(Sigma, Germany), 4 uM ethidium homodimer (Sigma, Germany) and Hoechst 33342 (1:1000 in DPBS, Sigma,
Germany) at room temperature (RT) for 30 min following DPBS wash. Images were taken using epifluorescence
microscopy (Life technologies, Darmstadt, Germany).

Cell Morphology. Cells seeded scaffolds were washed with DPBS and then cells were fixed using 4% par-
aformaldehyde for 10 min at RT after which cell permeabilisation with 0.25% Triton-X 100 solution (Sigma,
Germany) for 20 min at RT. 1% BSA (Bovine Serum Albumin, Sigma, Germany) blocking solution was added
and incubated at RT for 1 hr. Further, it stained with Alexa Fluor° 555 Phalloidin (1:500, Santa Cruz, Germany)
and Hoechst 33342 (1:1000) for actin fibers and cell nuclei respectively and incubated in dark for 45 min. Images
were captured using epifluorescence microscopy.

Statistical analysis. Analysis was done using GraphPad Prism 5.0 software (El Camino Real, CA, USA)
and PAST.exe (http://folk.uio.no/ohammer/past/index). Statistical significance of all experiments that were done
in triplicates was analyzed using the Kruskal-Wallis H-test followed by a Dunn’s test and Mann Whitney test.
Minimum level of significance: P < 0.05. *p < 0.05, *#p <0.01, **¥p <0.001.
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CHAPTER 4

Publication 3-

Tendulkar G, Ehnert S, Sreekumar V, Chen T, Kaps H-P, Golombek S, Wendel H-P,
Nussler AK, Avci-Adali M: Exogenous delivery of Link N mRNA into chondrocytes and
MSCs - the potential role in increasing anabolic response, International Journal of

Molecular Sciences, 2018 (submitted).

3.3 Synopsis:

Biomaterials have been routinely used into the IVD via minimal invasive procedures. In order
to improve the effectiveness, they are commonly used as cell carriers and / or together with
bioactive agents such as; growth factors (Fosgerau and Hoffmann, 2015; Melrose, 2016).
Encapsulation of bioactive agent in a biomaterial also increases their systemic and local
delivery with increased bioavailability and stability thereby alleviating side effects over a
longer period of time (Chan and Leong, 2008; Stratton et al., 2016). Instructive biological cue
for tissue regeneration is an upcoming facet of tissue engineering where biomaterials, cell and
biomolecules plays a pivotal role. Extracellular matrices and small signaling molecules are
known to positively influence the chondrogenesis and thus recent strategy are being
developed to encapsulate or direct embedding these biomolecules into synthetic and / or metal
based biomaterials (Chan and Leong, 2008; Vadala et al., 2012; Monteiro et al., 2015).
Substances can also be trapped non-covalently. Controlled local release of these bioactive
molecules to achieve desired tissue is what needs to be further optimized. Growth factors does
play role in cell migration proliferation, differentiation thereby modulating the extracellular
matrices. In previous studies, Link N peptide has been identified as a promising growth factor
that stimulates the ECM synthesis in 1VDs (Gawri et al., 2013a; Gawri et al., 2013b; Wang et
al., 2013; Gawri et al., 2014). Link N peptide appears to have an effect on VD metabolism,
which stimulates the proteoglycan synthesis (Wang et al., 2013). Furthermore, Antoniou et al.
and Mwale et al. demonstrated that, Link N has suitable properties to drive chondrogenesis
and therefore it serves as a potential growth factor during the IVD healing (Mwale et al.,
2011b; Antoniou et al., 2012b; Gawri et al., 2014; Mwale et al., 2014). Number of factors
such as; avascular nature of cartilage and 1VD, short half-life of the bioactive molecules,
systemic side effects, mainly limits or restrict the successful systemic local delivery of growth

factors or other bioactive molecules like steroids.
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In recent years, nucleic acid therapy using synthetically modified messenger RNAS is
emerging as a promising substitute for gene and recombinant protein therapies (Steinle et al.,
2017). mRNA delivery primly escapes the insertional mutagenesis risk which otherwise is
associated with gene delivery (Kormann et al., 2011). In the field of musculoskeletal
therapeutics, Aini et al. previously demonstrated the delivery of mMRNA encoding the cartilage
anabolic transcription factor runt-related transcription factor 1 (RUNX1) as a promising
osteoarthritis (OA) treatment option (Aini et al., 2016). The injection of RUNX1 mRNA into
mouse OA knee joints significantly suppressed the progression of OA compared to the non-
treated control. The use of synthetic mMRNA abrogates the risk of integration to the host
genome (Steinle et al., 2017). 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 cytoplasm. Additionally, chemical modification of
desired mMRNAs has elevated stability and significantly reduced immunogenicity (Steinle et
al., 2017).

In this part of the thesis, for the first time, we analyzed the potential of the exogenous delivery
of synthetic mMRNA encoding Link N peptide in human primary chondrocytes and bone
marrow derived mesenchymal stromal cells (SCP1 cells). Therefore, synthetic mRNA
encoding Link N was generated and moderate cell transfection efficiency (close to 75%) and
low cell toxicity was resulted upon Link N mRNA delivery into both cell types. Moreover,
Link N mRNA delivery augmented anabolic response in human primary chondrocytes as well
as in SCP1 cells thereby promoting matrix synthesis related gene expression in 2D cell culture
and in 3D culture after seeding of cells on knitted titanium scaffolds (Tendulkar et al., 2016).
Thus, the delivery of synthetic Link N mRNA into chondrocytes and MSCs presents a new
therapeutic strategy to augment anabolic response of cells for improving the cartilage and/or
IVDs.

While considering scaffold free approach in musculoskeletal therapy, it may be necessary to
use scaffold since it can serve as a load bearing structure to support biomechanical forces and
thus provide stable microenvironment for tissue regeneration (Richardson et al., 2007; Lewis,
2012b). Thus, we suppose that, the delivery of synthetic Link N mRNA presents a new
therapeutic strategy to ameliorate musculoskeletal disorders.
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Abstract: Musculoskeletal disorders, such as osteoarthritis and intervertebral disc degeneration are
one of the causes of morbidity, which concomitantly burdens the health and social care systems
worldwide with massive costs. Link N peptide has recently been described as a novel anabolic
stimulator for intervertebral disc repair. Thus, in this study we analyzed by delivery of synthetic
Link N encoding mRNA into primary human chondrocytes and mesenchymal stromal cells (SCP1
cells), the influence on anabolic response. Furthermore, both cell types were seeded on the knitted
titanium scaffolds and the influence of Link N peptide mRNA for possible tissue engineering
applications was investigated. Synthetic modified Link N mRNA was efficiently delivered into
both cell types and, the transfection of cells resulted in an enhanced expression of aggrecan, Sox 9
and type II collagen with a decreased expression of type X collagen. Thus, the exogenous delivery
of Link N peptide mRNA into the cells augmented an anabolic response thereby increase in
extracellular matrix synthesis. Considering these findings, we suppose that, the cultivation of cells
on knitted titanium scaffold and the exogenous delivery of Link N peptide mRNA into the cells
could mechanically support the stability of tissue engineered constructs and improve the synthesis
of extracellular matrix by seeded cells. This method can provide a potent strategy for articular
cartilage and intervertebral disc regeneration.

Keywords: Synthetic mRNA, Link N peptide, mRNA delivery, musculoskeletal disorders

1. Introduction

Osteoarthritis (OA) and Intervertebral disc (IVD) degeneration are primarily caused by an
imbalance between the synthesis and degradation of extracellular matrix (ECM) [1]. They belong to
musculoskeletal disorders with world’s largest socioeconomic impact, which are certainly
accompanied by join pain and low-back pain (LBP) [2], and consequently affect the quality of life [3].
Musculoskeletal debility, especially LBP is the most common health problem seen in elderly
population worldwide with a global prevalence of 65 % [4], contributing highest to the physical
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disability [5]. Therefore, non-pharmacological or pharmacological and non-invasive or invasive
therapies [6] have been widely used to reduce the degree of pain. Despite progress, the treatment of
OA and IVD degeneration remains a challenge [6], due to lack of structural and biomechanical
restoration [7-9]. Thus, alternative treatments are required to restore the functionality of the
damaged tissue. Although, there are substantial differences regarding the anatomy and embryonic
origin between the human IVDs and articular joints, there are great similarities in terms of
matrix-degrading factors and the response to mechanical loading in both types of joints [10].

In recent years, gene therapy has been widely explored in tissue engineering to produce specific
growth factors, transcription factors, or molecules with therapeutic effects [9,11] to stimulate or
induce regenerative responses in the tissue. Although viral and plasmid mediated gene delivery has
demonstrated the ability to effectively produce desired proteins, it also has several disadvantages,
such as high risk of insertional mutagenesis leading to tumerogenicity due to genome integration,
high immunogenicity, inefficient transduction in non-dividing cells, high levels of pre-existing
immunity, and other potential serious complications [12,13]. Therefore, in recent years, the synthetic
messenger RNA (mRNA)-based protein expression in cells is gaining much attention. The use of
synthetic mRNA abrogates the risk of integration to the host genome [13]. The translational efficacy
of synthetic mRNA has also improved compared to plasmids, since it bypasses the need for nuclear
trafficking and it is immediately translated upon entering the cytoplasm. Additionally, chemical
modification of desired mRNAs has elevated stability and signiticantly reduced immunogenicity
[13]. In a previous study, Aini ef al. demonstrated the delivery of mRNA encoding the cartilage
anabolic transcription factor runt-related transcription factor 1 (RUNX1) as a promising
osteoarthritis treatment option [14]. The injection of RUNX1 mRNA into mouse OA knee joints
significantly suppressed the progression of OA compared to the non-treated control. Moreover, it
showed augmented expression of cartilage-anabolic markers and proliferation in articular
chondrocytes, initiating a transcriptional cascade for therapeutic effects within chondrocytes.

Link protein is a membrane bound and constitutively expressed glycoprotein that stabilizes the
interaction between aggrecan and hyaluronan [15] in extracellular matrices including in IVD matrix.
The N terminal proteolytic cleavage of Link protein leads to the generation of Link N peptide, which
is a 16 amino acid long peptide [15]. In previous studies, Link N peptide has been identified as a
promising growth factor that stimulates the ECM synthesis in IVDs [16-19]. Link N peptide appears
to have an effect on IVD metabolism, which stimulates the proteoglycan synthesis [18]. Furthermore,
Antoniou et al. and Mwale et al. demonstrated that, Link N has suitable properties to drive
chondrogenesis and therefore it serves as a potential growth factor during the IVD healing
[17,20-22].

Thus, in this study, we examined the influence of exogenous delivery of synthetic mRNA
encoding Link N peptide on anabolic response in human primary chondrocytes and bone marrow
derived mesenchymal stromal cells (SCP1 cells). Therefore, synthetic mRNA encoding Link N was
generated and the transfection efficiency was analyzed in both cell types. Functional Link N mRNA
delivery augmented anabolic response in primary human chondrocytes and SCP1 cells thereby
promoting extracellular matrix related gene expression in 2D cell culture as well as in 3D culture
after seeding of cells on knitted titanium scaffolds [23]. Thus, the delivery of synthetic Link N mRNA
into chondrocytes and MSCs presents a new therapeutic strategy to augment anabolic response of
cells for improving the regeneration of cartilage and/or IVDs.

2. Results
Generation of synthetic modified Link N mRNA
To generate the Link N mRNA, PCR was performed with the template pEX-A128 vector containing

Link N encoding sequence to amplify and add a poly T-tail to the Link N encoding sequence.
Thereafter, DNA was in vitro transcribed into mRNA and the purity of the obtained mRNA was
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demonstrated using 1 % agarose gel electrophoresis. The purified Link N mRNA showed the
expected length of 351 nucleotides (Figure 1).

() (b)

Restricriun Sites
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& LinkN 10000

¢$ n —pEX-Rev
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& 2000
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Figure 1: Synthesis of modified Link N mRNA. (a) Plasmid insert encoding Link N peptide was
amplified using PCR and a poly T tail was added. DNA product was then in vitro transcribed into
mRNA. (b) The generated mRNA product was purified and the specific length and purity were
confirmed by 1 % agarose gel electrophoresis. Right Lane: Link N mRNA (351 nucleotides) after the
purification, Left Lane: 0.5-10 kB RNA ladder.

Analysis of transfectability of human primary chondrocytes and SCP1 cells with synthetic mRNA

To confirm the transfectability of human primary chondrocytes as well as SCP1 cells with synthetic
mRNA, first, in vitro transcribed (IVT) mRNA encoding eGFP was used. Transfection efficiency was
analyzed using flow cytometry (Figure 2a, b) and the production of eGFP was confirmed using
epifluorescence microscope (Figure 2¢, d). Flow cytometry revealed that 24 h after the eGFP mRNA
transfection, 59.65 + 2.07 % of SCP1 cells and 67.72 + 4.33 % of primary chondrocytes expressed
eGFP. The successful mRNA transfection was easily investigated in human primary chondrocytes as
well as in SCP1 cells using eGFP mRNA. Compared to the control (untransfected cells and cells
treated with Lipofectamine 2000), the transfection of 100,000 cells with 1 ug mRNA complexed with
Lipofectamine 2000 was sufficient to induce a significant increase in the protein expression.
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Figure 2: Analysis of transfection efficiency using eGFP mRNA in SCP1 cells and human primary
chondrocytes. Flow cytometry analyses of (a) SCP1 cells and (b) human primary chondrocytes, 24 h
post transfection with 1 ug eGFP mRNA using Lipofectamine 2000. Untransfected cells and cells
treated with Lipofectamine 2000 were used as controls. Representative fluorescence microscopic
images of eGFP mRNA transfected (c) SCP1 cells (i- Untransfected control cells, ii- eGFP mRNA
transfected cells) and (d) human primary chondrocytes (i- Untransfected control cells, ii- eGFP
mRNA transfected cells). Scale bar =100 um.

Similarly, the Link N mRNA transfection efficiency was analyzed in SCP1 cells and human primary
chondrocytes using flow cytometry (Figure 3a, b) and fluorescence microscopy (Figure 3¢, d).
Therefore, 1 ug Cy3-labelled Link N mRNA was used to generate the transfection complexes and
Cy3 labelled Link N mRNA was successfully delivered into 71.08 + 5.39 % SCP1 cells and 78.89 + 4.22
% of primary chondrocytes.

The exogenous delivery of Link N mRNA does not affect the cell viability

To verify that Link N mRNA delivery into the cells is not detrimental, the cell viability was assessed.
Human primary chondrocytes and SCP1 cells were transfected with 1 ug of Link N mRNA and 24 h
post-transfection, the double staining using Acridine Orange and DAPI allowed the determination
of the percentage of viable cells. For both cell types, a cell viability of > 96 % was detected (Figure 3e,
f) and the cell viability was not significantly different from in the control cells.
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Figure 3: Analysis of Link N mRNA transfection efficiency in SCP1 cells and primary
chondrocytes and the influence of Link N mRNA transfection on cell viability. (a) SCP1 cells and
(b) human primary chondrocytes were analyzed 24 h post-transfection with 1 ug Cy3 labelled Link N
mRNA using flow cytometry. Untransfected cells and cells treated with Lipofectamine 2000 were
used as controls. Representative fluorescence microscopic images of Link N mRNA transfected (c)
SCP1 cells (i- Untransfected control cells, ii- Cy3 labelled Link N mRNA transfected cells) and (d)
human primary chondrocytes (i- Untransfected control cells, ii- Cy3 labelled Link N mRNA
transfected cells). Scale bar =400 um. In vitro, the transfection of (e) SCP1 cells as well as (f) human
primary chondrocytes with 1 pg unlabeled Link N mRNA had no adverse effect on the cell viability.
Using NucleoCounter (NC-200), cell viability was assessed 24 h post-transfection. The Acridine
Orange and DAPI double staining allowed the detection of the percentage of viable cells.
Untransfected cells and cells transfected only with the transfection reagent (TR) Lipofectamine 2000
were used as controls. Data are represented as mean + SEM (N=3) and were compared using one-way
ANOVA with Bonferroni’s multiple comparison test. ns: not significant.
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Link N mRNA transfection augments anabolic effects in human primary chondrocytes

The influence of delivered Link N mRNA on the chondrocyte anabolic markers was investigated by
performing RT-PCR 24 h post-transfection of human primary chondrocytes with 1 pg Link N
mRNA. Compared to untransfected cells and cells transfected with 1 ug eGFP mRNA, the
transfection of cells with 1 pg Link N mRNA resulted in a significant increase in chondrocyte
specific markers, Aggrecan (ACAN), Sox 9, and Col II (Figure 4a). The expression of Sox 9 (***p <
0.001), a master transcription factor for the specification and maintenance of cartilage, and ACAN
(***p<0.001), which is an ECM specific marker for cartilage, was significantly increased up to 1.6 and
3.4-fold respectively, upon Link N mRNA transfection compared with the untransfected cells or cells
transfected with eGFP mRNA. Similarly, the gene expression of type II collagen (*p < 0.05), whichis a
major cartilage ECM protein, was also increased by 1.4-fold in the Link N mRNA transfected group.
On contrary, gene expression of type X collagen (**p < 0.01), a hypertrophic marker, was significantly
downregulated to 0.6-fold in Link N mRNA transfected group compared with the untransfected
cells or cells transfected with eGFP mRNA.
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Figure 4: Influence of Link N mRNA delivery into primary chondrocytes on aggrecan (ACAN),
Sox 9, type II and type X collagen gene expression and production of collagen and proteoglycan
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matrix. 1 x 10° primary human chondrocytes were transfected with 1 ug Link N mRNA and the
influence on the expression of chondrocyte anabolic markers was investigated. a) Changes in ACAN,
Sox 9, type II collagen COL2AT1 (Col II) and type X collagen COL10A1 (Col x) gene expression were
examined 24 h after Link N mRNA transfection, using RT-PCR. Untransfected and eGFP mRNA
transfected cells were used as controls. GAPDH was used as an internal control and served to
normalize the expression. Densitometric analyses are represented as mean + SEM (N23) and were
compared using one-way ANOVA with Bonferroni’s multiple comparison test (**P < 0.001, **P <
0.01, *P < 0.05). b) The expression of collagen and proteoglycan matrix proteins was examined in
non-transfected (i, ii) and Link N mRNA transfected (ii, iv) human primary chondrocytes using
safranin O and alcian blue-staining 7 days post-transfection. In comparison with the control, the Link
N mRNA transfected cells showed the presence of intensely stained matrix. Scale bar =100 pm.

Furthermore, the accumulation of chondrocyte specific ECM upon Link N mRNA delivery was
examined 7 days post-transfection. Alcian blue and safranin-O staining was used to investigate the
expression of proteoglycans and collagen respectively. Safranin O staining showed an intense red
color in Link N mRNA transfected cells compared to the cells treated with Lipofectamine 2000
and/or eGFP mRNA. The formation of GAGs was confirmed using alcian blue dye, which resulted in
an intense blue color in Link N mRNA transfected cells compared to untransfected control cells
(Figure 4b) and also with eGFP mRNA. Thus, these results confirmed a positive effect of Link N
mRNA transfection on ECM metabolism of chondrocytes and showed accordance with the results of
gene expression analyses.

Link N mRNA transfection upholds the expression of ECM-related genes in SCP1 cells

To investigate the response of MSCs to the synthetic Link N mRNA treatment, SCP1 cells were
transfected with 1 pg Link N mRNA and RT-PCR was performed 24 h post transfection. A
significantly higher expression of chondrocyte specific marker Sox 9 (*p < 0.05), ACAN (*p < 0.05)
and collagen II (**p < 0.001) was observed in Link N mRNA transfected cells compared to
untransfected cells or cells transfected with eGFP mRNA (Figure 5).
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Figure 5: Influence of Link N mRNA delivery into SCP1 cells on aggrecan (ACAN), Sox 9, type II
and type X collagen gene expression. 1 x 10° SCP1 cells were transfected with 1 pug Link N mRNA
and the influence on the expression of chondrocyte specific markers was investigated. Changes in
ACAN, Sox 9, type II collagen COL2A1 (col II) and type X collagen COL10A1 (col x) gene expression
were examined 24 h after Link N mRNA transfection, using RT-PCR. Untransfected and eGFP
mRNA transfected cells were used as controls. GAPDH was used as an internal control and served to
normalize the expression. Densitometric analyses are represented as mean + SEM (N=3) and were
compared using one-way ANOVA with Bonferroni’s multiple comparison test (**P < 0.001, **P<
0.01, *P < 0.05).

Although, synthetic Link N mRNA delivery in SCP1 cells increased Sox 9 expression to 1.3-fold, a
stronger effect was seen on collagen II and aggrecan with 2.2 -fold change increase for both
compared to untransfected cells or cells transfected with eGFP mRNA. Additionally, the col X (*p <
0.05) gene expression was significantly downregulated to 0.6-fold upon Link N mRNA transfection.
Overall, synthetic Link N mRNA delivery into SCP1 cells upholds the expression of ECM related
genes.

Transfectability of cells seeded on knitted titanium scaffold with eGFP mRNA

Biocompatibility is a fundamental prerequisite for any biomaterial to be used in tissue engineering.
Thus, a knitted titanium scaffold, which showed in our previous studies a high biocompatibility,
was used as an example for the 3D cultivation of cells for a potential application in IVD treatment
[24]. SCP1 cells and primary human chondrocytes were seeded on these biocompatible knitted
titanium scaffolds and the transfectability of these cells was analyzed by using lipoplexes containing
Lipofectamine 2000 and 1 ug eGFP mRNA. Figure 6a illustrates the overexpression of eGFP in cells
(either SCP1 cells or human primary chondrocytes) seeded on the knitted titanium scaffold 24 h
post-transfection. The successful eGFP mRNA transfection of SCP1 cells as well as human primary
chondrocytes was demonstrated by detection of eGFP protein expression using fluorescence
microscopy (Figure 6b).
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Figure 6: eGFP mRNA transfection of cells seeded on knitted titanium scaffolds. (a) Illustration of
cell seeding on the knitted titanium scaffolds and the following eGFP mRNA transfection. (b)
Positive eGFP expression of SCP1 cells and human primary chondrocytes adhered to knitted
titanium scaffold confirmed the successful mRNA transfection. Scale bar = 100 um.

Link N mRNA transfection of cells seeded on knitted titanium scaffold triggers the expression of chondrocyte
specific and ECM related genes.

Transfection with 1 pg Link N mRNA was performed on SCP1 cells and human primary
chondrocytes seeded on knitted titanium scaffolds. Functional potency was evaluated by analyzing
the expression of aggrecan, Sox 9, and type II and type X collagen using RT-PCR 24 h post Link N
mRNA transfection. 2 -fold change increase in Sox 9 (**p < 0.01), 1.7-fold increase in ACAN (*p <
0.01), and 1.2-fold increase in collagen II (*p < 0.05) gene expression was detected, which confirmed
that Link N mRNA transfection can augment the anabolic effect in chondrocytes in 3D culture
(Figure 7a). Moreover, collagen X (**p < 0.001) gene expression was significantly downregulated
0.3-fold.

In SCP1 cells seeded on scaffolds, chondrocyte specific genes Sox 9 (*p < 0.05) and ACAN (**p <0.01)
were also significantly upregulated to 1.6-fold and 1.8-fold respectively, 24 h post transfection
(Figure 7b), compared to untransfected cells or cells transfected with eGFP mRNA. The expression of
collagen II tended to be upregulated and collagen X was downregulated after the Link N mRNA
transfection, but these differences were not significant.

» (@ Sox 9 ACAN Col 11 Col X
2
[ 30 . 30 30 30
o as
<] 525 § 25 §as §as
'g g 20 % 20 f20] FH——mm g20{ F——
& H i
O |31s 156 Ts 315
e 20 o 240 20
E 5 k] s
I ELE 2 05 & 0s 205
E 00 00 0.0: 00
- & \g \d & \d \d
- & & & S & & & & & & F
a o 2 = Q «
=~ 4 - & # & o & o

| SCP1 cells |
Relative expression
e e 2 2 om N ow
o o 5 ;o @ oo
Relative expression
o o s oM o
S &8s w8 h &
{'
Relative expression
- he <
I
—
—
=}
Relative expression
o - ~ w
o
E —

e
"ty
"‘V
%

K
K>
o,

o

",

& s
& A &
& : & & & &

&
5,
K
,
1/
3

Figure 7: Effect of Link N mRNA transfection on cells seeded on knitted titanium scaffold-
changes in aggrecan (ACAN), Sox 9, type II and type X collagen gene expression. 1 x 10° primary
human chondrocytes or SCP1 cells were transfected with 1 pg Link N mRNA and the influence on
ECM related genes and chondrocyte anabolic markers were investigated. Changes in ACAN, Sox 9,
type II collagen COL2A1 (col II) and type X collagen COL10A1 (col x) gene expression were
examined 24 h after Link N mRNA transfection in (a) human primary chondrocytes and (b) SCP1
cells seeded on knitted titanium scaffolds using RT-PCR. Untransfected and eGFP mRNA transfected
cells were used as controls. GAPDH was used as an internal control and served to normalize the
expression. Densitometric analyses are represented as mean + SEM (N=3) and were compared using
one way ANOVA with Bonferroni’s multiple comparison test (**P < 0.001, **P < 0.01, *P < 0.05).
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3. Discussion

In recent years, viral vectors and plasmid based gene therapy has drawn much attention as an
alternative to the administration of growth factors or peptides. However, the major problem is still
the safety concerns [25,26], thus the clinical application remains challenging [27]. In contrast,
mRNA-based strategies have been shown to be a safer alternative to produce a protein of interest
inside the cells without the integration into the host genome compared to viral and plasmid-based
delivery methods [13,28,29]. In addition, the stability of synthetic mRNA as well as immune
activation potential can be effectively reduced by chemical modifications [30]. In the present study, a
functional synthetic mRNA encoding Link N was successfully generated to stimulate the ECM
production. Using a cationic lipid, the chemically modified mRNA encoding Link N was efficiently
delivered into chondrocytes and SCP1 cells without any adverse effect on the cell viability. As a
result, the Link N mRNA transfection enhanced the expression of cartilage specific ECM
components ACAN and Col II in human primary chondrocytes as well as in SCP1 cells and
furthermore reduced the Col X synthesis. Thus, we assume that the transient genome integration
free overexpression of Link N in chondrocytes and MSCs using synthetic mRNA may improve the
joint repair.

While there is great similarities between the expression profile of collagen and aggrecan in
articular cartilage and IVDs, their ratios are different respectively [31]. Moreover, there is a
substantial difference regarding their distinct morphology and/or extracellular matrix expression
profile between the articular cartilage from joints and IVD tissue [32]. The progressive loss of ECM
components, Col Il and ACAN, primarily due to the increase in catabolic pathophysiological events
is the hallmark of articular cartilage and IVD degeneration [31,33]. Nonetheless, remarkable
upregulation of collagen type X has also been reported to occur in articular cartilage and IVDs
during osteoarthritis and low back pain respectively [34]. It ultimately leads to cartilage or IVD
destruction and loss of function, therefore, the repair or replacement of these tissues is required.
From the vast knowledge of cartilage anabolic factors, one of the anabolic agents e.g. RUNX1 are able
to induce cartilage regeneration [14]. Although various strategies have been initiated to attempt
cartilage repair [35], their clinical therapeutic efficacy remains major challenge in chronic joint
diseases. Recently, the N terminal peptide of Link protein (Link N: DHLSDNYTLDHDRAIH)
generated due to proteolytic cleavage has been identified as a potential growth factor that plays a
pivotal role in stimulating anabolic effect during IVD repair [16]. Additionally, it has been
demonstrated that Link N synthetic peptide treatment restores the proteoglycan content, which is a
prerequisite for IVD repair [20]. Moreover, the injection of synthetic Link N into discs of a rabbit
model of IVD degeneration resulted in partial restoration of disc height [22]. However, challenges
associated with peptide drugs, such as interplay between the pharmacokinetics upon
administration, immunogenicity and formulation conditions and in addition, the rapid clearance
from the body and conformational flexibility limits their clinical use [36,37]. Moreover, concentration
of peptide drugs and their local activity is often not sufficient to support the later stages of tissue
repair due to low bioavailability. On contrary, nucleic acid therapy provides the steady release of the
desired protein from cells [13].

In this study, for the first time, we analyzed the potential of the exogenous delivery of synthetic
Link N mRNA to restore ECM content as a potential musculoskeletal therapeutic application. The
influence of the synthetic Link N mRNA on the gene expression of chondrocyte specific markers was
analyzed. The Link N mRNA delivery was accompanied by enhanced expression of Sox 9 and its
transcriptional target type II collagen. Furthermore, in addition to the upregulation of aggrecan and
collagen II gene expression, the alcian blue and safranin O staining confirmed the increased
production of collagen and proteoglycans. Although primary chondrocytes were used in our
experiments, these findings were in accordance with the previous study by Mwale et al. [20], which
demonstrated that Link N has the potential to be used in repairing degenerated IVD. Additionally,
discernible downregulation of the hypertrophic chondrocyte marker collagen X in Link N mRNA
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transfected cells was also observed compared to untreated cells. Sox 9 as a cartilage anabolic
transcription factor could suppress cooperatively with Link N the hypertrophy.

The present study also investigated the synergy between the MSCs and Link N mRNA delivery
regarding the stimulation of ECM synthesis. Link N mRNA delivery in SCP1 cells upregulated
chondrocyte specific marker expression as seen 24 h after the transfection. Previously, Antoniou ef al
showed that Link N alone cannot drive the chondrogenesis in MSCs, but it can boost the ongoing
process [21]. Besides the potential to enhance the chondrogenic differentiation of MSCs, the negative
impact of Link N on osteogenesis and hypertrophy was also demonstrated in previous studies
[20,21], although the exact molecular mechanism of Link N is still not yet clear. Thus, we speculate
that the exogenous delivery of Link N mRNA and the presence of unique ECM milieu containing
growth factors at the defect site could strengthen the formation of either a disc-like or a cartilage-like
matrix,

Due to lack of self-healing capability, cartilage and IVD injuries do not completely heal [38].
Most of the current cartilage and IVD treatments fail to fully restore the damaged tissue [38-41].
Thus, there is a huge need for alternative treatment strategies that can activate the repair and healing
process upon and provide mechanical stability. Consequently, in this study, we analyzed a
combined approach of synthetic Link N mRNA delivery together with knitted titanium scaffold as a
promising strategy to improve and support the reparative processes for the treatment of joint
tissues. Previously, our group demonstrated that knitted titanium scaffold, which was aimed for
IVD nucleus pulposus replacement, supports cell attachment, growth of human primary
chondrocytes as well as SCP1 cells in vitro [24]. Importantly, the 3D architecture of the porous
knitted titanium scaffold is expected to play a role in maintaining space, which is necessary for tissue
integration upon implantation in vivo. In this study, SCP1 cells and human primary chondrocytes
seeded on titanium scaffolds were successfully transfected with the synthetic mRNA, which was
demonstrated by using eGFP mRNA and the subsequent eGFP production in the cells. The
consequence of combined use of knitted titanium and Link N mRNA was validated by analyzing the
gene expression of chondrocyte specific markers in chondrocytes and SCP1 cells seeded on knitted
titanium scaffold. The Link N mRNA transfection of cells seeded on knitted titanium scaffolds
resulted in significant upregulation of chondrocyte specific genes, confirming the bioactivity of
generated Link N mRNA. Cellular behavior in response to exogenous Link N mRNA delivery on
titanium scaffold revealed unraveled that, the expression levels of chondrocyte specific genes in 2D
and 3D environment were almost alike. However, the 3D structure of the knitted titanium scaffold
can further improve the migration, spreading and proliferation of cells and thus influence the cell
differentiation, organization and function [42]. Pore size and the porosity also further positively
affect the cellular infiltration and diffusion rate of nutrients. Thus, the increased Link N production
in combination with knitted titanium scaffolds can result in improved long term healing response
and the integrity of the scaffold in vive and thereby reduce aseptic loosening events. To advance this
approach to clinical translation, the regeneration potential should be analyzed in animal models
upon the delivery of Link N mRNA either unaided or together with scaffold.

4, Materials and Methods

Ethics Statement

All studies involving human participants were performed in accordance with the 1964 Helsinki
declaration and its later revisions. Primary human chondrocytes were isolated from femoral condyle
tissue explants of the patients that received total joint replacement. Tissue was harvested only after
medical consulation and patient consent. Corresponding ethical vote (338/2015BO2) was approved
by Ethik-Kommission an der Medizinischen Fakultit der Eberhard-Karls-Universitit und am
Universitatsklinikum Ttibingen.

Generation of modified synthetic mRNA
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Link N and enhanced green fluorescent protein (eGFP) mRNAs were generated as previously
reported [43]. Briefly, pcDNA 3.3 plasmid (Aldevron, Fargo, North Dakota, USA) insert encoding
eGFP and pEX-K4 plasmid insert encoding Link N (Eurofins Genomics GmbH, Ebersberg,
Germany) were amplified using the HotStar HiFidelity Polymerase Kit (Qiagen, Hilden, Germany)
according to manufacturer’s instructions. Therefore, forward
(TTGGACCCTCGTACAGAAGCTAATACG) and reverse (Tr20
CTTCCTACTCAGGCTTTATTCAAAGACCA) primer (Ella Biotech, Martinsried, Germany) were
used to amplify the insert. PCR product was then purified using QIAquick PCR Purification Kit
(Qiagen, Hilden, Germany) followed by elution in 2 x 10 ul nuclease-free water (Qiagen, Hilden,
Germany) and processed for qualitative analysis. Subsequently, in vitro transcription (IVT) was
performed to generate mRNA from the DNA product. IVT was conducted using MEGAscript T7 Kit
(Ambion, Glasgow, Scotland) and the generated mRNA was modified using 2.5 mM
3-0-Me-m7G(5")ppp(5)G RNA Cap Structure Analog (New England Biolabs, Frankfurt am Main,
Germany). Furthermore, 7.5 mM ATP, 1.875 mM GTP (both from MEGAscript T7 Kit), 7.5 mM
5-methylcytidine (5mCTP), 7.5 mM pseudouridine (W) (both from TriLink BioTechnologies, San
Diego, CA, USA), and 40 U RiboLock RNase inhibitor (Thermo Scientific, Waltham, MA, USA) were
added into the reaction tube. Finally, the product was purified with the RNeasy Kit (Qiagen, Hilden,
Germany) and eluted in 2 x 15 ul nuclease-free water. Subsequently, dephosphorylation was
performed using the Antarctic Phosphatase Kit (New England Biolabs, Frankfurt am Main,
Germany) to remove 5'-triphosphates and the synthetic mRNA was purified again using the RNeasy
Kit in 2 x 40 ul nuclease-free water. The quality of the obtained mRNA was analyzed using 1 %
agarose gel electrophoresis and the concentration of the mRNA was measured using a
spectrophotometer.

Cy3 labelling of Link N mRNA

During the IVT of synthetic Link N mRNA, 1.9 mM 5-azido-C3-UTP (Jena Bioscience, Jena,
Germany) and 5.6 mM W were used instead of 7.5 mM W and the product was purified using
RNeasy MinElute Cleanup Kit. To perform Cu(l)-free azide-(dibenzocyclooctyne [DBCO]) click
reaction, 5-fold molar excess of DBCO-sulfo-Cy3 (Jena Bioscience, Jena, Germany) was used to
conjugate Cy3 to 5-azido-C3-UTP-modified mRNA in a total amount of 40 ul nuclease-free water for
1 h at 37 °C. Then, the reaction mixture was purified using RNeasy MiniElute Cleanup Kit and the
mRNA concentration was determined using a photometer. The mRNA was stored at -80 °C.

Analysis of transfection efficiency using Cy3 labelled Link N mRNA

SCP1 cells and primary chondrocytes were transfected with Cy3 labelled synthetic Link N
mRNA. After 24 h, cells were washed with DPBS (w/o Ca*/Mg?*) and the uptake of Cy3 labelled
Link N mRNA was analyzed by using an epifluorescence microscope (Life technologies, Darmstadlt,
Germany). Furthermore, cells were trypsinized (Trypsin-EDTA; 0.05 % / 0.02 %, Merck, Darmstadt,
Germany), centrifuged and resuspended to attain a cell suspension and 20,000 cells were analyzed
by FACScan flow cytometer (Sysmex, Norderstedt, Germany). Cells expressing Cy3 were detected
using the FL2 channel and fluorescence was measured (Ex/Em=554/568 nm). FACS data were
displayed in dot plots and respective histograms. For the evaluation, a marker M1 was set, which
contained maximum of approximately < 1.5 % of control cells (cells treated with transfection
medium without mRNA). FCS5 express flow cytometer software (De novo software, US) was used
to determine the percentage of Cy3 positive cells and thereby the transfection efficiency.

Analysis of cell viability
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SCP1 cells and primary chondrocytes were transfected with synthetic Link N mRNA (1 pg/1 x 10°
cells). After 24 h, the cells were detached, loaded into a Vial-Cassete™, which is coated with
Acridine Orange and DAPI (ChemoMetec, Kaiserslautern, Germany). Using the NucleoCounter®
NC-200™, the cell count and viability were determined. All cells stained with Acridine Orange
appeared green and non-viable cells stained with DAPI appeared blue. The cell viability was
calculated by the NucleoCounter software.

Cultivation of cells

Human immortalized bone marrow derived mesenchymal stromal cell line (SCP1 cells) [44]

was a kind gift from Prof. Dr. Matthias Schieker. Cell were expanded in culture medium (a-MEM
(minimal essential medium; GIBCO, Darmstadt, Germany)), 10 % FCS (GIBCO, Darmstadt,
Germany) and 1 % penicillin/streptomycin (Merck, Darmstadt, Germany) 10,000 units/ml penicillin
and 10 mg/ml streptomycin) in a cell incubator at 37 °C and 5 % CO2 [45].
The isolation of primary human chondrocytes was performed as previously described [24]. Briefly,
chondrocytes were isolated from donated femoral condyle tissues (N = 23; mean age, 74 years) (BG
Klinik, Tiibingen) by collagenase (1500 U/ml, GIBCO, Darmstadt, Germany) digestion and expanded
in culture medium (DMEM/Ham’s F12 (1:1), 10 % FCS, 1 % penicillin/streptomycin, 50 uM
L-ascorbate-2-phosphate (Merck, Darmstadt, Germany) at 37 °C and 5 % COz. Passage number 2 was
used further for all the experiments.

Transfection of cells with modified synthetic Link N mRNA in 2D cell culture

SCP1 cells and human primary chondrocytes were seeded onto 12-well plate (Corning Costar,
Merck, Darmstadt, Germany) with a density of 1 x 10° cells per well and incubated in a cell incubator
(Heraeus 6000 Thermo Fischer Scientific, Langenselbold, Germany) overnight at 37 °C and 5 % COa.
Next day, cells reached a confluency of around 80- 90 % and the mRNA transfection was performed.
Briefly, 1 ug of synthetic mRNA encoding Link N or eGFP was co-incubated with 2 ul Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) in 500 pl Opti-MEM I (Invitrogen, Carlsbad, CA, USA) for 20
min at room temperature, allowing the formation of lipoplexes. After the incubation time, cell
culture medium was aspirated and cells were washed with 1 ml DPBS (w/o Ca%/Mg?, Merck,
Darmstadt, Germany) and then, transfection complexes were added to the cells and incubated
initially for 4 h at 37 °C and 5 % CO.. Subsequently, the transfection solution was replaced with 1 ml
of fresh cell culture medium.

Semi-quantitative reverse-transcription polymerase chain reaction (RT-PCR)

To extract the total RNA, TriFAST reagent (Peqlab, Erlangen, Germany) was used according
manufacturer’s instructions. RNA concentration was measured using spectrophotometer (Omega
plate reader, BMG Labtech, Offenburg, Germany)and 1 ug of total RNA was reverse transcribed to
generate the complementary DNA (cDNA) with the First Strand cDNA Synthesis Kit (Fermentas, St.
Leon-Rot, Germany). RT-PCRs were performed using Biozym Ready Mix (Biozym, Hessisch
Oldendorf, Germany). Primer sequences and PCR conditions are summarized in Table 1 whereas;
GAPDH was used as an internal control for normalization. PCR products were separated by gel
electrophoresis and visualized by ethidium bromide, where, pUC19/Mspl marker (Carl Roth,
Karlsruhe, Germany) was used as size reference. Densitometric analysis was performed to quantify
signal intensities using the Image] software (NIH, Bethesda, USA).

Table 1. List of used primers, product lengths, annealing temperatures.
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Gene Accession Forward primer Reverse primer Product Tm
number (5'-3") (3’-5) length (°O)
(bp)
GAPDH NM_002046.4 | GTCAGTGGTGGACCTGAC | AGGGGTCTACATGGCAA 420 56
CT CTG
SOX-9 NM_000346.3 | GAAGGACCACCCGGATT | GCCTTGAAGATGGCGTTG 120 60
(SOX9) ACA G
Aggrecan | NM_001135.3 | CTTGGACTTGGGCAAACT | CACTAAAGTCAGGCAGG 143 60
(ACAN) GC CCA
Collagen X | NM_000493.3 | AAACCTGGACAACAGGG | CGACCAGGAGCACCATA 125 60
(COL10AT1) ACC TCC
Collagen I | NM_001844.4 | TGGATGCCACACTCAAGT | GCTGCTCCACCAGTTCTT 254 60
(COL2AI) CcC CT

Histochemical analysis of ECM production

Glycosaminoglycans (GAGs) and collagen are the primary matrix constituents of articular
cartilage and IVDs and confer tensile and compressive integrity to these joints [46]. Thus, to assess
the influence of the exogenous delivery of synthetic Link N mRNA on GAGs and collagen synthesis,
human primary chondrocytes were transfected with (1 pg/1 x 105 cells) Link N mRNA. After 7 days
of cultivation post-transfection, alcian blue and safranin O stainings were performed. Briefly, after
the removal of cell culture medium, cells were fixed in 4 % paraformaldehyde for 15 min and then
washed twice with DPBS. Subsequently, 1 % alcian blue (in 3 % acetic acid) or 0.1 % safranin O (in
distilled water) stain (Carl Roth, Karlsruhe, Germany) were added and incubated at room
temperature for 30 min. Afterwards, dye solution was removed and cells were washed with distilled
water. The stained cells were imaged using EVOSa microscope (Life technologies, Darmstadt,
Germany).

Preparation of knitted titanium scaffolds and cell seeding

Knitted titanium scaffolds (Buck GmbH & CO., Bondorf, Germany), which showed in our
previous study [23,24] a high cytocompatibility, were used for the 3D cultivation of chondrocytes
and SCP1 cells. Therefore, 2.0 x 10° cells were seeded per 50 ul cell culture medium per scaffold and
incubated initially for 3 h at 37 °C to allow cell attachment. Afterwards, culture medium was added
and seeded scaffolds were further incubated at 37 °C and 5 % COz. This seeding protocol was
identified as the optimal way to facilitate cell attachment in our previous study [23,24].

Transfection of cells seeded on knitted titanium scaffold

The transfection of cells with synthetic Link N mRNA was performed 24 h after the seeding of
the scaffolds with cells. Therefore, 1 pg of mRNA was co-incubated with 2 ul of Lipofectamine 2000
in 50 ul Opti-MEM for 20 min at room temperature, allowing the formation of lipoplexes. After the
incubation time, cell culture medium was aspirated and cells seeded on the scaffold were washed
with 1 ml DPBS (w/o Ca*/Mg?, Sigma, Munich, Germany). Transfection complexes were then added
and incubated initially for 4 h at 37 °C and 5 % COz. Subsequently, 750 ul of fresh cell culture
medium was added and scaffolds were incubated at 37 °C and 5 % CO2. eGFP mRNA was used as a
positive control to confirm the transfection. Functional potency of synthetic Link N mRNA was
examined by evaluating chondrocyte specific gene expression, 24 h post transfection.
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Statistical analysis

Analysis was performed using GraphPad Prism 5.0 software (El Camino Real, CA, USA) and
PAST.exe (http://folk.uio.no/ohammer/past/index). All experiments were conducted at least thrice,
independently (N>3) and results are represented as mean + standard error of mean (SEM). Statistical
significance was compared using one-way ANOVA with Bonferroni’s multiple comparison test (***p
<0.001, *p <0.01, *p <0.05).

5. Conclusions

In this study, the synthetic modified Link N mRNA was successfully generated and the delivery of
Link N mRNA into chondrocytes and SCP1 cells resulted in an anabolic response augmentation. In
combination with a knitted titanium scaffold, Link N mRNA delivery also led to an increased
expression of chondrocyte specific markers. Therefore, we suppose that the application of Link N
mRNA therapeutics to the field of musculoskeletal tissue engineering either in combination with or
without a scaffold offers a promising forthcoming direction for the repair of articular cartilage and
IVD. The present study provides a first step toward mRNA-based approach to improve
musculoskeletal regeneration.
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CHAPTER 5

3.4 Unpublished results

3.4.1 Cellular responses to knitted titanium wear debris particles

With respect to scaffold biomechanics, one of the most vital factors to be considered is wear
and corrosion resistance. Generation of wear debris is unavoidable problem for any joint
replacements, no matter what materials are being used (Chen and Thouas, 2015). Low wear
resistance and high friction are two likely possibilities that mainly generate micro particles at
the site of implant and consequently cause aseptic implant loosening (Schmiedberg et al.,
1994; Bobyn et al., 1995; Chen and Thouas, 2015). Wear debris particles have been reported
to have role to induce toxicity (Bitar and Parvizi, 2015; Hussein et al., 2015), especially
particle mediated inflammation triggers the granuloma cascade, necrosis and / or fibrosis all
together causing the aseptic loosening and therefore the excessive amount of the wear debris
particles within the host system can cause adverse cellular host reactions. Although the exact
mechanism is not fully understood, accumulation of wear debris tends to activate the immune
system (Schmiedberg et al., 1994; Bobyn et al., 1995; Chen and Thouas, 2015;).

As pain is the primary revision reasons for all the patients undergoing intervertebral disc
replacement surgery, the contributions of wear debris particles and cell responses to the
development of pain was the focus of the next investigation in our study. It was therefore
hypothesized in this study that, biological reactions to wear debris in the spine are unique,
where the production and interplay between key inflammatory mediators may be contributing
to atypical or enhanced pain sensitization. Investigation of the immune responses to titanium
wear debris particles revealed the involvement of inflammatory factors (figure 14) that might
play both a direct and indirect role in inflammatory-mediated pain.
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Figure 14. Human inflammatory cytokine array.
Total blood sample was exposed to wear debris particle and 24 h post treatment, cytokine profile was measured
using human inflammatory cytokine array.
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As a response to knitted titanium wear debris particles, upregulation of proinflammatory
cytokines such as TNFo and IL-1B speculated to play direct and / or indirect role in
inflammatory mediated pain as proposed in figure 15. Nonetheless, significant increased wear
resistance (chapter 3.) upon electro-polishing treatment can ensure prolonged functional

longevity of this scaffold in vivo.
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Figure 15. Proinflammatory marker analysis upon exposure to wear debris particles of knitted titanium.
Total blood sample was exposed to wear debris particles and 24 h post treatment cytokine profile was measured
using human inflammatory cytokine array. Proinflammatory markers: IL-1p IL-6 TNF-o. MIP-1f and
chemoattractants: 1L-8 RANTES were compared to control (a) and lllustrated the probable mechanism of
inflammation due to the wear debris particles (b).

3.4.2 Wear debris particle characterization:
According to the previous studies, osteolysis is not as prevalent in spinal arthroplasty due to it

having a smaller range of motion than hip and knee replacements, which would indicate
smaller wear tracks and fewer debris particles (Schmiedberg et al., 1994; Cunningham, 2004).
The intensity of local inflammation (wear debris prone) depends on several critical debris
characteristics: chemical reactivity, aspect ratio and particle load (size and volume) (Hallab,
2009). Phagocytosable size to induce an inflammatory reaction (< 10 um), with 0.24 - 7.2 um
size range is the most pro-inflammatory (Hallab, 2009; Reeks and Liang, 2015).

To determine whether there is any difference between the unpolished and electro-polished
scaffold based wear debris particles; in terms of particle size, shape, number based
distribution; characterization was performed (figure 16). Biomechanics was done by Buck
GmbH & Co. and generated wear debris during the biomechanical testing was collected.
Collected particles were further analyzed using G3ID microscope. Wear debris particles of
knitted titanium varied from submicron range over 100 um, although the average mean

diameter mainly ranged from 1-10 um. Nonetheless, wear particle analysis of unpolished and
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electro-polished scaffold further showed that there is no significant difference in terms of the
number and size based distribution of particles; however the overall concentration of wear

debris particles were significantly reduced in electro-polished scaffold.
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Figure 16. Wear particle size and shape analysis of knitted titanium scaffold.

The samples were measured on the Morphology G3-1D. The particle size and shape distributions were
compared as number (a) and volume (b) based distributions. Circularity based distribution (c), and percentage
of particles per size bands (d) between the groups were compared.

3.4.3 Hemocompatibility test:
The hemocompatibility of the knitted titanium scaffold will play a critical role for potential

clinical translation and especially for the electro-polished scaffold; therefore, the influence
of electro-polishing treatment on knitted titanium scaffold surface upon contact activation
by whole human blood sample was tested (figure 12). Hemocompatibility testing of porous
knitted titanium scaffolds was carried out according to ISO 10993-4. The model consists of
a modified Chandler-Loop design with closed heparin-coated PVC Loops and a

thermostated water bath.

The tests were performed with anticoagulated human whole blood. Human whole blood
(n=6) exposed to either unpolished or electro-polished scaffold was circulated in a Chandler
loop model for 90 minutes at 37°C. After incubation in the loop, blood was analyzed for
blood cell count, coagulation and inflammatory activation markers (TAT, B-TG, SC5b-9
and PMN-elastase). The new Chandler-Loop model (figure 17) was used as an alternative
to animal and current in vitro models, especially for the determination of early events after

scaffold implantation.
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Figure 17: Experimental set up for knitted titanium scaffold hemocompatibility testing.

Platelet count red and white blood cell count as well as hemolysis was not significantly

different between the unpolished and electro-polished knitted titanium scaffold (figure 18).
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Figure 18: Blood cell counts in human whole blood before and after the knitted titanium scaffold
incubation. Numbers of red blood cells (a), white blood cells (b), and platelets (c) per microliter of blood were
measured. Additionally, hemoglobin (d) values were quantified. One way ANOVA was carried out and data are
shown as mean + SEM of N=6 independent experiments.

82



These early stage reactions after implantation are the result of blood material contact. Since
metallic biomaterials especially titanium have inherent thrombogenic property (Hong et al.,
1999), contact of blood with metallic scaffolds tends to increase the platelet activation and
intrinsic coagulation (represented by TAT complex formation) with subsequent upregulation
of markers such as SP-selectin and p-thromboglobulin (Gemmell, 2001). In order to
distinguish the potency of coagulation activation as a consequence of electro-polishing
treatment on knitted titanium scaffold, we further tested coagulation and inflammatory
activation markers (TAT, B-TG, SC5b-9 and PMN-elastase).
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Figure 19: Hemocompatibility of knitted titanium scaffold incubated in human whole blood. Markers for
the activation of blood coagulation (a;TAT) and the complement system (b;SC5b-9), as well as for neutrophils
(c;PMN elastase) and platelets (d;p-thromboglobulin), were quantified using ELISA and compared to untreated
human whole blood (baseline) or blood without scaffold (control) in a dynamic flow model. One way ANOVA
was carried out and data are shown as mean £ SEM of N=6 independent experiments.

As expected, knitted titanium exposure was found to provoke a very strong response in
coagulation activation measured by TAT generation; as a result of metal hyper-reactivity.
Activation of platelets, represented by B-TG, complement activation (SC5b9) and neutrophil

activation (PMN elastase) values was also found to be higher in the blood samples exposed to
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knitted titanium (figure 19) than control. However electro-polishing treatment did not

significantly affect the activation of analyzed protein markers.

3.4.4 Biological surface modification:
With respect to titanium and titanium alloy based scaffolds, various physical and chemical

surface modifications have shown to improve the cell material interaction thereby obtaining a
suitable biomechanics. In addition to gain the tissue inductive potential, many strategies such
as biochemical methods are studied with the aim to induce the cell responses by immobilized
biomolecules (Yamaguchi et al., 2004; Morra, 2006). Bioactive molecules and extracellular
proteins are frequently used to modify the scaffold surface aiming to facilitate the cell
attachment on the bio-inert surfaces. The extracellular matrix mainly provides a cell survival
environment, and regulates cell morphology, migration, proliferation, maturation and
differentiation (Mao and Li, 2014). Complex and dynamic network of ECM provides physical
cues that certainly direct mechanical properties of tissue. Collagen (Col) is one of the main
components of cartilage / bone extracellular matrix which plays role in modulating the
cellular behavior (Morra, 2006; Mao and Li, 2014). Hyaluronic acid (HA), is a form of
glycosaminoglycan which contributes ubiquitously to form an extracellular matrix of many
tissues. It primly involves in tissue support, lubrication and together with proteoglycans it
modulates the viscoelasticity (Ao et al., 2017). Fibronectin (FN) is one of the widely studied
components of ECM for the scaffold surface modification, as it is thought to play a vital role
in regulating cell adhesion, proliferation and also a differentiation. Moreover FN in tends to
bind rapidly and efficiently to titanium oxide without the use of intervening chemical
coupling agents (Rapuano et al., 2012b). Therefore, the components of ECM especially Col,
HA and FN have been widely used for the creation of novel scaffold and / or for surface

modification of the biomaterial with the utility in tissue engineering.

Scaffold surface properties primarily modulate the cellular behavior at material interface
(Boyan et al., 1996; Schwartz et al., 1996; Puleo and Nanci, 1999; Hutmacher, 2000; Kurella
and Dahotre, 2005). Previously, various studies have explored the biomolecule coating of
titanium to improve the tissue integration and conduction of titanium based scaffold. It has
also been reported that, the biomolecule immobilization on the scaffold certainly stimulate the
cell proliferation while promoting the cell ingrowth of chondrocytes in vitro and reducing the
foreign body response in vivo (Chang and Wang, 2011; Murphy et al., 2013). Moreover, in

this study we investigated the effect of collagen, hyaluronic acid, fibronectin and synergy of
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collagen: hyaluronic acid coating on the electro-polished scaffold on the ability to influence

the cell adhesion, proliferation and cell spreading.

Biological scaffold surface modification demonstrated that, the initial cell adhesion after 24 h
was not stimulated by coating the knitted titanium scaffold either with Col, HA, FN or the
combination of Col:HA using SCP1 cells. In our experimental set up, this effect was observed
only with respect to Col:HA combination (figure 20), although there were no significant
difference between them in later time points. Day 3 onwards, no significant increase in cell
proliferation was observed. On contrary, cell adhesion of primary chondrocytes on the
modified scaffolds was significantly higher compare to control. We also observed that
biomolecule covalently immobilized on knitted scaffold possessed excellent biological

properties and significantly improved cell attachment as well as cell proliferation of primary

chondrocytes.
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Figure 20. Cell adhesion and proliferation on coated knitted titanium scaffolds.

Resazurin conversion — indirect assay for cell adhesion at day 3 (a);(b) and cell proliferation (c);(d) of SCP1 cells and
human primary chondrocytes respectively was carried out. Data represented as mean + SEM; analyzed by Mann
Whitney test. P < 0.05 was considered to be minimum level of significance. * p< 0.05, ** p <0.01, *** p <0.001.
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CHAPTER 6

4  Discussion

Replacement or regeneration / repair of intervertebral disc nucleus pulposus has been
attracting much attention recently as a suitable surgical option for chronic back pain treatment.
Moreover, this approach holds a theoretical prospect of minimal invasive technique which
does not compromise structural mobility or additionally cause post-surgical complications
such as adjacent intervertebral degeneration. Although several biomaterials has been tested
for their biocompatibility, biodegradability and biomechanical properties and moreover the
cytocomptibility, not all the biomaterials are suitable for every application (Hutmacher, 2000;
Raghunath et al., 2007; El-Ayoubi et al., 2011). Therefore, many factors needs to be
considered while selecting an appropriate material for the intervertebral disc nucleus pulposus
(Goins et al., 2005; Lewis, 2012b). With respect to intervertebral disc nucleus pulposus
replacement, ideally, scaffold should be fatigue resistant and biologically compatible; wherein
it should support function of cartilage matrix, and maintain their differentiated function and
its architecture should define the ultimate shape of the new cartilage (Hutmacher, 2000; Stock
and Vacanti, 2001). Moreover, scaffold should adequately fit into the defect site or require
certain properties that offer minimal invasive implantation or injection with appropriate
biocompatibility and biodegradability (Stock and Vacanti, 2001). Additionally, it does not
have the potential to elicit an immunological or clinically detectable primary or secondary

foreign body reactions (Hutmacher, 2000).

Currently considered nucleus pulposus implants made of hydrogels, polymers although have
shown promising results, many issues such as viscoelastic properties, lack of tissue
integration, implant expulsion etc. remain unreciprocated (Di Martino et al., 2005; Goins et
al., 2005; Lewis, 2012b). In order to overcome these demerits, Buck GmbH & Co (Buck and
Kaps, 2014) proposed a porous knitted titanium scaffold as an substitute mechanical scaffold.
In this thesis, we have determined the effectiveness and cytocompatibility of knitted titanium
scaffold mainly by investigating the cell material interactions. Although titanium alloy Ti-
6Al-4V commonly used for pivot joint replacements (Lutjering and Williams, 2007), high
stiffness often results in stress shielding, leading to implant resorption and ultimately failure.
Thus, porous structure of titanium (Wang et al., 2016) was then widely explored to facilitate

vascularization and moreover the tissue integration.
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The results described above highlight three main important issues in the emerging field of
intervertebral disc nucleus pulposus replacement; in this thesis. First one is porous knitted
titanium where we have shown the reproducible conditions with novel and defined
physicochemical properties of knitted titanium can be done. Second is how electrochemical
properties of the scaffold surface improve the wear resistance and controls the cellular
behavior. Moreover, how the surface modification of the scaffold either by biochemical
modification or by oxygen plasma treatment affects the cell material interactions. Thirdly, we
demonstrated in vitro transcribed messenger RNA encoding Link N either unaided or together

with knitted titanium scaffold as a promising strategy for repair while replacement.

Role of knitted titanium scaffold physicochemical properties and wear performance on

the expression of cell behavior

In this thesis, we report a characterization of porous knitted titanium scaffold and a new
approach to enhance cell material interaction. Spatial architecture of the knitted scaffold
represents that pores are roughly heterogeneous with a porosity of roughly around 67.67 + 10%
and the average pore size of the scaffold was found to be 300 = 159 um. The results suggest
that the pore size, porosity and moreover the bulk properties of the porous knitted titanium
scaffold could be certainly, specifically and individually controlled. Axial compression testing
revealed material elastic properties that were calculated from stress-strain relationship was
approximately 20.85 MPa. The test results revealed that the values were comparable to
cancellous bone (0.01-3.0 GPa) (Geetha et al., 2009). Besides, the compressive strength of
the knitted titanium scaffold could be tailored by regulating the orientation and distribution of
the knitted titanium mesh, which thus likely to acquire the adequate biomechanics and the
essential porous structure. Therefore, this method of production speculated to have significant
advantage to overcome stress shielding effects and subsequent scaffold resorption which

otherwise could cause scaffold failure.

The wear behavior of the scaffold was also investigated in this work. Based on the wear
debris, generated after the biomechanical compression test of knitted titanium, cytokine
profiling showed the production and interplay between key inflammatory mediators such as
IL8, IL-1B, IL-6, TNF-o, MIP-1B, RANTES which may be attributed to the initial
inflammatory action, contributing to atypical or enhanced pain sensitization (Ingham and

Fisher, 2000). Wear debris that primarily generated at the bearing interface is one of the key
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factors, which may shortens the longevity of the implant by causing mechanical instability,
joint mobility restriction and increase in pain and consequently leads to revision of surgery
(Schmiedberg et al., 1994; Bobyn et al., 1995; Kostuik, 1997; Cunningham, 2004; Park and
Ryu, 2018). Previously, various studies have also demonstrated the correlation between wear
particles and bone resorption (Schmiedberg et al., 1994; Ingham and Fisher, 2000;
Cunningham, 2004). At molecular level, interaction between the tumor necrosis factor (TNF-
a) and the receptor activator of nuclear factor kappa-B ligand (RANKL) has been shown to
promotes osteoclast activity, which is associated with wear debris (Cunningham, 2004). Such
wear rate, however, were even lower upon electro-polishing treatment compare to unpolished
knitted titanium scaffold. One possible reason for the difference was due to the change in
surface roughness which led to cause the low friction. Song et al. have also demonstrated that

the wear rate of the electro-polished titanium is low (Song et al., 2007).

On the other hand, it has been reported that the wear particle characterization of unpolished
and electro-polished scaffolds showed no subtle difference in terms of the number, volume
and size based distribution, which otherwise has correlated in predicting wear rate and
understanding the wear mechanism which plays a role in the progression of aseptic loosening
(Sundfeldt et al., 2006). Moreover, clearly visible wear debris accumulation is usually
considered as a sign of too fast implant degradation and several studies have also documented
wear debris prone scaffold failure in vivo (Ingham and Fisher, 2000). Whereas low burden of
wear debris particles were observed in this study after electro-polishing treatment and based
on our wear particles characterization results, indicating that the electro-polishing treatment
reduced the wear rate of knitted titanium scaffold. The changing trends of surface roughness
after the electro-polishing treatment did not affect the wettability of the scaffold and moreover
the cellular behavior as well remained unaffected. These observations are consistent with a
previous study which demonstrated that the surface energy than the surface roughness possess
the more ability to modulate the cellular behavior (Hallab et al., 2001). Electro-polishing the
scaffold surface however did not change the compressive modulus and other physicochemical
parameters such as pore size, wettability, surface chemistry. Titanium alloy based scaffold
depicted weak hydrophilic surfaces; exhibiting the contact angle between 80-90°. An

observed lowest wettability of knitted titanium scaffold is a result of a higher surface energy.
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Hemocompatibility of the knitted titanium scaffold

The influence of electro-polishing treatment on knitted titanium scaffold surface on contact
activation by whole human blood sample was tested. Specifically, the extent of activation of
the common pathway of blood coagulation, of platelet activation and of the complement
system were monitored by ELISA against specific marker proteins; namely thrombin-anti
thrombin 111 (TAT) complexes, PMN elastase (platelet activation), and SC5b-9, respectively.
In all cases, protein concentrations in partially-heparinized whole human blood before and
after 90 min incubation with unpolished and electro-polished Ti scaffold were compared.
Both types of scaffolds showed strong increase in SC5b-9, PMN elastase, p thromboglobulin,
TAT concentrations with time; as a result of metal hyper-reactivity. Generally, blood clot
formation and activation of blood coagulation factors are strongly time dependent (Milleret et
al., 2012), indicating potential amplification of initial contact activation by autocrine and
paracrine mechanisms. Additionally, Gorbet and Sefton (Gorbet and Sefton, 2004) have
recently proposed a model of time dependent biomaterial-associated thrombogenicity with a
sequential change from contact activation of the blood clotting cascade, to platelet activation
and later to leukocyte mediated activation of the tissue factor pathway as the primary source
of thrombin activation and thrombogenicity. However, electro-polishing treatment did not
significantly affect the activation of analyzed protein markers. Besides, there was no impact
on the hemolysis and the destruction of blood cells, confirming the hemocompatibility of the

knitted titanium scaffold.

Influence of electro-polishing treatment of knitted titanium scaffold on SCP1 cells and
chondrocytes behavior in vitro

The in vitro biocompatibility of knitted titanium scaffold with respect to its ability to support
mesenchymal stromal cells as well as human primary chondrocytes was determined by direct
cell attachment and indirect cytotoxicity tests. The better cell attachment, growth as well as
higher cell viability over the period of time on the unpolished knitted titanium scaffold
resulted in no toxic effects of the scaffold. The results validated the positive implication of the
titanium as a biomaterial (Tendulkar et al., 2016; Tendulkar et al., 2017). Moreover the
porous knitted structure observed to support the functionality of both mesenchymal stromal
cells as well as human primary chondrocytes with respect to cell adhesion, spreading, and

proliferation. Further cyto-compatibility study illustrated the promise of electro-polished
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knitted titanium scaffold held in replacing intervertebral disc nucleus pulposus. Electro-
polishing treatment although change the surface roughness of knitted titanium scaffold
(Tendulkar et al., 2017), change in the wettability and calculated surface energy were
remained in weak hydrophilic range. Initial events of cell material interaction i.e. cell
adhesion and cytoskeleton organization with respect to cell spreading upon adherent cells
were well spread on both type of scaffold surface. Although, the cell morphology on the
scaffold surface is topography driven phenomenon (Ross et al., 2012), submicron scale
variation between the electro-polished and unpolished knitted titanium scaffold surface
roughness did not marked any differences with respect to the cell morphology. We observed
that focal contacts were well formed even on the electro-polished scaffold and cells were well
spread oriented in the parallel direction on the surface grooves. Our results differ from that
reported by Ross et al. (Ross et al., 2012) who did observe the relationship between the cell
adhesion and the surface roughness. Cell adhesion later directs the cellular events such as cell
proliferation and differentiation which is as well influenced by the surface properties such as
surface roughness, wettability and the surface energy (Boyan et al., 1996). With respect to
knitted titanium, we noticed insignificant differences with regards to cell proliferation of
SCP1 cells and human primary chondrocytes on unpolished and electro-polished scaffold
surface. A parallel to observation by Castellani et al. (Castellani et al., 1999), who did not
observe any difference with respect to cell proliferation on surface with different surface
roughness, we certainly observed insignificant changed in the cell proliferation on the two
different material surfaces of knitted titanium scaffold. Results are unlike to the previous
studies on the effect of surface roughness on cell proliferation. Based on our results, the role
of minor differences in the surface roughness of the material surface with knitted design
doesn’t seemed regulating the adherent cell percentage, cytoskeleton organization and
ultimately the cell proliferation. In vitro results indeed indicated that electro-polished knitted
titanium scaffold has a better biological profile, with respect to increased wear resistance and
the initial cellular behavior on the scaffold surface. The influence of the subtle variation in the
surface roughness did not change these characteristics. This offers the potential for further
improvement in their biological performance by introducing surface modifications.
Biomechanical performance of electro-polished knitted titanium scaffold further enhanced its
mechanical properties. Additionally, cytoskeleton organization and percent cell adhesion did
not change with the degree of the surface roughness of the knitted titanium surface,
speculating wettability and not the surface roughness plays role determining the cellular

behavior at the cell material interface. Besides, the role of surface energy and hydrophilicity
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in directing the initial cellular events at the material interface has been studied by several
groups, demonstrating that wettability is the most important than the surface roughness
(Ranella et al., 2010).

Role of scaffold wettability on the expression of cell behavior in vitro

Previously it has been reported that, modification of surface wettability effectively enhances
the biological response (Gittens et al., 2014; Rupp et al., 2014). Scaffold surface properties
such as composition, surface roughness, topography, surface energy and wettability
synergistically or individually influence the cell response towards the material surface. The
next aim of this study was therefore to elucidate the surface hydrophilisation effect, where
oxygen plasma treatment was performed in vitro. The surface hydrophilisation has the
advantage of generating super hydrophilic scaffold surface which thus increase the bioactivity
of the metal surface as has been reported by others (Gittens et al., 2014; Rupp et al., 2014).
Many different ways of surface hydrophilisation have been reported using titanium (Rupp et
al., 2014). Oxygen plasma treatment has shown the condition in which scaffold surface
hydrophilisation can be achieved, thereby modulating physicochemical properties of electro-
polished knitted titanium. With respect to knitted titanium scaffold, oxygen plasma treatment
certainly achieved scaffold surface hydrophilisation thereby increase in the surface energy.
Since surface energy is dominant property of a surface, the cell adhesion of SCP1 cells and
human primary chondrocytes was higher on hydrophilised scaffold surface. The same
reasoning can be given with regard to cell proliferation, where the percent cell adhesion was
higher. Moreover with respect to knitted titanium scaffold, the cytoskeleton organization upon
cell seeding of SCP1 cells as well as human primary chondrocytes on the surface was
observed different where cells were fully spread and exhibited filopodial extensions from
their surface on super-hydrophilised scaffold surface compare to control. Actin fibers
arrangement thus illustrated a strong attachment on hydrophilised surface (Tendulkar et al.,
2017). Wei et al. observed similar kind of results with fully spread cell behavior (Wei et al.,
2009a). Furthermore, we could observe higher percent rate of cell attachment and
consequently, cell proliferation was also higher on hydrophilised scaffold surface. Both these
observations could be due to the increased surface wettability on oxygen plasma treated
scaffold which subsequently increased the surface energy and thereby defined the strength of
the cell material interactions. As surface wettability and cell proliferation is directly correlated,

we indeed noticed a higher percent cell adhesion as well as cell proliferation on oxygen
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plasma treated scaffold surface. Studies done by Wei et al. (Wei et al., 2009b) and Oh et al.
(Oh and Lee, 2013) have also shown similar behavior with regards to cell adhesion and cell
proliferation on the hydrophilised surface. In agreement with these observations, we certainly
achieved a super-hydrophilic scaffold surface which reacted better for cellular behavior
compared to the untreated control electro-polished scaffold surface. Improved hydrophilised
surface showed a positive influence on cell behavior in terms of cell viability, proliferation
and the morphology; thus indicating a crucial role in mediating the cell response towards the

scaffold surface.

Cell biological responses of SCP1 cells and chondrocytes upon covalent immobilization

of ECM proteins on knitted titanium scaffold

Biomaterial surfaces modified with ECM proteins and cell binding motifs have been shown to
improve the cell material interactions (Rapuano et al., 2012a; Heller et al., 2015), which
subsequently leads to higher success rate of the scaffold. While, immobilized biomolecules
interaction with scaffold surface is completely dependent on the scaffold physicochemical
properties (Ducheyne, 2017). RGD (tripeptide consists of Arginine, Glycine, and Aspartate)
motifs in fibronectin, collagen and hyaluronic acid have been shown to induce integrin
mediated cell adhesion at cell material interface (Hersel et al., 2003). The study demonstrates
that, there was a significant effect of adsorbed collagen, hyaluronic acid and fibronectin on
the chondrocytes attachment and proliferation on knitted titanium scaffold compared to
uncoated control. On contrary, the study demonstrates that the cell attachment and moreover
the proliferation of the SCP1 cells does not stimulated by coating the knitted titanium scaffold
either with collagen, hyaluronic acid or fibronectin. However, in this study this effect was
observed only during initial cell attachment upon coating the scaffold with
collagen:hyaluronic acid. After one day of incubation no significant effect on cell
proliferation could be observed. The competitive adsorption-desorption of fetal bovine serum
(FCS) proteins (Tamaddon et al., 2017) on coated and uncoated knitted titanium scaffold may
have resulted in a continuously decreasing surface concentration of biomolecules with time,
which subsequently limiting their favorable influence on the SCP1 cells. These results show
that a collagen, hyaluronic acid or fibronectin coating does not stimulate the cell attachment
or proliferation of mesenchymal stromal cells seeded on knitted titanium scaffold. However,
the interaction between the biomolecules and the substratum may be important during the

initial cell material interactions in the knitted titanium surface (Wilson et al., 2005). It might
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be possible that low concentration of biomolecules that was used for the immobilization was
not sufficient to stimulate SCP1 cells but was enough to slightly enhance chondrocytes
adhesion and proliferation.

Synthetically modified Link N mRNA and its combination with scaffold

Recently, messenger RNA (mRNA) has emerged as an alternative to viral vectors and
plasmid based gene therapy. The advantage of mRNA delivery is that, cell cytoplasm entry
followed by mRNA translation yields a production of a therapeutic protein, and therefore
avoids the risk of insertional mutagenesis (Steinle et al., 2017). Several approaches have been
optimized and /or implemented in regards to mMRNA stability and its translation (Kariko et al.,
2008; Kormann et al., 2011; Avci-Adali et al., 2014). Inclusion of chemically modified
nucleotides, prolonging the poly (A) tail and the insertion of untranslated regions (UTRS)
during in vitro transcription of MRNA plays a pivotal role in stability of resulting mRNA and
protein translation (Avci-Adali et al., 2014). On parallel, a transition of new therapeutic
approach of mRNA therapy (Steinle et al., 2017) in combination with biomaterial has gained
substantial attention where the exogenous delivery of synthetic modified mMRNA into cells,
induces over expression of desired protein which they normally cannot produce or would

naturally not need.

During musculoskeletal therapeutics, lack of intrinsic self-repair capacity in articular cartilage
of joint tissue and 1VVDs (Richardson et al., 2007), often prolongs or delays the healing. This
is typically seen even after the implantation which frequently involves complications with
delayed or nonunion defect (Panteli et al., 2015). Despite some success with tissue
engineering approach, these scaffolds often require a further stimulus to promote complete
healing of cartilage and/or intervertebral disc defects (Vinatier and Guicheux, 2016). A well-
known stimulus of cartilage formation is TGF-R3, bone morphogenetic protein (BMPs), which
has already been extensively used in clinical applications (Badlani et al., 2009; Yu and Hunter,
2016). Recently, Link protein N terminal short peptide (Link N), is gaining attention as a
promising candidate for IVVD repair (Gawri et al., 2013a). Link N (DHLSDNYTLDHDRAIH)
mainly stabilizes the proteoglycan aggregates. Previous reports have shown that Link N
stimulates synthesis of proteoglycans and collagens in IVD (Mwale et al., 2003). Also there
are several parallel studies that have shown, Link N has a stronger chondrogenic potential
(Mwale et al., 2011a; Gawri et al., 2013b; Mwale et al., 2014; Bach et al., 2017). Although
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previous studies have applied the concept of Link N peptide delivery to establish VD
regeneration, in this study, we investigated a delivery of synthetically modified mRNA
encoding Link N in primary human chondrocytes. An attempt to transcribed synthetically
modified mRNA encoding Link N in vitro has been made by investigating the transfection
efficiency and, the detrimental effect of mMRNA transfection on the cell viability. 2D in vitro
cell culture studies showed that the Link N mRNA delivery into the human primary
chondrocytes and in SCP1 cells augmented the anabolic response. Taking the example of
knitted titanium scaffold, we further aimed to generate a promising tool (Steinle et al., 2017)

to stimulate anabolic response in 3D cells culture.

While considering scaffold free approach, it may be necessary to use scaffold since it can
serve as a load bearing structure to support biomechanical forces and thus provide stable
microenvironment for tissue regeneration (Vinatier and Guicheux, 2016). Although
biomaterials have been routinely used in musculoskeletal system, various strategies including
surgeries and / or tissue engineering has been developed to improve articular cartilage and
IVD repair for the treatment of severe fractures (Benneker et al., 2014; Clouet et al., 2018;
Henry et al., 2018). In order to improve the biomaterial’s effectiveness, they can be
commonly used as cell carriers and / or together with bioactive agents such as; growth factors.
Encapsulation of bioactive agent in a biomaterial also increases their systemic and local
delivery with increased bioavailability and stability thereby alleviating side effects over a
longer period of time (Lee et al., 2011). Therefore, The uses of growth factors, peptides, are
one of the most successful approaches that have shown great efficacy into the clinic (Craik et
al., 2013). However, it is associated with many challenges like short half-life, rapid
degradation in vivo due to oral administration, their hydrophilic nature prevents them to a

large extent from getting past physiological obstacles.

Taking the advantage of mRNA therapeutics, our study showed that Link N mRNA delivery
into the chondrocytes as well as in SCP1 cells seeded on the scaffolds, augmented
chondrocyte specific gene expression. Moreover, together with knitted titanium scaffold we
speculate that the phenotype of cells can be affected by the physical architecture of the
scaffold and co-stimulation of Link N mRNA may functionally support the extracellular
matrix production. The results were consistent with previous findings that Link N peptide
supplements improved intervertebral disc regeneration (Mwale et al., 2003; Mwale et al.,
2011a; Gawri et al., 2013a; Gawri et al., 2013b; Mwale et al., 2014). Taking together, Link N
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MRNA delivery speculated to be a potential candidate for further in vivo studies to enhance

translation in musculoskeletal therapeutics.

In conclusion, the porous knitted titanium scaffold was successfully characterized. Their
physicochemical properties such as porosity, pore size and subsequent mechanical properties
can be precisely and individually controlled by changing the orientation of knitting structure
of the titanium mesh without forgoing porous structure. Meanwhile, electro-polishing
treatment functioned as a barrier for wear rate, helped increase the wear resistance. Cell
adhesion, spreading and cell proliferation on the knitted titanium indicated the better
cytocompatibility. Functional immobilization of ECM molecule on the knitted titanium
scaffold, demonstrated the slight enhancement of cell adhesion and proliferation of
chondrocytes but no significant impact on SCP1 cells compare to uncoated control. Therefore,
further in vivo and in vitro investigations are needed to establish the ideal biochemical coating
for the knitted titanium scaffold. Enhanced scaffold surface hydrophilicity attributed better
cell material interaction, speculating surface energy and not the surface roughness plays
important role directing cellular behavior. Biochemical scaffold surface modification using
collagen, hyaluronic acid and fibronectin, did not stimulate initial cellular events at material
interface. However, chondrocytes proliferation was moderately enhanced on coated scaffolds
than control. Our discussion thus far has been limited to intervertebral disc nucleus pulposus
replacement; however annulus fibrosis, endplate and vertebral body do play an important role
being a part of disparate intervertebral disc tissue. The study as well investigated the strategy
aimed at regenerating or repairing during the replacement of intervertebral disc nucleus
pulposus that has mainly relied on the classical approach of using biomaterial, either unaided
or in combination with growth factors at the site of injury. The synthetic modified Link N
MRNA was successfully generated and the delivery of Link N mRNA into chondrocytes and
SCP1 cells resulted in an anabolic response augmentation. In combination with a knitted
titanium scaffold, Link N mRNA delivery also led to an increased expression of chondrocyte
specific markers. Thereby, it was demonstrated that the Link N mRNA therapy could be
combined for tissue engineering applications. Using this approach, the structural support, 3D
environment, as well as the increased production of chondrocyte specific ECM proteins by
Link N mRNA delivery can effectively stimulate the reparative events at the site of cartilage
damage. The present study provides a first step toward mRNA-based approach to improve

intervertebral disc regeneration.

95



Future directions:

Despite the fact that substantial progress has clearly been made toward engineering a

functional replacement for the intervertebral disc nucleus pulposus, there are numerous

challenges that certainly remained unaddressed if the knitted titanium scaffold is to be

implemented clinically.

>

We have used predefined scaffold for the cytocompatibility study. By varying the
knitting pattern; effect of pore size and the porosity can further be evaluated to
understand the better performance of the scaffold. The variation in the dimensions and
moreover in the pore size and porosity could give useful insights by mimicking the in
vivo environment as encountered by the cells upon scaffold implantation.

The ability of the knitted titanium scaffold to support tissue growth could be further
investigated by studying in vivo, where sheep / baboons could be used as an animal
model. The scaffolds could be inserted in the region of the intervertebral disc nucleus
pulposus and carefully monitoring the progress of the tissue formation around the
scaffold by histochemical studies. Additionally, biomechanics as well could be
investigated which is the at most criteria that scaffold has to fulfill.

In vivo cytotoxicity of the scaffold could also be evaluated by investigating the wear
rate and consequent release of metal ion into the blood stream and its possible effects
if any.

More detail in vitro investigation of messenger RNA encoding Link N needs to be
done, in order to achieve sustain delivery either unaided or together with the scaffold
to improve the functional potential.

In vivo delivery of Link N messenger RNA into degenerated disc model could be

attempted to investigate the therapeutic efficacy.
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CHAPTER 7

5 Summary

Intervertebral disc degeneration is one of the many causative factors of chronic back pain.
Severe trauma and / or aging can often induce irreversible structural damage of intervertebral
disc leading to degeneration. This leads to functional deficit and consequently affects the
quality of the life of patients. An effective treatment of intervertebral disc injuries is presently
an utmost clinical need. In the cases where annular fibrosis is intact, a therapeutic invention

such as intervertebral disc nucleus pulposus replacement can be beneficial.

This thesis demonstrates the cytocompatibility of knitted titanium scaffold as a replacement
for the intervertebral disc nucleus pulposus thereby promoting it as a potential intervention to
combat chronic back pain. Porous knitted titanium nucleus scaffold showed to support cellular
behavior of bone marrow derived MSCs and human primary chondrocytes thereby promoting
cell adhesion and cell spreading. It also exerted a strong effect on cell proliferation.
Physicochemical properties of the scaffold which influence the biological function of cells
can be enhanced by suitable surface modification treatments. In this way, the cell material
interaction can be coupled to stimulate the cellular function leading to tissue integration.
Furthermore, the scaffold surface modification results showed that electro-polishing treatment
enhanced the propensity of scaffold to generate wear debris particles in low rate. Interestingly,
wear particle characterization of unpolished and electro-polished scaffold showed no
difference in terms of number, volume and size based distribution. Although, electro-
polishing treatment significantly enhanced the surface roughness, its effective wettability
remained unchanged. In response to change in surface roughness, bone marrow derived MSCs
and human primary chondrocytes displayed negligible difference in cell adhesion, spreading
and proliferation behavior. Consequences supported the possibility that, the surface energy is
a dominating factor in promoting cell growth. Further outcome of the hemocompatibility tests
demonstrated that, unpolished and electro-polished scaffold had negligible effect on
hemolysis. Moreover, there was no significant difference between the unpolished and electro-
polished scaffold. Thus, the study showed that the electro-polished knitted titanium scaffold
based microstructure could hold good potential in positively regulating tissue replacement

with respect to both biomechanics and cytocompatibility.
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In order to further enhance the cell material interactions, scaffold surface modification using
oxygen plasma treatment was eventually carried out. The effect of wettability on cellular
behavior was investigated by generating super-hydrophilic scaffold surface, which was further
confirmed by static and dynamic contact angle measurements. Based on in vitro results,
super-hydrophilicity achieved upon oxygen plasma treatment was further evidenced by static
and dynamic contact angle measurements. Super-hydrophilic surface based knitted titanium
scaffold was then utilized to investigate the cell material interactions. MSCs and human
primary chondrocytes seeded on the oxygen plasma treated scaffold elucidated significantly
enhanced cellular response in terms of cell adhesion, spreading and proliferation. When
compared to biological modification of the scaffold using collagen, hyaluronic acid and
fibronectin, cellular response was seen to be much weaker. Thus super-hydrophilic scaffold
surface constituted optimal microenvironment that could increase the ability of MSCs and

human primary chondrocytes to induce tissue integration.

In order to enhance the reparative process in intervertebral disc tissue injuries by increasing
the ECM synthesis and activating the biological cues, we further investigated the combined
approach of synthetic Link N mRNA delivery together with the use of knitted titanium
scaffold as a promising musculoskeletal therapeutics. Delivery of Link N mRNA unaided or
together with a porous knitted titanium scaffold could provide local release of stimulatory
factors. Link N mRNA delivery augmented anabolic response in human primary chondrocytes
as well as in SCP1 cells thereby promoting matrix synthesis related gene expression. Together
with the use of knitted titanium scaffold, we speculate that it may structurally support and
functionally stimulate the reparative events. Furthermore, increased synthesis of specific
extracellular matrix proteins could significantly improve the regenerative potential of tissue-

engineered constructs.

Overall, we have shown for the first time the cytocompatibility of porous knitted titanium
scaffold. Physicochemical characterization and cell material interactions gave us an insight
into the cellular response upon a surface modification. While proposing a regenerative
potential, a delivery of Link N mRNA together with the use of knitted titanium scaffold could

be used as a likely therapeutic intervention in treating intervertebral disc degeneration.
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6 Zusammenfassung

Die Bandscheibendegeneration ist eine von vielen Ursachen fur chronische Rickenschmerzen.
Schwere Traumata und / oder Alterung verursachen oft bleibende Strukturschéden an den
Bandscheiben und fiihren somit zu deren Degeneration. Dies fuhrt zum Verlust der
Funktionalitdat der Bandscheiben und beeinflusst folglich negativ die Lebensqualitat der
Betroffenen. Eine effektive Behandlung der beschédigten Bandscheiben gehort heutzutage zu
einer der grofiten klinischen Herausforderungen. Bei einem intakten Bandscheibenring (oder
anulus  fibrosus) konnte die Entwicklung eines therapeutischen einsetzbaren

Bandscheibenersatzes von Vorteil sein.

Die vorliegende Arbeit untersuchte die Zytokompatibilitdt eines aus Titan gestrickten
Scaffolds, welches als Ersatz fiir den Nucleus Pulposus einer Bandscheibe und somit als eine
potenzielle Behandlung gegen chronische Rickenschmerzen dienen soll. Es konnte gezeigt
werden, dass das pordse Titangestrick die zellulare Aktivitdt humaner primarer Chondrozyten
sowie mesenchymaler Stammzellen (MSCs), aus dem Knochenmark, unterstiitzt und die
Zelladhasion und Zellausbreitung fordert. Dartber hinaus, konnte eine starke Auswirkung auf
Zellproliferation beobachtet werden. Die physikochemischen Eigenschaften des
Titangestricks, welche die biologischen Funktionen der Zellen beeinflussen, kdénnen
aullerdem durch die entsprechenden Oberflaichenmodifizierenden Behandlungen verbessert
werden. Auf diese Weise kann, durch Zell — Material Interaktion, die zelluldre Funktion
stimuliert werden, was zu einer moglichen Gewebeintegration fuhrt. Die Ergebnisse der
Oberflachenmodifikationen des Scaffolds zeigten dariber hinaus, dass sich durch die
Elektropolitur die Menge an unerwinschten Abriebpartikel deutlich reduzieren lasst.
Interessanterweise zeigten die Charakteristika der Abriebpartikeln von unpoliertem sowie
elektropoliertem Titangestrick keine Unterschiede beziiglich der Anzahl, des Volumens und
der groRenbasierenden Verteilung. Obwohl die Behandlung mit Elektropolitur die
Oberflachenbeschaffenheit signifikant verbesserte, blieb die effektive Benetzbarkeit der
Oberflache unverandert. In ihrer Reaktion auf die Verdnderung in der Oberflachenkdrnung,
wiesen die mesenchymalen Stammzellen aus dem Knochenmark sowie die humane primaren
Chondrozyten nur geringere Unterschiede bezuglich der Zelladh&sion, -ausbreitung und
Proliferation auf. Die Ergebnisse unterstiitzten die Annahme, dass die Oberflachenenergie ein
dominierender Faktor in der Forderung des Zellwachstums sein kann. Weitere Ergebnisse der
Hamokompatibilitatstests zeigten, dass nicht-polierte sowie elektropolierte Gestricke eher

einen geringeren Einfluss auf die H&molyse haben. Ferner, gab es keinen signifikanten
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Unterschied zwischen den nicht-polierten und elektropolierten titangestrickten Scaffolds. Die
Untersuchungen zeigten, dass die Mikrostruktur eines elektropolierten Titangestricks in
Bezug auf Biomechanik und Zytokompatibilitat ein groRes Potenzial besitzt, um den

Gewebeersatz positiv zu beeinflussen.

Um die Zell — Material Interaktion zu verbessern, wurde die Oberflache im Folgenden
mithilfe der Sauerstoffplasmabehandlung weiter modifiziert. Der Einfluss der Benetzbarkeit
auf das zellulare Verhalten wurde untersucht, indem eine superhydrophile Gerustoberflache
erzeugt wurde, welche durch statische und dynamische Kontaktwinkelmessungen bestatigt
wurde. Basierend auf In-vitro-Ergebnissen wurde die durch Sauerstoffplasmabehandlung
erzielte Superhydrophilie durch statische und dynamische Kontaktwinkelmessungen bestatigt.
Ein superhydrophiles oberflachenbasiertes gestricktes Titangertst wurde daraufhin verwendet,
um die Zellmaterialwechselwirkungen zu untersuchen. Es konnte gezeigt werden, dass
mesenchymalen Stammzellen sowie humane primare Chondrozyten eine verbesserte zellulére
Reaktion auf der mit dem Sauerstoff behandelten Oberflache beziiglich der Zelladhdsion,
Ausbreitung und Proliferation aufwiesen. Im Vergleich dazu fiel die Reaktion der Zellen nach
biologischen Oberflachenmodifikationen mit Kollagen, Hyaluronsaure und Fibronectin
deutlich schwacher aus. Somit stellt die superhydrophile Oberfliche des Scafflolds die
optimale Mikroumgebung dar, welche die Fahigkeit der MSCs und humanen priméren

Chondrozyten verbessert, die Gewebeintegration zu induzieren.

Um die Wiederherstellungsprozesse in einem verletzten Knorpelgewebe durch Steigerung der
ECM Synthese und Aktivierung der biologischen Signale zu verbessern, untersuchten wir des
Weiteren den kombinierten Ansatz aus Zugabe des synthetischen Link N mRNA und
Anwendung des Titangestricks als vielversprechende Behandlungsstrategie. Die Zugabe von
Link N mRNA alleine oder zusammen mit dem Titangestrick ware in der Lage stimulierende
Faktoren lokal freizusetzten. AuBerdem verstarkte die Zugabe von Link N mRNA die
anabolische Antwort der humanen priméren Chondrozyten sowie in SCP1 Zellen und
unterstitzt somit die mit der Matrixsynthese-verbundene Genexpression. Wir behaupten, dies
konnte in Kombination mit dem Titangestrick die Wiederherstellungsprozesse strukturell
unterstiitzen und funktionell stimulieren. Dartiber hinaus kdnnte die gesteigerte Synthese der
Chondrozyten-spezifischen extrazellularen Matrixproteine das regenerative Potenzial der

Scaffolds signifikant verbessern.

Zusammenfassend konnten wir zum ersten Mal die Zytokompatibilitdt eines pordsen

titangestrickten Scaffolds zeigen. Die physikochemische Charakterisierung und die
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Untersuchung der Zellmaterialwechselwirkungen gaben uns einen Einblick in die zellulére
Antwort auf die getesteten Oberflachenmodifikationen. Wahrend ein regeneratives Potential
vorgeschlagen wird, konnte eine Verabreichung von Link N mRNA zusammen mit der
Verwendung von gestricktem Titangerust als wahrscheinliche therapeutische Intervention bei

der Behandlung von Bandscheibendegenerationen eingesetzt werden.
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8 List of abbreviations

Mg microgram

pl microliter

UM micromolar

pHm micro meter

2D two- dimensional
3D three-dimensional

ACAN aggrecan
AF annulus fibrosus
ANOVA analysis of variance

BMP bone morphogenic protein
bp base pair
BSA bovine serum albumin

cDNA complementary DNA

Col collagen

Col Il collagen type Il

Col X collagen type X

DDD degenerated disc disease

DEPC diethylpyrocarbonate

DMEM dulbecco’s modified eagle medium
DNA deoxyribonucleic acid

dNTP deoxynucleotidetriphosphate

DPBS dulbecco’s phosphate buffered saline

ECM extracellular matrix

FACS fluorescent activated cell sorting

FBS fetal bovine serum

FC flow cytometry

FN fibronectin

GAG glycosaminoglycan

GAPDH  glyceraldehyde 3-phosphate dehydrogenase
HA hyaluronic acid

IVD intervertebral disc

MMP matrix metalloprotease
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mMRNA
MSC
NP

PCR
Pen/Strep
RANKL
RNA
rpm

RT
RT-PCR
TGF-B
Tm

messenger RNA

mesenchymal stem/stromal cell

nucleus pulposus

polymerase chain reaction
penicillin/streptomycin

receptor activator of nuclear factor x-B ligand
ribonucleic Acid

revolution per minute

room temperature

reverse transcription polymerase chain reaction
transforming growth factor beta

melting temperature
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9 Appendix

Ethics Statement

All studies involving human participants were performed in accordance with the 1964
Helsinki declaration and its later revisions. Primary human chondrocytes were isolated from
femoral condyle tissue explants of the patients that received total joint replacement. Tissue
was harvested only after medical consulation and patient consent. Corresponding ethical vote
(338/2015B02) was approved by Ethik-Kommission an der Medizinischen Fakultét der

Eberhard-Karls-Universitat und am Universitatsklinikum Tubingen.
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