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Abstract

The aim of this study was to find methods that could potentially improve the osseointegration
of an implant. The prerequisites for implant integration into bone are the adhesion of the
osteoblastic cells and the ability of the progenitor cells (stem cells) to differentiate into bone cells
on the surface of the implant. It was found that patterning with diamond-like carbon, Cr, Ta
or Ti improved the cytocompatibility of Si substrates with osteoblastic cells and mesenchymal
stem cells (MSC). The patterns affected the density of the cells, causing local cellular spots on
the patterns initiating the clustering of the cells and the cell—cell contacts, which are considered
necessary for osteogenesis. Indeed, patterning improved the osteogenic differentiation of MSCs
compared to planar non-patterned surfaces.

With three-dimensional surfaces, the aim was to promote tissue-like growth and activation
of the cytoskeleton; many previous studies have shown that this improves osteogenesis. How-
ever, this work showed that activation of the cytoskeleton alone is not osteoinductive. The
osteoblastic differentiation of MSCs on 20 wm high pillars was studied, and it was found that
the cytoskeleton of the cells was highly activated, but that osteogenesis was not stimulated;
in fact, it was suppressed. The likely reason for this behaviour was the failure of adequate
osteoinductive cell—cell contacts.

In addition to growth substrate variables, the fate of the stem cells is regulated by physical
forces and soluble factors. It was found that pulsed electromagnetic fields improved the viability
of the MSCs, but that they had no significant effect on their osteogenic differentiation at the
relatively low seeding density used here. In contrast, a prohormone (dehydroepiandrosterone,
DHEA) improved osteogenesis at least in part due to an intracrine conversion of DHEA into a
sex steroid (dihydrotestosterone), but also via some other as yet undefined mechanisms.

In addition to the integration of implants with tissues via contact with other cells and extra-
cellular matrix, another important factor regulating implant integration and the lifetime of the
implant is the amount of contact it has with commensials and pathogenic microbes, in partic-
ular bacteria. Diagnostics of peri-implant infections is usually based on the bacterial culture,
neutrophil infiltrates and other methods. Nonetheless, the current methods are not reliable
enough. In the final part of this thesis, two methods that could potentially be utilised to di-
agnose implant infections were evaluated. It was found that time-of-flight secondary ion mass
spectrometry is a potential tool for differentiating of acellular bacterial from eukaryotic foot-
prints (i.e. extracellular polymeric substance and extracellular matrix produced by the respec-
tive cells) and may have potential for the post-hoc diagnosis of colonisation, biofilm formation
and implant-related infections even in culture negative cases.
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Tiivistelma

Taman vaitoskirjan tavoitteena oli kehittdd menetelmis, joilla implantin kiinnittymista luu-
hun voidaan edistéd. Implantin kudosintegraation kannalta on tirkei4, ettéd solut kiinnittyvit
implantin pintaan ja ettd kantasolut kykenevit erilaistumaan luusoluiksi implantin pinnalla.
Tutkimuksessa havaittiin, ettd kun piin pinta kuvioitiin eri materiaaleilla (timantinkaltainen
hiili, Cr, Ta tai Ti), bioyhteensopivuus luusolujen ja kantasolujen kanssa parani. Kuviot ede-
sauttoivat solujen paikallista konsentroitumista, miké voi aiheuttaa soluryppéiden syntymi-
sen ja edesauttaa solujen vilisid kontakteja, jotka ovat edellytykseni osteogeneesille. Kuvioi-
dun pinnan havaittiinkin edistdvan luunmuodostusta verrattuna siledén pintaan.

Kolmiulotteisten pintojen avulla tavoitteena oli tukea solujen kolmiulotteista kasvua ja solu-
tukirangan aktivoitumista, jonka on todettu edistédvan luunmuodostusta lukuisissa aikaisem-
missa tutkimuksissa. Tdssa tutkimuksessa kuitenkin havaittiin, ettd pelkka tukirangan akti-
voituminen ei riitd aiheuttamaan luunmuodostusta. Kantasolujen erilaistumista tutkittiin pi-
laripinnoilla, joilla 20 um pilareihin kiinnittyneiden solujen tukiranka aktivoitui voimakkaas-
ti, mutta luunmuodostus oli kontrolleihin verrattuna véhaistda. Tdhén todenndkoéisend syyni
oli kiinnittymiskohtiensa vililla venyvien yksindisten solujen véilisten kontaktien vdhiisyys,
mitkd myos ovat valttdméattomia luunmuodostukselle.

Materiaalin lisiksi kantasolujen erilaistumiseen voidaan vaikuttaa fysikaalisilla voimilla ja
liukoisilla tekijoilla. Tutkimus osoitti pulssitettujen sidhkomagneettisten kenttien edistdvin
solujen eloonjddmistid ja jakautumista, mutta luun muodostuksessa kentilla ei ollut vaiku-
tusta kokeissa kéytetyilla alhaisilla solutiheyksill4d. Sukupuolihormonien esiasteen, dehydroe-
piandrosteroinin, havaittiin muokkautuvan soluissa aktiiviseksi sukupuolihormoniksi (dihydro
testosteroniksi) ja edistdvdn luunmuodostusta, mutta tukevan luunmuodostusta jossain mai-
rin myos joidenkin muiden mekanismien kautta.

Kudoskontaktin lisdksi toinen merkittava seikka, joka vaikuttaa implantin integroitumiseen
ja elinikédin, on kontakti normaalin mikrobiflooran ja patogeenien kanssa. Bakteeri-infektioi-
den diagnosoiminen nykyisilla bakteeriviljelyihin, neutrofiilikertymiin ja muihin seikkoihin pe-
rustuvilla menetelmilld ei ole kyllin luotettavaa. Vaitoskirjan viimeisessd osiossa tutkittiin
kahta potentiaalista uutta menetelméd bakteeri-infektioiden tunnistamiseen. Lentoaikaerot-
teisella sekundaari-ioni massaspektrometrilla (ToF-SIMS) oli mahdollista erottaa bakteerien
tuottamat jalanjiljet (solunulkoinen polymeerinen aines) eukaryoottisolujen tuottamista jalan-
jaljisté (soluviliaine). Vddrien negatiivisten bakteeriviljelyiden osalta ToF-SIMS menetelmalla
on potentiaalia implantin pinnalla esiintyneiden bakteeri-infektioiden osoittamiseen.
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1. Introduction

With an aging population and a rising trend in the number of patients
in need of a joint replacement at a younger age, costly revision surgeries
will become increasingly common. As an example of this trend, the to-
tal number of hip fractures almost doubled recently within just 10 years
(Lonnroos et al., 2006), and 14% of the hip implant operations in 2010
were revision operations (Periléd, 2011), causing an annual cost of 10 mil-
lion euros in Finland. Loosening of the implant is one of the common
causes of implant failure. By improving the integration of the implant to
the host bone, the need for these costly revision surgeries can be reduced.

Improving the integration of an
Physical ° Soluble
forces . factors
‘e ® the key factors for the long-term

implant with host tissues is one of

Cell-cell e success of implants. The prereg-
uisites for implant integration into

K" AQ.T W N bone are the successful adhesion of

Cell-ECM contact the osteoblastic cells (osteoconduc-

Figure 1.1. The four major factors reg- tion) and the ability of the progeni-
ulating cellular behaviour,

tor cells (stem cells) to differentiate
such as stem cell fate.

into bone cells on the surface of the
implant (osteoinduction). The stem cell fate is determined by physical
forces, e.g. by vibration loading (Tirkkonen et al., 2011), soluble factors,
cell—cell contacts and cell-extracellular matrix (ECM) contact (Fig. 1.1).
In addition to the regeneration of the tissue, the capacity to avoid bacte-
rial adhesion and colonisation as well as subsequent chronic infection and
inflammation, which may cause tissue necrosis, is necessary for osseoin-
tegration.
In order to regulate osseointegration, it is necessary to understand the

process leading to osseointegration. Knowledge concerning the interac-
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tions between cells and biomaterials is needed. In addition to cell-material
interactions, the effect of a physical force (pulsed electromagnetic field,
PEMF) and a soluble factor (dehydroepiandrosterone, DHEA) on bone for-
mation are in focus. These topics are the first themes addressed in this
thesis, while the last part of the literature review focuses on bacterial in-
fections, which remain an important cause of failure for many types of
implants.

The main objective of this thesis was to find methods that could poten-
tially improve the osseointegration of an implant. This thesis examined
the effect of micro-textured surfaces on osteoblastic cell adhesion, mes-
enchymal stem cell adhesion and osteogenic differentiation. The study
was broadened to include three-dimensional surfaces, where the effect of
pillars with different heights on osteoblastic cell adhesion, mesenchymal
stem cell adhesion and osteogenic differentiation was studied. The study
was continued by examining the effect of one physical force (PEMF) and
one soluble factor (DHEA) on osteogenic differentiation. Finally, new po-
tential methods that could be utilised in the diagnosis of implant infec-
tions were evaluated. New methods are needed because current methods
are not totally reliable and because it is crucial to understand the reasons
and mechanisms for implant failure in order to develop better implant

materials in the future.



2. Osseointegration

The long-term clinical success of implants in contact with bone depends
critically on the direct structural and functional connection between the
bone and the surface of the implant. This condition is called osseointegra-
tion and it shares many prerequisites with primary fracture healing, such
as precise fit, primary stability and adequate loading during the healing
period. In addition, osseointegration requires a bioinert or bioactive ma-
terial and surface that support and induce bone deposition.

Peri-implant tissue healing starts with an inflammatory response as the
implant is inserted in the bone cavity or surface. Consequently, the re-
leased chemicals cause bone cells and progenitor cells to migrate into the
site of the lesion (i.e. chemotaxis). Progenitor cells, e.g. mesenchymal
stem cells (MSCs), can proliferate and differentiate into osteoblasts and
begin depositing bone on the walls of the bone defect, on the fragment of
the bone and on the implant surface (Schenk and Buser, 1998). This early
bone response to the implant gradually develops into a so-called biological

fixation of the device.

2.1 Osteogenic differentiation of mesenchymal stem cells

MSCs have been found in a variety of adult tissues, including bone mar-
row and fat tissue, and they have a strong proliferative potential and
a capacity to form bone, cartilage, adipocytes, fibrous tissue, myoblasts,
and possibly even neural tissues (Reyes and Verfaillie, 2001; Jiang et al.,
2002a,b, 2003). The osteogenic differentiation potential of human bone
marrow MSCs may be preserved to old age (Leskela et al., 2003).

Based on bone nodule formation in vitro, osteogenic differentiation can

be subdivided into three stages (Fig. 2.1):

1. lineage commitment and proliferation
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Figure 2.1. The upper half of the figure represents some of the signalling pathways in-
volved in osteoblastogenesis. The yellow line represents the cell membrane.
The lower half shows the stages of differentiation of mesenchymal stem cells
as they become osteoblasts, together with some common markers of each
stage (the markers that are studied in this thesis are in bold font).

2. ECM development and maturation
3. mineralisation.

This division is useful for a discussion of osteoblast biology and bone
formation, but the exact characteristics of the different-stage cells are not
yet well understood.

Mesenchymal progenitors that give rise to osteoblasts and chondrocytes
are initially characterised by Sry-related high-motility-group box 9 (SOX9)
transcription factor. During the proliferation phase, in addition to cell
growth and cell cycle genes, type I collagen (COL1) genes are actively ex-
pressed. Collagen I is an important component of bone ECM; it forms
connections with cell surface integrins and other ECM proteins. However,
collagen I cannot be considered bone specific because it is produced by
numerous non-osteoblastic cell types.

Preosteoblasts include all cells transitioning from progenitors to ma-

ture osteoblasts, and therefore, they are by definition dynamically het-
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erogeneous. However, they are commonly considered to express the runt-
related transcription factor 2 (RUNX2, previously known as the core bind-
ing factor alpha, Cbfal), or at a more advanced stage of differentiation,
both RUNX2 and osterix (OSX, which is also known as specificity protein
7, SP7). RUNX2 is integral to the osteoblast lineage and is indispens-
able for osteoblast differentiation during both intramembranous and en-
dochondral ossification. Intramembranous ossification has to do with the
direct formation of osteoblasts, while endochondral ossification involves
cartilage as a precursor.

During the ECM maturation phase, both alkaline phosphatase (ALP)
and osteopontin (OP) gene expressions appear. ALP may act as an early
indicator of cellular activity and differentiation, but ALP is a ubiquitous
cellular protein, and consequently, it cannot be considered bone specific.
The molecular markers and their order of appearance during the differ-
entiation of the mesenchymal progenitors are still being debated.

At the onset of mineralisation, some non-collagenous proteins such as
OP, bone sialoprotein (BSP) and osteoprogeterin (OPG) increase. Os-
teoblasts are characterised by the expression of osteocalcin (OC), which
is the second most abundant protein after collagen I in bone and is one of
the few osteoblast-specific gene products (Ryoo et al., 1997). All of these
proteins facilitate the deposition of calcium and phosphate into the ECM.

2.2 Osteogenic signalling pathways

Modulating the osteogenic differentiation requires an understanding of
the signalling pathways involved in the process. When beginning this
research project, the signalling pathways regulating osteogenesis had not
yet been well described. In fact, they were only recently reviewed by Long
(2012) and Arvidson et al. (2011). These reviews, however, pay little or
no attention to the role of cell-substrate interactions in the regulation
of osteogenic differentiation. To supplement the reviews, the following
description of the osteogenic signalling pathways focuses on the role of
cell-substrate interactions (Fig 2.1).

With a better understanding of osteogenesis signalling, medical experts
are able to regulate osteogenic differentiation more effectively using ma-
terials and other external factors. For example, should the role of the sig-
nalling pathways be completely understood, long-term experiments would

no longer be needed. Instead, the outcome could be modelled, for example,
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from gene expression profiles at an early stage. Moreover, if protein ad-
sorption and cell adhesion were completely understood, the process could
be modelled in its entirety.

One of the major regulators of the cell-substrate interactions in osteo-
genesis is mitogen-activated protein kinase (MAPK) signalling. Publica-
tion IV, however, demonstrated the activation of a MAPK pathway that
was associated with delayed bone formation (described in Section 9.3.2).
Therefore, it is clear that other signalling pathways are also involved in
osteogenesis. The delayed osteogenesis discussed in Publication IV was
linked to the material-dependent down-regulation of cell-cell interaction.
Indeed, the cell—cell interactions regulate osteogenesis via cadherins, gap
junctions and Notch signalling. Future studies might, for example, in-

vestigate how three-dimensional surfaces influence these signalling path-

ways.
Whereas hedgehog signalling, a fibrob- A B soluble ECM

last growth factor (FGF) and an insulin- stimulus factors é’

like growth factor (IGF) signalling reg- {3’

ulate osteogenesis, according to current
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and termed focal adhesions. The focal adhesion kinase (FAK) regulates
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the activation of the cell cytoskeleton, including the proteins RhoA (Ras
homolog gene family, member A) and ROCK (Rho-associated protein ki-
nase). The cross-talk between the RhoA-ROCK and the MEK/ERK path-
way regulates the activity of RUNX2 (Khatiwala et al., 2009; Salasznyk
et al., 2007; Biggs et al., 2009; Xiao et al., 2002). This appears to be critical
for MSC-mediated bone formation (Sjostrom et al., 2009).

2.2.2 Signalling through gap junctions

A gap junction is a specialized intercellular connection between cells. It
connects the cytoplasm of two cells and allows various small molecules
and ions to pass freely between the cells. Cell-cell communication through
gap junctions is required for the full maturation of osteoblasts (Ferrari
et al., 2000; Schiller et al., 2001; Li et al., 1999). Second messengers, which
are activated by a primary cell response to an extracellular cue, are prop-
agated via the gap junctions. These gap junction-dependent secondary
responses can activate MEK/ERK and phosphoinositide 3-kinase (PI3K)
signalling (Stains and Civitelli, 2005b). The clearest demonstration of
the essential role of gap junctions in bone formation has been observed in
knockout mice lacking the gap junction protein connexin 43, which results
in skull abnormalities, brittle, misshapen ribs and delayed mineralisation
of the long bones (Lecanda et al., 2000; Chung et al., 2006). Gap junctional
communication between osteoblasts, osteocytes and osteoclasts seems to

be essential for the integrity of bone cells (Ilvesaro and Tuukkanen, 2003).

2.2.3 Notch signalling

Because the Notch receptor and its ligands are transmembrane proteins,
a cell—cell interaction is required for the activation of the Notch signalling
cascade. Intriguingly, the consequences of Notch activation in the cells of
the osteoblast lineage are stage specific. The Notch inhibits osteoblasto-
genesis from early precursors by antagonising (i.e. counteracting) Wnt
signalling (Canalis, 2008), but leads to a pathological overproduction of

immature osteoblasts at a later stage (Long, 2012).

2.24 Cadherin-mediated cell-cell signalling

Communication between osteoblasts via N-cadherin adherent junctions is
essential for endochondral bone growth. N-cadherin is important for the

maintenance of the pool of bone marrow progenitor cells, and cadherin
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11 is involved in osteoblast commitment and differentiation (Benedetto
et al., 2010). Cadherin-mediated osteoblast junction formation is linked
to an activation of the PI3K signalling (Guntur et al., 2012), but more
importantly, cadherins regulate Wnt signalling.

2.2.5 Wnt signalling

The canonical Wnt pathway describes a series of events that ultimately
results in an increase in the amount of 3-catenin that reaches the nucleus.
[-catenin modulates the switches between chondrogenesis and osteogen-
esis in the progenitor cells. The induced canonical Wnt signalling can up-
regulate the RUNX2 expression, which leads to osteoblast differentiation,
whereas lower levels of the canonical Wnt signalling result in chondro-
genesis. Intriguingly, inhibition of the canonical Wnt pathway promotes
certain aspects of osteoblast development through the bone morphogenic
protein (BMP)2-pathway. The Dickkoppf (Dkk) family appears to regu-
late this process (Fujita and Janz, 2007). Dkk1 and 2 inhibit the canon-
ical Wnt pathway when low-density lipoprotein receptor-related protein
(LRP)-Frizzled complexes are abundant (see Fig. 2.1). However, Dkk2
has a dual role and can also activate the canonical Wnt signalling at later
stages of osteoblast differentiation (Olivares-Navarrete et al., 2010).

Wnt signalling is partly regulated by cadherin-mediated cell—cell in-
teraction (Stains and Civitelli, 2005a) as well as through protein kinase
Cé (PKC)) activation (Tu et al., 2007), PI3K signalling (Fukumoto et al.,
2001) and MAPK/ERK cascade (Yun et al., 2005). Wnt signalling can also
be triggered by physical forces, such as ultrasound (Olkku et al., 2010).

2.2.6 Bone morphogenic protein signalling

Finally, cell-substrate interactions are linked to BMP signalling because
BMP-SMAD (small body size and mothers against decapentaplegic-related
protein) signalling requires FAK activity (Tamura et al., 2001). BMPs play
a role in osteoinductive bone formation (Waris et al., 2010), and BMP2 can
also be loaded into biomaterials to improve the osteoinductivity of the ma-
terial (Valiméki et al., 2005; Mesiméki et al., 2009). Here, SMAD1 activa-
tion was demonstrated in Publications IIT and V. Interestingly, SMAD1/4
interacts with -catenin, linking the BMP and Wnt pathways (Nakashima
et al., 2005). BMPs also stimulate osteoblast differentiation and influence

how osteoblasts function via MAPK signalling.



3. The Material Properties Regulating
Cellular Responses

The major material characteristics that may conceivably influence cellu-
lar responses are presented in Fig. 3.1. The properties of a material
define what proteins can be adsorbed on its surface and can affect the
functionality of the proteins by changing their conformation. Further-
more, cell-surface interactions regulate the formation of adhesive bonds
and the subsequent activation of a specific cell programme, such as apop-
tosis, migration or differentiation. The cell behaviour at the interfaces is
dependent upon the adsorbed molecule layers as well as the underlying
substrate. Cells sense and respond to their substrate directly and can con-
vert mechanical stimuli into chemical activity, i.e. mechanotransduction.

What makes biomaterial research difficult is the fact that many of the
properties of a material are interconnected, and therefore, it is sometimes
difficult to determine what factor plays the major role in the evoked cel-
lular response. For example, a change in the surface chemistry or surface
topography affects the surface energy. In addition, the effects of one vari-
able can reverse the effect of another variable: for example, the fibronectin
molecules adsorbed on surfaces with hydroxyl functional groups unfold
and expose cell binding sites (Keselowsky et al., 2003), but the morphol-
ogy of the substrate can reverse this effect (Jedlicka et al., 2007).

A brief summary of the effects of certain surface properties on cell ad-
hesion, osteogenic differentiation and bone formation is presented here.
Elasticity and porosity are also important regulators of stem cell fate (re-
viewed by Kaivosoja et al. (2012)), but they were not studied in the exper-

imental settings devised for this thesis.

3.1 Surface chemistry

Surface chemistry modulates cellular responses on biomaterials primarily

by regulating protein adsorption. The chemical composition of the surface
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Figure 3.1. Major material characteristics that influence cellular response.

dictates the type of bonds that form between the proteins and the surface.

The differentiation of human MSCs can be directed along the desired
lineages by mimicking the chemical cues present in their natural environ-
ment. The doping of hydrogels with phosphate groups that mimic mineral
deposits promoted osteogenesis, whereas doping with pendant carboxyl
groups that mimic the glycosaminoglycans in cartilage-enhanced chon-
drogenesis and doping with tert-butyl groups that resemble the lipid-rich
environment in adipose tissue fostered adipogenesis (Benoit et al., 2008).

A number of biomaterials possess the ability to induce bone formation,
i.e. osteoinduction. The majority of materials described as osteoinductive
contain calcium phosphate (Barradas et al., 2011). Calcium phosphates
are well known for their affinity for binding various proteins, including
BMPs (Uludag et al., 1999; Boix et al., 2005) in vivo (Kandori et al., 1997,
Wallwork et al., 2002). In addition, some materials that do not contain
calcium phosphate, such as titanium, calcify when exposed to simulated
body fluid (Fujibayashi et al., 2004; Takemoto et al., 2006), and therefore,

they are expected to undergo a similar calcification in vivo.

3.2 Surface energy

The surface energy, v, of a homogeneous substance is a measure of the
energy required to form a unit area of new surface at the interface. Sur-

face energy is dictated by the surface roughness, surface topography and

10
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the chemical composition of the implant, and it indicates the wetting ca-
pability of the surface. For water, a relatively more wettable surface may
be termed hydrophilic (high surface energy) and less wettable surfaces
hydrophobic (low surface energy), respectively. A water contact angle of
65° has been determined to be the value below which surfaces are called
hydrophilic and above which they are called hydrophobic (Vogler, 1998).
According to basic thermodynamic principles, a cell (C) can adhere to
substrate (S) in an aqueous environment (W) if the free energy of the

system decreases, i.e.
Ycs < Yow +Ysw- 3.1)

To estimate the surface energy of materials and their components, con-
tact angles with polar and non-polar liquids with known surface tension
values are measured. However, the experimental determination of the
contact angle, 6, and liquid-vapour surface tension, v, of the solid-liquid-
vapour system only yields a relationship between two unknown parame-
ters, i.e. a solid-vapour surface tension, ~g, and solid-liquid surface ten-

sion, vsr,. According to Young’s equation, the relationship is as follows:

YL cos O = ys — YsL- (3.2)

Much effort has been devoted to combining the rules so that all of the
parameters can be determined. This approach has been applied success-
fully with some polymers and simple organic liquids. Nonetheless, the
diversity of specific interactions in biological systems cannot be explained
by these simplified rules. A major problem is that it is difficult to obtain
accurate values for the surface free energies of cells because these sur-
faces possess a complex chemistry and hydration in vivo. This precludes
doing an experimental check on any rule for combining the parameters.

Even if these parameters could be measured, the thermodynamic ap-
proach is challenging because cells are living organisms that are able
to convert substances into energy, and their adhesion may be driven by
energy-consuming physiological mechanisms. Moreover, the adhesion en-
ergies constitute only a small per cent of the folding energy of a molecule,
such as a protein. Thus, even modest conformational changes may strongly
affect molecule-to-surface interaction.

Despite the lack of a quantitative model, it is clear that surface en-
ergy regulates biological adhesion to surfaces. Generally, hydrophobic
surfaces enhance the adsorption of proteins and conformational changes

due to a large positive entropy change and energetically favourable bind-

11
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ing, whereas hydrophilic surfaces decrease protein adsorption and con-
formational changes. Hydrophilic surfaces, on the other hand, have been
shown to enhance the adhesion and spread of various cell types (Lai et al.,
2010; Khang et al., 2008; Feng et al., 2003; Sawase et al., 2008). This
behaviour is regulated by the adsorbed protein layer. For example, al-
though hydrophobic surfaces adsorbed higher amounts of fibronectin than
hydrophilic surfaces, the hydrophilic surfaces bound antifibronectin anti-
bodies and supported cell adhesion more efficiently than the hydrophobic
surfaces (Grinnell and Feld, 1982). Furthermore, bovine serum albumin
(BSA), which inhibits cell adhesion, has been shown to adsorb more on hy-
drophobic surfaces (Carré and Lacarriére, 2008). In the presence of foetal
bovine serum (FBS), the number of adhering cells has been found to cor-
relate with the hydrophilicity and polarizability of the surface (Carré and
Lacarriére, 2010). Intriguingly, the fraction of adhering cells increased to
90% or more in the absence of FBS (Carré and Lacarriére, 2010). This
led to the suggestion that instead of focusing on the surface free energy or
surface free energy components of the solid substrates, the focus should be
on the interfacial free energy between the culture medium and the solid
substrate (Carré and Lacarriére, 2010). Therefore, to be able to under-
stand and model the role of surface energy in cell-substrate interactions,
the composition of the liquid phase should be known.

Nevertheless, surface energy can have an effect on the later stages of
bone formation and calcification by influencing the types of cells that ini-
tially attach themselves to the material and differentiate at the implant-
cell interface. Hydrophilic surfaces may accelerate the early stages of
the osseointegration of titanium implants by increasing osteoblast attach-
ment to these types of surfaces via as3; integrin-mediated binding and by
promoting the secretion of Dkk2. Dkk2 acts upon distal MSCs by inducing
osteoblastic differentiation (Olivares-Navarrete et al., 2010) (explained in
Section 2.2.5).

3.3 Surface topography

Surface roughness is the measure of the topographic relief of the sur-
face. The most widely used parameter to quantify surface roughness is
the arithmetic average of the absolute value of the profile from a midline,

R,, which can be determined using the following equation:

12
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1 lr
Ry = — / |2(x)|dz, (3.3)
r Jo

where z(z) is the absolute profile value from a midline and Ir is the
sampling length over which the surface profile has been measured (Tom-
lins et al., 2005). However, the averaged R, values lack detailed informa-
tion about the geometry of the surface or the variations in peak heights
or valley depths. Though different peak-valley parameters have been
developed, the simplest approach is to determine the highest and low-
est points within the overall measuring length. The R,, (peak-to-valley
roughness) value can be estimated as the vertical distance between the
farthest points.

The effects of microtopography on cell behaviour have been studied ex-
tensively since 1964 when Curtis first proposed that cells react to their
geometrical environment (Curtis and Varde, 1964). From randomly modi-
fied surfaces prepared using simple surface modification methods, such as
mechanical polishing and sand-blasting, current research has advanced
to the point of producing surface structures with nanometre resolution.
High levels of resolution are desired because cells can react to topograph-
ical features as small as 5 nm (Curtis and Wilkinson, 2001), and even
the conformation and symmetry of these nanofeatures can affect cellular
behaviour (Dalby et al., 2007).

Geometrically controlling the topography enables regulation of:

1. mechanical interlocking;

2. cell size and shape;

3. elongation and alignment of the nuclei (Brammer et al., 2009);

4. integrin positioning and focal adhesion formation (Yim et al., 2010;

Cavalcanti-Adam et al., 2007; Sjostrom et al., 2009);

5. cell—cell interactions;
6. the functional behaviour of proteins (Dalby et al., 2006; Jedlicka

et al., 2007).

The mechanical interlocking theory of adhesion states that good adhe-
sion occurs only when an adhesive penetrates the pores, holes and other
irregularities of the adhered surface of a substrate and locks mechanically
onto the substrate.

The relationship between the size/shape of the cell and its differentia-
tion has been demonstrated by many different researchers. For example,

large patterns (100 um x 100 um) promote osteogenesis, whereas small

13
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patterns (32 pym x 32 pm) enhance adipogenesis (McBeath et al., 2004).
Furthermore, an angular star shape promotes osteogenesis, whereas a
rounded flower shape with the same surface area results in adipogene-
sis (Kilian et al., 2010). Generally speaking, a rounded cell shape sup-
ports cartilage formation (Zanetti and Solursh, 1984; McBride and Tate,
2008) and an adipogenic phenotype (McBeath et al., 2004), whereas os-
teogenesis is promoted by the formation of cytoskeletal tension (Ruiz and
Chen, 2008; McBeath et al., 2004; Oh et al., 2009; Kilian et al., 2010). The
size/shape effect activates RhoA and its effector ROCK kinase (McBeath
et al., 2004), as well as ERK, in conjunction with elevated Wnt signalling,
which promotes osteogenesis (Kilian et al., 2010).

Geometric patterning is useful for controlling the cell—cell interactions.
This has been demonstrated with embryonic stem cells; the aggregation
of embryonic stem cells into embryonic bodies can be spatially controlled
using microtopography to facilitate a more homogeneous and controlled
differentiation (Karp et al., 2007). Bone formation starts when mesenchy-
mal cells form local condensations in the form of cell clusters (Hall and
Miyake, 2000). Controlling the cell—cell interactions with geometric pat-

terning provides an interesting option for controlling osteogenesis.
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layer model, the first layer con-

ject due to chemical interac-

tions (a stationary layer). In the second layer, the charge carriers are
attracted to the surface charge via the Coulumb force (a mobile layer) at a
greater distance. The electric potential at the shear plane separating the

stationary and mobile layers is called the (-potential (Fig. 3.2).
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The DLVO (named after Derjaguin & Landau and Verwey & Overbeek)
theory was developed to explain the behaviour of non-living colloid sus-
pensions. The interaction potential, V;,;, between micrometre-sized parti-
cles was calculated as the sum of two factors resulting from the van der
Waals interactions (V, 411, generally attractive) and repulsive Coulumb in-
teractions (V;), which in turn result from the overlap between the electri-

cal double-layer of the cell and the substrate:
Viot = Voaw + Vai- (3.4)

The cells have a diameter of several micrometres, they are surrounded
by a hydrophobic plasma membrane that is expected to generate an elec-
trodynamic attraction, and they bear a net negative surface charge. There-
fore, the basic principles of DLVO theory should be applicable to cells.

Indeed, it has been demonstrated that cell-cell or cell-surface adhesion
can be efficiently inhibited by electrostatic repulsion (Gingell and Todd,
1980) and that a van der Waals interaction between the biomimetic mem-
branes exists (Yu et al., 1998). However, no experimental work has re-
sulted in a numerical determination of Hamaker constants (which rep-
resents the strength of van der Waals interactions between macroscopic
objects) and surface charge densities that accurately accounts for the ad-
hesive behaviour of precise cells and surfaces (Vitte et al., 2004).

A major problem in applying DLVO theory to cells is that cells cannot
be considered smooth structures when they are separated by a distance
of less than 10 or 20 nm, which corresponds to the primary and secondary
energy minimum in DLVO theory. For example, the length of integrins
from the cell surface is approximately 23 nm (Komatsu et al., 1997). Con-
sequently, the precise distribution of charges on cell membrane molecules,
as well as the shape of the cell surface at the submicrometre level, regu-
lates cell-material interactions.

Nevertheless, the surface charge of the material influences the protein—
material and cell-material interactions. Opposite charges between the
substrate surface and protein promote protein adsorption, while the re-
pulsion of like charges reduces protein adsorption. In general, ECM pro-
teins have a negative charge and the cell membranes adhere closely to
positively charged surfaces, whereas contact occurs only at distinct points
on near-neutral and negatively charged surfaces (Davies et al., 1986).
Moreover, negatively charged surfaces show superior osteobonding ac-

tivity compared to non-charged surfaces or positively charged surfaces
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(Nakamura et al., 2004). The explanation for this may be that the nega-

tive surface charge enhances calcium deposition on the surface.

3.5 Electrowetting

Electrowetting is the modification of the wetting properties of a surface
with an applied electric field. This technique has recently gained a great
deal of interest due to its potential to manipulate cell suspensions. The
aim is to develop cell sorters for research and clinical diagnostics. Elec-
trowetting can also be applied to implant materials. For example, the
electric polarization of hydroxyapatite increased the hydrophilicity of the
surface, which resulted in enhanced osteoblastic adhesion and spreading
compared to normal hydroxyapatite (Nakamura et al., 2009).

Some therapies that use electromagnetic fields are applied to improve
the osseointegration of an implant. Therefore, the effect of electromag-
netic fields on cell-material interactions, for example in the form of elec-
trowetting, should be taken into consideration. Conversely, the effect of
the surface on the electric field in vivo should be considered. Nonethe-
less, the typical range of electric fields used in the therapies (or induced
by PEMF) are much lower (a few hundred mV/cm at most) (Hartig et al.,
2000; Chang et al., 2004) than those applied for the manipulation of cells
(a few kV/cm) (Zimmermann et al., 2000; Fan et al., 2008).

3.6 Conclusion about predicting cellular responses to material

The cell-surface interaction involves three phases: protein adsorption,
cell adhesion and cell activation. Of these, not even the first phase can
easily be predicted. The question has not only to do with which proteins
adsorb on the surface and which have the largest affinity to the surface,
but also with what kinds of conformational changes may occur upon ad-
sorption and how that affects the functionality of the proteins. Second, cell
adhesion on the substrate cannot be determined solely by the non-specific
physical interactions because of the specific ligand recognition, which the
simple models do not take into account. Third, it is not yet completely un-
derstood how cell adhesion and the activation of the adhesion molecules
regulate the subsequent cellular responses. For example, as explained
in Section 2.2, the process of osteogenic differentiation has only recently

become understood.
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4. Pulsed Electromagnetic Fields and
Osteogenesis

Pulsed electromagnetic fields (PEMF) accelerate the healing process if ap-
plied across the site of a bone fracture (Bassett et al., 1974). PEMF ther-
apy has been clinically used since it was first approved by the Food and
Drug Administration in 1979. It has been used, for example, to treat os-
teoporosis (Tabrah et al., 1990; Rubin et al., 1989), bone fracture (Griffin
et al., 2008) and implant osseointegration (Dimitriou and Babis, 2007).
Still, after 40 years of research, the cellular and molecular mechanisms
by which the PEMF exerts its effects are not understood. Whereas PEMF
might affect, for example, the electrostatic adhesion of cells, no effects
on the cell adhesion molecules (integrin, CD44) were observed (Zhang
et al., 2011). Recently, it has been proposed that PEMF can modulate
calcium-binding to calcium-modulated protein (calmodulin) (Pilla et al.,
2011). Calcium/calmodulin then activates a nitric-oxide synthesis that co-
ordinates the release of cytokines and growth factors (Diniz et al., 2002b;
Pilla et al., 2011). Although osteoprogenitor cells play a key role in bone
healing, the direct effect of PEMF on them has been poorly studied.
Table 4.1 summarises previous studies on the effect of PEMF on os-
teoblasts or MSCs. PEMF-induced osteogenesis has been shown to be
dependent on the intensity and pulse duration of the stimulation: the
pulse durations of 25 and 50 ps increased ALP activity more than pulse
durations of 6, 12 or 100 us and magnetic intensities of 0.04-0.4 mT en-
hanced bone formation more effectively than intensities of 0.01-0.02 or
0.6-0.8 mT (Matsunaga et al., 1996). The different types of stimulation
can explain the majority of the apparently inconsistent results presented
in Table 4.1. Nonetheless, the type of PEMF stimulus being used var-
ied too greatly to enable us to draw unambiguous conclusions about the
optimal stimulation. Furthermore, Publication V showed that the type
of stimulus is not the only parameter that explains the inconsequent re-

sults. The results described in Section 9.4.1 were different from those
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obtained by Jansen et al. (2010), despite the fact that we used the same
stimulus. This inconsistency can be explained by the difference in the cell
density, which is critically important for the lineage-specific differentia-
tion of MSCs in vitro (Pittenger et al., 1999; McBeath et al., 2004). With
increasing density, the adhesion and spreading of cells against the sub-
strate decrease, while cell-cell contact and paracrine signalling increase.
In addition, plating density alters cell shape, which provides an impor-
tant cue that regulates an adipogenic-osteogenic switch in MSC lineage

commitment (McBeath et al., 2004).

Table 4.1. Previous PEMF research with osteoblastic cells and MSCs related to prolif-

eration and/or osteogenic differentiation. The up arrow (1) specifies an up-
regulated effect and the down arrow (]) a down-regulated effect, respectively.
Here 'differentiation’ refers to osteogenic differentiation. The saturation density
of MSCs and osteoblasts is approximately 10 000 cells/cm?, while osteosarcoma

cell lines have 15 to 20-fold higher saturation densities (Pautke et al., 2004).

Cells, density
MG63

confluence

PEFM type
1.8 mT, 15 Hz, 5 ms bursts
of 20 pulses

Effects on cells
J proliferation
1 differentiation (ALP, OC)

MCT3T3-E1

7 mT, 15 Hz, 5 ms bursts of

1 proliferation

7800 cells/cm? 150 ps square waves 1 differentiation (ALP)

Mouse calvarial 0.1 mT, 15 Hz, 5 ms bursts 7 proliferation 3
10000 cells/cm®  with 0.2 ms pulses, 8 h/day | differentiation (ALP)

MCT3T3-E1, 2.4mT, 1.8 mT or 0.09 mT, | mature a1(I) collagen 4
NHO, CTP-BM 67.1 ms bursts with 21, 98

30000 cells/em®  or 1619 pulses

MG63, Sa0S-2, 1.6 mT, 15 Hz, 4.5 ms J Sa08S-2 proliferation on CaP 5
NHO confluent bursts of 20 pulses, 8 h/day 1 differentiation (OPG)

hMSC 1000 and 1.8 mT, 15 Hz, 4.5 ms 1 proliferation 6
5000 cells/cm? bursts of 20 pulses, 8 h/day

hMSC 1500 and  0.13 mT, 7.5 Hz, 300 us no effect on proliferation 7
3000 cells/cm? pulses, 2 h/day 1 differentiation (ALP, RUNX2)

hMSC 0.1 mT, 15 Hz, 5 ms bursts | proliferation 8
10500 cells/em®  with ps pulses, continuous 1 differentiation (BMP2, OC, BSP)

Rat MSC 1 mT, 15 Hz, 66 mS, conti- 1 differentiation (RUNX2, ALP, 9
10500 cells/cm®  nous BMP2, BSP)

hMSC 1.6 mT, 15 Hz, 4.5 ms 1 osteogenic effects of BMP2 10
confluent bursts of 20 pulses, 8 h/day (OPG) 1

! Lohmann et al. (2000); 2Diniz et al. (2002a); * Chang et al. (2004);

* Sakai et al. (2006); °Schwartz et al. (2009); °Sun et al. (2009); " Tsai et al. (2009);
8 Jansen et al. (2010); ° Yang et al. (2010); 10 Schwartz et al. (2008); ™ Schwartz et al.
(2009); CTP-BM = human connective tissue progenitor cells from bone marrow; hMSC =
human MSC; MCT3T3-E1 = mouse osteoblastic cell; MG63 = human osteosarcoma cell;

NHO = normal human osteoblasts; Sa0S-2 = human osteosarcoma cell.
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5. Dehydroepiandrosterone and
Osteogenesis

Dehydroepiandrosterone (DHEA) is a pro-hormone produced in the retic-
ular zone of the adrenal cortex, but only in human beings and other pri-
mates. After cellular intake, it can be metabolised by steroidogenic, in-
tracrine enzymes into various active sex steroids, e.g. estradiol (E2) or
dihydrotestosterone (DHT) (Fig. 5.1). Researchers have long believed
that such functionally active estrogens and androgens play a key role
in bone metabolism, and their failure is a well-recognised cause of post-
menopausal osteoporosis in women and osteoporosis in male hypogonad-
ism (Khosla et al., 2008; Slemenda et al., 1987). Furthermore, androgens
may promote preosteoblastic differentiation via effects on the canonical
Wnt signalling pathway (Liu et al., 2007).

In rodents, DHEA protects against osteoporosis (Canning et al., 2000;
Clerici et al., 1997; Harding et al., 2006), and promotes osteoblast growth
and affects the quality of the bone tissue that forms (Wang et al., 2007).
Nonetheless, in human patients treated with glucocorticoids (a common
side effect of which is steroid-induced osteoporosis), DHEA provided only
a moderate increase in the density of the bone mineral (Bovenberg et al.,
2005; Hartkamp et al., 2004; von Miihlen et al., 2008). Species-specific dif-
ferences in the adrenal and intracrine metabolome exist and may explain
the lack of translation between species. DHEA is abundant in human cir-
culation, while it is very low or absent in rodents (Wolf and Kirschbaum,
1999), and exogenous DHEA in rodents is efficiently converted into highly
oxidized metabolites (Marwah et al., 2002). Many of the functions ini-
tially attributed to DHEA in rodents are now thought to be due to these
oxygenated metabolites. In humans, many of the actions of DHEA are
presumably mediated through its conversion into sex hormones.

MSCs contain some of the essential intracrine enzymes, namely 3.-

hydroxysteroid dehydrogenase (HSD) and 5a-reductase. Furthermore,
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33-HSD aromatase
Androstenedione Estrone

173-HSD 175-HSD I 173-HSD

33-HSD aromatase
Androstenediol Testosterone Estradiol

5a-reductase

Figure 5.1. Intracrine conversion of dehydroepiandrosterone (DHEA) into dihydrotestos-
terone (DHT). The enzymes involved are 33-hydroxysteroid dehydrogenase
(HSD), 178-HSD and 5a-reductase. These reactions are unidirectional, ex-
cept for the 175-HSD catalysed reaction, which can run in both forward
and reverse directions in an enzyme isoform-dependent manner. In addi-
tion, many of the undirectional enzymes comprise several different isoforms,
which probably enable cell- and situation-specific regulation and steroido-
genic tailoring. The androgens are the blue rectangles and the estrogens are
the red rectangles.

in the presence of DHEA, the intrinsic ’bridging’ enzyme 173-HSD is in-
duced (Sillat et al., 2009). This should make DHEA-to-DHT conversion
in MSCs possible (Fig 5.1). This conversion can be blocked by inhibit-
ing 5a-reductase, which is the enzyme catalysing the final reaction in the
DHEA-to-DHT pathway, converting testosterone into DHT. Futasteride
and dutasteride are 5a-reductase inhibitors. Dutasteride inhibits both
the type I and type II forms of 5a-reductase; therefore, it is more effec-
tive in this respect than futasteride, which inhibits the type II form of the
enzyme only.

Research on the effect of DHEA on human MSCs has mainly focused on
neurogenic differentiation (Shiri et al., 2009), and there were no previous
reports related to the eventual effect of DHEA on the osteogenic differen-
tiation of human MSCs.
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6. Bacterial Infection

Bacterial adhesion is equally complicated as cell adhesion and it is in-
fluenced by many factors, including bacterial properties, material surface
characteristics and environmental factors, such as the presence of serum
proteins and flow conditions. Cytocompatible surfaces may also offer a
favourable platform for adhesion, growth and the biofilm formation of
microbes. Besides the effect of directly anti-bacterial materials, little is
known about how material properties influence bacterial adhesion. How-
ever, it seems that bacterial adherence depends primarily on the infective
microorganism and on the response of each individual patient rather than
on the materials or components (Gémez-Barrena et al., 2012).

Interestingly, the number of adherent bacteria correlates negatively with
the amount of adsorbed proteins on nanostructured samples. The accu-
mulation of proteins on rough surfaces downplays bacterial adhesion and
biofilm formation by creating a thick layer that reduces the more direct
interaction of bacteria with the nanostructured surface, thereby inhibit-
ing bacterial adhesion (passivation effect). Moreover, the protein layer
significantly flattens the surface, suppressing the area of the nanoscale
surface available for bacterial adhesion (flattening effect).

Bacterial infections remain a common cause for why many types of im-
plants ultimately fail (Darouiche, 2004, 2001). In all but the most nutrient-
rich environments, bacteria grow preferentially in extracellular polymeric
substance- (bacterial-slime) enclosed communities that are attached to
surfaces, i.e. as biofilms. The presence of these microbial biofilms always
triggers pathogenic changes in the surrounding tissues, but the symptoms
in such indolent biofilm-associated infections develop often slowly. The in-
fected abiotic and immune-compromised implant surfaces and materials
act as bacterial growth substrates and reservoirs, impairing implant func-

tion and propagating the local spreading of the infection into surrounding
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tissues and hematogenic metastatic infections into distant sites. Recog-
nising the colonisation of the implant surface by bacteria remains an im-
portant clinical and academic issue.

Recognition of the differences between planktonic and biofilm bacteria
has disclosed many important differences of relevance between these two
microbial states (Costerton et al., 1978, 1999). Biofilm bacteria are not
easily accessible to naive and immune host defence cells or soluble factors,
such as complement or antibiotics. Furthermore, dormant pathogens em-
bedded in the biofilm and adhering to the implant surface can be difficult
to detach and grow in a bacterial culture. Therefore, different approaches
have been developed to diminish false negative culture results, e.g. mul-
tiple sampling from the surface of the implant (direct swabs) and sonica-
tion of the implant to detach and disperse bacteria and biofilms from the
implant surface to culture medium (Marculescu et al., 2005; Neut et al.,
2003; Panousis et al., 2005; Trampuz and Widmer, 2006; Trampuz and
Zimmerli, 2006; Zimmerli, 2006). These studies have confirmed that bac-
teria are present in many cases that were previously considered culture-
negative cases. This led to the suggestion that at least some cases of failed
orthopaedic implants that were considered to represent aseptic loosening
(based on the absence of clinical signs of infection and the failure to iso-
late and culture bacteria) may actually have an infectious etiology (Nelson
et al., 2005). Unfortunately, none of these methods is perfect and the fre-
quent use of antibiotics before collecting the sample further increases the
risk of false-negative culture results. However, false-positive culture re-
sults are also possible, usually as a result of contamination during sample

processing and culture.
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7. Aims of the Study

The main aim of this study was to find methods that could potentially

improve the osseointegration of an implant.

I The first aim was to investigate whether the surface micro-patterning
could enhance the cytocompatibility of the cell-unfriendly, silicon-based
implants and improve their biocombatibility during the initial phase of
osseointegration, i.e osteoblastic and progenitor cell adhesion and the
osteogenesis of MSCs.

IT The second aim was to broaden the study from two-dimensional pat-
terns to three-dimensional patterns and to examine its effect on os-
teoblastic, fibroblast and MSC adhesion and the osteogenesis of MSCs.

IIT Since other external factors can also regulate osseointegration, the
third aim was to investigate the effect of PEMF and DHEA on osteoblas-
tic cell and MSC proliferation and the ostegenic differentiation of MSCs.

IV In addition to osseointegration, another important factor determining
the lifetime of an implant is the bacterial adhesion on its surfaces, which
can cause infection and septic loosening of the implant. Diagnosing bac-
terial infection is challenging, and therefore the fourth aim was to test
the potential of novel spectroscopic methods to recognise bacterial im-

plant infections.
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8. Materials and Methods

Table 8.1 summarises the materials and methods utilised in this thesis.

Table 8.1. Summary of the materials and methods used in the present thesis.

Study Substrate / stimulus Characterisation Cells Testing methods
Patterned substrates Sa0S-2 SEM, THC

I (Fig. 8.1 A-C) of DLC,
Cr*, Ta* and Ti
Patterned (Fig. 8.1 C Roughness and MSC SEM, THC

I and D*) and planar contact angle

substrates of DLC, Cr, measurements

Ta and Ti

Patterned (Fig. 8.1 C (-potential MSC qRT-PCR,
I and D) and planar measurements colorimetry

substrates of DLC, Cr,

Ta and Ti

3-D (Fig. 8.1 E and F) Sa0S-2, SEM, IHC
1A% of Si, TiO2, DLC and fibroblasts,

Ormocomp® MSC

PEMF and DHEA Sa0S-2, qRT-PCR, IHC
\% MSC colorimetry

Patterned (Fig. 8.1 C) MSC, SEM, XPS,
VI and planar substrates S. aureus, ToF-SIMS

of DLC and Ti co-cultures

* Additional materials not included in the original publications.

DLC = diamond-like carbon; IHC = immunohistochemistry; qRT-PCR = quantitative
real-time polymerase chain reaction; SEM = scanning electron microscopy; ToF-SIMS =

time-of-flight secondary ion mass spectrometry, XPS = X-ray photoelectron spectroscopy.

8.1 Substrate fabrication (I-1V,VI)

A wide variety of microfabrication techniques and materials were used in
this thesis study. A description of the samples and the fabrication pro-
cesses is given in this section.

The size of all the substrates was 10 mm x 10 mm. In the first set of

substrates (I), each substrate consisted of four quadrants. Three of the
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Figure 8.1. A schema presenting the substrate types. The first substrate set consists
of panels A and B. Here, the dark areas represent DLC, Cr, Ta or Ti pat-
terns on a Si background, or alternatively, inverse substrate-type Si patterns
on a coated background. For the second substrate set, panel C is a square-
patterned substrate and panel D is an inverse square-patterned substrate.
The dark colour represents Si and the light colour represents the coating
(DLC, Cr, Ta or Ti). For the third substrate set, panel E shows the loca-
tion of the pillars and panel F shows the height differences between the 3D-
substrates. Here, the surface was either Si, TiO2, DLC or Ormocomp®.

quadrants contained squares with the length of the sides being 5, 25 or
125 pm or circles with diameters of 5, 25 or 125 um; they were coated with
diamond-like carbon (DLC), Cr, Ta or Ti on a Si background (Fig. 8.1 A,
B). Regardless of the size of the pattern, the circles covered 30.6% and
the squares covered 25% of the surface. The fourth quadrant contained
a homogeneous coating as a control. In addition, an inverse version of
these substrates was fabricated, i.e. uncoated Si squares or circles on a
background coated with DLC, Cr, Ta or Ti.

The second set of substrates (I-III, VI) contained regularly spaced, 75 pm
x 75 um squares coated with DLC, Cr, Ta or Ti at a distance of 100 pym
(Fig. 8.1 C). An inverted version of these samples contained 100 pym x
100 pym Si-squares at a distance of 75 ym on a background coated with
DLC, Cr, Ta or Ti (Fig. 8.1 D). In the second set of substrates, the coat-
ing occupied 18.4% or 67.3% of the surface, respectively. In addition, the

planar control substrates were coated with DLC, Cr, Ta and Ti.
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In the third set of substrates (IV), each chip was also divided into four
parts: one part was a planar control surface and the other three parts
contained 100 pym x 100 um squares of square pillars of different heights
(200 nm, 5 pm or 20 ym) at a distance of 100 um (Fig. 8.1 E, F). The sur-
face was either Si, TiO, DLC or Ormocomp®.

Based on the results, the square patterns had a stronger impact on the
cytoskeletal organisation than the circular patterns. Since it is known
that activation of the cytoskeleton enhances osteogenesis, the square pat-

terns were selected for the studies focusing on the osteogenesis of MSCs.

8.1.1 Patterned surfaces (I-III, VI)

Polished <100> Si wafers (p-type) were dry-baked with an adhesion pro-
moter (20% hexamethyldisilazane in xylene). Then, the chosen photore-
sist was applied for patterning and cured using optimised process param-
eters. DLC was deposited using a filtered pulsed plasma arc discharge
(FPAD) or laser ablation and Cr, Ta or Ti coatings were magnetron sput-
tered onto the surface of the resist-patterned wafers. The process param-
eters were optimised to achieve well-adhering, smooth coatings with a
thickness of 200 nm. The micro-patterns were revealed via a lift-off pro-

cedure by immersing the wafers in a resist remover in an ultrasonic bath.

8.1.2 Fabrication of three-dimensional surfaces (IV)

3D Si substrates were fabricated using ultraviolet lithography and plasma
etching. Three masks, one for each pillar height, were used. Reactive ion
etching was applied to produce the lowest 200 nm pillars and anisotropic
deep reactive ion etching was applied to produce the 5 ym and 20 pm pil-
lars. Some of the Si substrates were coated either with TiO; using an
atomic layer deposition or with DLC using the FPAD method, whereas
the reference substrates were left uncoated. The Ormocomp® (Micro Re-
sist Technology, Berlin, Germany) pillars were fabricated using ultraviolet

embossing and a plasma treatment.

8.2 Substrate characterisation (ll, VI)

Contact angle measurements, atomic force microscopy and (-potential
measurements were used in this thesis for the quality controls and for

characterising the planar and micro-patterned substrates. Brief descrip-
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tions of these techniques are given in this section (8.2).

8.2.1 Contact angle and surface energy measurements (IT)

The contact angle measurements were performed to clarify the wettabil-
ity of the materials studied. The contact angle of the sessile drops (15 ul)
were measured using a custom-made apparatus (an optical SZ-PT Olym-
pus microscope equipped with a C-3030ZOOM digital camera; Olympus
Corp., Tokyo, Japan). To assess the total surface energy and its polar
and dispersive components, the contact angles for water (polar) and di-
iodomethane (non-polar) were measured. Gnu Image Manipulation Pro-
gram (GIMP, www.gimp.org) image analysis software was used to deter-
mine the contact angles for left and right margins. Five parallel samples
were examined and the dispersive and polar components were calculated

using the Owens-Wendt model:

(14 cos0)yL = 2((VEVD)Y? + (vEVE)Y?) (8.1)

where 6 is the measured (averaged) contact angle value, v is the surface
tension, the superscripts D and P label the dispersive and polar compo-
nent of the surface tension, respectively, and the subscripts S and L stand
for solid and liquid, respectively (Owens and Wendt, 1969). The total sur-

face energy (vs) is the sum of the dispersive and polar components.

8.2.2 Roughness measurements (IT)

An atomic force microscope (PSIA XE-100; Park Systems Corp., Suwon,
Korea) was used to analyse the topography of the substrates and to de-
termine the thickness of the thin film depositions. Aluminium-coated sil-
icon cantilevers (Acta-10, ST Instruments B.V., LE Groot-Ammers, The
Netherlands) were used in a non-contact mode to scan the surface across
an area of 2 uym x 2 pm with a scanning rate of 0.25 Hz. The average sur-
face roughness (R,) and peak-to-valley roughness (R,,) were determined

from six random locations using instrument analysis software (XIA).

8.2.3 (-potential measurements (III, VI)

A streaming current measurement was used to examine the interface
charges of the studied solid biomaterials immersed in a liquid. The (-
potentials of the surfaces were measured for two pairs of each substrate

type in 1 mM of KCI (pH 7) using the adjustable gap cell of an elec-
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trokinetic analyser for the solid substrates (SurPASS, Anton Paar GmbH,
Austria). Each measurement was repeated three times. The (-potential
was calculated from the streaming current measurements according to
the Helmholtz-Smoluchowski equation (Lyklema, 1995):

dI n L
CidiPxeXeoxz (8.2)
dI

where ( is the (-potential, 75 is the slope of the streaming current vs.

pressure, 7 is the electrolyte viscosity, € is the permittivity, ey is the dielec-
tric coefficient of electrolyte and L is the length and A the cross section of

the streaming channel.

8.3 Cell cultures (I-VI)

Publications I-IV investigated the cellular responses to the biomaterial
substrates, Publication V investigated the effect of PEMF and DHEA on
osteoblast-like cells and osteogenesis and Publication VI investigated the
footprint that cells produce and leave after detachment on the surface as
a cellular imprint. This section (8.3) describes the cell culture methods
used in the above-mentioned studies.

The cells were cultured at 37 °C in a humidified atmosphere containing
5% CO,. All substrates were cleaned in 70% ethanol and sterilised using

30 kGy gamma irradiation prior to being exposed to the cells.

8.3.1 Osteoblastic Sa0S-2 cultures (I, IV, V)

The adhesion of human osteogenic sarcoma (SaOS-2, ECACC 890500205)
cells on patterned surfaces (I) and on 3D surfaces (IV), as well as the
effect of PEMF and DHEA on the proliferation of SaOS-2 cells, was stud-
ied (V). Sa0OS-2 cells were cultured in McCoy’s 5A medium containing
GlutaMAX™ (Gibco/Life Technologies Inc., Gaithersburg, MD, USA) and
supplemented with 10% FBS, 100 IU/ml penicillin and 100 png/ml strepto-
mycin. The SaOS-2 cells were seeded onto the substrates at a density of
25 x 10° cells/cm? and cultured for 48 h (I, IV) or for 4—14 d (V).

8.3.2 Mesenchymal stem cell cultures (II-V)

The adhesion and osteogenic differentiation of MSCs was studied on micro-
patterned and 3D surfaces (II-IV) and the effect of PEMF and DHEA on

the proliferation and osteogenic differentiation of MSCs was evaluated
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(V). Finally, the footprint that MSCs produce and leave on the surface
was compared to the footprint of S. aureus (VI).

Human bone marrow-derived MSCs (4—6t" passage, Poietics™, Lonza,
Basel, Switzerland) were cultured using a Lonza Mesenchymal Stem Cell
Basal Medium with a Mesenchymal Cell Growth Supplement (MSCGM),
L-glutamine and GA-1000 (Gentamicin / Amphotericin-B) or penicillin-
streptomycin. For the adhesion experiments, the cells were seeded onto
the surfaces at a density of 0.5 x 10* cells/cm? and cultured for 7.5h,
120 h (80% confluence) or up to 28 d (proliferation experiment). For the
osteogenic experiments, the cells were seeded at a density of 0.3 x 10%

2 and cultured for up to 28 d. Osteogenesis was induced 24 h

cells/cm
after seeding by replacing the MSCGM with the Osteogenesis Induction
Medium (which contained ascorbate, 5-glycerophosphate and dexametha-
sone, penicillin-streptomycin, a growth supplement and L-glutamine, Lon-

za). The MSCs were fed every 3—4 d with the appropriate media.

8.3.3 Setting up the fibroblast cell line and cell culture (IV)

The effect of 3D surfaces on fibroblast adhesion was studied. Fibroblasts
were isolated from a fibrous capsule sample collected from a 65-year-old
male patient during joint replacement surgery. Fat and loose connective
tissues were removed and the tissue was minced to pieces. The pieces
were left overnight in an RPMI medium containing 10% FBS and 1000
IU/ml penicillin and 1000 pg/ml streptomycin. On the second day, the
medium was changed to one with a 1:10 reduced penicillin/streptomycin
concentration. The medium was changed twice a week, and at 80% conflu-
ence the tissue explants were removed and the cells were allowed to grow
to confluence. For the experiment, 4'"-passage fibroblasts were seeded
onto the biomaterial surfaces at a density of 10* cells/cm? and cultured
for 120 h (80% confluence) in D-MEM with GlutaMAX™ (Gibco).

8.3.4 PEMF and DHEA stimulation (V)

The effects of PEMF and DHEA on the proliferation of SaOS-2 cells and
MSCs and the osteogenic differentiation of MSCs were studied. Continu-
ous PEMF stimulation was produced using an OSSATEC® Bone growth
stimulation device (Fig. 8.2; Uden, The Netherlands); the device produced
a 15 Hz, 0.1 mT EM field consisting of 5 ms bursts with 1 us pulses.

The cells were cultured in the presence of 100 uM, 10 uM or 1 pM DHEA
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(Sigma, St. Louis, MO, USA) with and without the presence of 100 nM
dutasteride (Avodart®), GlaxoSmithKline, Middlesex, UK), which inhibits
types I and II 5-a-reductase.
The stimulation was started
24 h after seeding. The cells
were grown on 24-well plates
(proliferation experiments), 12-
well plates (gene expression) or

8-well chamber slides (staining).

8.3.5 Staphylococcus
aureus cultures (VI)

The MSC footprint was com-

pared to S. aureus footprint. A
Figure 8.2. The set-up of the pulsed electro-

biofilm producing strain of S. au-
magnetic field device. The cell cul-

reus S-15981 (Valle et al., 2003) ture plate is placed between the
was cultured at 37°C. Pre- coils, which are inside the yellow

pads. The distance from the cells
experiment cultures were con- to both of the coils is of an equal

ducted in a tryptic soy broth length.

(TSB) until a stationary phase of growth was achieved. For the exper-
iment, the concentration was adjusted to 6 x 10% colony forming units
(CFU)/ml. The samples were incubated for 48 h at 37 °C. They were gen-

tly rocked continuously and refreshed once during the incubation.

8.3.6 Co-culture of S. aureus and mesenchymal stem cells (VI)

Two types of MSC and S. aureus co-cultures were prepared in MSCGM
without antibiotics to further compare the footprints of these cells. In
the first set-up, the MSCs were seeded on the substrates at a density of
6000 cells/cm? and cultured for 48 h; this was followed by the addition of
a S-15981 staphylococcus solution (6 x 108 CFU/ml) and incubation for
another 48 h. In the second set-up, MSCs and S-15981 were incubated
simultaneously for 96 h using the above-mentioned seeding density and
concentration. The viability of bacteria in MSCGM was examined using a
Live/Dead BacLight kit, while the viability of MSC in the co-cultures was
examined using a Live/Dead Kit for mammalian cells (Molecular Probes /
Life technologies). To assess the amount of biomass in a biofilm, crystal

violet staining was applied.
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Table 8.2. Sequences of the primers used in a qRT-PCR reaction.

Gene Sequence Amp. size (bp)
COLal () 5 CCACCAATCACCTGCGTACAGAA 118
NM 000088.3 3  GGGCAGTTCTTGGTCTCGTCACA

RUNX2 5 TAGATGGACCTCGGGAACCCAGA 309
NM 001024630.2 3 TGGAAGACAGCGGGGTGGTAGA

ALP 5 CTTGACCTCCTCGGAAGACACTC 237
NM 000478.3 3  GCCTGGTAGTTGTTGTGAGCATAG

SMAD1 5 CCGTTTCCTCACTCTCCCAATAGC 245
NM 0001003688.1 3 GCAACCGCCTGAACATCTCCTC

OoP 5 CACAGCATCGTCGGGACCAG 250
NM 000582.2 3  GGGCTAGGAGATTCTGCTTCTGAG

oC 5 CCTCACACTCCTCGCCCTATTG 112
NM 199173.3 3 CGCTGCCCTCCTGCTTGG

RPLPO 5 GGCGACCTGGAAGTCCAACT 149
NM 001002 3  CCATCAGCACCACAGCCTTC

B-actin 5  ATCACCATTGGCAATGAGCGGT 333
NM 001101.3 3 TCTTCATTGTGCTGGGTGCCAG

8.4 Evaluation of cell adhesion and osteogenic differentiation (I-V)

This section (8.4) describes the methods used in the evaluation of cell ad-
hesion and osteogenic differentiation. Adhesion was studied using a scan-
ning electron microscope (SEM) and actin-vinculin-nuclei staining. Os-
teogenic markers were stained and measured colorimetrically and/or with

a quantitative real-time polymerase chain reaction (QRT-PCR) (II-V).

8.4.1 Scanning electron microscopy of cells (I, IT, IV)

Subsequent to the incubation, the samples were washed in a phosphate
buffered saline (PBS), fixed in 2.5% glutaraldehyde (Sigma) overnight at
4 °C, washed in PBS and dehydrated in the ethanol series. The dehydra-
tion was completed using a Bal-Tec CPD 030 Critical Point Dryer (BAL-
TEC AG, Balzers, Liechtenstein). The samples were mounted on SEM
stubs, coated with Pt using an Agar sputter device (AGAR, Stansted, Eng-
land) and examined using a Zeiss DSM 962 SEM (Carl Zeiss, Oberkochen,
Germany) at an accelerating voltage of 8—10 kV.

The density, coverage and size of the cells on the patterns and on the
background were calculated from the images that were segmented using
Canny’s edge detection algorithm (Matlab, MathWorks, Inc., Natick, MA).
Three to four parallel samples were analysed and four images were taken

from each sample.
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8.4.2 RNA expression (III, V)

The RNA levels of six osteogenic markers (COLal, RUNX2, ALP, SMAD1,
OP and OC) were measured. Ribosomal protein large PO (RPLPO) and -
actin were used as housekeeping genes. Total RNA was extracted using
an RNeasy Mini Kit (Qiagen Valencia, CA, USA). Complementary first
strand DNA (cDNA) was synthesized from 30 ng (ITT) or 100 ng (V) of total
RNA using an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA).
2 ul of cDNA, 10 ul of IQ SYBR Green Supermix (Bio-RAD) and primers
(Table 8.2) at a final concentration of 100 nM were used in the qRT-PCR,
which was performed using an iQ5 real-time PCR detection system (Bio-

Rad). The results were analysed using the comparative C; method.

8.4.3 Immunohistochemistry (I, IT, IV)

To study the adhesion of the cells, vinculin and actin cytoskeleton were
stained (I, II, IV). To examine the signalling routes of osteogenesis, ERK
and ROCK were stained (IV). To study osteogenesis, osteocalcin and/or
osteopontin were stained (III, IV, V).

For immunohistochemistry, the samples were fixed in 4% paraformalde-
hyde (PFA) in PBS and permeabilized in 0.1% Triton X-100 in PBS. Non-
specific binding sites were blocked using normal serum from the host
species of the secondary antibody diluted at a ratio of 1:10 in 0.1% BSA in
PBS. After blotting away the normal serum, the samples were incubated
in primary antibodies (Table 8.3) for 1 h at 22 °C or overnight at 4 °C. The
samples were incubated in secondary antibodies for 1 h at 22 °C. In vin-
culin and osteocalcin staining (in Publication II), Phalloidin-568 (1:30 in
BSA-PBS) was incubated together with a secondary antibody to stain the
actin cytoskeleton. The nuclei were stained with DAPI (4’,6-diamidino-2-
phenylindole). Washes were performed after all of the steps, except the
blocking step.

8.4.4 Alkaline phosphatase (II-IV, V)

ALP is an early marker of bone formation. ALP activity was studied us-
ing a Naphthol-AS-MX phosphate sodium salt substrate at 14 d (Sigma,
1 g/l) and Fast red TR chromogen (Sigma, 1 g/1) in a 0.1 M Tris buffer (pH
8). Subsequent to a 1h incubation, the samples were fixed in 4% PFA,
permeabilized in 0.1% Triton X-100 in PBS and counterstained in DAPI.
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Table 8.3. Antibodies used in immunohistochemistry.

Vinculin (I,II)

Monoclonal mouse anti-human vinculin IgG (Lehto and Virtanen, 1985)
Alexa-Fluor 488 conjugated goat anti-mouse IgG (Molecular Probes; 20 ng/ml)
ERK (IV)

Monoclonal mouse anti-human ERK IgG (Abcam; 1 pg/ml)

Alexa-Fluor 586 conjugated goat anti-mouse IgG (Molecular Probes; 20 ng/ml)
ROCK (IV)

Monoclonal rabbit anti-human ROCK-1 IgG (Millipore; 1:50)

Alexa-Fluor 488 conjugated goat anti-rabbit IgG (Molecular Probes; 20 ng/ml)
Osteopontin (IV, V)

Monoclonal mouse anti-human osteopontin IgG (Santa Cruz; 2 ng/ml)

Alexa-Fluor 568-conjugated goat anti-mouse IgG (Molecular Probes; 20 pg/ml)
Osteocalcin (I1, V)

Polyclonal rabbit anti-human osteocalcin IgG (AbD Serotec 7060-1515; 1:40)
Alexa-Fluor 488-conjugated donkey/goat anti-rabbit IgG (Molecular Probes; 20 ng/ml)

Washes in the PBS were performed between all of the steps.

The ALP activity was quantified using SIGMAFAST p-Nitrophenyl phos-
phate tablets (ITII). The cells were lysed in a Passive Lysis Buffer (Promega,
Madison, WI, USA), after which 200 ul of the stain-solution was incubated
with supernatants for 30 min in the dark. The absorbance at 405 nm was
measured using a Multiskan Ex-Photometric plate reader (Labsystems,

Thermo Fisher Scientific, Finland). The analysis was done in triplicate.

8.4.5 MTT assay (V)

MTT (3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) is a
yellow tetrazole that is reduced to a purple formazan in living cells and
used to evaluate the proliferation rate of cells. MTT was used at a con-
centration of 1 mM for 2 (MSCs) or 3 h (SaOS-2 cells) at 37°C. A solu-
bilisation solution (10% sodium dodecyl sulfate in 1 mM HCl) was added
to dissolve the insoluble purple formazan product into a coloured solu-
tion. Subsequent to the 17 h incubation, the absorbance at 570 nm was

quantified using a Multiskan Ex-Photometric plate reader.

8.4.6 Mineralisation (II, IV)

Mineralisation was analysed using Alizarin Red S (I, IV) and hydroxyap-
atite-specific Osteolmage™ staining (ITI, IV). For both protocols, the sam-
ples were fixed in 4% PFA. Alizarin Red S (2% in dH,0, Sigma) was ap-

plied for 2 min; after this, the samples were rinsed in acetone, acetone-
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xylene (1:1) and xylene. Osteolmage™ Mineralisation Assay (Lonza) was
used according to the manufacturer’s instructions and the mineral de-
posits were measured using a Plate CHAMELEON V plate reader (Chame-
leon Systems, Ruislip, UK; 485 nm for excitation and 535 nm for emis-
sion). Subsequent to the measurement, the actin cytoskeleton and nuclei

were stained (Section 8.4.3).

8.4.7 Optical microscopy (I-V)

The stained samples were mounted in a mounting medium, coverslipped
and examined using a Leica TCS SP2 confocal microscope (Werzlan, Ger-
many), a Leitz Diaplan microscope (Wetzlar, Germany), an Olympus fluo-

rescence microscope or a Leica DM6000 B/M microscope.
8.5 Footprint analysis (VI)

This section (8.5) presents the methods used to compare the MSC and S.
aureus footprints. The cells and bacteria were detached with trypsin, and
the samples were washed in dH,O and in absolute ethanol and soaked in
dH-O0 to reduce the number of free ions remaining as a result of the buffer.
Finally, the liquid on the sample was removed using N, gas. To ensure
that the surfaces were well cleaned of cells and bacteria, the samples were

imaged using a Hitachi SEM FE 4800 field emission SEM.

8.5.1 X-ray photoelectron spectroscopy (XPS) (VI)

The planar DLC and Ti samples subjected to the MSC or S. aureus cul-
tures were analysed using a high-resolution X-ray photoelectron spec-
trometer (PHI 5600). To interpret the XPS data, the linear least-squares
fit of Gaussian functions was applied to the O, N and C spectra (Matlab).

8.5.2 Time-of-flight secondary ion mass spectrometry (VI)

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) experiments
were performed for the planar DLC and planar and patterned Ti sub-
strates subjected to the MSC and S. aureus cultures and both types of
co-cultures. Positive and negative static SIMS measurements were per-
formed using a ToF-SIMS spectrometer (ION-TOF, Munster). The sam-
ples were irradiated with a pulsed 25 keV Bi®** liquid-metal ion beam.

A limited peak set was constructed using unique amino acid fragmen-
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Table 8.4. List of characteristic secondary ion fragments cleaved off from the amino acids.

Mass Formula Amino acids | Mass Formula  Amino acids
45 CHS Cya 87 C';H7N20 Asn
47 CH;;S Cys 88 C';HGNOQ Asn
54 CsH4N His 91 C-H~ Phe, Tyr
55 CquO Tyr 95 C5H7N2 His
58 CQH4NO Gly 98 C4H4N02 ASII

CaHgN Glu 100 C4H10N3 AI‘g
59 CN3H5 Arg 102 C4H8N02 Glu
60 CzH@NO Ser 104 C4H10NS Met
61 CoHsS Met 107 C7H-O Tyr
68 C4H6N Pro 110 C5H8N3 His
69 C4H50 Thr 113  C4H5N20, Gly
71 C3H302 Ser 115 C4H7N202 Gly
72 C3sHgNO  Gly 120 CsHioN Phe

C4H10N Val 121 CgH‘aNgo HlS
73 CZH7N3 Arg 127 C5H11N4 Arg
74 CngNO ThI‘ 129 CsH13N4 Gln
81 C4H5N2 HIS 130 C9H3NG Trp
82 C4HgN, His 131  CyH-O Phe
84 C4H¢NO  Gln, Glu 136 CsH; (NO  Tyr

CsHluN LyS 159 Cl()H11N2 Trp
85  C3;H;N,0 Gly 170 CnH{NO  Trp
86 CsHoN Ile, Leu

tation patterns from ToF-SIMS data that had previously been identified
as characterising proteins (Table 8.4). The peak areas for each spectrum
were then normalised to the intensity of the sum of the selected peaks
to account for fluctuations in the secondary ion yield between the various
spectra. The data from culture medium was subtracted from the cell data.
Principal component analysis (PCA) was applied to analyse the ToF-SIMS
spectra (Matlab) of the MSC and bacteria footprints. The coefficients ob-
tained from the PCA were further applied to the co-culture data.

8.6 Statistical analysis (I-VI)

All numerical results are expressed as the mean + the standard deviation
(of the mean). The statistical significance of the differences observed be-
tween groups was evaluated using one-way analysis of variance followed
by Tukey HSD Post-Hoc Tests (I-III) or a Mann Whitney test (Matlab; V).
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9. Results and Discussion

9.1 Surface characterisation of micro-patterned surfaces (I-lll)

The roughness, surface energy and surface charge of the planar and square-

patterned DLC, Cr, Ta and Ti surfaces were measured.

9.1.1 Surface roughness

The planar DLC, Cr, Ta and Ti coatings had an average surface rough-
ness (R,) of less than 2 nm, i.e. the surfaces were smooth and they had
a mirror finish (Fig. 9.1). The R, and the peak-to-valley roughness (R,,)
values of the DLC coatings were the lowest (p < 0.001), and the Cr coat-
ings had lower values than the Ta and Ti coatings (p < 0.001). Neverthe-
less, the differences in the R, values were minor (< 2 nm). It thus seems
that the only relevant topographical cue for the substrates studied here
is the step (height difference) between the patterns and the background
(200 nm). Therefore, it is unlikely that the clear-cut differences seen in
the cellular behaviour cultured on various substrates would have been
due to the differences in the surface topography. Instead, the differences
observed, which will be discussed later, seemed to be mediated by the dif-
ferent chemical compositions of the studied substrates and the physical

patterns on the substrates.

9.1.2 Contact angles

Micro-patterning significantly affected the wettability properties of the
substrates, i.e. the water contact angles were decreased and the diiodome-
thane contact angles were increased compared to their planar counter-

parts (Fig. 9.1). However, the differences in the water contact angles be-
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tween the samples were relatively small (statistically significantly lower
on patterned DLC compared to planar DLC, p < 0.05). All of the materi-
als had water contact angles between 63° and 71° except for the Si sub-
strate, which had a water contact angle of 32°. In contrast, the variation
in the diiodomethane contact angles was statistically significant; the di-
iodomethane contact angles were clearly higher on the patterned surfaces
(46°—49°) than on their planar counterparts (33°—38°, p < 0.05). Due to
these differences, the patterned substrates had a lower dispersive surface
energy, %1?, component and higher polar, yg , and total, vg, surface energy
components than their planar counterparts (p < 0.05 for all of them, ex-
cept the v of DLC). This variation in the surface energy can explain some
of the differences observed in the cellular responses to these substrates,

which will be discussed later (Section 9.2.2).

9.1.3 Zeta potential

Further surface analysis was conducted by measuring the streaming cur-
rents. The planar DLC substrate had the most negatively charged surface
layer (p < 0.001, Fig. 9.1), whereas the planar Cr and Ti substrates had
the highest (-potential values (p < 0.001). The (-potential values of the
patterned substrates were approximately between the values of their pla-
nar counterparts and those of the Si substrate. It was also found that the
coating method affected the surface charge of the material significantly.
The ¢-potential for the laser-ablated DLC was higher (-54.5+0.6 mV, VI)
than for the FPAD-DLC (-70.2+1.1 mV, I-III).

The surface charge affects protein adsorption, and a link between the (-
potential value and amino acid adsorption was also observed in this study,

as discussed in Section 9.5.2.

9.2 Sa0S-2 cells and MSCs on micro-patterned surfaces (I-l)

The adhesion and spreading of osteoblastic SaOS-2 cells and MSCs on
micro-patterned substrates were studied and it was found that micro-
patterning can be used for controlling cells. The results suggest that the
osseointegration of implants could be modulated by changing the monot-
onous implant-host interface into a micro-patterned interface to provide

physical cues for cells.
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ponent vs and the (-potential values. The dotted line in the graphs marks

the value for the Si substrate.

9.2.1 Adhesion and spreading on micro-patterned surfaces (I,

II)

Sa08S-2 cells were cultured on patterned substrates containing three dif-

ferent sizes of patterns composed of DLC, Cr, Ta or Ti on a Si background

or vice versa (8.1 A and B). The cells clearly preferred the coating material
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Figure 9.2. Alignment of the SaOS-2 cells on the (A) large and (B) medium biomaterial
patterns; (C) the small Si patterns demonstrate a cellular preference for the
biomaterial coating over the Si surfaces at 48 h.

over Si, which was demonstrated in three different ways (Fig. 9.2). First,
Sa0S-2 cells adhered to and spread quite well on the large rectangular
(sides 125 pm) or circular (diameter 125 pm) patterns, the size of which
made it possible for several cells to adhere to one pattern. The shape of
the pattern controlled the adherence and spreading of the cells and the
boundaries of the outermost cells followed the edge of the coating, align-
ing themselves along the edges.

Second, on medium-sized patterns (25 pm sides or diameter) that were
smaller than the area of an individual cell, the shape of the adhered cells
no longer conformed strictly to the shape of the pattern. Each cell usually
covered only one pattern, although the cells on adjacent biomaterial is-
lands now tended to be in partial contact with each other. A few cells
stretched from one pattern to another over an inter-island distance of
15 pm, giving these cells elongated, branched or star-like shapes. On the
inverse samples, the cells attached themselves to the coated background
and had an elongated appearance when they passed through the narrow
passages between the patterns, e.g. the narrowest passages were only
15 pm between the circular patterns.

Third, on substrate areas containing small square (5 um) or circular
(5 um) patterns, the individual patterns were too small to accommodate a
single cell, and so the cells seemingly non-selectively stretched over larger
areas covering several islands. However, at their outer edges, the cells
sent out thin and slender filopodia (or microspikes), which seemed to pre-
fer the coating material while trying to circumvent and avoid the bare Si
substrate.

The cellular preference for the biomaterial coating over the Si substrate
was quantified on the patterned substrates with large squares (sides 75 pm
or 100 um, Fig. 9.3, Fig. 9.4). On average, the density of the Sa0S-2 cells
on the coating was 330% higher than on the Si background (900480 vs.
210420 cells/mm?, p < 0.001) and the coverage was 80% higher (72+4%
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Figure 9.3. SEM images of cells on micro-patterned surfaces: (A) SaOS-2 cells at 48 h
on a patterned substrate, (B) MSCs at 7.5 h on a patterned substrate, (C)
MSCs at 7.5 h on an inverse-patterned substrate and (D) MSCs at 5 d on a
patterned substrate. The scale bar is 200 pm.

vs. 40+2%, p < 0.001). Likewise, the density of MSCs on the coatings was
150% higher than on the Si background (108+16 vs. 43+6 cells/mm?, p
< 0.001) and the coverage on the coatings was 23% higher than on the Si
background (32+5% vs. 26+2%, p < 0.001) at 7.5 h. Naturally, this pref-
erence was lost when the cells had grown and were nearly confluent. At
5 d, the coverage of the MSCs was only marginally higher on the coatings
than on the Si background (76+5% vs. 71+3%, p=0.06).

On the inverted surfaces, the density and coverage of the MSCs were
approximately 200% higher on the coating than on the Si patterns at 7.5
h (83+5 cells/mm? vs. 26+2 cells/mm? and 594-2% vs. 20+3%; p < 0.001).
Again, the difference was lost at 5 d (67+4% vs. 65+2%; p=0.123).

The preference of Sa0S-2 cells for the coatings over the Si background
was confirmed by immunofluorescence staining of the actin cytoskeleton,
which was well organised in cells on the coated islands but poorly organ-
ised in cells adhering to the Si background (Fig. 9.5). This organisation
of the actin cytoskeleton in cells lying on the coating was probably the
result of the formation of vinculin-containing adhesion plaques (focal ad-
hesions), which were predominantly seen in the cells on the coated pat-

terns, but which were only present in low numbers in cells lying on the Si
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Figure 9.4. The density, coverage and size of the cells on micro-patterned surfaces. First
column, SaOS-2 cells on patterned surfaces; second column, MSCs on pat-
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Figure 9.5. Actin-vinculin staining of cells on micro-patterned surfaces: (A) SaOS-2 cells,
(B,C) MSC. The scale bar is 50 pm.
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background.

The MSCs did not show a similar preference for cytoskeletal organisa-
tion. Interestingly, the MSCs had already started to spread out, attach-
ing themselves mostly to the corners of the square patterns at 7.5 h. A
previous study demonstrated that the cells preferentially extended lamel-
lipodia, filopodia and microspikes from the corners of the stamped ECM
islands (Parker et al., 2002). Here, a similar effect of different surface
chemistries without any adhesion-promoting coating was demonstrated.
This phenomenon could be exploited to guide the migration of the cells.

The patterns had a strong effect on the size of the cells. The radius of
Sa0S-2 cells was 15% smaller on the coated islands than on the Si back-
ground (19.9+0.4 pym vs. 23.5+0.8 uym p < 0.001). Likewise, The radius
of the MSCs on the coated islands was 33% smaller than on the Si back-
ground (34+2 pm vs. and 51+4 um p < 0.001). No such differences in size
were observed on the inverse-patterned surfaces (radius 48+1 um on the
coated background and 50+3 pum on the Si patterns, p=0.24).

The effect on the cell size is a critical factor in, for example, stem cell dif-
ferentiation. Previous research has demonstrated that adhesive patterns
on an anti-adhesive background regulate the size of the cells (McBeath
et al., 2004). Here, the same effect was demonstrated primarily due to dif-
ferent surface chemistries; while both enable cell adhesion, one of them is

more cytocompatible than the other.

9.2.2 Osteogenesis on micro-patterned surfaces (II, ITI)

The osteogenic differentiation of MSCs on the square-patterned substrates
(Fig. 8.1 C, D) was compared to the differentiation on the planar sub-
strates. The differentiation was evaluated using colorimetric measure-
ments, stainings and the RNA expression measurements of osteogenic
markers.

The early osteogenic marker ALP was highly expressed at both the en-
zyme activity level and the mRNA on the square-patterned and inverse
square-patterned Ti surfaces of the osteogenically induced MSC cultures
at 14 d (Fig. 9.6, p < 0.03 against the uninduced cellular controls). This
could indicate that, in particular, the combination of Ti as the cellular
substrate and the patterning favours a rapid onset of bone formation.
This supports the general idea that Ti is a biocompatible implant ma-
terial, which is easily osseointegrated and therefore commonly used in

bone-integrating implants (Boyan et al., 2001).
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Figure 9.6. ALP activity on micro-patterned surface: (A) colorimetric measurement at
14 d (mean + SEM) and (B) gene expression of ALP; undifferentiated MSCs
(C) and osteogenically induced MSCs at 14 d (14) and osteogenically induced
MSCs at 21 d (21).

All three mid-term markers, RUNX2, SMAD1 and OP, showed paral-
lel profiles, which clearly contradict the initial interpretation mentioned
above. Even though, the gene expression levels on Ti were higher com-
pared to the expression levels on DLC and Cr, the inverse square-pattern-
ed and/or the planar Ta-samples clearly had the highest expression for
these mid-term markers (p < 0.02 compared to all the other materials;
Fig. 9.7).

At first, it seems somewhat paradoxical that ALP was so much higher on
the square-patterned and the inverse square-patterned Ti samples than
on the corresponding Ta samples, but this can be explained by the tran-
sient expression of ALP over the early phase of bone formation and its
subsequent down-regulation during the intermediate phase of bone for-
mation (Jaiswal et al., 1997). This is compatible with the concept that Ta
is also a bone-friendly biomaterial (Bobyn et al., 1999).

Finally, the late-phase osteogenesis marker, bone mineral formation,

clearly showed that MSCs were successfully induced for osteoblasts capa-
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Figure 9.7. The gene expression of the mid-term osteogenic markers, RUNX2, SMAD1
and OP, on the micro-patterned surfaces: undifferentiated MSCs (C) and os-
teogenically induced MSCs at 14 d (14) and osteogenically induced MSCs at
21d(21).

ble of producing a mineralised bone matrix. All of the samples except for
planar Cr (p = 0.27) had statistically significantly higher values than the
uninduced control cells (p < 0.01). This is important because, in contrast
to the early and mid-term labile or transient markers, this late-phase os-
teogenesis marker is not transient in this cellular differentiation assay;
rather, it is permanent, which makes it possible to draw two firm conclu-
sions.

First, the formation of a mineralised bone matrix confirms that the in-
duced cells passed all the early and mid-term differentiation stages and
reached a late differentiation state characterised by bone mineral depo-

sition. The poor performance of the planar Cr samples was not unex-
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Figure 9.8. Hydroxyapatite on micro-patterned surfaces at 28 d: (A) colorimetric mea-
surement (dotted line marks the negative control) and (B—-M) staining of hy-
droxyapatite. The scale bar is 200 pm.

pected: pure Cr, in contrast to Cr alloys such as CoCrMo, is not a bioma-
terial. Intriguingly, the patterning enabled bone mineral formation even
on the Cr-containing cell-unfriendly samples. Second, the mineralisation
studies confirm the most significant conclusion of this study: the square-
patterned and inverse square-patterned samples performed better than
any of the planar samples (Fig. 9.8 A; p < 0.001). Moreover, the density
of the cells was lower on both types of patterned substrates than on the
planar substrates (2900 vs. 4800 cells/cm?; p < 0.04), which resulted in an
even larger difference in the amount of minerals formed per cell than was
demonstrated in Fig. 9.8.

It could be speculated that the pattern edge phenomenon caused the dif-
ferences. Pattern edges influence cell division, the cell cytoskeleton and
migration (Théry et al., 2006; Jiang et al., 2005; Hoover et al., 2008; Chan
and Yousaf, 2008; Brock et al., 2003) and may play a role in MSC differen-

tiation, with the geometry of the patterns influencing the adipogenesis of
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Figure 9.9. SEM on 3D surfaces: (A) MSCs on 20 nm pillars (upper-half) and 5 pm pillars
(bottom half) at 5 d; (B) fibroblast extending from one 20 um high pillar to
another at 5 d; (C) SaOS-2 cells reaching from the interspace of the 20 ym
pillars to the top of the pillars at 48 h. The scale bar is 200 pm

the MSCs (Luo et al., 2008) and the timing of the differentiation (Chaubey
et al., 2008). However, as shown later 200 nm high patterns on the homo-
geneous surface chemistry had no significant effect on cell adhesion or
osteogenesis (Section 9.3.1).

Another significant feature of the patterned samples was that they had
a lower dispersive surface energy component, but a higher polar surface
energy component, than their planar counterparts (p < 0.05). Surface
heterogeneities facilitate multiple protein adsorption mechanisms and en-
able the heterogeneous and versatile distribution and orientation of pro-
teins (Edmiston and Saavedra, 1998). Consequently, it can be concluded
that the osteogenesis that was promoted on the patterned surfaces was
not regulated by the pattern edges, but that the variation in the surface
chemistry and energy might, at least in part, explain why patterning the

surfaces improved the mineralisation process.

9.3 Effect of 3D pillar surfaces on cells (IV)

The hypothesis was that, compared to conventional 2D cultures, sub-
strates containing 3D nano- and micron-sized pillars would also allow
cells to grow at the third dimension and help them attach to and extend
from top-to-top or top-to-bottom, thereby activating their cytoskeleton to
promote osteogenesis. The adhesion of MSCs, fibroblasts and SaOS-2
cells, as well as the osteogenic differentiation of MSCs, was evaluated.
The planar Si, TiO, and DLC substrates were compared to 200 nm, 5 pum
and 20 pm high pillars. MSCs were additionally cultured on Ormocomp®,
and the results indicate that Ormocomp® can potentially be used in cel-

lular applications.
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Figure 9.10. Staining of ERK (red), ROCK (green) and nuclei (blue) on a 3D DLC sub-
strate at 21 d. The scale bar is 200 pm.

9.3.1 Adhesion of MSCs, fibroblasts and Sa0OS-2 cells onto 3D
pillars

MSCs and fibroblasts growing in 3D networks demonstrated the ability to
adhere to pillar edges and stretched between the adhesion contacts over
100 pm distances (Fig. 9.9 A, B). Sa0S-2 cells, which are only about half
the size of the MSCs or fibroblasts, adhered to 3D pillars by assuming a
flat shape and growing as individual cells on horizontal or vertical sub-
strate surfaces (Fig. 9.9 C).

As expected, the stretching of the cells between the pillars resulted in
activation of the cytoskeleton. As the result, the staining of ERK was
strongest on 20 ym pillars (Fig. 9.10). Both the non-induced and induced
cells behaved similarly (on DLC and Si at 14 and 21 d). The ROCK ex-
pression was not significantly affected by the pillars, but an enhancement
was seen in induced cells compared to non-induced cells (not shown).

The results for TiO; were different from those obtained using DLC and
Si. Bone nodule formation was observed already at 14 d. These nodules
were easily washed away. However, the remaining cell-clusters expressed
both ERK and ROCK quite strongly, with there being no significant differ-
ences between the substrate areas. Nonetheless, the 20 pym high pillars

seemed to inhibit the cell-cell interactions and the formation of cell clus-
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Figure 9.11. Alizarin Red staining on 3D Si substrate at 28 d. The mineralisation is
equal in all areas. The scale bar is 200 pm

ters was delayed.

9.3.2 Osteogenic differentiation on 3D pillars

Unexpectedly, the success of osteogenesis was dominated by the cytocom-
patibility of the substrate across the 3D structure. This was shown with
the successive development of the early ALP, intermediate OP and late
mineralization markers, together with bone nodule formation, which were
seen in planar and low profile (200 nm and 5 pm) TiO; pillars but which
were rare in the 20 um landscape.

All of the osteogenic markers (ALP, OP and mineralization) showed par-
allel results. For the Si and DLC substrates, the staining was random on
the planar substrate and 200 nm pillars (Fig. 9.11). For the 5 um pillars,
the staining was slightly promoted and some organisation of the cells was
apparent, with the cells preferring the interspaces of the pillars instead
of the tops of the pillars. This difference was even more evident on the
20 pm pillars.

The results were different for the TiOy substrate than for the DLC and
Si substrates (Fig. 9.12). Significant cluster formation with strong stain-
ing was observed on the planar TiO, surface and low-profile pillar sur-

faces (200 nm and 5 um). The OP stain appeared as a ring around these
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Figure 9.12. Osteopontin (red) and nuclear (blue) staining on a 3D Ti substrate at 21 d.
The cluster formation is strong on the planar and low-profile pillar surfaces
and clearly delayed in the high 20 pm pillar area. The scale bar is 200 pm.

clusters, whereas both ALP and mineralization stained the whole cluster
matrix. No cluster formation was found in the 20 pm pillar substrates at
14 d and only a relatively few formations were found at the later time
points. Instead, staining for the 20 um pillars appeared similar on all the
substrate materials (Si, TiO; and DLC): there was clear but not overly
strong staining of the osteogenic markers in the interspaces of the pillars
and hardly any staining on the tops of the pillars. In places where the
cluster formation was evident, there was stronger staining.

The MSCs grew to confluence in 2D cultures, with extensive cell-cell con-
tacts at their periphery, which allowed for intercellular communication; in
contrast, the 3D pillars cells were stretched between two or more of their
substrate contact points, with most of their cellular surface bathing in
cell culture fluid and being devoid of direct cell-cell contacts. Cytoskele-
tal tension has been described to enhance osteogenesis (McBeath et al.,
2004) but also cell-cell communication through gap junctions is required
for the full maturation of osteoblasts (Ferrari et al., 2000; Schiller et al.,
2001; Li et al., 1999). Here, the lack of intercellular contacts seems to halt

the osteogenesis promoting effects of the cytoskeletal tension.
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Figure 9.13. Proliferation rate of (A) MSCs and (B) Sa0S-2 cells stimulated with PEMF
or DHEA. Statistically significant differences compared to the control cells
are marked with a star (*, p < 0.001), or with a plus-sign (+, p < 0.05). The
data are represented as a mean =+ standard error of the mean.

9.4 The effect of PEMF and DHEA on MSCs and Sa0S-2 cells (V)

The effects of PEMF and DHEA stimuli on the proliferation of SaOS-2
cells and MSCs and on the osteogenic differentiation of MSCs were eval-
uated. The PEMF stimulus promoted the proliferation rate of both cell
types, whereas the DHEA stimulus promoted the induced osteogenesis of
MSCs.

9.4.1 The effect of PEMF on cells

The PEMF stimulus increased the proliferation rate of Sa0S-2 cells com-
pared to the non-stimulated cells by 30% at 11 d (p < 0.001), but the dif-
ference narrowed to 13% at 14 d (p < 0.01), at the time when the cells
reached confluence (Fig. 9.13). Similarly, the PEMF stimulus increased
the proliferation rate of MSCs compared to the non-stimulated cells by
13% at 7 d and by 16% at 14 d (p < 0.001), but the difference dissipated
when the cells reached confluence at 21 d. The PEMF stimulus had no
major effects on osteogenesis at a seeding density of 3000 cells/cm? (Fig.
9.14), which is a relatively low seeding density.

The findings related to the increased proliferation rate of MSCs under
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PEMF stimulus are supported by Sun et al. (2009). The contradictory re-
sults, e.g. delayed proliferation (Tsai et al., 2009), can be explained by the
different PEMF stimulation used in their experiments (see Table 4.1, the
stimulus used here is the same as was used by Jansen et al. 2010). Osteo-
genesis seems to be dependent on the intensity and pulse duration of the
PEMF stimulation (Matsunaga et al., 1996) and, hence, it is logical to find
various proliferation rates in response to different stimulation protocols.

Nevertheless, Jansen et al. (2010) used a similar PEMF stimulus to
the one used here, but found inhibited proliferation and induced differ-
entiation of bone marrow-derived MSCs. A reasonable explanation for
this apparent contradictory result pertains to the initial seeding density
that was used. Jansen et al. (2010) used a high seeding density for the
MSCs, i.e. 10 000 cells/cm?, which impairs the spreading of MSCs so
that they cannot develop tension in their cytoskeleton between the local
adhesions; this results in a condition that is favourable for adipogenesis
(Spiegelman and Ginty, 1983; McBeath et al., 2004). In contrast, a lower
seeding density, e.g. 3000 cells/cm?, which was the density used here,
makes it possible for the cells to spread so that they can exert tension in
their cytoskeleton; this then promotes osteogenesis (Carvalho et al., 1998;
Thomas et al., 2002; McBeath et al., 2004). Hence, it seems that the seed-
ing density is important for the outcome of the PEMF stimulation. Con-
currently, Schwartz et al. (2008, 2009) suggest that PEMF increases the
post-confluence osteogenesis of MSCs. It seems that PEMF can support
the pre-confluence proliferation and post-confluence osteogenic differen-
tiation of MSCs. This conclusion is further supported by the ALP peak
of PEMF-stimulated MSCs at 21 d, which indicates a delayed promoting
effect on osteogenesis (Fig. 9.14).

9.4.2 The effect of DHEA on cells

The osteoblast responses of MSCs to sex hormones vary widely depend-
ing on the donor of the stem cells (Leskeli et al., 2006). Two individuals,
a female and a male, were studied and both showed similar responses
to the DHEA stimulus. In contrast to the PEMF stimulus, the DHEA
stimulus suppressed the proliferation rate of SaOS-2 cells and MSCs and
promoted the osteogenic differentiation of MSCs. 100 uM DHEA treat-
ment decreased the proliferation rate of SaOS-2 cells by 5% compared to
non-stimulated cells at 4 d (p < 0.01) and by 36% at 14 d (p < 0.001). For

MSCs, the suppressing effect was not significant at 7 d, but very clear and
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Figure 9.14. Expression of the osteogenic markers of MSCs induced to osteogenesis.
PEMF had no significant effect on osteogenesis. DHEA increased all other
markers except COLal. Dutasteride inhibited the effect of DHEA (DHEA
+ duta), but dutasteride treatment alone (duta) had no significant effect on
osteogenesis. Statistically significant differences (p < 0.05) are denoted with
a star sign (¥).

dose-dependent at 14 d (47%, p < 0.001 for 100 uM DHEA; 13%, p < 0.001
for 10 uM DHEA; and 6% p < 0.05 for 1 uM DHEA; Fig. 9.13). For higher
concentrations of DHEA, the difference was clear at 21 d (58% for 100 pM
and 25% for 10 uM; p < 0.001), but no longer significant for a concentra-
tion as low as 1 uM DHEA because the cells had reached confluence.

The DHEA stimulus clearly promoted the osteogenesis of osteogenically
induced MSCs (Fig. 9.14). A minor enhancement was observed in the
staining of early and mid-term markers (ALP, OP and OC) and mineral-
ization was significantly increased (Fig. 9.15). The ALP gene expression

of DHEA-stimulated cells increased throughout the experiment compared
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A

Figure 9.15. Alizarin Red S staining of DHEA-treated MSCs at 28 d. Panel (A) shows
the non-induced control cells, panel (B) the osteogenically induced con-
trol cells, panel (C) the DHEA-treated cells, panel (D) the DHEA- and
dutasteride-treated cells and panel (E) dutasteride-treated cells. The scale
bar is 200 pm.

to non-stimulated cells (fold chance 1.7; p < 0.04). RUNX2 and SMAD1
peaked higher than the control at 7 d (fold change 1.6 and 1.5; p < 0.008),
whereas the OP and OC expression peaked at 21 d (fold change 12.4; p
< 0.008 and 14.2; p < 0.02). Dutasteride inhibited the effect of DHEA.
The ALP expression of the DHEA-stimulated cells in the presence of du-
tasteride was statistically significantly increased compared to the control
only at 14 d (p < 0.02). Furthermore, the RUNX2, SMAD1 and OC expres-
sion of DHEA and dutasteride-treated cells was not significantly different
from the control cells and, although the OP expression at 21 d was sig-
nificantly higher compared to the control (p < 0.008), it was lower than
the expression of OP in DHEA-treated cells (fold change 4.3 vs. 12.4 com-
pared to control). In addition, mineralisation staining confirmed that du-
tasteride blocked the osteogenesis-promoting effect of DHEA. The dutas-
teride treatment alone caused no statistically significant cellular changes
compared to the control. This indicates that the DHEA-to-DHT pathway
had been completed and that the DHEA had been conversed into DHT in
MSCs by a 5a-reductase-dependent pathway.

In addition, the DHEA stimulus increased the OP and OC mRNA levels
of non-induced MSCs in a conversion independent way, since the effect
was not suppressed by dutasteride. However, no corresponding osteogen-
esis-promoting effect was seen in any staining.

The osteogenesis-promoting effect of the DHEA stimulus could be ex-
pected because functionally active sex steroids play a key role in bone
metabolism and androstenetriol, an active metabolite of DHEA, has been
shown to promote the osteogenic differentiation of MSCs (Malik et al.,
2010).

These results suggest that a sequential use of mitogenic PEMF early

in the fracture healing or implant integration process, followed by a later

54



Results and Discussion

administration of a DHEA stimulus with an osteogenic differentiating ef-

fect, might be worthwhile in a randomised clinical trial.

9.5 Footprint analysis (VI)

It was hypothesised that the molecular composition of the mammalian
ECM and bacterial extracellular polymeric substance (EPS) differ to such
an extent that modern and sensitive spectroscopic methods would enable
their specific identification based on the cell-free footprints left on the
implant surface subsequent to an effective removal of whole live and dead
eukaryotic and bacterial cells.

The MSCs, S. aureus and co-cultures of the two were cultured on the bio-
material substrates. The viability of S. aureus in MSCGM was confirmed
by live-dead staining, and crystal violet staining verified that the amount
of EPS produced by S. aureus was not affected by the media. Furthermore,
the live-dead staining showed that some MSCs had survived in co-culture
type 2, where the MSCs had been let to adhere for 48 h prior to the ad-
dition of S. aureus. In co-culture type 1, where the MSCs and S. aureus
were added simultaneously, all of the MSCs had detached subsequent to
a 96 h incubation period. Although most of the MSCs had detached from
the surface, they had left their ‘permanent’ footprint on the surface.

Prior to the spectroscopy measurements, the surfaces were verified so
that they were cleaned of cells and bacteria by imaging the surfaces with
SEM.

9.5.1 XPS analysis of the footprint of MSC and S. aureus

In general, the XPS spectra exhibited peaks resulting from oxygen, car-
bon and nitrogen, and naturally, the spectra of Ti2p on the Ti samples.
A few differences were observed between the samples, but they were not
large enough to discriminate of the S. aureus samples from the MSC sam-
ples. This was not unexpected due to the relatively non-descript nature of
XPS compared to SIMS analysis of protein-adhered surfaces (Wagner and
Castner, 2001; Canavan et al., 2005).

9.5.2 ToF-SIMS analysis of the footprint of MSC and S. aureus

Previous experiments have applied ToF-SIMS to cellular material and

have successfully discriminated various yeast strains (Jungnickel et al.,
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Figure 9.16. (A) The PCA of the ToF-SIMS data made it possible to clearly separate the
MSC samples from the S. aureus samples and the co-culture samples; (B)

the loadings define the size of the contribution of each original variable to
the PCs.

2005) and a variety of breast cancer cell types (Kulp et al., 2006). These
studies, however, only examined the actual cellular material, whereas the
aim here was to discriminate the infected surfaces from the non-infected
surfaces subsequent to carefully detaching all of the cellular material.
The PCA of the ToF-SIMS data allowed for clear overall separation (p <
0.03) of the S. aureus and co-culture samples from the MSC samples (Fig.
9.16 A, representative samples). The differences were predominantly ob-
served in principal component (PC) 1, which accounted for 66% of the
statistical separation of the total variance between all of the samples.

It was observed that the peaks at m/z 72 (C3sHgNO, glycine, C4H (N
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valine), 84 (CsH N lysine, C4yHsNO glutamine / glutamic acid) and 86
(C5H12N, leucine / isoleucine) accounted for the majority of the loading on
the S. aureus side of the PC 1 axis, while the peaks at m/z 45, 47 (CHS,
CH3S cysteine) and 81 (C4H;N», histidine) accounted for the majority of
the loading on the side of the PC 1 axis attributed to the MSC samples
(Fig. 9.16 B). In addition, a clear structure of the main histidine compo-
nent (m/z 110 C;HgN3) was observed on the MSC samples.

Logically, the PCA values of the co-cultures were located between the
values of the pure MSC samples and those of the pure S. aureus samples.
Moreover, co-culture type 1 (started with MSC culture) was further away
from S. aureus than co-culture type 2 (to which MSC and staphylococci
were added simultaneously), with one exception. The Ti patterns showed
a much stronger S. aureus footprint in the co-cultures than in the pure S.
aureus culture.

Previous experiments have shown that MSCs and S. aureus spread bet-
ter on Ti surfaces than on DLC surfaces (I, Myllymaa et al. 2013). This
better adherence and growth of both types of cells on the cell-friendly and
sticky Ti may in part explain why the MSC and S. aureus footprints were
more easily differentiated on the Ti samples than on the DLC samples.

Another potential explanation for the differences between the TOF-SIMS
footprints is that the Ti surface binds more proteins and amino acids than
the Si background and that the DLC surface binds less of these compo-
nents than the Si background. This was demonstrated by the ToF-SIMS
images of the patterned DLC and Ti samples, where the total ion count
was significantly higher on the Ti patterns than on the Si background,
whereas the total ion count was lower on the DLC-patterns than on the
Si background. The surface charge may affect the binding of some pro-
teins and amino acid on these surfaces. Indeed, evidence has recently
been presented that a parabolic relationship exists between the protein
adsorption and zeta potential when a wide zeta potential range is taken
into consideration (Kaivosoja et al., 2012).

This research provides a new option for studying how the surfaces of
revision-operated (exchanged) clinical implants eventually show the foot-
prints of bacteria and eukaryotic cells, even in bacterial culture negative
cases. However, these results are preliminary and further studies of im-

plants removed from patients are required.
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10. General Discussion and Conclusions

The main aim of this study was to find methods to potentially improve
the osseointegration of implants. The first part of the work focused on
material-oriented approaches. It was shown that even partially patterned
DLC, Ti, Ta and Cr coatings enhanced the cytocompatibility of silicon sur-
faces. Osteogenesis was improved on the patterned coatings compared
to the planar coatings probably due to pattern-dependent changes in the
surface energy. The edge and shape of the pattern may also regulate the
spread and differentiation of the cells; however, Publication IV demon-
strated that sole patterning with homogeneous surface chemistry had no
significant effect on the spread or osteogenic differentiation of MSCs. Al-
though several studies have shown that activation of the cell cytoskeleton
promotes osteogenesis, that alone is not enough. In Publication IV, a
strong activation of the cell cytoskeleton on 20 um pillar and suppressed
osteogenesis was shown. This was probably due to inhibited cell—cell in-
teraction and an inability to form cell clusters, which are necessary for
the initiation of bone formation. Materials that support the formation
of adhesion molecules, premature osteoblast clustering and cell—cell com-
munication have been shown to enhance the differentiation and mineral-
ization activity of osteoblasts (Miron et al., 2011). Cell—cell interactions
may be responsible for the enhancement of osteogenic differentiation on
patterned surfaces, which was observed in Publication III. The density of
the cells on the patterns was 150—200% higher compared to the density
on the background at an early point in time. The concentration of cells on
the patterns might initiate cell clustering, which is necessary for further
osteogenic differentiation. Furthermore, this hypothesis is supported by
the fact that on patterned titanium, the improvement in hydroxyapatite
formation was the smallest (Fig. 9.8) and also the increase in cell den-
sity was the smallest (Fig. 9.4). However, the true role of the surfaces on
cell—cell interactions still needs to be studied.

Two other potentially important external factors, namely PEMF and

DHEA, were investigated. Previous research on the effects of PEMF has
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been somewhat inconsistent. This was partly due to the differences in
the PEMF signals used in the experiments. The results presented here
indicated that the proliferation of MSCs was promoted at a low seed-
ing density level (3000 cells/cm?), which is commonly recommended for
osteogenic studies, but that no significant effect on osteogenesis was ob-
served. This is exactly opposite of the result reported by Jansen et al.
(2010). It is concluded that the PEMF stimulus in question can stimu-
late the pre-confluence proliferation of MSCs and their post-confluence
osteogenic differentiation.

Publication V concluded that DHEA suppressed the proliferation rate of
MSCs and promoted their osteogenic differentiation. This was partly due
to the conversion of DHEA to DHT, but some other effects played a role
as well; for instance, non-osteogenically induced MSCs showed enhanced
expression of OP and OC despite blocking the DHEA to DHT conversion
with a 5a-reductase inhibitor. These results suggest that a sequential
use of mitogenic PEMF early during the fracture healing or implant in-
tegration, followed by a later administration of DHEA with an osteogenic
differentiating effect, might be worth studying in a randomised clinical
trial. The treatment could be specifically beneficial for osteoporotic pa-
tients whose condition may challenge the fixation of a prosthesis. How-
ever, to improve the currently used procedures, many patients and a very
long follow-up may be required. This treatment could be beneficial also for
tissue engineering and regenerative medicine applications, such a bioab-
sorbable implants in the fixation of fractures (Térméla and Rokkanen,
2001) or in the reconstruction of bone defects (Mesiméki et al., 2009).

The first part of the thesis focused on improving bone regeneration on
an implant surface. In addition to the regeneration of the tissue, the ca-
pability to avoid bacterial adhesion, colonisation, biofilm formation and
subsequent chronic infection-induced inflammation, which may cause tis-
sue necrosis, is necessary for osseointegration. Last, but not least, it
was demonstrated that ToF-SIMS is a potential tool for discriminating
between bacterial and eukaryotic acellular footprints (the rests of an ex-
tracellular polymeric substance and ECM, respectively) and may have
potential in the post-hoc diagnosis of colonization, biofilm formation and
implant-related infections, even in culture-negative cases. New methods
for infection diagnostics are needed because the current methods are not
totally reliable and it is crucial to understand the reasons for implant

failure in order to develop better implant materials in the future.
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Errata

Publication Il

Figure 2 Panel C: colours of the bars should be the opposite, cell radius is
smaller on the patterns than on the background.
The step between the biomaterial island and background is 200 nm, not

20 nm as written in p 336.
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