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Abstract

Clinically successful osseointegration requires the formation of direct bone-to-implant
contact, resulting in high mechanical stability of the implant in the host tissue and
avoiding any encapsulation and foreign-body reaction. After implantation, old bone
is partly resorbed and new bone forms to adjust to the implant in situ. This pro-
cess, known as bone remodeling, is on a cellular level governed by osteoclasts, which
resorb existing mineralized bone leaving behind resorption pits and trails. Subse-
quently, osteoblasts build new bone through the secretion of collagen type I and
the mineralization of calcium phosphates, i.e. hydroxylapatite. Although this bone-
remodeling cycle has been widely described, little is known as to how it is influenced
by an implant being placed in contact with bone. In vitro and in vivo studies have
shown that surface roughness and surface chemistry of implant surfaces influence
osteoblast behavior, and ultimately the clinical success of the implant treatment. To
date, clinically successful osseointegration, e.g. of dental implants, has been achieved
using rough titanium implant surfaces.

The aim of this thesis was to gain a better understanding of the interaction between
the bone-remodeling cycle and the osseointegration of implants with different sur-
face characteristics. The hypothesis is that osteoblasts recognize surface structures
in osteoclastic resorption traces, and therefore can show similar behavior on rough
implant surfaces that exhibit similar surface structures. An in vitro approach was
chosen, in order to study and correlate the behavior of bone cells on native bone,
on biomimetic osteoclastic resorption patterns and on clinically tested and experi-
mental implant surfaces.

Osteoclastic response to smooth, acid-etched, sandblasted-and-acid-etched titanium
surfaces, and native bone was investigated. The main characterization parameters
were the number of osteoclasts, TRAP (tartrate-resistant acid phosphatase) and
MMP (matrix metalloproteinase) activity, MMP expression measured with gelatin
zymography, cell morphology and actin ring formation. It could be shown that cell
morphology, adhesion and the characteristics of the actin rings were comparable on



the two rough titanium surfaces and on bone. On the smooth titanium surface, the
cells showed little actin ring formation and reduced MMP expression. The clearly
impaired osteoclast activity on smooth surfaces was associated with a foreign-body
response.

Osteoclastic resorption pits on native cortical bone surfaces, generated in vitro by
means of an osteoclastic cell line, were characterized and compared to sandblasted
and etched titanium and zirconia implant surfaces. The size (i.e. length, width and
depth) of resorption pits was compared to the size of surface features of these titani-
um and zirconia surfaces by means of stereo-SEM. It was found that resorption pits
from native bone and surface features of the examined titanium and zirconia surfa-
ces were quite similar in their dimensions, showing a length between 5 and 40 µm,
a width between 2 and 20 µm and a depth between 1 and 8 µm.

The observed structural resemblance between osteoclastic resorption pits and rough
implant surfaces led to the establishment of a simplified in vitro model for bone re-
modeling in the vicinity of implant surfaces. Based on the dimensions of osteoclastic
resorption pits in bone, a biomimetic osteoclastic resorption pattern (BORP) was
designed and produced. Subsequently, osteoblasts were grown on titanium-coated
BORP and on smooth and sandblasted-and-acid-etched titanium implant surfaces.
It could be shown that osteoblasts grown on BORP showed similar differentiation
markers, such as ALP (alkaline phosphatase) and mineralization, to those seen for
osteoblasts grown on the rough titanium implant surface, but different from those
on the smooth titanium surface.

Further in vitro studies systematically compared osteoblast behavior on replicas of
five different rough surfaces coated with four different metallic coatings, yielding a
matrix of 20 different systematically comparable surfaces. It could be shown that
osteoblast proliferation after 3, 7 and 13 days was higher on the smooth surface than
on all rough surfaces, independent of the surface chemistry. After 13 days ALP acti-
vity and mineralization were increased on replicas showing the surface roughness of
a sandblasted and etched zirconia surface and smooth surfaces, compared to three
different titanium surfaces that were etched and partly sandblasted. Further, ALP
activity was not dependent on surface chemistry, but mineralization did show such a
dependency; cells on Si and Ti surfaces mineralized more than on Zr and Al surfaces.

It can be concluded that this thesis confirms the hypothesis that osteoblasts reco-
gnize osteoclastic resorption patterns, and that they also recognize implant surfaces
that resemble these resorption traces in size and surface structure. Osteoblastic dif-
ferentiation in vitro was shown to be comparable on the BORP surface and on rough
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implant surfaces. Additionally, osteoclasts seem to react sensitively to surface rough-
ness as well. Open questions remain, concerning osteoblast behavior connected to
surface chemistry and metallic surface coatings on rough implant surfaces.

The thesis should aid in understanding the interaction of clinically observed os-
seointegration and the bone-remodeling cycle, and might provide some hints for the
further development of novel implant surfaces.
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Zusammenfassung

Eine klinisch erfolgreiche Osseointegration eines Dentalimplantates basiert auf der
Ausbildung eines direkten Kontaktes zwischen Implantat und Knochen. Daraus er-
gibt sich eine genügend hohe mechanische Stabilität des Implantates im Knochen.
Eine Einkapselung und Fremdkörperreaktion kann vermieden werden. Nach der Im-
plantation wird alter Knochen teilweise resorbiert und neuer Knochen um das Im-
plantat gebildet. Diese Knochenremodellierung ist auf zellulärer Ebene ein Zusam-
menwirken von Osteoklasten, welche bestehenden Knochen resorbieren und dabei
Resorptionsspuren und Lagunen im Knochen erzeugen und von Osteoblasten, wel-
che nachfolgend neuen Knochen bilden. Die Osteoblasten sekretieren dabei Kollagen
(Typ 1) und mineralisieren Hydroxylapatit, ein Kalziumphosphat. Die Knochenre-
modellierung ist in der Literatur ausführlich beschrieben. Im Gegensatz dazu ist
noch wenig über den Einfluss des Implantates auf den Knochenremodellierungspro-
zess bekannt. Bis heute wurde mit in vitro und in vivo Arbeiten gezeigt, dass die
topographischen und chemischen Eigenschaften von Implantatoberflächen das Ver-
halten von Osteoblasten und damit den klinischen Erfolg der Implantat-Behandlung
beeinflussen. Raue Titanoberflächen sind heute Standard für Implantate, welche gut
im Knochen verankert werden sollen, wie zum Beispiel Dentalimplantate.

Das Ziel dieser Arbeit war es, ein besseres Verständnis für die Wechselwirkung
zwischen Knochenremodellierung und Osseointegration von Implantaten mit unter-
schiedlichen Oberflächencharakteristiken zu erhalten. Davon ausgehend wurde die
Hypothese aufgestellt, dass Osteoblasten in den osteoklastischen Resorptionsspuren
Oberflächenstrukturen erkennen und deshalb auf rauen Implantatoberflächen, wel-
che ähnliche Oberflächenstrukturen aufweisen, ein vergleichbares Verhalten zeigen.
Dazu wurden in vitro Versuche durchgeführt, um das Verhalten von Knochenzellen
auf nativem Knochen, auf osteoklastischen Resorptionsspuren und auf klinisch be-
währten und experimentellen Implantatoberflächen zu untersuchen.

Osteoklasten wurde auf glatten, säuregeätzen, sandgestrahlten und säuregeätzten
Titanoberflächen und auf nativem Knochen kultiviert und untersucht. Als Chara-
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kterisierungs-Parameter wurde die Anzahl Osteoklasten, die TRAP- (tartrate-
resistant acid phosphatase) und MMP-Aktivität (Matrix Metalloproteasen) ana-
lysiert. Die MMP-Expression wurde mit Hilfe von Gelatine-Zymographie bestimmt.
Weiter wurde die Zell-Morphologie und die Ausbildung von Aktin-Ringen gemessen.
Dabei konnte gezeigt werden, dass die Zell-Morphologie, Zell-Adhäsion und die Cha-
rakteristik von Aktin-Ringen auf den zwei rauen Titanoberflächen und auf Knochen
vergleichbar sind. Dagegen ist auf den glatten Titanoberflächen die Ausbildung von
Aktin-Ringen und die MMP-Expression stark eingeschränkt. Diese klar verminderte
Osteoklast-Aktivität auf glatten Oberflächen kann möglicherweise mit einer Fremd-
körperreaktion assoziiert werden.

Auf nativem kortikalen Knochen wurden in vitro mithilfe einer Osteoklast-Zelllinie
Resorptionsspuren generiert und mit sandgestrahlten und geätzten Titan- und Zir-
konoxidoberflächen verglichen. Die Dimensionen (Länge, Breite und Tiefe) der Re-
sorptionsspuren und der Titan- und Zirkonoxidoberflächen wurden mithilfe von
Stereo-SEM miteinander verglichen. Die Ergebnisse zeigen, dass die Grösse der Re-
sorptionsspuren in nativem Knochen mit der Grösse der Oberflächen-Merkmale auf
den untersuchten Titan- und Zirkonoxidoberflächen vergleichbar ist. Dabei wurden
Längen in einem Bereich von 5 bis 40 µm, Breiten in einem Bereich von 2 und 20 µm
und Tiefen von 1 bis 8 µm gemessen.

Auf der Basis der Beobachtungen dieser strukturellen Ähnlichkeit zwischen osteo-
klastischen Resorptionsspuren und rauen Implantatoberflächen wurde ein verein-
fachtes in vitro Modell für Knochenremodellierung bezogen auf Implantatoberflä-
chen entwickelt und eingeführt. Dafür wurde, basierend auf den Dimensionen der
osteoklastischen Resorptionsspuren, ein biomimetisches osteoklastisches Resorpti-
onsmuster (BORP) gestaltet und hergestellt. Auf dieser Modelloberfläche, auf einer
glatten und einer sandgestrahlten und säuregeätzten Oberfläche wurden Osteobla-
sten kultiviert. Die Ergebnisse zeigen, dass Osteoblasten auf der BORP- und der
rauen Titanoberfläche im Gegensatz zur glatten Titanoberfläche ähnliche Level von
Differenzierungs-Markern exprimieren, es wurden für ALP (alkalische Phosphatase)
und die Mineralisierung vergleichbare Ergebnisse gemessen.

In weiterführenden in vitro Arbeiten wurde das Verhalten von Osteoblasten auf che-
misch und topographisch verschieden ausgestalteten Oberflächen untersucht. Dazu
wurden die Zellen auf Replikaten von fünf unterschiedlich rauen Oberflächen, wel-
che jeweils mit vier verschiedenen Metallen beschichtet wurden, kultiviert. Anhand
dieser Matrix von 20 unterschiedlichen Oberflächen konnte gezeigt werden, dass die
Proliferation von Osteoblasten nach 3, 7 und 13 Tagen auf den glatten Oberflächen
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höher als auf allen rauen Oberflächen und unabhängig von der Oberflächenchemie
ist. Auf den Replikaten der sandgestrahlten und geätzten Zirkonoxidoberfläche und
auf den glatten Oberflächen wurde nach 13 Tagen eine erhöhte ALP-Aktivität und
Mineralisation gemessen. Dies verglichen mit den drei unterschiedlichen Titanober-
flächen welche geätzt und teilweise sandgestrahlt waren. Es konnte gezeigt werden,
dass die ALP-Aktivität von der Oberflächenchemie unabhängig ist. Im Gegensatz
dazu zeigen die Resultate der Mineralisation eine Abhängigkeit von der Oberflä-
chenchemie; Zellen auf Si- und Ti-beschichteten Oberflächen mineralisierten mehr
als auf Zr- und Al-Oberflächen.

Zusammenfassend zeigen die Ergebnisse der durchgeführten Untersuchungen, dass
die Hypothese dieser Arbeit bestätigt werden kann. Osteoblasten erkennen osteo-
klastische Resorptionsspuren und Implantatoberflächen, welche diesen Resorptions-
spuren in Grösse und Oberflächenstruktur ähnlich sind. Die Osteoblasten differen-
zieren auf der BORP Oberfläche und auf rauen Implantatoberflächen vergleichbar.
Zusätzlich konnte gezeigt werden, dass auch Osteoklasten sensitiv auf Oberflächen-
Rauigkeiten reagieren. Um das Verhalten von Osteoblasten gegenüber Unterschieden
in der Oberflächenchemie, im speziellen auf rauen Implantatoberflächen mit unter-
schiedlichen metallischen Beschichtungen vollständig zu klären, sind weiterführende
Untersuchungen notwendig.

Diese Arbeit soll das Verständnis von klinisch beobachteter Osseointegration im Zu-
sammenhang mit der Knochenremodellierung vertiefen. Zusätzlich kann sie Hinweise
für die weitere Entwicklung von neuartigen Implantatoberflächen geben.
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Chapter 1

Introduction

1.1 Bone remodeling

1.1.1 Bone: A living tissue

The principal role of bone is skeletal support, providing mobility of the body and
the protection of organs. For example, the jaw bones - maxilla and mandible -
hold the teeth in place and transmit chewing forces from the muscles of mastication
to the teeth. Bone architecture is highly adapted to the structural needs of high
strength at minimum weight. The way to accomplish this is the formation of dense,
highly mineralized cortical bone and porous trabecular bone, also called cancellous
bone. Cortical bone acts as an outer protective shell for the softer and less dense
trabecular bone. The trabeculae of cancellous bone are oriented in a way to adsorb
mechanical load (Figure 1.1).
In addition to its structural and mechanical functions, bone is responsible for blood
production, mainly in the bone marrow, and bone acts as storage medium for miner-
als such as calcium and phosphates, as well as proteins such as growth factors, which
are deposited in the matrix and later released to responding cells [3]. Although bone
seems to be quite static, it is a living and dynamic tissue consisting of three main cell
types, which are osteoclasts, osteoblasts and osteocytes, as well as bone lining cells,
which cover the bone surface and are marginally involved in bone remodelling [4,5].
Sometimes no distinction between bone lining cells and inactive osteoblasts is made.
90 % of all cells in bone are osteocytes, which originate from highly specialized and
fully differentiated osteoblasts [6]. Their role has been described as “buried alive” [7]
but could not be further assessed for many years. Today it is known that osteocytes
are important in both mechanosensation and mechanotransduction [8]; osteocyte
apoptosis is induced through microcracks in bone, which, in turn, then activates
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Chapter 1 Introduction

Figure 1.1: Cut through a human humerus (upper arm bone) (left) and a human
mandible (right) showing cortical bone as the outer shell and trabecular
bone in the inside. The orientation of the trabeculae correspond to the me-
chanical forces applied on the bone. Image taken from [1] (left) and adapted
from [2] (right).

remodelling [9]. The two other important bone cells, osteoblasts and osteoclasts,
will be described in detail in Chapters 1.1.3 and 1.1.4.

The extracellular matrix of bone consists of organic matrix and inorganic min-
erals. The organic matrix making up 25 % of calcified bone consists mainly of
collagen I - the most abundant protein in a mammals body, occurring in fibers con-
stituted of triple-helixes of tropocollagen [10]. Other non-collagenous proteins es-
sential in bone are osteocalcin (OC), osteonectin (ON), osteopontin (OPN) and
bone sialoprotein (BSP) [11, 12]. OPN and BSP for example are important for the
initiation of mineralization, BSP acts as a crystal nucleator. OC recruits osteo-
clast precursor-cells and facilitates their differentiation [13]. The main inorganic
minerals in bone are calcium and phosphates: in bone they form hydroxylapatite
Ca10(PO4)6(OH)2. Its crystals are plate like, 20-80 nm in length and 2-5 nm thick
-smaller than naturally occurring apatite, which facilitates chemical dissolution of
the hydroxylapatite crystals [14].

1.1.2 Bone remodeling

The formation of bone during skeletal development as a process of different bone
cells resorbing and rebuilding bone dynamically was first described by Frost [15].
A distinction is made from so-called bone “modeling” in a growing mammal to
bone “remodeling” in an adult. In bone modeling osteoclast activation and bone
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resorption do not necessarily happen at the same place as osteoblast activation and
bone formation. Bone modeling is necessary i.e. to adjust the bone mass of a
growing child to its muscle mass [16]. Bone grows through resorption inside the
bone and formation on the outer periostal surface. In modeling, bone is selectively
added or removed to optimize bone geometry.

Figure 1.2: Schematic presentation of a bone-remodeling cycle. Osteoclasts resorb ex-
isting bone, followed by osteoblasts, which rebuild new bone and turn into
osteocytes. Image taken from [17]

In an adult the process of bone modeling is replaced through bone “remodeling”.
In contrast to bone modeling, remodeling always involves the entire cycle of osteo-
clast activation and resorption, directly followed by bone formation [18]; it can be
described as “discrete, measurable packets of bone” [19] being replaced. The shape
of bone does not change through a bone-remodeling cycle.

Figure 1.2 schematically shows a bone-remodeling cycle. Osteoclasts resorb existing
bone and leave behind a resorption pit, directly followed by osteoblasts building new
bone through collagen deposition and mineralization of calcium phosphate; finally
some osteoblasts differentiate into new osteocytes. The process of bone resorption
happens in weeks, whereas the reformation of new bone takes months. An active
osteoclast is able to resorb 200’000 µm3 per day, this compares to 15 - 20 days of
bone formation by seven to ten generations of osteoblasts [20]. This mismatch is
compensated through the fact that the number of osteoblasts exceeds the number
osteoclasts multiple orders of magnitude such that in a healthy organism a homeo-
static balance of bone resorption and bone formation is reached.
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Osteoclasts are directly followed by osteoblasts, the two cell types are moving as
a unit. This is ensured through a process known as coupling [21]. In this coupled
process, local communication and molecular interactions between osteocytes, initia-
tors of the bone-remodeling cycle, osteoclasts and osteoblasts play a crucial role,
while a whole biochemical signaling system, in which RANKL (receptor activator
of nuclear factor κB ligand), PTH (parathyroid hormone) and transforming growth
factors (TGFs), amongst others, play an important role, controls the transition steps
in a bone-remodeling cycle [22].

The relative amounts of bone removed and newly formed bone in a remodeling cycle
is called the bone balance, and has been described as a complex servo system that
maintains the bone mass at a constant level through bone formation and resorption.
It is influenced by multiple biochemical stimulators and inhibitors [23]. Bone dis-
eases such as osteoporosis are often due to variations in the bone balance, but the
coupling itself is normally not affected [19].

1.1.3 Osteoclasts
Osteoclasts are derived from hematopoietic cells of the monocyte-macrophage linage
and are macrophage-like cells with multiple nuclei, polarized morphology- also,
they are highly migratory [24–27]. Mature osteoclasts are activated and regulated
via RANK (receptor activator of nuclear factor κB) and its ligand RANKL, also
called osteoprotegerin ligand (OPGL), and the macrophage-colony stimulating fac-
tor (M-CSF) [28]. An extensive review on molecular regulation of osteoclast activity
is presented by Bruzzanitti [29].

As illustrated in Figure 1.3 mature osteoclasts have some unique characteristic cel-
lular structures for resorbing bone which are the ruffled border and the sealing zone.
The sealing zone helps to attach to the bone surface and as the name indicates,
seals a compartment below the cell in which bone resorption takes place. Integrins,
namely α5β3 integrin, play an important role in maintaining cell attachment around
the sealing zone and in cell migration [30]. The sealing zone consists of highly
ordered actin bundles [31,32], which can be easily visualized employing confocal mi-
croscopy (see Figure 1.4). The ruffled border forms as part of the cell membrane in
the sealing zone and establishes proton pumps, enzymatic activity and transcytosic
vesicular trafficking of resorption products [33].
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Figure 1.3: Schematic illustration of an active bone-resorbing osteoclast. The osteoclast
attaches to the bone through the sealing zone, which at the same time seals a
closed compartment below the cell were bone resorption takes place. There
a ruffled border is established, in which protons are pumped in the space
between cell and bone to generate an acidic environment, dissolving the
mineral phase of bone. At the same time, cathepsin K and MMPs are released
into in the resorption lacuna, where they dissolve freshly exposed collagen
fibers. Degradation products are transported in vesicles (VT) through the
cell (transcytosis) and are released through the functional secretory domain
(FSD). The remaining membrane besides the ruffled border and the FSD is
the basolateral membrane (BL). Figure adapted from [33].

The sealed compartments below osteoclasts turn acidic, with a pH below 4 [34],
due to protons of vacuolar H+-ATPase. This condition favors the dissolution of the
mineral phase [35]. The organic phase, mainly collagen I, is enzymatically resorbed
in the same sealed compartment by matrix metalloproteinases (MMPs) [36] and
cystein proteinases like cathepsin K [37]. Woessner presents a nice overview of all
MMPs and TIMPs, how they were discovered and what is known about them [38].
It is assumed that resorption products such as collagen fragments, calcium and phos-
phate are transported through the cell (transcytosis) out of the osteoclast through
the functional secretory domain (FSD) [39,40]. In the transcytotic vesicles, tartrate-
resistant acid phosphatase (TRAP) could be localized with highly destructive re-
active oxygen species, which are able to destroy collagen, leading to the conclusion
that TRAP further destructs matrix degradation products in the transcytotic vesi-
cles [41]. TRAP is often used as a characteristic osteoclast marker [42].
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Figure 1.4: Osteoclasts on a bone surface (left) and resorption pit in bone (right).
Left: Laser confocal microscopy image of multiple osteoclasts, which are
multinucleated cells with actin rings marking areas of bone resorption. The
actin cytoskeleton (green) was stained with phalloidin, cell nuclei (blue) with
DAPI. Right: SEM image of osteoclastic resorption pits in cortical bone after
14 days of osteoclast culture. Loose collagen fibers are visible in the pits.
For experimental details of both images see Chapter 3. Scale bar 50µm.

Osteoclasts leave behind resorption pits, also called Howships’s lacunae, or whole
areas of resorption [43]. As shown in Figure 1.4 these resorption pits can be observed
in vitro1 after culturing osteoclasts on bone slices, hydroxylapatite or dentine [44,45],
but are also visible in vivo2 , i.e. in tissue autopsies of trabecular bone of the
proximal femur, as shown in Figure 1.5 [46].

1.1.4 Osteoblasts
Osteoblasts originate from pluripotent mesenchymal stem cells. Apart from dif-
ferentiating into osteoblasts, these cells are able to differentiate into chondroblasts
(forming cartilage), fibroblasts (forming connective tissue), adipocytes (forming fat
tissue) and myoblasts (forming mussels) and other cell types [47]. Differentiation
of a mesenchymal stem cell into a mature osteoblast goes through multiple progen-

1Latin for „within glass“; refers to studies conducted only with components of an organism (most
often one type of cells) isolated from their biological context. Here in vitro most often refers to
cell culture.

2Latin for „within the living“; refers to experiments using whole living organisms, i.e. animals or
humans. Often the use of in vivo is limited to animal studies and the term “clinical” is used
for data obtained in humans.

6



1.1 Bone remodeling

Figure 1.5: Resorption pits observed with scanning electron microscopy in autopsies on
trabecular bone of human proximal femora. Scale bar 100 µm. Images taken
from [46].

itor and precursor stages [48]. Initially transcription factors Runx2 (runt-related
transcription factor-2), osterix (Osx), Dlx5 (distal-less homebox-5) and Msx2 (msh
homebox homologue-2) push the precursor cell towards the osteoblastic lineage [49].
The so-called committed preosteoblast already expresses collagen I (Col-I) and bone
sialoprotein (BSP). Further development into a mature osteoblast, which addition-
ally expresses the enzyme alkaline phosphatase (ALP) and osteocalcin (OC), re-
quires Osx, Runx2 and additionally members of the Wnt signaling pathway such as
β - catenin (β - cat) and TCF / LEF1 [19] (see Figure 1.6).

Morphology of osteoblasts is dependent on the stage of functional differentiation.
Mature osteoblasts are “plump, cuboidal, mononuclear cells lying on the matrix
they have synthesized” [50]. They attach to extracellular matrix and other cells via
transmembrane proteins, such as integrins, connexins and cadherins, which enable
them to react to metabolic and mechanical stimuli [51]. The main task of mature
osteoblasts is to synthesize proteins, mainly collagen I and other glycoproteins like
osteopontin, osteocalcin and growth factors. Mineralization of new bone is governed
through ALP, which is regulated by mature osteoblasts [52]. Mineralization of new
hydroxylapatite is initiated and regulated through the formation of matrix vesicles
(MV). By supplying sufficient calcium and phosphate ions, osteoblasts release these
MV from the cell surface into the extracellular matrix. Further mineral accumula-
tion in the MV is achieved through ion channels and transporters leading to initial
nucleation and calcification in the MV. Finally, needle-like hydroxylapatite crystals
are released from the MV into the extravesicular fluid, these crystals subsequently
being incorporated into the collagen fibril network [53, 54]. Further mineralization
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Figure 1.6: Osteoblast development from mesenchymal progenitor cells through pre-
osteoblasts into mature osteoblasts, with important transcription factors in-
dicated. The other possible pathways of differentiation into chondrocytes,
adipocytes and myocytes are presented as well. Image adapted from [23].

of ions from the extracellular matrix finally leads to mature bone.

A small number of osteoblasts become incorporated into the matrix and turn into
immature osteocytes to finally get “entombed” [19] in the fully mineralized and
matured matrix [7, 55].

1.1.5 In vitro model systems for osteoclasts and osteoblasts

Cell lines and primary cells

The behavior and complex interplay between cells, molecular signal pathways and
external factors (e.g. an implant surface) needs to be studied in well-controlled
tissue-culture systems, in which the influence of specific parameters on the system
can be very well controlled and the resulting effects being measurable in a straight-
forward way. In the area of bone biology and bone remodeling, there is a need
for isolated systems of osteoclasts, osteoblasts and sometimes co-cultures of both,
to analyze the mode of action on osteoclasts of a potentially new drug against os-
teoporosis, for example, or the influence of surface roughness on the differentiation
behavior of osteoblasts [50]. A distinction has to be made between primary cells
and immortalized cell lines (see Table 1.1).

8



1.1 Bone remodeling

primary cells immortal cell line
Harvesting from healthy organs of living

animals or humans
often from cancer cells

Lifespan limited immortal

Phenotype near to in vivo often differs slightly from
in vivo

Variations different differentiation status
between donors

homogeneous

Experimental
question asked

focusing on effects concerning
the phenotype. Direct corre-
lation to in vivo situation

focusing on relative difference
between different culture con-
ditions. Only limited correla-
tion to in vivo situation

Table 1.1: Comparison between primary cells and immortalized cell lines for tissue
culture.

Primary cells are harvested from living animals or humans, in the case of bone cells
often from the bone marrow, purified and then used in vitro. Primary cells often
have a limited lifespan. In contrast, cell lines often originate from cancer cells and
are designated as immortal, meaning that they do not change over multiple cycles
of cell division [56]. Primary cells are often assumed to have a similar phenotype
as in vivo cells, but with the disadvantage that cells from different donors may vary
considerably and are in different differentiation stages within the same sample. On
the other hand, cell lines are more easily accessible for daily laboratory work and
show homogeneous behavior over time and multiple experiments. This makes them
ideal to observe relative differences between different culture conditions; however
they are considered to be less in vivo-representative, with respect to their original
function and phenotype in the body. One concern comes from the fact that cell lines
often originate from cancer cells and therefore are likely to be slightly different from
“healthy” cells in vivo. Both primary cells and cell line are routinely used for bone-
biology research [57]. Independently of the type of cells used for in vitro experiments,
all results have to be tested in vivo and finally clinically, to be demonstrated as true
and effective [58]. The following chapter aims to introduce and summarize some
in vitro cell-culture systems for osteoclasts and osteoblasts.
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In vitro models for osteoclasts

Compared to other cell types such as osteoblasts (see below) or fibroblasts, osteo-
clasts are relatively difficult to culture and study in vitro because they are terminally
differentiated, relatively scarce and adherent to mineralized tissue [50]. Primary cells
are either harvested directly from bone or as precursor cells from hematopoietic pro-
genitors i.e. from bone marrow or peripheral blood mononuclear cells [45,59]. How
primary osteoclasts are harvested and further cultured is extensively described by
Bradley [60]. The advantage of culturing osteoclasts from hematopoietic origin is
that M-CSF and RANKL are sufficient for differentiation and, in contrast to cells
harvested from bone, no other cell types are present [61]. Figure 1.7 summarizes
development of hematopoietic cells into mature osteoclasts in vitro.

1

2 3 4M-CSF

M-CSF + 

RANKL

M-CSF + 

RANKL

RANKL or

IL-1

hematopoietic cells

mature osteoclast
TRAP +

TRAP +

CTR +

Figure 1.7: Differentiation stages of osteoclasts of hematopoietic origin in vitro. Os-
teoclast turn from hematopoietic cells into osteoclast progenitor cells upon
M-CSF (1). Additional RANKL turns them into TRAP active mononuclear
cells (2) and mononuclear osteoclasts (3), upon which point they become ad-
ditionally positive for calcitonin receptor (CTR). Finally these cells fuse to
mature multinucleated osteoclasts, which are able to resorb bone (4). In vivo
these stages are similar although the initiating molecules PTH and other os-
teolytic factors are secreted through stromal cell or osteoblasts instead of
M-CSF. Figure adapted from [50].

There are at least two osteoclast precursor cell lines that can be used as an al-
ternative to primary hematopoietic cells. The RAW 264.7 cell line of murine origin
differentiates into osteoclasts when treated with RANKL. The RAW 264.7 cell line is
widely used for osteoclast and bone remodeling research in vitro [62,63]. The C7 cell
line is a macrophage-like cell line, which is also used for osteoclast culture [64].
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In multiple studies it could be shown that RAW 264.7 cells show important char-
acteristics of osteoclasts such as MMP-9 expression of RANKL-induced cells. Ei-
ther real-time PCR or gelatine zymography was employed to measure MMP-9 dur-
ing osteoclast differentiation together with cathepsin K and carbonic anhydrase II
(CAII) [65, 66]. Another use of the RAW 264.7 cells is to test systemic effects of
drugs which potentially improve bone quality. In this context reduced osteoclast
differentiation and pit formation could be shown in vitro with RAW 264.7 cells in
the presence of NMP (N-methyl pyrrolidone). It is speculated that this molecule,
which is also known to improve bone regeneration in vivo [67], might prove useful as
pharmaceutical agent in the treatment of osteoporosis [68]. RAW 264.7 cells were
also used to show that osteoclast activity could be reduced through immobilization
of osteoprotegerin (OPG)-Fc fusion protein on titanium; an interesting approach,
which however has to be proven in vivo, to improve osseointegration by basically
either improving bone regeneration through osteoblasts or preventing bone regener-
ation through osteoclasts locally and not systemically [69].

In vitro models for osteoblasts

Osteoblast cell culture is, compared to osteoclast cell culture, more established and
mostly easier to perform in the lab. There exists a wide variety of protocols for
primary cells from different sources and different mammalian and human cell lines
representing different developing stages of osteoblasts. One approach is to work
with mesenchymal stem cells and differentiate them in vitro into osteoblasts [70].
The commonly used sources for primary osteoblasts up to now are rat calvaria
and bone marrow from rats or human autopsies, often from total hip replacements.
As described above, a problem related to this way of osteoblast cell culture is that
samples vary between different subjects (mainly the case for humans) and that in one
sample osteoblasts in a heterogeneous mixture of different stages of differentiation
and even other cell types such as fibroblasts are present [71]. With adjusted cell
isolation and cultivation protocols, however, these problems can be overcome.

In the following paragraphs mammalian and human cell lines of cancerous and non-
cancerous origin in different differentiation stages will be described ordered according
to increasing maturity. Extensive overviews are also given in the publications of
Majeska and Kartsogiannis [50,72]. Here emphasis is put on cell lines often used on
implant surfaces, in particular on the MC3T3 cell line, which will be used later in
this thesis.
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• The murine C2C12 mesenchymal cell line, representing a very early stage of
osteoblast differentiation, induces differentiation to osteoblast with treatment
of BMP-2 (bone morphogenic protein 2) [73], though the same cell line can dif-
ferentiate into myocytes and other cells types when treated with the according
transcription factors as shown in Figure 1.6.

• The human osteosarcoma cell line MG-63 is described as preosteoblastic, ex-
pressing collagen I when treated with vitamin D [74, 75]. This cell line was
extensively used to study osteoblast behavior on implant surfaces, mainly ti-
tanium, with different surface roughness and surface chemistry, which was
reviewed by Bächle [76]. Increased collagen I expression could be observed on
rough surfaces compared to smooth surfaces [77] and an increase in cell layer
ALP on rough hydrophilic surfaces compared to rough hydrophobic titanium
surfaces [78].

• MC3T3 is a clonal non-transformed cell line form newborn mouse calvaria [79].
Differentiated in the presence of ascorbic acid (vitamin C), subclones with dif-
ferent osteogenic differentiation potential were described, among others sub-
clone 4, 14 and 24 [80]. Subclones 4 and 14 showed mineralizing proper-
ties where subclone 24 mineralized poorly, however subclone 24 was shown
to have more ALP mRNA then subclones 4 and 14. The mRNA signal for
ALP has been shown to correlate with ALP activity [81]. Based on cell mor-
phology, ALP activity, osteocalcin mRNA and von Kossa staining subclone 24
was defined as preosteoblasts whereas subclone 4 was defined as mature os-
teoblast [82]. Certain subclones exhibit high ALP activity regulated through
PTH, PGE2 and 1,25(OH)2D3 and synthesize collagen [83]. Cultured over
longer times with the addition of β-glycerophosphate, different MC3T3 sub-
clones form matrix vesicles and mineralize in vitro. However culturing them
without ascorbic acid and β-glycerophosphate leaves them in a preosteoblastic
stage. It could be shown that MC3T3 cells cultured over 9 to 27 days release
PGE2 (prostaglandin E2) into the medium [84], PGE2 is considered to be an
important local factor in bone remodeling, influencing both osteoblasts and
osteoclasts [85]. When cells were cultured on a whole library of different sur-
face structures, significant differences could be observed in proliferation, cell
size, mineralization, osteopontin and osteocalcin levels. In general, differenti-
ation markers increased on rougher samples compared to smooth samples [86].
MC3T3 cells cultured on titanium scaffolds with different pore sizes in the
range of 300-500 µm were compared to smooth titanium and tissue culture
plastic (TCP) surfaces. Over a time span of 9 days, cells proliferated faster
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on the smooth and TCP surfaces and an increased specific ALP activity could
be observed on the titanium scaffolds after 9 and 13 days, while calcium con-
tent, which was not normalized to cell number, was not significantly different
after 17 days between all surfaces [87]. Analyzing the influence of the crystal
structure of titanium on rough implant surfaces, increased cell number and
specific ALP could be observed after 4, 7 and 14 days on anatase, addition-
ally higher osteocalcin production being measured after 2 weeks [88]. Another
study showed a significant increase in mineralization of MC3T3 pre-osteoblasts
after 21 days, expressed as calcium content measured with alizarin red, on
polycaprolactone fibers filled with hydroxylapatite nanoparticles compared to
non-filled fibers [89]. Culture conditions and protocols to measure DNA con-
tent, ALP activity and mineralization will be introduced in chapter 6.2.3.

• UMR106, probably the most widely used cell line, is derived from an osteogenic
sarcoma and has been extensively used. Higher ALP activity, type I collagen
expression, in vitro mineralization and other osteogenic attributes could be
observed [90, 91] however very little and not very conclusive results were ob-
tained in the field of osseointegration research when growing these cells on
different implant surfaces [92].

• The human osteosarcoma cell line SaOS-2, first described by Rodan [93], repre-
sents a rather mature osteoblastic phenotype (i.e. compared to MG-63) which
shows calcium deposition after 2 or more weeks [94,95]. Additionally ALP ex-
pression and mineralization on rough titanium and zirconia implant surfaces
could be shown [96].

In a comparative study, fetal rat calvarial cells (FRC), denominated as osteoblast
precursor cells, well-differentiated, osteoblast-like cell line OCT-1, and mouse osteo-
cyte cell line MLO-Y4, were cultured comparatively on rough and smooth titanium
surfaces. It could be shown that surface roughness promotes differentiation of os-
teoblasts at all stages of differentiation however most strongly in the early differenti-
ation phase [97]. This was confirmed in a recent study, in which human mesenchymal
stromal cells (hMSC), MG-63 and SaOS-2 cells were compared on smooth and rough
implant surfaces. Here hMSC and MG-63 showed increased tissue non-specific al-
kaline phosphatase on rough surfaces compared to smooth surfaces but SaOS-2 cell
did not discriminate between smooth and rough surfaces [98].

For experiments exploring differences in surface roughness and surface chemistry an
osteoblast cell line in an early differentiation state, such as the murine MC3T3 cell
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line, has to be chosen. Additionally MC3T3 cells are widely used by different groups
and their sensitivity to surface features has been previously shown (see above).

1.2 Dental implants and osseointegration

1.2.1 Dental implants

The purpose of dental implants is to replace one or multiple tooth-roots in the jaw-
bone to support dental restorations, with the aim of restoring function and esthetics
(see Figure 1.8). Modern dental implants anchored in bone were invented in the
1950s and 1960s by Brånemark [99], Linkow [100] and others.

Figure 1.8: A dental implant replaces a tooth root. The restoration (artificial crown) on
top of an implant restores function and esthetics. Images used by courtesy
of Thommen Medical AG.

The shape of dental implants changed from single pins to blades and hollow cylin-
ders [101], which confronted the clinician with more or less dramatic surgical sit-
uations when they had to be removed (blade) or when they broke in situ (hollow
cylinders) [102]. Today, most commercially available dental implants are two-piece
implants, which consist of a screw-shaped endosseous part, the actual implant (see
Figure 1.8), and an abutment screwed on the implant after healing [103]. The fi-
nal dental restoration, usually manufactured by dental technicians, is attached to
the abutment. The advantage of a two-piece implant is that restorations, which
normally have a limited lifetime, can be renewed by removing the abutment with-
out compromising the osseointegrated dental implant and without further surgical
interventions. The indications for dental implants are very broad and multiple treat-
ment options are well documented with a high success rate over long observation
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periods [104, 105]. However, there are contraindications for dental-implant treat-
ment that are known to impair implant healing, these are among others bleeding
issues, smoking, diabetes, osteoporosis and cardiovascular diseases [106].
Generally the indications for placing a dental implant are given in any toothless
area. A missing single-tooth, partially or totally edentulous jaws can be restored
with one or multiple implants. Additionally, dental implants can be used as anchors
for orthodontic treatments, allowing unidirectional tooth movement without recip-
rocal action. Often, implants enable a simplification of the clinical therapy and are
less invasive with respect to the remaining tooth structure [107].

A

B C

D

Figure 1.9: Comparison of conventional treatment and dental-implant treatment of a
missing tooth. A: Preoperative situation with a missing single tooth. B: Con-
ventional treatment connects the two neighboring teeth with a bridge, for
that reason these two teeth have to be ground down. C: Treatment with a
dental implant enables the replacement of the missing tooth without damag-
ing healthy teeth. D: The full function and esthetics are restored with both
treatment options. Images used by courtesy of Thommen Medical AG.

A clinical situation, where a dental implant is indicated instead of a conventional
treatment, is illustrated in the following example (see Figure 1.9 for illustration).
Assuming a clinical situation involving one missing tooth due to trauma, conven-
tional treatment would require grinding down the two neighboring healthy teeth to
carry a bridge closing the gap. With dental-implant treatment, the missing tooth
can be replaced without affecting the neighboring teeth. With both treatment op-
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tions, both function and esthetics are fully restored. The surgical technique to place
implants and fix prosthetic restorations on them has developed and matured from
the early developments into clinically proven implant systems [108–111]. The fol-
lowing briefly describes the surgical procedure of an implant treatment, however
there are variations as extensively described elsewhere [112]. After treatment plan-
ning with X-ray and often with CT (computer tomography), the surgical procedure
of implant placement involves opening of the soft tissue (gingiva), where flaps are
created to expose the position in the jaw-bone where the implant will be placed.
The implant site is prepared with drills and by osteotomes3 followed by implant
placement. If insufficient bone, or bone of poor quality is present, guided tissue
regeneration (GTR) can be performed to improve bone volume and make implant
placement possible and safe [113]. The implant is covered with a healing cap, which
is designed to remain below the soft tissue after suturing (two-stage procedure).
Alternatively, a healing post, which is designed to penetrate the soft tissue after
suturing, is placed on the implant (one-stage procedure). After a healing time of
three weeks to several months, depending on the clinical situation, bone quality and
treatment planning, the soft tissue is reopened and the abutment and restoration are
placed on the implant. Alternatively, in the one-stage procedure, the healing post is
removed without the need for a second surgical intervention and the abutment and
restoration are placed on the implant. Instead of an unloaded healing of the implant
as described above, the restoration can be installed the day of implant placement,
a procedure called immediate loading [114].

The variety of prosthetic restoration treatments on dental implants is very broad,
including single-tooth restorations with crowns, bridges over multiple teeth, and
partial or full arch dentures in edentulous jaws. Some restorations, such as crowns
and bridges, are designed to be fixed on the implant and stay in place over a long
period of time, others, i.e. dentures, are removable and are connected to the im-
plants through bars or ball-anchors to facilitate maintenance and cleaning of the
denture [115].

1.2.2 Osseointegration

The clinical success of dental-implant treatment is based on the concept of osseoin-
tegration first described by Brånemark [99], today defined as “the formation of a
direct interface between an implant and bone, without intervening soft tissue“ [117].
Osseointegration is the antithesis of fibrous encapsulation or of a foreign-body re-

3Intrument to compact bone, in order to improve the primary stability of the implant.
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Figure 1.10: Osseointegration of a dental implant with a high degree of direct bone-to-
implant contact. The image shows an implant inserted in the pelvis of a
sheep after a healing time of 8 weeks. Bone (stained blue) attaches directly
to the implant in the cortical (left) and trabecular region (right). Image
taken from the study of Langhoff et al. [116].

sponse, where an implant or any other foreign material inserted in the body is
encapsulated in fibrous tissue [118]. Figure 1.10 shows a histological section of an
osseointegrated implant, illustrating the direct interface between implant and bone,
with a high degree of bone-to-implant contact and the absence of any fibrous tissue.

Describing osseointegration is not possible without highlighting the eminent role of
the implant materials and its surface [119]. In addition to obvious factors, such
as cleanliness and sterility of the implant surfaces, which are indispensable, surface
roughness and surface energy influence osseointegration. It has been shown in vitro,
in vivo and clinically that rough implant surfaces show better osseointegration prop-
erties than smooth surfaces. The following paragraphs describe some of the most
important studies performed in this field leading to these conclusions. The role of
implant materials, such as titanium and zirconia, and modifications of the surface
energy will be discussed later (see 1.2.2).

In the following sections the discussion will be reduced to osseointegration in the
context of dental implant applications. There are other clinical fields in which the
concept of osseointegration is applied, such as orthopedics, where it is also named
osteointegration. These areas will not be discussed any further here, but are outlined
elsewhere [120,121].
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In vitro experiments on osseointegration

Although historically the pioneering work in osseointegration was not performed
in vitro but in vivo and even clinically, today in vitro methods are often employed
in the early development of novel implant surfaces and in research in osseointegra-
tion (see 1.1.5). In vitro experiments are time-, and cost-effective and do not involve
ethical issues. Although the correlation with animal experiments and clinical results
is limited, cell experiments allow an early cytotoxic and genotoxic screening of im-
plant surfaces. Cell proliferation and differentiation can be tested and potentially
harmful substances released from the material can be assessed [122,123]. Addition-
ally, a relative comparison of surfaces in the same set-up under easily controllable
conditions is possible. Out of a large number of different surfaces tested with differ-
ent cells, some of the groundbreaking experiments are presented here. Further work
focusing on different osteoblast cell lines is discussed in an earlier section (see 1.1.5).

An early study implied that surface roughness influences osteoblast proliferation,
differentiation and matrix production in vitro [124]. Further work from this group
has shown increased expression of osteoblast differentiation markers such as PGE2
(prostaglandin E2) and TGFβ (transforming growth factor beta) of cells grown
on rough sandblasted acid-etched titanium surfaces compared to smooth titanium
surfaces [125]. Zhao et al. have shown that osteoblasts are sensitive to submicron-
scale surface structures, achieved through acid-etching, but also to micron-scale
structures such as 30 µm hemispherical craters [126]. It was also stated that os-
teoblasts cultured on rough titanium surfaces secreted factors such as OPG, associ-
ated with enhanced osteoblast differentiation and reduced osteoclast formation and
activity [127]. However, as this study has been performed with a cell line (MG-63),
the conclusion that rough surfaces influence the bone-remodeling cycle might be
questioned, as primary cells would probably better resemble the in vivo phenotype
of osteoblasts. It has also been shown that surface roughness influences osteoblast
gene expression [92]. Comparing “standard rough” and electropolished surfaces,
gene expression of osteoblastic differentiation factors, such as ALP, osterix and BSP
has been measured after 7,14 and 21 days of culture: it was concluded that elec-
tropolishing influences osteoblast differentiation [128].

In conclusion, it is widely acknowledged that titanium surface roughness influences
osteoblast differentiation in vitro, however the specific conclusions of each study de-
pend on the surfaces and cell types used. This shows again that additional in vivo
experiments are essential.
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1.2 Dental implants and osseointegration

In vivo experiments on osseointegration

Animal studies in different species are frequently performed to assess the osseointe-
gration potential of different implant surfaces prior to clinical use in humans [58].
Placing an implant in living bone tissue similar to human bone allows drawing
important conclusions on osseointegration. Table 1.2 gives an overview about the
different animal models typically used, their bone structure and remodeling proper-
ties compared to human bone. Depending on the question asked in the experiments,
certain animals are used preferentially.

Canine/Dog Sheep/Goat Pig Rabbit
Macrostrucutre ++ +++ ++ +

Microstrucutre ++ + ++ +

Bone composition +++ ++ +++ ++

Bone remodeling ++ ++ +++ +

+ least similar ++ moderatly similar +++ most similar

Table 1.2: Comparison of bone properties of different animals with human bone.
Macrostructure compares the size of bones and body weight and microstruc-
ture includes histologically observable aspects, such as osteoid formation.
Bone composition describes bone mineral density, for example, and bone re-
modeling includes both the rate of bone turnover and bone healing capacity.
Table taken from [58].

A distinction has to be made between unloaded and loaded in vivo experiments.
Unloaded protocols are solely used to analyze the osseointegration properties of the
implant tested. The implant is placed and left subcutaneous (below the soft tissue),
no restoration is placed on the implants [129]. With this set-up, healing in the two-
stage procedure is simulated. Unloaded studies can be performed in the jaw-bone
but also in other sites, such as the pelvis or femur, which show similar bone struc-
ture and are either easier accessible or allow for a higher number of implants placed.
Loaded protocols include prosthetic restorations placed on the implant and might
allow some conclusions on osseointegration under loaded conditions, on soft tissue
quality and different prosthetic treatment protocols [130]. Loaded studies are locally
limited to the jaw and involve additional problems. No animal shows similar chew-
ing mechanics and forces compared to humans, dogs for example snap rather then
chew. Usually the failure rate is increased in loaded studies [131]. Therefore the sig-
nificance of loaded studies is limited. Depending on the future clinical indications,
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there are different experimental methods to quantify the quality of osseointegration
in vivo. Mostly mechanical anchorage in the bone and histological bone-to-implant
contact are the two main factors looked at. Mechanical anchorage of the implant in
bone can be assessed through torque-out or push-out tests, measuring the force re-
quired to remove an osseointegrated implant from the bone [132,133]. In these tests,
the quality of the mechanical interface between the bone and the implant surface
is tested. Bone-to-implant contact can be evaluated with conventional histological
methods, where the bone piece containing the implant is embedded, cut in sections
through the implant, ground and stained e.g. with toluidine blue to visualize miner-
alized bone tissue (see Figure 1.10). The amount of implant contact along the bone
is quantified and expressed as a ratio of bone-to-implant contact. Additional param-
eters measured histologically are bone volume density around a certain perimeter of
the implant [134] or the ratio between old and newly formed bone [135]. Another
method to assess bone quality around an implant is X-ray microtomography (micro-
CT), which in contrast to conventional histology reveals 3D information on the bone
structure around the implant and the position of the implant in the bone [136]. The
drawback of micro-CT measurements of osseointegrated metal implants is that the
direct interface between bone and implant cannot be properly imaged, as reflec-
tions from the implant distort the measurement in the critical region of the implant
surface. Additionally, the resolution of the micro-CT measurements is limited and
lower compared to that of conventional histology. Only when using synchrotron
radiation as an X-ray source for micro-CT has it been possible to confirm results
obtained with classical histology on osseointegrated implants [137].

With a study in miniature-pigs, it has been shown that the then novel sandblasted
and acid-etched titanium surface (SLA) showed significantly higher torque-out val-
ues than a machined surface after 4, 8 and 12 weeks of unloaded healing [129]. In
a similar study, bone-to-implant contact was analyzed to be around 70 % for the
SLA surface in unloaded and loaded situations in the canine mandible [138]. In the
pelvis of sheep, torque-out values of different rough titanium and zirconia surfaces
were compared after 2, 4 and 8 weeks of healing. Titanium implants with an anodic
plasma-chemical surface modification (APC) and sandblasted and alkaline-etched
zirconia surfaces showed lower torque-out values after 8 weeks compared to the
sandblasted acid-etched titanium surface, which served as a control [139]. In the
same set-up, bone-to-implant contact was measured, to correlate histological and
biomechanical results. The APC surface showed the lowest bone-to-implant contact
at all three time points, which correlates well with the biomechanical evaluations.
Yet the zirconia surface initially showed a high bone-to-implant contact, which lev-
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eled out after 4 and 8 weeks of healing. In contrast to the other results, this finding
did not correlate with biomechanical testing [116]. These results demonstrate that it
is necessary to perform both biomechanical testing and to use histological methods,
in order to obtain a complete picture of the osseointegration properties of different
implant surfaces used for in vivo experiments.

Clinical studies on osseointegration

In implant dentistry, clinical studies often aim to show success- or survival rates of
certain treatment options (i.e. one-stage treatment, two-stage treatment, immediate
loading), implant characteristics (i.e. small diameter, short implants, manufacturer,
implant surface) or prosthetic treatments (i.e. bar fixed dentures). Studies tend
to state the success- or survival rate of one particular protocol rather than com-
paring different treatment protocols. As is often the case in the surgical field in
general, any kind of double-blind studies are most often difficult or impossible to
perform, as the differences between groups are most often obvious to the surgeon,
and additionally placebo-treatments are not feasible. Leaders in the field state that
many studies claiming to report long-term data on clinical success of dental im-
plants and osseointegration show numerous shortcomings, such as patients dropping
out of the study not being accounted for, misinterpretation of implant survival and
success etc. [140]. Nevertheless, much clinical evidence demonstrates the concept
of osseointegration for dental implants, in particular implants with rough surfaces.
Focusing here on studies of osseointegration and not on prosthetic restorations and
different treatment options, there are several methods to quantify implant success
clinically. Radiologically, bone quality around the implant can be estimated; often
crestal bone-loss around the implant is measured over time on X-ray images. An al-
ternative method to measure implant stability and quality of osseointegration in situ
is resonance frequency analysis (RFA) [141]. Esthetic results play an important role,
especially if the restoration was performed in the front (the region of the incisors
and canines). The position and quality of the soft tissue, which is often dependent
on the quality of the underlying bone, is assessed and rated.

The overall success rate of dental implant over long times has been shown to be
high. In an early study, the treatment of edentulous jaws with dental implants has
shown an initial bone loss of 1.5 mm one year after treatment and only 0.1 mm
in the consecutive years [142]. In a 12-year follow-up study comparing machined
titanium surfaces with titanium sandblasted surfaces (TiOblast®) in the treatment
of edentulous patients, no implant was lost and the radiographic examination of the
bone level showed no significant difference [143]. In a multi-center study, 2’359 im-
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plants in 1’003 patients have been observed over 8 years, and different types of
restorations (fixed and removable) were applied. The overall success rate was well
above 90 % over 8 years. The reported complications included non-integration
during the unloaded healing period, implant infection, implant mobility, progressive
bone loss and implant fracture [144]. Newer prospective studies showed a 5-year
success rate of 99 % with only one out of 100 implants lost because it failed to
integrate during healing. Bone loss was between - 1.0 and + 0.5 for 95 % of the
implants [145]. Comparing early and immediate implant loading protocols, a 5-year
study did not find differences in bone level and success rates between these two
treatment protocols [146]. A meta-analysis comparing implant systems from three
different manufacturers have found significantly different levels of bone loss after
5 years, however the author stated that these systems all performed better than had
been clinically accepted up to that time [147]. To observe implant stability during
initial wound-healing, RFA seems to be a feasible method, helping the surgeon to
decide on the timing of implant loading [148].

Surface energy and implant material

The ideal material for osseointegration applications should have the following prop-
erties: biocompatible chemical composition, excellent corrosion resistance in physi-
ological surroundings, acceptable strength and a modulus of elasticity (E-modulus)
similar to that of bone [149]. Due to its high strength, excellent corrosion behavior
and high biocompatibility, titanium is the material of choice for most osseointegra-
tion applications [150]. Although the large majority of dental implants sold today
have rough titanium surfaces, which show good osseointegration properties, as out-
lined above, there is experimental and clinical evidence that osseointegration can be
further improved with surface modifications affecting surface energy, e.g. rendering
a rough titanium surface from hydrophobic to hydrophilic [151]. Other research
activities aim to find other materials than metallic titanium. One potential candi-
date could be zirconia, which is attractive for dental applications due to its white
color. Both hydrophilic implant surfaces and implants made out of zirconia will be
presented here briefly.

Conventional sandblasted and acid-etched titanium surfaces, and rough implant sur-
faces in general, show a large specific surface and turn hydrophobic upon hydrocar-
bon adsorption from the atmosphere. These hydrophobic surfaces can be rendered
hydrophilic by either storing them in liquid [152], preventing any hydrocarbon accu-
mulation on the surface, or by activating the surface with alkali-treatment to render
it hydrophilic immediately before implant placement [153]. Blood coagulation on
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hydrophilic and hydrophobic implant surfaces has been shown to be different. On hy-
drophilic surfaces, more activated platelets and an organized fibrin network was ob-
served, whereas on hydrophobic surfaces blood clots remained thin and patchy [154].
These very obvious differences in blood coagulation observed in vitro are difficult
to confirm in vivo and to correlate to bone formation and osseointegration. In a
study in miniature-pigs comparing these two surfaces, a tendency to higher bone-to-
implant contact could be observed after 2 weeks, however this difference leveled out
after 4 and 8 weeks [155]. Other groups showed in vivo an increased bone-to-implant
contact and increased biomechanical stability of hydrophilic implant surfaces com-
pared to hydrophobic surfaces after 2 weeks of healing [156,157]. Clinically, implants
with hydrophilic surfaces have shown high success rates [158]. However, as described
above, a comparison of clinical outcome between different treatment protocols, i.e.
different implant surfaces, remains difficult.

One drawback of metallic titanium dental implants is that the metallic implant neck
might shine through thin soft tissue (gingiva), which causes esthetic problems. One
possible solution to overcome this problem would be to use a white implant mate-
rial, such as zirconia instead of titanium. Another ceramic material with a white
color is alumina, which had been used for dental implants4 [159]. Most probably
due to a low success rate and fractures these implants were withdrawn from the
market [102, 160]. Zirconia has been used as a biomaterial for a long time, espe-
cially in orthopedics [161] and for dental restorations [162]. However, compared
to titanium, little is known about its osseointegration properties [163, 164]. Ini-
tial studies with osteoblasts cultured on zirconia have shown no difference between
rough titanium and zirconia surfaces in proliferation and spreading [165]. Com-
paring two different rough zirconia surfaces with sandblasted acid-etched titanium
surfaces, an increased proliferation and differentiation could be observed on both
zirconia surfaces using SaOS-2 cells [96]. In animal studies, a high bone-to-implant
contact to zirconia surfaces could be observed, however biomechanical results were
better for sandblasted acid-etched titanium. A possible explanation for these re-
sults could be the lower surface roughness of the tested zirconia surfaces compared
to titanium surfaces, reducing mechanical interlocking of the implant in the bone
tissue [116, 139, 166]. Comparing smooth and rough zirconia surfaces, the same
conclusions were drawn as in similar studies with titanium implants, namely that
rough implant surfaces improve osseointegration biomechanically and histomorpho-
logically [167–169]. The clinical experience and documentation on zirconia implants
is limited to case-studies and a marginal number of clinical studies, which have

4Commonly known as the „Tübingen Implantat“
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shown promising results [170–172]. It can be concluded that zirconia might have
potential as an implant material for osseointegration applications with a special fo-
cus on esthetics, although more pre-clinical and clinical data have to be gathered to
show similar or improved performance compared to state of the art titanium dental
implants.

1.3 Surface roughnes

1.3.1 Surface topography and surface roughness
Surface topography describes the general surface landscape consisting of undula-
tions, pores, gradients etc. [173] and it includes small variations in an atomically
flat surface up to visible grooves and textures e.g. from machining or similar. Com-
monly, surface topographies in the millimeter range and above are termed surface
structures, especially if they show a certain order or periodicity, such as a grid.
However, the distinction between surface topography and surface structure is not
clear-cut. Surface roughness denotes numerical values that describe the topography
of a surface. Deviations in vertical and horizontal direction are quantified, high devi-
ations imply a rough surface, small deviations a smooth surface. Surface topography
and its quantification through surface-roughness parameters are important in dif-
ferent fields, such as wear and tribology, in chemistry to improve catalytic reactions
on surfaces, in optics to adjust scattering and refraction of light and in biomaterials
science.

1.3.2 Surface-roughness parameters
For the quantitative evaluation of surface topographies, there exist a large number
of surface-roughness parameters. They can be roughly divided into three groups
of amplitude, spacing and hybrid parameters [174, 175]. Additionally, parameters
measuring a profile line, often denoted by an R, have to be distinguished from pa-
rameters integrating over a surface, denoted with an S. Profile parameters are easier
to measure and to understand. However, if a surface shows a textured topogra-
phy, e.g. from grinding, profile parameters measured along or perpendicular to the
grinding direction yield totally different results, whereas surface parameters average
textured surfaces independently of the direction. Depending on the application and
information requested, profile or surface parameters are more applicable. Amplitude
parameters describe vertical deviations only, i.e. z(xi, yj) where z is the vertical de-
viation and xi and yj denominate the corresponding coordinates in the surface plane.
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Examples are Ra and Sa describing the arithmetic average of the absolute values of
all points (see Equations 1.1 and 1.2). These parameters are very robust against
outliers.

Ra = 1
n

n∑
i=1
|z(xi)| (1.1)

Sa = 1
n ∗m

n∑
i=1

m∑
j=1
|z(xi, yj)| (1.2)

The root-mean-square average Rq (also RMS) is calculated as the vertical standard
deviation of all points from the mean. Rq or Sq values are more sensitive to peaks
and grooves than Ra and Sa.

Rq =
√√√√ 1
n

n∑
i=1

z2(xi) (1.3)

Sq =
√√√√ 1
n ∗m

n∑
i=1

m∑
j=1

z2(xi, yj) (1.4)

Spacing parameters, such as Sm, describe the average spacing in the horizontal
direction between peaks at the mean line along the evaluation length (Equation
1.5). Here, Sm describes a surface-roughness parameter quantifying the roughness
along a profile line and not integrated over a whole surface.

Sm = 1
n

n∑
i=1

Si (1.5)

Hybrid or statistical parameters, such as Sk, describe the symmetry of a profile
line (Equation 1.6). Negative values describe a predominance of valleys; positive
Sk values describe a peaky surface. If Skequals zero, the surface shows a symmetry
along the zero line.

Sk = 1
n

n∑
i=1

z3(xi)
R3

q

(1.6)

The intention of roughness parameters is to quantify a surface topography with one
or multiple values. That should help to quantitatively compare different surface
topographies. However, by reducing a certain surface topography to some numeric
values, the characteristic of a surface becomes partially lost and important surface
features are not accounted for. It is, for example, possible that a very spiky and a
rather smooth surface show identical Ra values. Additionally, inhomogeneous surface
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topographies cannot be quantified with one single roughness parameter. Commonly
it is acceptable to compare surface-roughness values of characteristically similar
surface topographies, such as grit-blasted metal surfaces treated with different grit-
sizes. However, if characteristically different surface topographies, such as grit-
blasted versus etched surfaces, are described with surface-roughness parameters only,
it is advisable to include an image of the surfaces in question or to give additional
information of other kind on the surface characteristics.

1.3.3 Window-roughness concept

Surfaces with topographies on different length scales e.g. with topographies in the
micrometer and nanometer range, cannot be fully described by conventional sur-
face roughness parameters. The surface topography on the smaller scale becomes
neglected. A surface with a micrometer and superimposed nanometer topography
and a surface with micrometer topography only would show very similar roughness
parameters. To overcome this problem and to better describe surface roughness in
a certain scale or wavelength, the concept of wavelength-dependent roughness or
window roughness has been introduced [176]. The window roughness describes the
surface roughness in a defined range or window of wavelengths (see Figure 1.11).
Contributions of surface roughness above this window are omitted and defined as
waviness, contributions below the defined window are omitted as well defined as the
resolution of the measurement or of the surface roughness evaluation. The values
defining the upper and lower limit of the window are denominated cut-off wave-
lengths λc. With this method multiple surface parameters e.g. Sa are calculated
for the same surface, each with a corresponding range of wavelengths. Mathemati-
cally, the calculation of the wavelength-dependent surface roughness is based on Fast
Fourier Transformation (FFT) of the surface profile. With wavelength-dependent
parameters the description of the surface roughness of a given surface is more pre-
cise and meaningful. Additionally, wavelength-dependent roughness parameters of-
fer the possibility to describe surface roughness in a limited range applicable for a
certain measurement method. Surface-roughness values obtained from atomic force
microscopy (AFM) measurements may not be evaluated in the range of several mi-
crometers, since that exceeds the range of the measurement method (see 1.3.4). By
doing so, the measurement becomes more precise and measurement artifacts might
be eliminated. Different methods to experimentally analyze surface topography and
quantify surface roughness will be described in the following section.
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Figure 1.11: Profile of a sand-blasted surface analyzed with the window roughness con-
cept, data acquired by optical profilometry. a) Original profile. Different
roughness windows of b) 50 – 250 µm, c) 10-50 µm and d) 3-10 µm cal-
culated with Fast Fourier Transformation (FFT). It is illustrated how the
contributions from different ranges of wavelengths sum up to the original
surface profile. Image taken from [175].
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1.3.4 Surface-measurement methods

Depending on the intended application, the type of surface, and the desired precision
and reproducibility, there exists a wide variety of different methods to analyze surface
topographies and quantify surface roughness. Some will be briefly introduced in the
following sections. An extensive overview and comparison of the different methods
can be found elsewhere [174,177].

Mechanical profilometry

The method of mechanical profilometry is well known, standardized and described in
several textbooks and reviews [178–180]. The principle of mechanical profilometry
or stylus profilometry is based on a lever with a sharp tip, which is moved over a
surface. An applied load on the lever ensures that the tip never loses contact with
the surface. The vertical movement of the lever and the velocity in x-y direction is
recorded. The advantages of the method is a large measuring range, and that the
method is experimentally fast and easy to implement, e.g. in the quality department
of an industrial production site. The disadvantages of the method are based on the
fact that the tip following the surface is not atomically sharp but has a radius of a
finite size. This results in an effective surface, representing an envelope of the real
surface [181]. This envelope evolves from a circle with the radius of the tip moved
along the measured surface. Valleys and peaks are not represented faithfully. The
radius of the tip limits the maximal resolution of the method. Additionally, the tip
scratches the surface, which is particularly relevant for the analysis of soft materials.

Atomic force microscopy (AFM)

The atomic force microscopy (AFM) works similar to mechanical profilometry only
on a smaller scale [182, 183]. An AFM measurement is performed with a set-up as
illustrated in Figure 1.12.
Briefly, by scanning a cantilever with a very sharp tip, having typically a radius of
10-100 nm, over a surface, topographical changes of the surface along the scanning
profile cause the tip to move in vertical direction and bend the cantilever. The
bending is recorded on a multi-segment photodiode through a laser beam reflected
on the cantilever. Vertical and lateral bending of the cantilever can be recorded.
The AFM can be operated in three different modes, which are contact mode, non-
contact mode and tapping mode. With AFM it is possible to image a surface
topography with high vertical and lateral resolution down to the sub-nanometer
range. The above mentioned issue of imaging rather an envelope of the tip than the
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L

C

P

T

Figure 1.12: A typical AFM (atomic force microscopy) set-up. A very sharp and fine
tip (T) attached to a cantilever (C) is scanned over the specimen surface.
The vertical and lateral bending of the cantilever due to topographical
changes along the scanning profile are recorded through a reflected laser
beam (L) on a multi-segment photodiode (P). Image adapted from [175].

real surface (see 1.3.4) is limited due to the minimal size of the tip and the different
modes of operation of an AFM. However, the size of the region of interest, which
can be imaged at once is limited to commonly 150 x 150 µm. Surfaces with a too
high surface roughness cannot be imaged as valleys and grooves cannot be reached
by the tip.

Optical profilometry

In contrast to mechanical profilometry and AFM, in optical profilometry the surface
is not mechanically scanned by a tip but with focused light, such as laser light or
white light [180, 184, 185]. White-light profilometry as used in this thesis works
with a combination of confocal microscopy where a pinhole filters the out-of-focus
signal [186], and interferometric profilometry, where interference fringes between two
coherent beams are analyzed [180]. The advantages of optical profilometry are high
reproducibility and rapid measurements over large surface areas. The wavelength
of light physically limits the lateral resolution to approximately 200 nm. However,
the vertical resolution is in the range of 10 nm or below. The disadvantage of the
method is that optical effects might interfere with the measurement. Changes in
the material going along with changes in the optical properties might cause a phase
shift, which is interpreted as a step.
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Stereo-SEM

The method of stereo-SEM is based on scanning electron microscopy (SEM) and the
principle of stereo vision [187,188].

SEM is a commonly known and widely described technique for surface imaging and
analysis [189]. Briefly, a focused primary electron beam is rastered over a surface
and secondary electrons (SE), backscattered electrons and X-rays are emitted from
the sample. By collecting these electrons with corresponding detectors, spatially re-
solved structural and chemical information of the surface can be gathered. However,
a conventional SEM image contains only two-dimensional information and it is not
possible to calculate quantitative surface roughness parameters from such an image.

disparity

+ β

- β

 β tilt angle

FP

FP focal plane

IP

IP image plane

-z

z

-z
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Figure 1.13: The principle of stereo-SEM and stereo vision. The surface is imaged twice,
tilted by an angle β in both directions from the focal plane (FP). Topo-
graphical surface features, such as peaks and valleys show a disparity in the
image plane (IP), depending on their height difference (z). From this dis-
parity and the known tilting angle β, 3D data can be calculated by means
of specialized software.

Stereo-SEM uses the high-resolution information of SE-SEM images and combines
it with the principle of stereo vision as illustrated in Figure 1.13. By imaging a
surface twice, tilted by an angle of 2β the surface features show a disparity in
the image plane. Based on this disparity, topographical changes in the z-direction
are calculated by means of automatic image correlation with specialized software.
Experimentally it is important to tilt the surface in the focus plane, called eucentric
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tilting, commonly tilting angles (2β) of 5 ° - 15 ° are applied.

The advantage of stereo-SEM is that the measurements can be performed over a large
range of magnifications and with high resolution. Additionally, beneath the surface
roughness measurement, the region of interest is imaged in high resolution, enabling
a direct comparison with the obtained 3D data, something that is not possible
with AFM or mechanical profilometry and only to a limited extent with optical
profilometry. The disadvantage is that the method requires relatively expensive
equipment and software packages and an experienced user. The time needed for the
measurement of a surface is higher than for mechanical and optical profilometry.

1.4 Zeta potential and isoelectric point (IEP)

1.4.1 Theoretical background
An adsorption layer builds up at phase boundaries, independent whether it is a
solid-liquid, or liquid-liquid interface. In this adsorption layer a difference in the
electrical potential occurs, a so-called surface potential. In a solid-liquid interface
there are multiple reasons for this surface potential: Neutral molecules form a dou-
ble layer at the interface, polar molecules, such as water molecules, orientate and
ions specifically adsorb on the surface of the solid.

The first model for an interface between a surface of solid matter and an electrolyte
solution was proposed by Helmholtz in 1879 [190]. He described a charged sur-
face, closely packed with ions from the solid, where counter-ions from the liquid
try to come as near as possible to the surface, forming a rigid layer. However, the
Helmholtz model does not take into account thermal movements and the role of
solution-molecules. These factors were included in the model of Stern, which de-
scribes an overlay of a rigid layer of ions at the surface and a diffuse layer further
away from the surface, where the ion concentration drops exponentially to the level
in the solution [191]. The effect of solution molecules, shielding ions in solution,
are included in this model as well. The surface potential does not linearly drop to
the constant value of the liquid, as described by Helmholtz, but falls linearly in the
first layer of counter-ions and then decreases further in the diffuse layer according to
the Poisson equation. The difference in the electrical potential in the diffuse double
layer is called the zeta potential and is most often used as a measure to quantify
surface charge. Closely connected to the zeta potential is the isoelectric point (IEP)
of a surface describing the pH value of the solution where the zeta potential equals
zero (see Figure 1.14), implying a status where the net surface charge equals zero.
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Figure 1.14: Zeta potential and isoelctric point (IEP). The slope of the zeta potential
curve versus the pH in the electrolyte is depended on the ion concentration
c of the electrolyte (c1 < c2 < c3), whereas the IEP remains constant.
Figure adapted from [192].

1.4.2 Measurement of zeta potential and isoelectric point of
rough surfaces

The quantification and characterization of the surface charge is most often achieved
through the measurement of zeta potential and IEP [192]. The introduction will
concentrate on the measurement of these parameters on surfaces of solids and not
on particles and colloids in suspension, as extensively discussed elsewhere [193]. An
extensive review summarizes experimentally measured IEP values of a broad variety
of materials [192].

Generally, zeta potential and IEP measurements are considered to be experimentally
difficult and delicate. Thus uncertainties have to be considered in performing and
evaluating such measurements. Figure 1.15 A shows how chemical impurities in the
electrolyte and variations in ion concentration, e.g. silicates and carbonate anions
are difficult to avoid, result in variations in the zeta potential curve compared to the
idealized curve as shown in Figure 1.14. Additionally, variations in pH measurements
result in error bars in x-direction of the curve (Figure 1.15 B). As measurements
are often carried out in titration mode thus not under ideal adsorption equilibrium,
zeta potential curves often show some hysteresis (Figure 1.15 C).
The zeta potential of solid surfaces can be measured via the streaming potential, as
for example presented by Zimmermann et al. with a microslit set-up, which allows
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1.4 Zeta potential and isoelectric point (IEP)
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Figure 1.15: Experimental difficulties in measuring zeta potential and IEP (isoelectric
point). Error bars originate from variations and impurities in the elec-
trolyte (A), uncertainties in pH measurements (B) and hysteresis effects
due to titration (C). Images adapted from [192].

for the characterization of a wide variety of materials [194]. A method presented
by Marti et al. includes an AFM set-up where attracting and repulsive forces on
the tip are measured in aqueous solutions with different pH values to character-
ize the IEP of a surface [195, 196]. However, both methods are difficult to apply
on rough surfaces and results are difficult to interpret. With streaming-potential
measurements, the influence of the rough surface on the streaming liquid remains
unclear, and turbulence may create artifacts. Initial experiments measuring the IEP
on rough surfaces with the above mentioned method resulted in significant variations
and poor reproducibility of the results. Measurements on smooth wafers resulted in
IEP values comparable with literature values. It has been speculated that surface
topography is influencing the approaching tip to a greater extent than surface charge
effects [197]. Whether rough surfaces show local variations in surface charge would
be a hypothesis worth considering but it is experimentally difficult to achieve.
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Chapter 1 Introduction

1.4.3 Relevance of surface charge in biomaterials research
Although zeta potential and IEP are experimentally difficult to measure, they play
an important role in biomaterials research, as protein adsorption is influenced by
surface charge [198–200]. Initial protein adsorption governs further cell adhesion and
morphology. The following paragraph presents experimental work on cell adhesion,
proliferation and differentiation correlated to changes in surface charge. Different
metal coatings on smooth surfaces cause variations in protein adsorption and early
cell attachment of primary human osteoblasts [201]. Integrins are considered to play
a major role in cell attachment, although their adsorption behavior on surfaces is
particularly relevant [202]. Local differences in surface free energy originating from
implant surface roughness might influence protein adsorption and thereby influence
focal adhesion and cell shape [203,204].
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Chapter 2

Scope and outline of the thesis

2.1 Scope
The key focus of this doctoral project was to better understand and highlight the
interaction between the bone-remodeling cycle and the integration of endosseous
implants with various surface characteristics in bone tissue.

It was hypothesized that resorption pits left behind in bone by osteoclasts are struc-
turally recognized by osteoblasts and thus bone formation occurs at sites recently
resorbed by osteoclasts or at sites that structurally resemble those osteoclastic re-
sorption pits, such as rough implant surfaces. It was considered that osteoblasts have
been shown to adjust their proliferation and differentiation to the surface topography
and that implants with rough surfaces have demonstrated improved osseointegra-
tion.

The experimental work set about testing this hypothesis, and was based on an
in vitro approach, in which the behavior of bone cells, i.e. osteoclasts and os-
teoblasts, on native bone, on biomimetic osteoclastic resorption patterns and on
clinically proven and experimental implant surfaces was observed, analyzed and
compared.
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Chapter 2 Scope and outline of the thesis

The four main pillars of the thesis include:

• an analysis of osteoclast culture on titanium implant surfaces with
increasing surface roughness, compared to their behavior on native
bone (Chapter 3)

• the structural and dimensional analysis of osteoclastic resorption
pits on native bone and a comparison to rough implant surfaces
(Chapter 4 and 5)

• the design and in vitro evaluation of a biomimetic osteoclastic re-
sorption pattern based on the above mentioned data on osteoclastic
resorption structures (Chapter 5)

• testing of osteoblast response to a matrix of different implant sur-
faces, which varied in surface roughness and surface coating with
different metals, representing implant materials (Chapter 6)

2.2 Outline
The thesis is structured into the following chapters:

Chapter 1: Introduction

This chapter summarizes the relevant literature and knowledge in the different ar-
eas of research touched upon by this thesis. The concept of bone remodeling is
introduced as the interplay between osteoclasts and osteoblasts. In vitro models for
the two cell types involved in bone remodeling are introduced. Subsequently, the
clinical approach for dental-implant treatment is outlined and osseointegration is es-
tablished as the direct contact between an endosseous implant and the bone tissue.
Additionally the role of surface roughness and surface energy in osseointegration is
discussed. The last part of the introduction summarizes, more technically, different
surface roughness parameters and the experimental methods used to measure them,
as well as the theoretical background of surface charge of a solid in a liquid and its
influence on biomaterials.

Chapter 3: Response of osteoclasts to increasing surface roughness

The aim of this chapter is to illustrate how osteoclasts respond to smooth and rough
implant surfaces compared to a native bone surface. If osteoclasts act on rough
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2.2 Outline

titanium surfaces in a similar way as on native bone, the further steps of the bone-
remodeling cycle with activation of osteoblasts through biomedical markers might
be improved. Osteoclasts behaving differently on smooth titanium surfaces might
be an interesting aspect to further understand the difference in osseointegration
behavior between smooth and rough implant surfaces.

Chapter 4: Comparison of resorption pits and implant surfaces

The quantification of osteoclastic resorption pits on native bone as presented in
the follwoing Chapter 5 was extended to both established and experimental rough
implant surfaces. Comparing surface features, such as pits in sandblasted and acid-
etched surfaces, with resorption trails in bone might help to interpret existing and
novel in vitro and in vivo results on osseointegration.

Chapter 5: Simplified in vitro model for bone remodeling at implant
surfaces

In designing an in vitro model for bone remodeling at implant surfaces the chapter
aims to first collect quantitative data on the dimensions of osteoclastic resorption pits
on native bone. From these data a simplified artificial biomimetic surface pattern
was designed, which is then used as substrate for osteoblast culture. By observing
osteoblast response to this simplified biomimetic surface pattern, it is expected to
better understand the connection between bone resorption and bone remodeling,
especially in the vicinity of implant surfaces.

Chapter 6: Osteoblast response to surface roughness and chemistry

In this chapter it is described how osteoblasts were cultured on the implant surfaces
that were thoroughly described and quantified in Chapter 5. Besides variations in
surface topographies, different metallic surface coatings were applied to replicas of
rough surfaces, in order to systematically compare osteoblast response, such as ALP
activity and mineralization to these surfaces.

In the final Chapter 7 a general conclusion and outlook will be presented.
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Chapter 3

Response of osteoclasts to titanium
surfaces with increasing surface
roughness

The content of this chapter is in preparation for submission:
J. Brinkmann, T. Hefti, F. Schlottig, N.D. Spencer, H. Hall. Response of osteoclasts to
titanium surfaces with increasing surface roughness. In preparation

Contributions:
Jenny Brinkmann planned and performed the experiments and analyzed the data as part
of her master thesis. Thomas Hefti did preliminary experiments on the topics and closely
supported JB. JB and TH wrote the manuscript together. Nicholas D. Spencer, Heike
Hall and Falko Schlottig were involed in the planning of the experiments and contributed
to the manuscript.
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Chapter 3 Response of osteoclasts to increasing surface roughness

Abstract
Osteoclasts are responsible for bone resorption in the bone-remodeling cycle. Suc-
cessful osseointegration is known to be promoted on rough implant surfaces. This
study aims at the characterization of osteoclastic response to titanium surfaces with
increasing surface roughness. The number of osteoclasts, TRAP and MMP activity,
cell morphology and actin ring formation of RAW 264.7 osteoclasts were examined
on smooth (TS), acid-etched (TA) and sandblasted acid-etched (TLA) titanium and
the results obtained compared to those from native bone. Cell morphology and ad-
hesion was comparable on TA, TLA and bone, with increased surfaces roughness
generally resulting in decreased osteoclast size. Actin ring size was similar on TLA
and bone, but smaller on TA, whereas on TS cells showed little actin ring forma-
tion. Gelatin zymography revealed increased proMMP-9 expression on TA, TLA,
and bone, whereas on TS, MMP expression was reduced. We showed that osteo-
clasts on rough titanium surfaces showed comparable characteristics as on bone.
However, on smooth titanium surfaces, development towards cells associated with
foreign-body response was observed, with clearly impaired osteoclast activity. The
present results may offer some insight into the involvement of osteoclasts in remod-
eling processes around implant surfaces.

3.1 Introduction
Bone is a highly dynamic tissue that is constantly being remodeled, in order to
regulate bone architecture according to mechanical needs, and to repair damaged
tissue [205]. Initiation of the remodeling cycle is achieved by the activation of osteo-
clasts, which resorb the underlying bone tissue, and followed by subsequent activa-
tion of osteoblasts, responsible for formation of new bone. The successful integration
of an implant in bone tissue (“osseointegration”) is due to bone remodeling around
the implant site [206]. This remodeling process requires a balanced activation of
osteoclasts and osteoblasts to form new and healthy bone tissue in the peri-implant
region [207–209]. Certain implant properties, such as surface roughness, influence
osteoblast proliferation as well as differentiation and positively affect the success-
ful integration of the implant [208,210,211]. Although proper osseointegration also
requires a balanced stimulation of osteoclasts for adequate bone remodeling in the
peri-implant region, the effect of implant surface roughness on osteoclast behav-
ior has not been widely addressed. Previous work studying osteoclast response to
surface roughness included an in vivo study investigating biodegradable materials,
where an enhanced activation of osteoclast markers with increasing granule size
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3.1 Introduction

of calcium phosphate substrates was shown [212]. Another approach has been to
study osteoclast response to nanometer-scale topography [213, 214]. Here, surface
roughness has been described positively to influence the stability of the osteoclastic
resorption apparatus [213] and surface features in the range of 15 nm have been
described as favorable for osteoclast activation, expressed as TRAP activity [214].
Whether these results can be translated to the micrometer surface roughness of
clinically successful implant surfaces is still unclear. A few studies described an
effect of micrometer-rough titanium surfaces on osteoclast behavior [208, 215]. In
these reports, an increase in osteoclast differentiation from smooth to rough surfaces
was observed; however, effects of increasing surface roughness and a comparison of
the results to native bone remain to be investigated. In general, micrometer-scale
surface topography has been widely recognized to establish improved osseointegra-
tion [207].

Activated mature osteoclasts are polarized multinucleated cells that form specialized
adhesive structures, podosomes, formed by F-actin, which essentially mature into
the sealing zone (SZ) [216], and bind the cell tightly to the bone surface. SZs are
microscopically visible as ring-like actin structures near the interface of the cell to
the substrate surface. A specialized membrane domain is created within the SZ, the
ruffled border (RB) [217]. In the SZ the pH is lowered through protons of vacuolar
H+-ATPase released through the RB, dissolving the mineral phase, which is mainly
composed of hydroxylapatite [35]. Additionally proteolytic enzymes, such as matrix
metalloproteinases (MMPs) and cathepsin K, which are responsible for cleavage and
degradation of the organic bone matrix, are released through the RB into the SZ.
MMPs are secreted as inactive proMMPs and require an activation step in order
to cleave extracellular matrix (ECM) proteins. Activation of MMPs depends on
the disruption of a bond formed by cysteine residue Cys 73 and an active Zn 2+ site,
and this is usually performed by other proteinases. Cleavage of the pro-domain
causes a mass reduction of the pro-enzyme by 8 - 10 kDa [218, 219]. The presence
of these proteolytic enzymes in activated osteoclasts can be assessed by gelatin zy-
mography [36,220]. Activated osteoclasts express the enzyme tartrate-resistant acid
phosphatase (TRAP), which is also an important signaling molecule for osteoblast
activation [221]. TRAP is commonly used as a characteristic marker for osteoclast
differentiation [222,223]. For in vitro studies of osteoclasts and as an alternative to
primary cells, the murine pre-osteoclast cell line RAW 264.7, differentiated by the
addition of Receptor Activator of NF-κB ligand (RANKL), is a recognized model
and has been reported to generate characteristics of a fully differentiated osteoclast,
such as polarized morphology of multinucleated cells, actin ring formation, TRAP
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Chapter 3 Response of osteoclasts to increasing surface roughness

activity and resorption of bone [63,224].

To the best of our knowledge, a detailed in vitro study of osteoclasts cultured on
titanium surfaces with increasing surface roughness on the micrometer scale, with
respect to cell morphology, differentiation, adhesion and activation has not been
described previously. Therefore the aim of this study was to analyze the influence of
increasing surface roughness of titanium surfaces on osteoclast differentiation and ac-
tivity compared to native bone. In addition to confocal laser scanning microscopy to
study cell adhesion, morphology and actin ring formation, SEM (scanning electron
microscopy) was employed to observe the interaction of the cells with the differ-
ent surfaces. As a marker for differentiation, TRAP activity was measured and the
resorption potential of the cells assessed by analyzing MMP activity with gelatin zy-
mography. Characterizing osteoclast response on titanium surfaces with increasing
roughness in the micrometer range, identical or similar to implant surfaces, might
offer further understanding of the bone-remodeling processes near implant surfaces.

3.2 Materials and methods

3.2.1 Preparation of bone slices

Bone slices from bovine femurs were prepared as previously described [225]. In
brief, slices with a thickness of approximately 0.5 mm were sawn from cortical bone
cylinders with a diameter of approximately 10 mm. Immersion in 70 % ethanol for
24 h at 4 °C, rinsing and additional 24 h immersion in phosphate-buffered saline
(PBS; Sigma-Aldrich, Buchs, Switzerland) with 1 % antibiotic-antimycotic solution
(ABAM) (Invitrogen, Carlsbad CA, USA) was used for sterilization of the bone
slices. The slices were stored at -80 °C until use, when they were washed twice in
PBS at room temperature prior to use.

3.2.2 Titanium surfaces

Smooth titanium surfaces (TS) were prepared from silicon wafers coated with 40 nm
of titanium (Paul Scherrer Institute, Villigen, Switzerland) and cut into squares of
8 x 8 mm. Rough titanium surfaces were prepared as previously described [225].
Disks made out of titanium grade 4 (Thommen Medical, Waldenburg, Switzerland)
with a diameter of 15 mm were treated by sandblasting with alumina particles with
sizes of 126-150 µm followed by hot-acid etching in a solution of hydrochloric acid
(14 %) and sulfuric acid (34 %) (TLA) and only hot-acid etching (TA) (Table 3.1).
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3.2 Materials and methods

Surface roughness (Sa) was measured with optical confocal profilometry (Plu NeoX,
Sensofar, Terassa, Spain), data were analyzed with the SensoMap software (Sensofar,
Terassa, Spain). Prior to cell seeding, samples were sterilized in 70 % ethanol and
thereafter rinsed twice in PBS.

short name treatment Sa[µm]
TS none (2.1 ± 0.1) *10−3

TA hot acid etched 1.33 ± 0.05

TLA sandblasted and hot acid etched 2.06 ± 0.30

Table 3.1: Overview of surface treatments and surface roughness (Sa) for titanium
surfaces.

3.2.3 Cell culture
Murine RAW 264.7 (TIB-71; ATCC) macrophage monocytes were cultured in
5 % CO2 at 37 °C in α-MEM medium without phenol red (Invitrogen, Carlsbad
CA, USA) containing 10 % heat-inactivated fetal bovine serum (FBS; Invitrogen,
Carlsbad CA, USA) and 1 % ABAM. Cells were seeded at an initial density of
2’000 cells/cm2 in the presence of 50 ng/ml RANKL (Invitrogen, Carlsbad CA,
USA) and were cultured for 11 days. Medium and RANKL were exchanged ev-
ery 2-3 days. At day 9 cells were washed twice in PBS and for the last 48 h they
were cultured in serum-free medium, supplemented with 300 µg/ml bovine serum
albumin (BSA), 100 µg/ml human apo-transferrin, 1 µg/ml insulin and 160 ng/ml
selenium (all from Sigma-Aldrich, Buchs, Switzerland). The medium was removed
after 11 days, the cells were lysed, and the lysate was incubated on ice for 1 h while
vortexing every 10 min and centrifuged at 15’000g for 20 min at 4 °C. Supernatants
were collected and stored at -20 °C until use.

3.2.4 Picogreen DNA assay
DNA was measured using the fluorescent nucleic acid stain Picogreen (Quant-iT™
PicoGreen dsDNA Kit; Invitrogen, Carlsbad CA, USA) according to the manufac-
turer’s instructions. 10 µl of lysate were diluted 1:10 in TE buffer (10mM TRIS,
1mM EDTA; pH 7.5) and added to 100 µl of colorimetric dye solution. After 5 min
incubation at room temperature, samples were excited at 480 nm and emission
was read at 520 nm using a microplate reader (Tecan Infinite M200, Männedorf,
Switzerland).
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3.2.5 Tartrate-resistant acid phosphatase (TRAP) assay

TRAP activity was measured using a commercially available TRAP-staining kit
(Kamiya Biomedical Company, Seattle WA, USA). In brief, 15 µl of cell lysate were
diluted in 85 µl of chromogenic substrate and incubated for 3 h at 37 °C. Readout
of optical density at 540 nm was performed with a microplate reader.

3.2.6 Confocal laser scanning microscopy (CLSM) analysis

After 11 days of culture, cells were washed twice in PBS, fixed in 4 % paraformalde-
hyde (Sigma-Aldrich, Buchs, Switzerland) for 10 min at room temperature, washed
three times with PBS, permeabilized in PBST (0.25 % Triton X-100 in PBS) for
10 min, washed three times with PBS and blocked with 2 % BSA in PBS for 1 h
at room temperature. The actin cytoskeleton was stained with phalloidin (Alexa
Fluor 488 phalloidin; Invitrogen, Carlsbad CA, USA) 1:100 in PBS for 1 h, and cell
nuclei were stained with DAPI (Invitrogen, Carlsbad CA, USA) 1:1’000 in PBS, for
15 min. Using confocal laser scanning microscopy (Leica SP5, Wetzlar, Germany),
samples were imaged at 3 different spots each. 20x magnification was used for counts
of multinucleated osteoclasts (cells having more than 3 nuclei) and determination
of osteoclast size. 63x magnification (water immersion) was used for measurements
of actin ring size. Images were analyzed using ImageJ 1.44p software (National
Institutes of Health, Berthesda MD, USA).

3.2.7 Scanning electron microscopy (SEM)

Cells were fixed with 2 % glutaraldehyde in PBS for 10 min at room temperature
after 11 days of culture, followed by staining in 2 % osmium tetroxide in PBS
for 20 minutes and dehydrated in an ascending ethanol series. After critical-point
drying, (CPD 30, Baltec, Liechtenstein), samples were sputter-coated with 6 nm
platinum (SCD500, Baltec, Liechtenstein) and then examined in the SEM (Zeiss,
SUPRA 50VP, Germany).

3.2.8 Gelatin zymography

Total protein concentrations in cell lysates were determined using a BSA standard
assay (Pierce BCA Protein assay kit, Thermo Scientific, Waltham MA, USA). For
that purpose 25 µl of diluted standard and sample (1:10 in PBS) were added to 200 µl
of colorimetric working reagent and incubated for 30 min at 37 °C. Optical density
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was read at 562 nm using a microplate reader. 8 % Polyacrylamide gels were co-
polymerized with 1mg/ml gelatin (Type A: from porcine skin, Sigma-Aldrich, Buchs,
Switzerland). Separation of 750 µg protein/lane was done under non-reducing condi-
tions on ice. Purified MMP-2 and proMMP-9 (Chemicon, Billerica MA, USA) were
used as positive controls. Subsequent renaturing of the protein was carried out by
30 min incubation in freshly prepared 2.5 % Triton X-100 solution followed by incu-
bation in enzyme activation buffer (50 mM TRIS•HCl, 200 mM NaCl, 5 mM CaCl;
pH 7.5) overnight at 37 °C where the buffer was exchanged after the first 30 min.
Subsequently gels were washed in ddH2O, stained in 0.1 % Coomassie Blue solution
(50 % methanol, 10 % acetic acid, 0.1 % brilliant Blue R250 in ddH2O) for 2 h
and destained for 20 min in destaining solution (10 % acetic acid; 20 % ethanol in
ddH2O). Visualization and photo documentation of the gels were carried out with
a gel scanner (Witec AG, Littau, Switzerland).

3.2.9 Statistics

For DNA and TRAP analysis, three independent experiments were performed, each
in triplicate. Results were expressed as mean ± standard deviation (SD). One-
way ANOVA with a Tukey post hoc test was used to compare the means among
groups. Due to the asymmetrical distribution of data for cell size and actin ring size
a Kruskal-Wallis non-parametric ANOVA was used. The different groups were com-
pared with a Mann-Whitney post hoc test including Bonferroni correction. Origin-
Lab 8.0 (Northampton MA, USA) was used for calculation, and statistical signifi-
cance levels were set at p < 0.05 (*) and p < 0.01 (**) for both tests.

3.3 Results

3.3.1 Proliferation and differentiation

To assess proliferation rate of osteoclasts grown on the different surfaces, DNA con-
tent was measured after 11 days of culture. As shown in Figure 3.1 A DNA content
was significantly higher for cells grown on smooth surfaces, with almost double
the amount of DNA compared to rough titanium surfaces (TA and TLA) and about
three times the DNA content measured on bone (both p < 0.01). Furthermore, DNA
content was significantly higher on TLA and TA compared to bone (p < 0.05).

TRAP activity measurements, normalized to DNA content, were performed to as-
sess osteoclast differentiation (Figure 3.1 B) The highest TRAP activity was found
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Figure 3.1: DNA content (A), specific enzymatic TRAP activity (B) and cell count of
differentiated osteoclasts (C) after 11 days of culture on TS, TA, TLA and
bone. Data in A) and B) were normalized to bone (100 %) and represent
means ± SD of 3 independent experiments. Statistical significant differences
are indicated with p < 0.05 (*) and p < 0.01 (**).

on bone, which was significantly different from smooth and rough titanium surfaces
(p < 0.01). Additionally, cells on TS showed an increased TRAP activity compared
to cells grown on the rough TLA (p < 0.01) and TA (p < 0.05). Control experiments
showed no TRAP activity from the bone slices alone (data not shown).

As an additional measure to evaluate osteoclast differentiation, the number of osteo-
clasts was counted on the different substrates (Figure 3.1 C) Counting was performed
on n=21 images per surface. Although TS showed a higher TRAP activity com-
pared to that observed for TLA and TA, a greater number of osteoclasts was found
on these rough titanium surfaces compared to the smooth TS (p < 0.05). However,
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the most osteoclasts were found on bone, which was significantly different from TS
(p < 0.01) but not from TA and TLA. No significant differences between TA and
TLA were observed in any of the three assays.

3.3.2 Qualitative image analysis of osteoclast morphology
and adhesion

After 11 days of culture on different substrates, cells were stained for actin (cy-
toskeleton) and DNA (cell nuclei) and analyzed with confocal laser scanning mi-
croscopy (CLSM). In Figure 3.2 representative images show typical adhesion struc-
tures formed by osteoclasts. Podosomes are osteoclastic adhesion structures primar-
ily found in pre-mature osteoclasts, appearing as dot-like cylindrical actin assem-
blies. Podosomes may turn into actin rings [216], forming the core of the sealing
zone in activated osteoclasts. Cells cultured on TS (Figure 3.2 A) showed extensive
podosome formation, whereas cells cultured on bone predominantly formed actin
rings (Figure 3.2 B). Filopodia formation occurred with different characteristics.
On TS, osteoclasts typically showed multiple filopodia extending from the entire
cell membrane whereas, on bone, filopodia were scarce, occurring in randomly dis-
tributed clusters.

Figure 3.2: General morphological observation on osteoclast adhesions structures. Con-
focal images of 11 day differentiated osteoclasts on TS (A) and bone (B).
Cells were stained for actin cytoskeleton (green) and cell nuclei (blue). Os-
teoclasts showed formation of podosomes (mainly on TS) and actin ring
formation (here exemplary shown on bone) both indicated with white ar-
rows. Podosomes are observed as dot-like actin structures in pre-mature
osteoclasts, which associate into actin rings in the mature osteoclast. Addi-
tionally areas with formation of filopodia at the cell periphery (white circles)
were observed.
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A comparison of characteristic cell morphology and adhesion structures on all the
investigated surfaces is presented in Figure 3.3 as visualized by CLSM and SEM.
Observed differences were primarily related to cell size, as well as the formation
and size of actin rings. Osteoclasts on TS had a flat appearance and the tendency
to form multinucleated giant cells (Figure 3.3 A and B) Formation of actin rings
was rarely observed on these surfaces, instead a large number of podosomes and
formation of a podosome belt was almost exclusively found in cells cultured on these
surfaces (Figure 3.3 A). An additional characteristic for these smooth TS surfaces
was the large number of filopodia extending from the cell membrane, adhering the
cell to the underlying substrate (Figure 3.3 C). Osteoclasts on both rough titanium
surfaces showed a similar distribution of multinucleated cells, similar cell morphology
and similar formation of the numerous actin rings (Figure 3.3 D-I). Differences
between them were related to actin ring size, those on TLA being generally bigger
than those on TA. Magnified SEM images of TA and TLA showed similar tight
adhesion structures of osteoclasts grown on these rough surfaces (Figure 3.3 F and
I), however fewer filopodia were visible on the rough surfaces than on the smooth
surface. Osteoclasts on bone were generally larger in size than those found on rough
surfaces (Figure 3.3 J - L) but did not extend to sizes as seen on TS. Analogously
to the rough surfaces, a large number of actin rings could be observed (Fig. 3J) as
well as a tight adhesion of osteoclasts with the bone surface (Figure 3.3 L) Here,
a remarkable amount of exposed collagen fibrils could be observed across the bone
surface (Figure 3.3 K and L), showing extensive resorptive activity of osteoclasts
cultured on bone.
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Figure 3.3: Confocal (left) and SEM (middle and right) images of 11-day-differentiated
osteoclasts on TS, TA, TLA and bone. For confocal microscopy cells were
stained for actin cytoskeleton (green) and cell nuclei (blue). On TS no actin
rings were visible; however, cells spread more than on the other surfaces and
a podosome belt and multiple filopodia could be seen at the cell periphery.
Osteoclast morphology as observed in confocal microscopy was fairly similar
for TA and TLA, osteoclasts cultured on bone showed the same characteris-
tics but were bigger and showed bigger actin rings. In SEM cell attachment
to the surface could be visualized. Cells on TS were spread out and flat in
appearance, filopodia extend on the smooth surface. Cells cultured on TA,
TLA and bone had a similar morphology; they formed elongated extensions
(thicker ones than filopodia) to attach to the underlying surface. On bone
resorbed areas with loose collagen fibers became visible.
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3.3.3 Quantitative image analysis of cell morphology and
adhesion

The size of multinucleated cells (more than three nuclei) was measured for all sur-
faces (Figure 3.4, with n > 180 cells for each surface. Significant differences were
observed between all the groups (p < 0.05). Cells cultured on TS showed the widest
range in size (Table 3.2) compared to osteoclasts grown on rough titanium surfaces
and on bone. With increasing surface roughness the osteoclasts decreased in size
on TLA compared to TA. However, osteoclasts cultured on bone were larger than
those found on the rough titanium surfaces.

2

**

**

**

**

Figure 3.4: Cell size measured on 11-day-differentiated osteoclasts cultured on TS, TA,
TLA and bone. Data represent the respective minima, first quartile, me-
dian, third quartile and maxima of cell size, obtained from measurements of
n > 180 cells for each surface in 3 independent experiments with a total of
7 samples. Statistical significant differences are indicated with p < 0.01 (**).

To quantify the size of actin rings, at least n = 100 actin rings per surface were
measured on TA, TLA and bone (Figure 3.5) On TS, actin rings occurred rarely
and could not be used for a meaningful analysis. Osteoclasts on TA exhibited actin
rings ranging from 1.7 - 9.5 µm having a median of 4.3 µm, but they were significantly
smaller than actin rings on TLA and bone (p < 0.05). Actin rings on bone, having
a size of 1.1 - 28.2 µm with a median of 6.6 µm and on TLA (2.0 - 24.8 µm; median
5.5 µm) did not show a significant difference in size. Both the largest and smallest
actin ring was measured on bone, where the widest range of actin rings was found.
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Substrate n cellsize

min Q1 median Q3 max
TS 182 228 1’235 2’464 5’560 95’058

TA 414 208 703 1’179 2’000 22’524

TLA 346 155 583 946 1’543 9’647

bone 538 177 778 1’521 3’435 40’200

Table 3.2: Cell size on all investigated surfaces of 11-day-differentiated osteoclasts ex-
pressed in median, first and third quartile, Q11 and Q3, minimum and maxi-
mum values.

**

Figure 3.5: Box plot of actin ring size measured on 11-day-differentiated osteoclasts on
TA, TLA and bone. On TS no actin rings were found. Data represent the
respective minima, first quartile, median, third quartile and maxima of actin
ring size, obtained from measurements of n > 100 actin rings for each surface
in 3 independent experiments with a total of 7 samples. Statistical significant
differences are indicated with p < 0.01 (**).

3.3.4 Gelatin zymography

To asses MMP activity of osteoclasts, gelatin zymography was performed with lysate
extracts from 11-day-cultured cells of all investigated surfaces. The presence of
proMMP-9 could be confirmed in all samples, as illustrated in Figure 3.6 with a
single example. However, the intensity of the signal, and hence the concentration of
synthesized enzyme in the sample, differed between the surfaces. On TS, the signal
had a very low intensity compared to those on TA, TLA and bone. Conversely, no
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substantial differences could be detected between the rough surfaces and bone. On
both rough surfaces, as well as on bone, bands of active MMP-9 could additionally
be observed at 82 kDa, however at a lower intensity than for proMMP-9. A very
weak band of proMMP-2 was furthermore visible for TA, TLA and bone at 72 kDa.
Non-activated osteoclasts cultured without RANKL showed no signals of MMP-2 or
MMP-9 (data not shown).

Figure 3.6: Gelatin zymography of cell lysates collected from 11-day-differentiated os-
teoclasts on TS, TA, TLA and bone. Clear bands of proMMP-9 and active
MMP-9, as well as weak bands of proMMP-2 could be seen for TA, TLA and
bone. On TS only a weak signal for proMMP-9 could be seen. The two lanes
on the right show reference signals for pure MMP-2 and proMMP-9.

3.4 Discussion
This study addresses the question of how osteoclasts interact and respond to tita-
nium surfaces with increasing surface roughness, in comparison to their behavior
on the native substrate, bone. The findings could lead to a better understand-
ing of bone remodeling in the vicinity of an implant surface. The present results
are based on investigations of osteoclast proliferation and differentiation. This has
been carried out by evaluating TRAP activity, using microscopy techniques to study
morphological differences, monitoring cell adhesion and actin ring formation, and
applying gelatin zymography for assessment of MMP activity.

It could be shown that RAW 264.7 cells proliferate and differentiate into multin-
ucleated TRAP-positive cells on all the examined surfaces; however, the nature of
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response was different between the examined substrates. Generally, the most evi-
dent variation was observed between the smooth TS surface and the rough surfaces,
TA and TLA. While proliferation was extensively promoted on TS and cells addi-
tionally showed a high TRAP activity, only few multinucleated cells were found on
these surfaces compared to the rough titanium surfaces, confirming the findings of
an earlier study [208]. Conversely, the increase in surface roughness between TA
and TLA did not seem to have an influence on either TRAP activity or the number
of osteoclasts. TRAP is a specific osteoclast marker enzyme that is proposed to be
directly related to osteoclast resorption activity [226, 227]. It is additionally pro-
posed that TRAP is also an important signal for osteoblast differentiation [221]. On
bone, a large number of osteoclasts was observed, accompanied by a significantly
higher TRAP activity compared to that found on titanium surfaces. This might
be associated with biochemical signals present on bone but absent on titanium or
could be a consequence of the fact that no resorption of mineral or collagen can take
place on titanium. The proliferation rate was additionally lower on bone than on
titanium surfaces, suggesting that a lower fraction of RAW 264.7 cells was activated
to differentiate into multinucleated osteoclasts when grown on titanium.

Qualitative visualization of cell morphology and adhesion by confocal laser scanning
microscopy (CLSM) and scanning electron microscopy (SEM) exposed elementary
differences between cells grown on the different substrates. As mentioned above,
the most remarkable differences were found for cells cultured on TS in comparison
with the other three substrates. While cells cultured on TA, TLA and bone showed
a relatively high number of osteoclasts and a high number of actin rings, only few
osteoclasts were found on TS. On TS, multinucleated cells were extremely large –
significantly bigger than on the other surfaces; on the rough titanium surfaces, os-
teoclasts were smaller in size than those found on bone, which was also confirmed
by qualitative analysis.

On TS, adhesion involved very significant podosome and filopodia formation rather
than actin-ring formation. It is proposed that the nature of giant cells and their
limited actin-ring formation on TS surfaces is associated with the cells’ inability to
establish a firm attachment to the underlying surface [213]. Although these giant
cells are TRAP-active, it is questionable whether these are activated osteoclasts or
inflammation-triggering giant cells, which are frequently formed at implant surfaces
and related to foreign-body reactions [228, 229]. A study testing specific osteo-
clast markers in foreign-body giant cells (FBGC) reported increased TRAP activity
in these cells [228], however further analysis would be needed to specify the phe-
notype of differentiated RAW cells on smooth titanium substrates. Differentiated
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osteoclasts cultured on the rough titanium surfaces exhibited no such giant-cell for-
mation; on the contrary, the cells were morphologically similar to osteoclasts found
on native bone and were smaller in size. This might suggest that increasing surface
roughness might ease cell adhesion and thereby result in smaller sized osteoclasts.
This is further supported by the diminishing number of filopodia on the rough ti-
tanium surfaces in comparison to the number found on the smooth TS surface. An
increase in filopodia formation has also been reported, upon decreasing the nano-
roughness of titanium substrates [214].

It is widely acknowledged that the resorption activity of osteoclasts is dependent
on the formation of the sealing zone [209, 216, 230]. Here, SZ formation was as-
sessed by CLSM to study actin-ring formation on titanium surfaces with increasing
surface roughness, and furthermore to quantitatively assess differences between the
titanium surfaces and bone. Actin rings occurred frequently on rough titanium and
bone surfaces but were virtually absent on TS. This is consistent with a reported
study, in which actin-ring formation was described as small, incomplete and short
lived on smooth substrates, larger and stable actin rings being observed on nano-
rough calcite crystals [213]. A significant increase in actin ring size between TA
and TLA as well as between TA and bone was observed, however no difference was
found between TLA and bone. It could be speculated that actin-ring size on TA
and TLA corresponds with the size of the surface features on these surfaces [225].
The activation of actin-ring formation is related to bone resorption, although we
were surprised that actin rings formed frequently on rough titanium surfaces. This
implies that micrometer-scale topographical features on titanium can, in contrast
to the behavior on the smoother TS, induce a cellular response that activates the
resorption apparatus of an osteoclast.

Expression and secretion of proteolytic enzymes is dependent on SZ formation and
is regulated on multiple levels, proMMP-9 having been shown to be upregulated
in osteoclasts upon differentiation with RANKL [220]. Confirming the presence of
MMPs allows for additional validation of osteoclast activation and was assessed by
gelatin zymography with cell lysates of 11-day-differentiated RAW cells. The inten-
sity of the proMMP-9 signal was much weaker on TS when compared to the signals
detected on the rough TA and TLA surfaces and bone; however no difference be-
tween these three groups could be observed. Additionally to proMMP-9, weak bands
of active MMP-9 as well as very weak signals for proMMP-2 were detected in the
zymograms for the rough titanium surfaces and bone.

The zymography data correlate with the results (presented above) on actin-ring
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formation. TA, TLA and bone showed pronounced actin-ring formation and the
highest intensity level of MMPs in gelatin zymography when compared to the im-
paired actin ring formation and low intensity of MMPs on the smooth surface. This
indicates that osteoclasts can be induced to activate the resorption apparatus by
cues of rough titanium surfaces, without the biological recognition of the surround-
ing ECM.

Assuming that, in bone remodeling, osteoclasts and osteoblasts show a close inter-
play, called coupling, regulated through multiple signaling pathways [21], our results
might help to explain why rough implant surfaces show more successful osseointe-
gration then smooth implant surfaces [129, 231, 232]. While on smooth surfaces
osteoclast differentiation seems impaired and the foreign-body reaction is likely to
occur, osteoclast differentiation on micro-rough implant surfaces seems to be com-
parable with differentiation on native bone. Successful osteoclast differentiation will
attract osteoblasts, which, in turn, will then mineralize bone around the implant.

3.5 Conclusions
The present study investigated osteoclast response and activation on titanium sur-
faces with increasing surface roughness, and compared this behavior with that on
native bone. Our analysis revealed that osteoclasts can be activated on rough ti-
tanium surfaces in a comparable way to that observed on native bone, but cells
cultured on smooth titanium surfaces seemed to preferably develop towards giant
cells associated with a foreign-body response and showed a clearly impaired activa-
tion of osteoclast resorption functions. Increasing surface roughness, however, only
had a minor effect on osteoclast morphology, the differentiation and activation of
osteoclasts being merely dependent on the presence of surface roughness and not
further stimulated by increased roughness. In combination with clinical data, this
might help to further understand osseointegration of an implant and in particu-
lar the difference in osseointegration behavior between smooth and rough implant
surfaces.
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Abstract

Osteoclasts resorb bone at surfaces, leaving behind pits and trails where both min-
eral and organic phases of bone have been dissolved. Rough surface structures are
deliberately imparted to synthetic implants, in order to improve osseointegration.
The aim of this study is to characterize osteoclastic resorption pits on native bone
surfaces and to compare these with state-of-the-art titanium and zirconia implant
surfaces. The size (i.e. length, width and depth) of resorption pits was compared
to the size of surface features of sandblasted and etched titanium and zirconia sur-
faces. It was found that resorption pits from native bone and surface features of the
sandblasted and etched titanium and zirconia surfaces were quite similar in their di-
mensions. Most structures showed a length between 5 and 40 µm, a width between
2 and 20 µm and a depth between 1 and 8 µm. Additionally, the wavelength-
dependent surface roughness was measured, revealing an Sa value of 60 nm in the
resorption pits, 86 nm on zirconia and between 127 and 140 nm on titanium surfaces.
The results of this study may provide some insight into structural requirements for
the bone remodeling cycle and help to improve the design of new implant surfaces
for osseointegration applications.

4.1 Introduction

In healthy bone, remodeling is a continuous process that adjusts bone architec-
ture to meet current mechanical needs as well as repairing (micro-) damage [205].
Bone remodeling can be roughly divided into two opposing but highly balanced
processes, bone resorption performed by osteoclasts and formation of new bone by
osteoblasts [19].

When attached to bone, differentiated osteoclasts form a closed compartment be-
neath them, in which the mineral phase of bone, mainly hydroxyapatite, is resorbed
by means of acid, and the organic phase, mostly collagen I, is solubilised by prote-
olytic enzymes, such as lysomal cysteine proteinases and matrix metallo proteinases
(MMPs). This concerted activity leaves behind resorption pits and trails named
Howships’s lacunae [43]. In the second phase of the bone-remodeling process, bone
lining cells clean the resorption pits of bone matrix leftovers such as collagen frag-
ments and deposit a thin layer of fibrillar collagen type I [5]. Thereafter, bone tissue
is rebuilt by osteoblasts [233], initiated by bone morphogenic proteins (BMPs).
These osteoblasts secrete collagen type I as well as osteocalcin and osteonectin.
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Through regulation of the local concentration of calcium and phosphate, the forma-
tion of hydroxyapatite is promoted [234].

Various different in vitro model systems for the study of osteoclasts have been de-
scribed. Besides the cultivation of primary cells, which are most often isolated from
bone marrow [235], the mouse macrophage cell line RAW 264.7 is an established
in vitro model [42]. Because the main focus in osteoclast research is to understand
systemic bone diseases such as osteoporosis [24], little emphasis has been placed on
understanding how surface features similar to those produced by osteoclasts might
be helpful for improving the osseointegration of an implant surface. Characteriz-
ing the surface topography of osteoclastic resorption pits and trails could provide
valuable information, since it is well known and accepted from numerous in vivo
and in vitro studies that osseointegration, i.e. the attachment of bone tissue to an
implant, can be improved by the use of rough implant surfaces [207,236].

To measure and describe surface roughness and surface topography over a wide range
of size scales, a variety of methods was employed, including white-light confocal mi-
croscopy, atomic force microscopy (AFM) and scanning electron microscopy (SEM).
With normal SEM, surface features can be reproduced with a high x-y resolution
but without the ability to quantify the topography in three dimensions. However
by using stereo-SEM, where two images of the same region of interest (ROI) are
produced with a relative eucentric tilt (around an axis in the focal plane), 3D data
can be calculated. From these data, obtained with a high spatial resolution, topo-
graphical information, such as the depth of surface features or the surface roughness,
can be calculated [188]. This technique has been used to characterize osteoclastic
resorption trails on bone and dentine [237,238].

Surface roughness can in general be described as a combination of profiles spanning
several orders of magnitude in size, of particular interest being the micrometer-
to-nanometer range. It can therefore be useful to describe the surface rough-
ness as a function of wavelength, the so called wavelength-dependent roughness or
window-roughness [176]. This has the advantage that small surface features (micro-
roughness) on a macroscale rough surface can be readily investigated after filtering
out the longer wavelengths (macro-roughness).

It has been shown that osteoblasts react differently to surface features and surface
roughness on different size scales [239]. By using the wavelength-dependent rough-
ness approach, features that are too large to be recognized by cells can be filtered
out to reveal the cell-relevant surface profiles and roughness.
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To the best of our knowledge, characterisation of the surface features of osteoclastic
resorption pits has not previously been performed with the intention of influenc-
ing design of synthetic implant surfaces for osseointegration applications. The aim
of this study is to compare resorption-pit surface topography with surface features
found on selected synthetic implant surfaces. To describe surface topography with
a high x, y, and z resolution, stereo-SEM was coupled with wavelength-dependent
surface-roughness analysis. Tailoring an implant surface with features resembling
native resorption pits or trails may be a successful approach to improving the os-
seointegration behaviour of implants.

4.2 Materials and Methods

4.2.1 Preparation of bone slices
Bovine femurs were obtained from a local butcher. All residual soft tissue was
mechanically removed. Bone slices were sawn with a thickness of approximately
0.5 mm from cylinders with a diameter of approximately 10 mm. Slices were cut
in longitudinal and perpendicular directions from the cortical region of a long bone.
For sterilization, slices were immersed in 70 % ethanol for 24 h (at 4 °C), then
rinsed in phosphate buffered saline (PBS) (Sigma, Buchs, Switzerland) containing
an 1 % antibiotic-antimycotic solution (ABAM) (Invitrogen, Carlsbad CA, USA)
(at room temperature) and immersed for another 24h in PBS and 1 % ABAM and
then stored at -80 °C until use [240]. Before use, thawed bone slices were rinsed
once with PBS containing 1 % ABAM at room temperature.

4.2.2 Cell culture of RAW 264.7 cells
RAW 264.7 cells (TIB-71; ATCC) were cultured in 5 % CO2 at 37 °C in α-MEM
medium (Invitrogen, Carlsbad CA, USA) supplemented with 10 % heat-inactivated
FBS (Sigma-Aldrich, Buchs, Switzerland) and 1 % ABAM. Cells were seeded onto
the bone slices at an initial density of 1’500 – 3’000 cells/cm2. To analyze only
effects of bone-adhered cells, i.e. to prevent cultivation of cells on tissue culture
plastic (TCP) and to remove non-adherent cells, bone slices were rinsed once with
PBS and transferred to a new well 2 hours after cell seeding. To initiate differ-
entiation into osteoclasts, 50 ng/ml RANKL (Invitrogen, Carlsbad CA, USA) was
added with the medium. Medium and RANKL were changed every 2-3 days. To
achieve a high number of resorption pits on the bone surfaces, cells were cultivated
for 14 days, subsequently being removed from the bone slices by ultrasonication in
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0.25 M ammonia [241]. A number of samples were treated in 10 µg/ml collagenase
Type 2 (Worthington, Lakewood NJ, USA) in PBS for 1 h at 37 °C. The bone slices
were then incubated in 2 % osmium tetroxide, dehydrated in an ascending ethanol
series and critical-point dried in CO2 (CPD 030, Baltec, Switzerland).

4.2.3 Titanium and zirconia surfaces
Commercially pure titanium disks and yttria stabilized zirconia (Y-TZP) (Thom-
men Medical, Waldenburg, Switzerland) with a diameter of 15 mm were treated
according to the steps described in Table 4.1. Sandblasting with alumina particles
of the indicated size was performed, followed by hot acid etching in a mixture of
hydrochloric acid (14 %) and sulphuric acid (34 %) for titanium. Etching of zirconia
was performed in an alkaline bath of NaOH and KOH (1:1) at 210 °C for 30 hours.
By XPS analysis no residues of the etching process could be identified on the zirconia
surface [166].

short name substrate sandbalsting etching
TA titanium grade 4 none hot acid etched

TSA titanium grade 4 small grit (64-71µm) hot acid etched

TLA titanium grade 4 large grit (126-150 µm) hot acid etched

ZLA zirconia (Y-TZP) large grit (126-150µm) hot alkaline etched

Table 4.1: Description of titanium and zirconia surfaces and associated treatments.

4.2.4 SEM analysis, Stereo-SEM
SEM analysis (Zeiss SUPRA 50 VP, Zeiss, Oberkochen, Germany) was performed
on all samples, the same ROI being imaged twice with the stage eucentricly tilted
by 10° between the two images. From these pairs of images, 3D data were calculated
by means of specialized software (MeX from Alicona, Graz Austria). By examining
false-colour images (Figure 4.2, bottom row), surface features could be easily iden-
tified and length, width and depth measured by drawing profile lines. The length
was defined as the maximal extension of the surface features in the x-y plane, and
consequently the width was defined as the dimension perpendicular to it. The as-
pect ratio was calculated as the ratio of length to width. The depth was defined
as the maximal depth along the length or width profile. The contour length of re-
sorption trails was defined and measured along the presumed migration path of an
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osteoclast.

Surface roughness was measured using the window-roughness method, as estab-
lished by Wieland [174]. Briefly: the overall roughness Sa of the titanium and
zirconia surfaces was calculated from SEM images with 1000X magnification and
with a cutoff wavelength, λc = 580 µm. The roughness within the individual sur-
face structures and resorption pits was calculated in defined areas from SEM images
with 5000X magnification and with a cutoff wavelength, λc = 2 µm. By filtering
out wavelengths above λc = 2 µm, the overall curvature of the surface features was
excluded and only the surface roughness below this wavelength was measured (see
Figure 4.1 for illustration).
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Figure 4.1: Profile line through a native resorption pit (right) with corresponding profile
and roughness profiles calculated with to cutoff wavelength of 2 µm and
100 µm, respectively (left). Scale bar 10 µm.

4.2.5 Statistics
The dimensions of the different surfaces features of native and synthetic surfaces
were classified into 14 bins, each with a bandwidth of 5 µm, 2.5 µm and 1 µm for
the length, width and depth, respectively. The last bin included all values above the
lower limit of this last class, which was 65 µm, 32.5 µm and 13 µm for the length,
width and depth, respectively.

The bins were plotted in histograms, which showed the frequency of appearance
of structural features. Additionally the median and the lower and upper quartiles
(Q1 and Q3) of the data were calculated. Statistical significant differences between
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the roughness values were determined with a Student’s t-test, assuming normal
distributed values. Statistical significance was assumed for p < 0.01.

4.3 Results

4.3.1 Qualitative characterisation of resorption pits on
cortical bone

After removing the osteoclasts from the bone surface, traces of resorption could be
morphologically identified. Three types of resorption structures were distinguished:
resorption pits showed a roundish shape and most probably resulted from the pro-
teolytic activity of one single, non-migrating osteoclast (Figure 4.2 top left).

Figure 4.2: SEM images of native resorption pits on bone surfaces produced by os-
teoclasts. Left: Untreated resorption pits after 14 days of culture with
RAW 264.7 cells. Right: resorption pits after collagenase treatment. Top
row: SEM images; bottom row: false-colour images from stereo-SEM analy-
sis. Scale bar 25 µm.
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Resorption trails refer to structures most probably produced by one osteoclast that
migrated over the bone surface, leaving behind a continuous trail (Figure 4.3).

Figure 4.3: SEM image of an osteoclastic resorption trail on a bone surface with random
change in direction. Scale bar 50 µm.

A third type demonstrated extensive areas of resorption, where no distinction of
single resorption pits and trails was possible. Therefore these very dense areas of
resorption were not analyzed. Individual and clearly distinguishable resorption pits
and trails were spread evenly over the bone surface, the pits outnumbering the trails
by approximately 20:1.

Both resorption pits and trails exhibited a round contour, with a sharp border
between resorbed and non-resorbed areas. The false-colour images illustrate the
original smooth bone surface embedded with the round contours of the resorption
pits (Figure 4.2, bottom). In the resorbed area, exposed collagen fibres became vis-
ible, since the mineral phase seemed to be resorbed faster than the organic collagen
matrix. The orientation of the resorption trails appeared to be random, neither
following scratches or cracks on the bone surface nor the direction of the collagen
fibres (Figure 4.3). Collagenase treatment removed the exposed collagen fibres to
a large extent, although intact collagen fibres on the bottom of the pits remained
intact. After collagenase treatment, the structure within the resorption pits became
more dominated by the mineral phase of the bone (Figure 4.2, right top).
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Figure 4.4: SEM images of structured titanium and zirconia surfaces. SEM images in
the top row, false-colour images indicating the surface topography in bottom
row. From left TA, TSA, TLA, ZLA. Red circles indicate one of the surface
features which were analyzed. Scale bar 100 µm.
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4.3.2 Qualitative characterisation of the structured
titanium and zirconia surfaces

Figure 4.4 shows SEM images and false-colour images of all types of examined
surfaces. Each image shows one example of a structural feature that was further
analyzed. The false-colour images nicely represent the topographical features of the
surfaces. All surfaces showed a rough topography: on the three sandblasted sur-
faces (TSA: titanium sandblasted with small grit and acid etched; TLA: titanium
sandblasted with large grit and acid etched; ZLA: zirconia sandblasted with large
grit and alkaline etched) the traces of impact from the sandblasting treatment could
be clearly identified, further the difference in grain size used for sandblasting was
clearly visible when comparing the TSA and TLA surfaces. ZLA surfaces showed
less pronounced structural features from the sandblasting due to the higher hard-
ness of the material. The etched-only titanium surfaces (TA) showed a relatively
homogenous surface structure displaying only small topographic features. The hot
acid etching of the titanium surfaces revealed a fine, spiky topography whereas the
alkaline etching of the zirconia surface exposed single grains of zirconia.

4.3.3 Quantification of the dimensions of resorption pits
and trails

The dimensions of the resorption pits left on the bone surfaces were determined and
are presented as histograms, comparing untreated and collagenase-treated resorption
pits on bone surfaces with synthetic titanium and zirconia surfaces (TA, TSA, TLA
and ZLA) (Figure 4.5, 4.6 and 4.7). Additionally the median and the first and third
quartile (Q1 and Q3) were summarized in Table 4.2.

The length (maximal elongation in x-y direction) of the resorption pits as shown
in Figure 4.5 was found to be between 5 – 25 µm for the majority of the pits on
native bone. The distribution shifted to larger values by approximately 5 - 10 µm
for the collagenase-treated bone samples, suggesting that the collagenase treatment
enlarged the perimeter of the pits. This is reflected in Table 4.2, where the first and
third quartile (Q1 and Q3) and the median shifted. The width of the resorption
pits showed a distribution between 2.5 – 15 µm, again with a slight increase in
width of approximately 5 - 10 µm for the collagenase-treated samples. As shown
in Figure 4.7, the values for depth of the resorption pits more than doubled from
the untreated bone to the collagenase-treated bone surfaces. This is reflected in the
median and the Q1 and Q3 values shown in Table 4.2.
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Chapter 4 Comparison of resorption pits and implant surfaces

The median contour length of the resorption trails was 54.9 µm (n = 21) with
Q1 = 34.7 µm and Q3 = 104.53 µm, where the longest trail measured had a length
of 251 µm. The median width of the trails was 15.6 µm with Q1 = 12.9 µm and
Q3 = 22.3 µm and the median depth was 1.5 µm with Q1 = 1.3 µm and Q3 = 2.2 µm.

4.3.4 Quantification of surface features of structured
titanium and zirconia surfaces

On all surfaces, features between 5 and 100 µm were analyzed. In the histograms
illustrating the distribution of the length (Figure 4.5), the ZLA and TLA surfaces
showed the widest distribution of structural features between 15 and 50 µm although
the maximum number of structural features was found between 20 and 25 µm for
ZLA surfaces and between 40 and 45 µm for TLA surfaces. These characteristics in
the distribution were not reflected in the median nor in Q1 and Q3 values, which
showed similar values for these two surfaces. TSA and particularly TA surfaces
showed a narrower size distribution around 25 µm and 10 µm, respectively. These
findings are reflected in the median and Q1 and Q3 values (Table 4.2).

The distribution of the width (Figure 4.6) showed similar characteristics as described
for the length with a wide distribution for ZLA and TLA surfaces, however here the
width on the ZLA surfaces was higher than on TLA surfaces visible in the histograms
as well in the median values (Table 4.2). TA and TSA surfaces showed a narrower
width distribution compared with TLA and ZLA. In particular, TSA surfaces showed
higher values than TA surfaces.

In Figure 4.7 the distribution of the depth was found to be between 1 and 4 µm
for TA surfaces, increasing to 3 - 7 µm for TSA and ZLA surfaces. TLA surfaces
showed a wide distribution of values up to 12 µm; this was reflected in the highest
Q3 value of 9.7 µm.

The aspect ratios of the length and the width of TSA and TLA, the two sandblasted
titanium surfaces were almost double those of the other surfaces (Table 4.2).

4.3.5 Surface roughness
The overall surface roughness Sa of all three titanium and zirconia surfaces was
calculated from SEM images with a 1000 X magnification and with a cutoff wave-
length λc of 580 µm (Figure 4.8). The surface roughness Sa was 1.10 ± 0.03 µm and
1.19 ± 0.40 µm for TA and ZLA, respectively. It increased to 1.86 ± 0.11 µm for
TSA and to 2.70 ± 0.10 µm for TLA surfaces, respectively. The roughness of TLA
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Figure 4.5: Histograms showing the distribution of the length (maximal dimension) of
untreated and collagenase-treated resorption pits on native bone and surface
features on titanium (TA, TSA, TLA) and zirconia (ZLA) surfaces, respec-
tively. Data were divided into 14 classes of 5 µm in size.
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Figure 4.6: Histograms showing the distribution of the width of untreated and
collagenase-treated resorption pits on native bone and surface features on
titanium (TA, TSA, TLA) and zirconia (ZLA) surfaces, respectively. Data
were divided into 14 classes of 2.5 µm in size.
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Figure 4.7: Histograms showing the distribution of the depth of untreated and
collagenase- treated resorption pits on bone and surface features on tita-
nium (TA, TSA, TLA) and zirconia (ZLA) surfaces, respectively. Data were
divided into 14 classes of 1 µm in size.
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surfaces was significantly different (p < 0.01) from the other three surface types.
TSA surfaces were significantly rougher than ZLA and TA surfaces (p < 0.01).
There was no statistically significant difference between the overall roughness of TA
and ZLA surfaces.
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Figure 4.8: Surface roughness Sa calculated from stereo-SEM images. SEM images were
produced with a magnification of 1000X and evaluated with a cutoff wave-
length of λc = 580 µm. Statistical significances (p < 0.01) between the groups
are indicated by a, b, c.

The surface roughness within the resorption pits and in the structural features of the
titanium and zirconia surfaces was evaluated from SEM images with a magnification
of 5000 X and was calculated with a cutoff wavelength λc of 2 µm (for illustration
see Figure 4.1). As shown in Figure 4.9, the surfaces were classified into three groups
according to their roughness (Group 1: contains both bone surfaces displaying na-
tive resorption pits; Groups 2: contains all titanium surfaces TA, TSA and TLA;
Group 3: contains only zirconia surfaces (ZLA)). The differences between the rough-
ness values of the three groups were statistically significant (p < 0.001) whereas they
were not statistically different from each other within the group. The titanium sur-
faces showed the highest roughness values with 127 ± 2.8 µm, 128 ± 9.8 µm and
140 ± 12.8 µm for TA, TSA and TLA surfaces, respectively. The surface roughness
Sa within the structural features of zirconia surfaces ZLA was 86 ± 4.8 µm and
the surface roughness within the resorption pits on bone were 60 ± 11.8 µm and
67 ± 14.8 µm for the untreated and collagenase-treated resorption pits, respectively.
Summarizing, it was demonstrated that surface features and surface roughness found
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on resorbed bone surfaces and synthetic titanium and zirconia implant surfaces could
be quantified and compared.
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Figure 4.9: Surface roughness Sa within individual bone resorption pits and within the
structural features of titanium (TA, TSA, TLA) and zirconia (ZLA) surfaces
calculated from stereo-SEM images. SEM images were obtained with a mag-
nification of 5000X and evaluated with a cutoff wavelength of λc = 2 µm.
Statistical significances (p < 0.001) between the groups are indicated by
a, b, c.

4.4 Discussion
It has been widely observed in animal experiments and in clinical studies that rough-
ness improves the osseointegration properties of implant surfaces [207]. A surface
roughness Sa of 1 - 2 µm (obtained by optical profilometry) has been stated as
being optimal [242]. In this study we have tried to correlate these findings with
topographical features produced by osteoclasts and to compare the size and surface
roughness of osteoclastic resorption pits with synthetic implant surfaces made out
of titanium and zirconia.

The resorption pits generated by differentiated RAW 264.7 cells on cortical bone
showed similar features to those described in other SEM studies that employed pri-
mary cells [45,243]. In particular, the roundish shape with the clear border between
resorbed and non resorbed areas and the amount of loose collagen fibres within the
pits were clearly observed (Figure 4.2). We observed different types of morphologies
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of resorption pits such as single pits, trails and extensive areas that were resorbed,
although the extensively resorbed areas were not further analysed as no distinction
of single resorption structures was possible. The difference between resorption pits
and trails was discussed in the context of continuous or non-continuous resorption
processes [45], although it is not possible to assign a specific resorption structure to
one single or multiple osteoclasts. However the obtained values nicely correspond to
the dimensions of a single osteoclast or a small cluster of osteoclasts. Without quan-
tifying the size, Gentzsch et al classified the different resorption patterns occurring
on autopsies of femoral heads into longitudinal resorption patterns and “reticulate
patch resorptions”. These structural features showed good correlation, respectively
with the pits and trails and the areas of extensive resorption that we observed in
our study. In similar samples, a differentiation between lacunar resorption and tun-
nelling perforation, which perforated an entire trabecular structure, was made [244].
In our study only lacunar resorption was observed. Based on the work mentioned
above we assume that our observations of resorption pits might be comparable with
the in vivo situation while lacking the tunnelling perforations. This leads to the
hypothesis that the depth of resorption pits in vivo might include higher values
compared to the measured in vitro values presented here.

The length, width and depth of the surface features on the titanium and zirconia
surfaces increased with increasing size of the grit used for sandblasting, especially
in the case of the two surfaces that were sandblasted with large grit sizes (TLA
and ZLA), which also showed the broadest size distribution. The non-sandblasted
titanium surface TA showed the smallest distribution and absolute size of surface
features (Figures 4.5, 4.6 and 4.7). Resorption trails showed a median contour length
of 54.9 µm with a large standard deviation. The width of the trails was larger than
that of the resorption pits, whereas the depth showed a very similar distribution.
This may indicate that trails originate from mature, and hence large, osteoclasts.

The loose ends of the collagen fibres in the resorption pits were removed with col-
lagenase treatment (Figure 4.2, top right). This led to an increase in the length
and width of the resorption pits, which could be explained by collagen removal from
the edges of the pits. The depth of the resorption pits more than doubled during
collagenase treatment, and the increase of the median depth by 2.3 µm could be
related to the volume of the loose collagen fibres at the bottom of the resorption
pits. As collagenase treatment could potentially be correlated with the function of
bone lining cells, which remove remaining collagen fibres from the resorption pits [5],
collagenase-treated resorption pits might be more relevant when analysing the di-
mensions of resorption pits.
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The untreated resorption pits showed a median length and width that was roughly
half the size of sandblasted surfaces although in the same range as TA surfaces.
Assuming that the in vivo situation might rather be represented by collagenase-
treated resorption pits than resorption pits that still contain residuals of collagen
fibres, values for length and width correlate well with values determined for titanium
and zirconia surfaces. This similarity was even more pronounced when considering
the larger structures of the resorption trails and tunnelling resorption pits that have
been described by other authors [244].

The surface roughness within the structural features of the three titanium surfaces
did not differ significantly, since the roughness in the range below λc = 2 µm was
mainly governed by the etching process. The roughness in the bone pits before and
after the collagenase treatment did not differ either, although the structure within
the pits appeared to be different in the SEM images (Figure 4.2). The topography
of the loose collagen fibres and the structure of the mineral phase after removal of
the organic phase (collagenase treatment) remained similar; however the mechani-
cal properties of the soft collagen fibres and the hard hydroxylapatite might induce
different cellular responses. Overall the observed differences might be important
for osteoblastic cell adhesion and differentiation considering that single cells react
differently to structures with different configurations in the nanometer scale [245]
and in the micrometer scale [86].

In vitro studies using osteoblast cell lines or primary bone cells showed increased dif-
ferentiation on rough surfaces compared to smooth or machined surfaces [77,96,211].
Previous work by Boyan et al. showed that osteoblasts cultured on bone surfaces
displaying osteoclastic resorption pits showed similar differentiation behaviour com-
pared to rough titanium surfaces and behaved differently as compared to smooth
surfaces [232].

Surfaces comparable to TLA and ZLA surfaces were used for in vivo studies to eval-
uate their osseointegration performance. It could be shown that TLA (sandblasted
and etched titanium surfaces) showed superior mechanical anchorage in the pelvis
of sheep and in pig mandibles compared to ZLA (sandblasted and alkaline etched
zirconia surfaces) after different healing times [139,166]. However, histologically the
bone-to-implant contact (BIC) did in general not show any significant differences be-
tween these surfaces. At the 2-week time point in the sheep’s pelvis zirconia showed
a trend towards higher BIC compared to titanium surfaces [116, 166]. Based on
the in-depth comparison of these implant surfaces with osteoclastic resorption pits
it can be assumed that the high bone-to-implant contact of titanium and zirconia
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surfaces may be explained by the fact that the structures of the implant surfaces
remain in the same order of magnitude as compared to surface structures produced
by osteoclastic resorption. The slightly better histological results found in vivo for
zirconia surfaces may be explained with roughness within the surface features in the
submicron range (λc = 2 µm). These values for zirconia are closer to the rough-
ness values found in resorption pits than for titanium surfaces (Figure 4.9). The
difference in mechanical anchorage in the bone may be explained by the increased
overall surface roughness of the titanium surfaces, which improves mechanical in-
terlocking (Figure 4.8). However comparing a very rough titanium plasma sprayed
surface (TPS) to a medium rough sandblasted and hot acid etched titanium surface
(SLA) it could be shown histologically that surface roughness can also be too high,
leading to less bone-to-implant contact with the TPS surface in vivo for unloaded
and 12-month loaded implants [138].

4.5 Conclusions
Our study presents surface roughness and surface features of osteoclastic resorp-
tion pits on native bone and compares them with state-of-the-art synthetic implant
surfaces. The comparison of the dimensions of surface features and the wavelength-
dependent roughness of the different surfaces revealed similarities between native
resorption pits and surface features of the examined titanium and zirconia surfaces.
In particular the size of the collagenase-treated resorption pits resembled the sand-
blasted and etched titanium and zirconia surfaces. Collagenase treatment of the
resorption pits is presented to better reflect the in vivo situation. The results pre-
sented here help to interpret in vitro and in vivo results on osseointegration and may
provide some insight into the bone-remodeling cycle on a structural basis. Further
work would employ osteoblast cultures on these surfaces to directly correlate the
presented results to in vitro data.
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4.6 Appendix: Validation of stereo-SEM

4.6.1 Introduction and aim
Surface-roughness measurements can be performed with a wide variety of meth-
ods, ranging from mechanical stylus, AFM, optical profilometry to stereo-SEM
(see 1.3.4). All these methods show advantages and disadvantages with respect
to lateral and horizontal resolution, measurement range and possible measurement
artifacts. Additionally, for all surface-roughness measurement methods it is impor-
tant that they are verified and validated. That can be achieved through relative
comparisons between the different methods or different devices and through valida-
tion with absolute standards, such as standardized samples with a defined surface
roughness or samples with a defined vertical step-height [246]. To verify stereo-SEM
as a measurement method, we chose to use samples with known vertical step heights.
The aim of this chapter is to present the method and results of these verification
experiments obtained with stereo-SEM analysis.

4.6.2 Materials and methods
Samples

The samples used for calibration were designed with steps of different heights, sep-
arated by a gap (see Figure 4.10 top). Samples were obtained from a photolitho-
graphic process, in which silicon from a wafer was selectively etched away (Kathryn
Stok; ETH Zürich).

SEM analysis, stereo-SEM

SEM and stereo-SEM analysis was performed as extensively described above (4.2.4).
The samples were imaged from the side where the height of the steps was directly
measurable from the SEM image. Images from the top were taken for further stereo-
SEM analysis. The height of the different steps measured form the side was com-
pared with the height measured in profile lines in the stereo-SEM software.

4.6.3 Results
Measurements were performed on three samples (1 - 3). For each sample the heights
of the three steps (a, b, c) were measured from the side (conventional SEM) and
compared with the height obtained from the stereo-SEM analysis, based on images
taken from the top. Figure 4.10 shows an exemplary image of the step from the
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Figure 4.10: Verification of stereo-SEM analysis. Top: Side view of three steps (a, b, c),
step-height is measured conventionally from the SEM image. Bottom: Pro-
file from stereo-SEM analysis over the same three steps, step-height is mea-
sured based on this profile. Images for stereo-SEM analysis were taken
from the top. To quantify the measurement accuracy, the ratio of step-
height measured from the side (side) and from the top with stereo-SEM
(top) was calculated.

side together with the height profile obtained from stereo-SEM. The quality of the
correlation was expressed as the ratio between the height measured from the top
and the height measured from the side (top side) (Table 4.3). For all measured
step-sizes in the range between 7 and 25 µm the mean top/side ratio over all three
samples was between 0.94 and 1.01 implying that the accuracy of measurement is
in the range of ± 5 %.

4.6.4 Discussion

To verify the measurement accuracy of stereo-SEM, verification experiments were
performed. Step-heights of three steps imaged from the side and conventionally
measured from a SEM image were compared with a stereo-SEM analysis of the
same steps, imaged from the top. Results showed that the accuracy of measurement
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top side top/side
(stereo-SEM) (conventional-SEM)

steps a [µm] b [µm] c [µm] a [µm] b [µm] c [µm] a b c

sample 1 7.6 16.0 25.6 8.3 16.5 25.5 0.92 0.97 1.00

sample 2 8.1 15.9 24.9 8.3 15.8 25.3 0.98 1.01 0.98

sample 3 6.7 16.1 26.2 7.2 16.1 24.8 0.93 1.00 1.06

mean 0.94 0.99 1.01

Table 4.3: Results of stereo-SEM verification measurements. Three different steps (a,
b, c) were measured on three samples (1, 2, 3). Measurement accuracy is
expressed as the top / side ratio.

was in the range of ± 5 %. Stereo-SEM values in the region of 7 µm are rather
underestimated, which is of some relevance as depth values presented in this work
are in this region. A similar procedure to validate stereo-SEM has been performed
on staircase-like samples [247]. The method of stereo-SEM could be successfully
verified with a measurement of step sizes from the top and side.
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Chapter 5

Simplified in vitro model for bone
remodeling at implant surfaces

The content of this chapter has been submitted for review:
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model for bone remodeling at implant surfaces. Submitted to Biomaterials December 2011
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Abstract

Bone remodeling is considered to be a driving force for osseointegration of implants.
The resemblance between osteoclastic resorption pits and rough implant surfaces
has barely been explored and could possibly help to understand the role of sur-
face roughness in osseointegration. Therefore the aim of this study is to establish
an in vitro model for bone remodeling in the vicinity of implant surfaces. The
RAW 264.7 osteoclast cell line was established and characterized with zymography
to confirm MMP activity and with confocal laser-scanning microscopy and scanning
electron microscopy (SEM) to observe actin ring formation, formation of acidic en-
vironments in the cells and osteoclastic resorption pits on bone. The dimensions of
the resorption pits in bone and collagenase-treated bone were measured with stereo-
SEM. Based on these data a biomimetic osteoclastic resorption pattern (BORP)
was designed and produced by means of eximer-laser processing of polycarbonate
and subsequent replication. Subsequently, MC3T3 osteoblasts were grown on a
titanium-coated BORP and on smooth and rough titanium implant surfaces. It
could be shown that osteoblasts grown on a BORP showed similar differentiation
markers, such as ALP and mineralization, to those seen for osteoblasts grown on
the rough titanium implant surface. These results might help to explain why rough
implant surfaces, with roughness values in the range of osteoclastic resorption pits,
show clinically superior osseointegration properties.

5.1 Introduction

For osseointegration applications, such as dental implants, bone remodeling is con-
sidered to be the driving force for the successful integration of the implant into
bone [248]. To improve the osseointegration potential of implant surfaces, emphasis
is put on roughening and structuring the implant surface, since it could be shown
in vitro, in vivo and clinically that rough implant surfaces improve osseointegra-
tion [207]. However, the resemblance between the resorption pits left on bone by
osteoclasts and the rough surface topography of implants has barely been explored.

Bone remodeling is a well-understood process, described at the cellular level through
bone resorption by osteoclasts, and mineralization and rebuilding of new bone by
osteoblast [205]. Progenitor cells proliferate and differentiate into mononuclear pre-
osteoclasts, fusing together to form mature, multinucleated osteoclasts near or at the
bone surface. These cells are activated and regulated mainly via RANK (receptor
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Figure 5.1: Schematic illustration of a simplified in vitro model for bone remodeling in
the vicinity of implant surfaces. Osteoclasts (differentiated from RAW 264.7
cells) were cultured on native cortical bone (A) where they produced re-
sorption pits (B). To analyze the difference between acidic resorption of the
mineral phase and enzymatic digestion of the organic phase, a part of the
samples was collagenase post-treated (C). On both samples the dimensions
of the resorption pits (length, width and depth) were measured and com-
pared (D). Data of the collagenase-treated samples were further processed
to define 20 representative resorption pits, which were then arranged in
a pattern, realized by excimer-laser structuring, replicated into epoxy and
coated with titanium (E). Finally osteoblasts (MC3T3) were seeded on the
biomimetic osteoclastic resorption pattern (BORP) and the osteogenic reac-
tion was assessed through light and electron microscopy and by quantifying
ALP and mineralization after 13 days of culture (F). Results were compared
to smooth and micro-rough clinically proven titanium implant surfaces.

activator of nuclear factor κB) and its ligand RANKL and macrophage colony-
stimulating factor (M-CSF) [25]. After attachment of the osteoclast to the bone
matrix, actin fibers begin forming tight junctions to the bone surface, so-called po-
dosomes, which grow bigger to become rings defining sealing zones [32]. In the
acidic environment of the sealing zone, the mineral phase of bone—mainly hydrox-
yapatite—is resorbed, and the organic phase—mainly collagen I—is degraded by
proteolytic enzymes, notably matrix metalloproteinases (MMPs) and cathepsin K,
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thus leaving behind a resorption pit [43]. Following resorption, bone lining cells
and osteoblasts clean the resorption pits of bone matrix leftovers such as collagen
fragments, and deposit a thin layer of fibrillar collagen [5, 249]. Subsequently, mes-
enchymal precursor cells, initiated mainly by bone morphogenic proteins (BMPs),
differentiate into osteoblasts. Bone tissue is rebuilt through the secretion of proteins,
mainly collagen type I but also alkaline phosphatase (ALP), osteocalcin, osteonectin
etc., and through the regulation of the local concentration of calcium and phosphate
the formation of hydroxyapatite is promoted [234,250].

There exist established models for in vitro cultures of osteoclasts and osteoblasts.
Besides the use of primary cells [235], the mouse macrophage cell line RAW 264.7 is
an established in vitro model for osteoclast research. Upon the addition of RANKL,
these cells differentiate into multinucleated, polarized, TRAP-active osteoclasts, and
show typical resorption trails when cultivated on bone or dentine [42]. Resorp-
tion trails on bone or dentine have been identified by scanning electron microscopy
(SEM) [249], and with stereo-SEM, three-dimensional quantitative analysis of the
pits was achieved [225,238]. The acidic environment below an active osteoclast has
been measured with a microelectrode [34] and by staining acidic compartments be-
low the cells i.e. with acridine orange (AO) [251]. MMP activity of osteoclasts can
be shown using gelatin zymography [219].

For in vitro osteoblast culture, different cell lines and primary cells have been de-
scribed. They can be distinguished in their maturity, from the pluripotent mes-
enchymal precursor cell line C2C12 [252] to immature osteoblast cell lines such as
MG-63 [76] and MC3T3 [80], to more mature cell lines, for example SaOS2 [96].
Different subclones of MC3T3 cell lines have been described as osteoblastic [80],
preosteoblastic subclone 24 showing high ALP activity compared to subclone 4 [82].
ALP activity and other differentiation markers were shown to be sensitive to surface
roughness [86, 87,89].

In vitro approaches characterizing the behavior of osteoblasts around osteoclastic
resorption pits have been described, such as characterizing bone resorption and for-
mation by extensive electron microscopy [249] without quantitative data from the
osteoblast culture. Other studies have been limited to osteoblasts cultured on native
bone with a low coverage (< 10 %) of resorption pits, differences between native
bone and native bone pre-treated with osteoclasts being shown with differentiation
markers such as osteocalcin level [232]. Both of these studies imply that the struc-
ture and topography of osteoclastic resorption pits in bone further influence the
bone-remodeling cycle, the subsequent osteoblastic differentiation resembling that
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observed on rough implant surfaces. We have shown in an earlier study that the
dimensions of osteoclastic resorption pits are in the same size range as the structures
encountered in the roughness present on various different implant surfaces [225].

In this study we aim to go a step further and develop a simplified in vitro model for
bone remodeling, as illustrated in Figure 5.1. After first collecting quantitative data
on the dimensions of osteoclastic resorption pits on bone, the data are simplified
and rendered in an artificial biomimetic surface pattern that resembles osteoclastic
resorption pits. This pattern is then used as a substrate for in vitro osteoblast cul-
ture and compared to an existing rough implant surface. This model might help
to better understand the connection between bone resorption and bone remodeling,
especially in the vicinity of implant surfaces.

5.2 Materials and Methods

5.2.1 Preparation of bone slices

Bone slices were prepared as previously described [225]. Briefly, all remaining soft
tissue was mechanically removed from bovine femurs and slices were sawn with a
thickness of approximately 0.5 mm. Slices of the cortical region of a long bone were
obtained, cut in longitudinal (LONG) and perpendicular (PERP) directions of the
bone. For sterilization, slices were immersed in 70 % ethanol (24 h; at 4 °C), then
rinsed in phosphate-buffered saline (PBS) (Sigma-Aldrich, Buchs, Switzerland) and
immersed for another 24h in PBS and 1 % ABAM (Invitrogen, Carlsbad CA, USA)
before storing at -80 °C until use. Bone slices were rinsed twice with PBS at room
temperature prior to use.

5.2.2 Titanium samples

Rough titanium implant surfaces were produced as previously described [225]. Briefly,
commercially pure titanium (Ti c.p.) disks (Thommen Medical AG, Waldenburg,
Switzerland) were sandblasted with large-grit alumina, followed by hot-acid etching
(14 % hydrochloric acid and 34 % sulfuric acid), and were labeled TLA. For smooth
titanium samples (TS) silicon wafers coated with 40 nm titanium were used (PSI,
Villigen, Switzerland).
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5.2.3 Biomimetic osteoclastic resorption pattern

The biomimetic osteoclastic resorption pattern (BORP) was designed, based on the
dimensions of osteoclastic resorption pits on bone following collagenase treatment,
as presented below. Data for length, width and depth were further processed as
followed: Data points were sorted in 14 bins according to their value. Bin size was
5 µm, 2.5 µm and 1 µm for length, width and depth, respectively. The number of
data points per bin was counted and expressed as a frequency, in percentage of the
total number of data points. Bins with a frequency of less than 5 % were omitted
from further processing. Frequency values of the remaining bins were mathemati-
cally rounded to the next 5 % step. Finally, the resorption pattern was defined by
20 pits, each representing 5 % of the values in the bins for length, width and depth,
ordered in increasing size (see Table 5.2 and Figure 5.7. The positions of the pits in
the unit cell were chosen randomly, and rotation of the pits was assigned in steps of
22.5 °(see Table 5.2).

Based on CAD data, the pattern was produced in a polycarbonate substrate with a
size of approximately 5 x 5 cm, using eximer-laser technology (Crealas GmbH, Thun,
Switzerland) [253]. Replicas were produced from the relatively soft polycarbonate
pattern by means of a technique that has been previously described [254]: Nega-
tives were produced using low-viscosity and fast-curing silicone (PROVILnovo; Her-
aeus Kulzer GmbH, Germany). The silicone negatives were cast with epoxy (EPO-
TEK 302-3, Epoxy Technology, Billerica MA), which was cured at 60 °C overnight.
Epoxy replicas were cut into squares with a side length of approximately 8 mm, in
order to fit into a well plate for tissue culture, and they were coated with 40 nm
titanium (PSI).

5.2.4 Cell culture of RAW 264.7 cells

RAW 264.7 cells (TIB-71; ATCC) were cultured in 5 % CO2 at 37 °C in α-MEM
medium (Invitrogen), supplemented with 10 % heat-inactivated fetal bovine serum
(FBS) (Sigma) and 1 % ABAM. Cells were seeded on bone slices and tissue-culture
plastic (TCP). RANKL (Invitrogen) was added 2h after seeding in different con-
centrations of 0.5 - 50 ng/ml, to initiate differentiation into osteoclasts. Medium
and RANKL were changed every 2 - 3 days. After 7 days of culture on TCP, cells
were identified by means of the K-ASSAY TRACP staining kit (Kamiya Biomedical,
Seattle, USA). In parallel, cell nuclei were stained with 3 µg/ml DAPI (Invitrogen)
for 10 minutes. Cells were identified as osteoclasts if more than two nuclei were
visible in a cell, if they showed a polarized shape, and if they were TRAP-active
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(stained red) (see Figure 2). For the experiments on bone slices, cells were seeded at
an initial density of 1’500-3’000 cells/cm2. With 50 ng/ml RANKL in the medium,
cells were cultivated for 7 - 14 days on bone.

5.2.5 Cell culture of MC3T3 cells

MC3T3-E1 subclone 24 (CRL-2593; ATTC) cells were cultured in 5 % CO2 at
37 °C in α-MEM medium without ascorbic acid (Invitrogen), supplemented with
10 % heat-inactivated FBS and 1 % ABAM. Samples were cleaned in 2 % aqueous
Hellmanex solution (Hellma, Mülheim, Germany), and in an air plasma (1 min)
(PDC 32G, Harrick, Ithaca NY, USA) before use in tissue culture. Initial seeding
density was 40’000 cells/cm2 for differentiation experiments measuring ALP and
mineralization over 13 days, 10’000 cells/cm2 for SEM and confocal microscopy
after 1 day. Media was exchanged one day after seeding and then every second
day, 3 days after seeding media was supplemented with 50 µg/ml ascorbic acid and
10mM β-Glycerophosphate (both Sigma) for osteoblastic differentiation.

Proliferation and differentiation were measured by DNA content, ALP activity and
mineral content at day 13. For DNA and ALP determination, cells were lysed for
30 minutes in lysis buffer (0.56M 2-amino-methyl-1propanol, 0.2 % Triton X-100,
pH adjusted to 10 with HCl). Lysates were dispersed with a syringe and cen-
trifuged; supernatants were stored at -20 °C till further use. DNA content was
measured in a microplate reader (Infinite M200, Tecan, Männedorf, Switzerland),
using the PicoGreen assay (Invitrogen), as described by the supplier. ALP activity
was measured using 100µl ALP reagent (20mM 4-Nitrophenyl phosphate disodium
salt hexahydrate, 4mM MgCl2 in lysis buffer) mixed with 100 µl cell lysate, incu-
bated at 36 °C. The reaction was stopped with 1M NaOH after 60 minutes. Optical
readout at 410 nm was performed with a microplate reader. Data was normalized
to DNA.

Mineralization was measured according to Gregory et al. [255]. Briefly, after rinsing
with PBS, cells were fixed in ice-cold ethanol for 5 minutes, rinsed with distilled wa-
ter and stained with 40mM alizarin red solution (pH adjusted to 4.1-4.3) (Sigma).
After extensive rinsing with distilled water, samples were immersed in 10 % acetic
acid for 30 minutes at room temperature. Acetic acid was removed together with the
remaining cell layer, heated up to 85 °C for 10 minutes, followed by 5 minutes cool-
ing on ice. After centrifugation, the supernatant was mixed with ammonia to adjust
pH to 4.1-4.3. The optical density was measured at 405 nm and then normalized to
DNA.
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5.2.6 Confocal microscopy

Confocal laser-scanning microscopy (CLSM) (SP05, Leica, Germany) for immunos-
tained cells was performed with both cell types. Immunostaining was performed
on cells fixed in 4 % paraformaldehyde (PFA, Sigma) in MP buffer (65mM PIPES,
25mM HEPES, 10mM EGTA, 3mM MgCl2 permeabilized with 0.25 % TritonX-100
in PBS and subsequently blocked with 2 % bovine serum albumin (Sigma). Fixed
cells were stained for actin (Alexa Fluor 488 phalloidin; Invitrogen) and nuclei were
stained with DAPI. For immunostaining of MMPs in RAW 264.7 cells cultured on
bone, either MMP-2 or MMP-9 rabbit polyclonal primary antibody (overnight; AB-
CAM; Cambridge, UK) were used, followed by secondary antibody staining (1h;
donkey anti-rabbit Alexa Fluor 546; Invitrogen).

Live-cell imaging was performed with differentiated RAW 264.7 cells cultured on
bone for 7 days, stained with 5µg/ml acridine orange (Sigma) diluted in α MEM for
30 min at 36 °C. After staining, cells were washed extensively with fresh medium.
Acridine orange, when bound to DNA, emits green light detectable at 525 nm when
excited at 502 nm. In low-pH conditions, as found within lysosomes and acidic
compartments, the emission peak shifts to orange (650 nm).

5.2.7 Gelatin zymography

Total protein concentrations in cell lysates and medium were determined using a
BSA standard assay (Pierce BCA Protein assay kit, Thermo Scientific, Waltham
MA, USA). 8 % Polyacrylamide gels were co-polymerized with 1mg/ml gelatin
(Type A: from porcine skin, Sigma). Separation under non-reducing conditions
of 750 µg protein/lane was performed on ice. As positive controls, purified MMP-2
and proMMP-9 (Chemicon, Billerica MA, USA) were used. Subsequent renatur-
ing of the proteins was carried out in freshly prepared 2.5 % Triton X-100 solution
(30 min), followed by overnight incubation at 37 °C in enzyme activation buffer
(50 mM TRIS•HCl, 200 mM NaCl, 5 mM CaCl; pH 7.5) where the buffer was
exchanged after the first 30 min. Subsequently, gels were washed in ddH2O, stained
in 0.1 % Coomassie blue solution (2h; 50 % methanol, 10 % acetic acid, 0.1 %
brilliant Blue R250) and destained in an aqueous mixture of 10 % acetic acid and
20 % ethanol. Visualization and photo documentation of the gels were carried out
with a gel scanner (Witec AG, Littau, Switzerland).
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5.2.8 SEM analysis, stereo-SEM

Sample preparation and analysis was performed as previously described [225]. For
characterization of cell shape and interaction of cells with the corresponding sub-
strate surface, cells were fixed in 2 % PFA and 2 % glutaraldehyde (Sigma). Af-
ter incubation in 2 % osmium tetroxide, samples were dehydrated in an ascending
ethanol series and critical-point dried in CO2 (CPD 030, Baltec, Switzerland).

To analyze resorption pits on bone, osteoclasts were removed from the bone slices
by ultrasonication in 0.25M ammonia prior to critical-point drying [241]. Some of
these samples were additionally treated in 10 mg/ml collagenase solution for 1h at
37 °C (Worthington, Lakewood NJ, USA).

For stereo-SEM analysis (Zeiss SUPRA 50 VP, Zeiss, Oberkochen, Germany) the
same region of interest (ROI) was imaged twice with the stage eucentricly tilted
(around an axis in the focal plane) by 10°between the two images. From these pairs
of images, 3D data were calculated by means of specialized software (MeX from
Alicona, Graz, Austria). Resorption pits could be easily identified on untreated
and collagenase-treated bone slices, and length, width, and depth were measured
by drawing profile lines through them. The length was defined as the maximal ex-
tension of the pit in the x y plane, and consequently the width was defined as the
dimension perpendicular to it. The depth of the resorption pit was defined as the
maximal depth along the length or width profile.

Surface roughness of the BORP surface was measured with stereo-SEM, as exten-
sively described previously (Hefti et al., 2010), and expressed as Sa with a cut-off
wavelength λc = 580 µm for the overall roughness and with λc = 2 µm for the
roughness in the BORP pits.

5.2.9 Statistics

The dimensions of the resorption pits on untreated and collagenase treated bone
were compared using non-parametric ANOVA according to Kruskal-Wallis with a
Mann-Whitney post hoc test, including Bonferroni correction. Proliferation and
differentiation (ALP and mineralization) assays were performed in triplicate in three
independent experiments. Data were tested for outliers according to Grubbs [256],
followed by one-way ANOVA with post hoc testing according to Tukey. Significance
level was set at p < 0.05 for all tests.
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5.3 Results
To establish a simplified in vitro model for bone remodeling, osteoclasts were cul-
tured on native bone. Dimensions of the resorption pits were quantified and re-
duced to a homogenous biomimetic osteoclastic resorption pattern (BORP). On
this pattern, and on smooth and rough titanium surfaces osteoblast proliferation
and differentiation were measured (Figure 5.1).

5.3.1 Concentration assay with RAW 264.7 cells
Cells were cultivated on TCP at different seeding densities (330 – 13’200 cells/cm2)
and with different RANKL concentrations in the medium (0 - 50 ng/ml). After
7 days, multinucleated, polarized and TRAP-active cells, defined as osteoclasts,
could be identified. It was observed that all multinucleated cells showed TRAP
activity and a polarized shape, but that cells seemed to be TRAP-active before they
formed multinucleated cells (Figure 5.2 A). As shown in Figure 5.2 B, the number
of differentiated i.e. multinucleated, polarized and TRAP-active cells appeared to
be dependent on the initial seeding density and on the RANKL concentration in
the medium. If the seeding density was too low (below 1’600 cells/cm2) or too high
(above 25’000 cells/cm2), no or only little differentiation could be observed after 7
days. To reach a maximum number of differentiated cells, a seeding density of 1’500-
5’000 cells/cm2 was necessary. The second factor influencing differentiation was
RANKL concentration in the medium. Below a concentration of 25 ng/ml RANKL,
the number of multinucleated cells was significantly reduced, and with a RANKL
concentration of 0.5 ng/ml no differentiated cells could be observed. A concentration
above 25 ng/ml RANKL did not lead to more multinucleated cells after seven days
of culture.

5.3.2 MMP activity
To test MMP-2 and MMP-9 activity, immunostaining and gelatin zymography were
performed on RANKL-activated and non-activated cells. Cells were immunostained
for MMP-2 and MMP-9 as indicators of active osteoclasts and collagen digestion
(Figure 5.3 A). In the RANKL-activated cells the signal of both MMP-2 and MMP-9
seemed more intense in multinucleated cells than in mononucleated cells. The local-
ization of MMPs in the differentiated cells did not seem restricted to certain areas
in the cell. MMP-9 was upregulated in differentiated cells compared to cells cul-
tured without RANKL, whereas MMP-2 was present in both RANKL-activated and
non-activated cells. Gelatin zymography, in which MMP activity can be visualized
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Figure 5.2: Concentration assay with RAW 264.7 osteoclasts. a) Light microscopy of
differentiated osteoclasts after 7 days of culture on TCP. Left: TRAP-active
cells, differentiating to osteoclasts are stained red. Both mononucleated cells
and multinucleated cells stain TRAP-active. Right: DAPI stained nuclei,
multinucleated cells can be identified. b) Quantification of multinucleated
cells. Number of multinucleated cells (osteoclasts) after 7 days of culture on
TCP with different seeding densities and different RANKL concentrations in
the medium.

through the digestion of gelatin embedded in a poly-acrylamaide gel, was performed
with medium supernatant and cell lysate, both collected after 11 days of culture.
The zymograms of the medium and lysate showed clear signals for MMP-9 in its pro
form and a weaker signal for the active form (Figure 5.3 B). An additional signal at
around 125 kD represents the NGAL MMP-9 complex [257]. The MMP-2 signal of
the inactive form was present, but very weak and hardly visible in either zymogram.
In non-differentiated cells cultured without RANKL, no MMP-2 and MMP-9 signals
could be observed (data not shown).
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Figure 5.3: MMP activity of differentiated osteoclasts. a) Immunostaining of MMPs in
RAW 264.7 cells cultured on bone with and without the addition of RANKL.
Cells were stained for actin (green), DAPI (blue) and MMP-2 or MMP-9 anti-
body (red). The top row shows cells cultured with 50ng/ml RANKL, bottom
row shows cells cultured without RANKL. Difference in MMP-9 signal (red)
between differentiated and non-differentiated cells is clear. b) Gelatin zy-
mography of medium and lysate collected after 11 days of culture. A clear
MMP-9 signal is visible in the zymography with medium supernatant (left)
and cell lysate (right). The MMP-2 signal is not visible in the zymogram of
the medium and very weak in the zymograms for the lysates. The two lanes
labeled with MMP-2 and MMP-9 show reference signals of pure MMPs.

5.3.3 Osteoclast morphology; actin ring formation and
acidic compartments

Immunostaining for actin and DAPI in osteoclasts cultured on bone slices confirmed
the multinucleated and polarized character of the osteoclastic cells. Additionally,
actin rings could be observed in these multinucleated cells near the bone surface,
indicating direct surface contact. For cells with a large number of nuclei (more
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than 10) and with increasing size, multiple actin rings were observed more frequently
in a single cell (Figure 5.4 A).

z = 7.7 µm z = 12.8 µmz = 4.4 µm

z = 4.4 µm z = 7.7 µm z = 12.8 µm

z = 0 µm

z = 23.5 µm

z = 0 µm

z = 23.5 µm

50 µm

a)
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Figure 5.4: Confocal microscopy image of RAW 264.7 cells on bone. a) Actin fibers are
stained with phalloidin (green) and nuclei (DNA) with DAPI (blue). The
first three images show a top view of the same ROI with different z-positions
illustrating the multiple actin rings formed by one cell on the bone surface.
The last image to the right is the side view of the same cell. b) Staining with
acridine orange. DNA in the nuclei is stained green and acidic compartments
are stained orange. The first three images show a top view of the same ROI
with different z-positions. Large acidic compartments fluorescence orange
and mononucleated cells only exhibit green fluorescence.

After seven days of culture on bone and subsequent staining with acridine orange,
emission of orange fluorescence could be observed in cells with two or more nuclei,
whereas mononucleated cells emitted orange fluorescence very weakly (Figure 5.4 B).
Near the bone surface a more intense signal was observed at the cell periphery.
Additionally, the acridine orange stain, indicating an acidic environment, was only
visible in living cells, fixed cells only showing a blurred orange signal over the entire
cell body (data not shown).
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5.3.4 SEM and stereo-SEM analysis of osteoclastic cells and
resorption pits on bone

SEM analysis was performed on bone slices after 14 days of culture with RAW cells.
On the samples with the fixed cells, osteoclastic resorption could be observed near
large polarized cells (Figure 5.5 A). As cell nuclei are not visible in the SEM image,
polarity was used as the criterion to define cells as osteoclasts. As shown on TCP
(Figure 5.2), a number of cells were non-differentiated (polarized), but nevertheless
attached to the bone.

20 µm

5 µm

5 µm 5 µm

a)

b) PERP LONG

Figure 5.5: SEM analysis of osteoclast cells on bone after 14 days of culture and resorp-
tion pits in bone. a) Osteoclast on bone. On the upper right part of the cell
the resorption pit below the cell became visible (see inset). The small cells
are non-differentiated, mononuclear cells, which do not resorb bone. b) Ori-
entation of collagen fibers in the resorption pits. Left: perpendicularly cut
bone (PERP); right: longitudinally cut bone (LONG).

By removing the cells with ammonia before analysis, all resorption pits were exposed
and could be analyzed quantitatively and qualitatively. Resorption traces showed a
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sharp contour and a roundish shape. The mineral phase was dissolved and loose col-
lagen fibers were revealed. Orientation of these exposed collagen fibers was different
on the LONG- and PERP-cut bone slices, but in both cases the fibers were oriented
mainly along the axis of the femur, which was in the cutting plane for LONG and
perpendicular to it for PERP (Figure 5.5 B).

From the 3-D data generated from the stereo-SEM images, the dimensions of the
resorption pits were measured, as described above for n=143 pits on bone and
n=103 pits on collagenase-treated bone. The dimensions of the pits on untreated
and collagenase-treated bone slices are presented in box plots (see Figure 5.6) and
summarized in Table 5.1. The box represents median, first (Q1) and third quartiles
(Q3), additional whiskers indicating the width of distribution from the lower 5 % to
the upper 95 % of data. Additional triangles indicate the maximum and minimum
values measured. In general there was no statistical significant difference between
the LONG and PERP groups, except for the depth of resorption pits on untreated
bone, which showed a smaller distribution on a lower level for LONG than for PERP
(p < 0.05), this difference disappearing after collagenase treatment (Figure 5.6 C).
Groups with the same cutting direction always showed a significant increase in the
dimensions following collagenase treatment (p < 0.05).

untreated bone collagenase treated bone

Q1 Q2 Q3 Q1 Q2 Q3
(median) (median)

length [µm] PERP 9.75 15.08 22.52 21.21 23.80 30.14
LONG 8.75 11.94 16.66 14.59 21.29 27.06

width [µm] PERP 6.65 8.74 13.89 11.49 15.79 19.72
LONG 5.92 7.81 10.84 11.77 15.28 18.74

depth [µm] PERP 1.32 1.99 3.03 3.00 3.51 3.97
LONG 0.92 1.29 1.63 2.91 3.70 4.68

Table 5.1: Dimensions of resorption pits on untreated and collagenase-treated bone. Pre-
sented as first (Q1) second (Q2, median) and third quartiles (Q3) as illustrated
in Figure 5.6.
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Figure 5.6: Dimensions of osteoclastic resorption pits on untreated and collagenase-
treated bone. Distribution of length (a), width (b) and depth (c) of resorption
pits are shown in box plots representing median, first and third quartiles as
a box and the range of 5 - 95 % of data as whiskers lines. Minimum and
maximum data are represented as triangles. Statistical significant difference
between groups are indicated with a star (p < 0.05).
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5.3.5 Bioinspired osteoclastic resorption pits pattern
(BORP)

To obtain a homogeneous pattern of representative resorption pits, the data pre-
sented above for the longitudinally and perpendicularly cut, collagenase-treated
samples were pooled and further processed as described above. The resulting 20 rep-
resentative pits are listed in Table 5.2, together with their length, width, depth,
x- and y-coordinates, as well as their orientation within the x-y plane. The shape of
the bioinspired pits was defined as shown in Figure 5.7 A, the cross referring to the
reference point for the x- and y-coordinates. Figure 5.7 B shows one unit cell of the
pattern with a side width of 105 µm, as drawn in CAD. Figure 5.7 C shows a SEM
image of the replicated pattern as it was used further for osteoblast tissue culture.
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Figure 5.7: Definition and sample of a biomimetic osteoclastic resorption pattern
(BORP). a) Definition of the form of an exemplary pit with length (L), width
(W) and depth (D). b) One unit cell of the pattern as defined in Table 5.2.
Additionally the vertical and horizontal sections are shown. c) SEM image
of the BORP surface as used for further tissue culture with osteoblasts. The
unit cell is marked with a white dotted line.

The dimensions of the pits were successfully confirmed by means of stereo-SEM (data
not shown). Additionally, the surface roughness Sa of the pattern was measured with
stereo-SEM. Sa for the cut-off wavelength λc = 580 µm was 1.12 ± 0.18 µm and
the surface roughness in the pits measured with a cut-off wavelength λc = 2 µm
was 40.5 ± 1.1 nm.
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Nr. dimensions coordinates
length [µm] width [µm] depth [µm] x [µm] y [µm] rotation [°]

1 7.5 6.25 1.5 82.5 7.5 0

2 12.5 6.25 2.5 77.5 77.5 22.5

3 12.5 8.75 2.5 5.5 5.5 45

4 12.5 8.75 2.5 97.5 52.5 67.5

5 12.5 11.25 2.5 50.5 12.5 90

6 17.5 11.25 2.5 97.5 7.5 112.5

7 17.5 11.25 3.5 37.5 92.5 135

8 17.5 13.75 3.5 62.5 69.5 157.5

9 22.5 13.75 3.5 7.5 97.5 0

10 22.5 13.75 3.5 89.5 70.5 22.5

11 22.5 16.25 3.5 67.5 12.5 45

12 22.5 16.25 3.5 92.5 89.5 67.5

13 22.5 16.25 3.5 10.5 62.5 90

14 22.5 16.25 3.5 82.5 52.5 112.5

15 27.5 18.75 4.5 30.5 10.5 135

16 27.5 18.75 4.5 95.5 29.5 157.5

17 27.5 21.25 4.5 30.5 72.5 0

18 27.5 21.25 5.5 57.5 90.5 22.5

19 32.5 23.75 5.5 15.5 37.5 45

20 37.5 26.25 6.5 52.5 37.5 67.5

Table 5.2: Definition of biomimetic osteoclastic resorption pattern. List of the 20 rep-
resentative pits of BORP as shown in Figure 5.7. Length, width, depth,
x-y position and orientation (rotation) are indicated for each pit in the unit
cell.
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5.3.6 Osteoblast morphology, proliferation and
differentiation on TLA, BORP and TS surfaces

MC3T3 osteoblastic cells were observed with CLSM and SEM on sandblasted and
acid etched (TLA), biomimetic osteoclastic resorption pit pattern (BORP), and
smooth (TS) surfaces, following one day of incubation. CLSM showed that os-
teoblasts on TLA were relatively small in size with spiky extensions and adhesion
points, whereas the cells on the smooth TS surface displayed a high degree of spread-
ing, with highly oriented actin fibers (stained green) (Figure 5.8 A). Cells cultured
on BORP showed partially oriented actin fibers, as on the TS surface, however the
attachment points seemed to be bigger and the cell spreading not as extended. Fig-
ure 5.8 B shows three representative SEM images for cells cultured on TLA, BORP
and TS. On TLA, cells were small in size and attached at the micro-rough features
of the titanium surface, whereas cells on the BORP surface seemed to attach and
align partially along the borders of the artificial resorption pits, but at the same
time seemed, at other locations, to ignore the surface structure. On TS, the cells
showed maximal spreading.

50 µm

TSBORPTLAa)

b)

Figure 5.8: Morphology of osteoblastic cells on TLA, BORP and TS. a) In confocal
images actin fibers are stained with phalloidin (green) and DNA is stained
blue with DAPI. Different cell morphologies and cells sizes could be observed,
depending on surface topography. b) SEM images show cell attachment to
different surface features.
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Proliferation (DNA content) of osteoblasts on TLA, BORP and TS was measured af-
ter 13 days of culture, together with osteoblastic differentiation markers such as alka-
line phosphatase activity (ALP) and mineralization. It could be shown that MC3T3
osteoblast-like cells proliferate faster on BORP than on TLA and TS (p < 0.05),
while ALP activity and mineralization were higher on TS than on TLA and BORP
(p < 0.05) (Figure 5.9). The osteogenic character of the MC3T3 cells was confirmed
in control experiments using proliferation medium instead of differentiation medium,
showing a clear decrease in differentiation markers (data not shown).
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Figure 5.9: Proliferation and differentiation of MC3T3 osteoblastic cells on three differ-
ent surfaces after 13 days of culture. Proliferation (a) is expressed as DNA
content in the lysate. ALP activity (b) was measured in the lysate and nor-
malized to DNA. Mineralization (c) was quantified by measuring the calcium
content with alizarin red and normalized to DNA. Statistically significant dif-
ferences are indicated with a star (p < 0.05).

5.4 Discussion

Bone remodeling is widely described as a process involving bone-resorbing osteo-
clasts and bone-forming osteoblasts [19]. In this study we introduced a simpli-
fied in vitro model for bone remodeling, applicable for osseointegration applications
where the dimensions of osteoclastic resorption pits on bone were measured, data
were transferred into a biomimetic resorption pattern, which was then finally used as
a substrate for osteoblast culture and compared to an implant surface (Figure 5.1).

100



5.4 Discussion

5.4.1 Characterization of osteoclast cell line
Osteoclasts differentiated from RAW 264.7 cell line were cultured at different seed-
ing densities and RANKL concentrations, and it could be shown that osteoclast
formation in vitro was dependent on both factors. There seems to exist an ideal
range of cell density that allows the formation of multinucleated osteoclasts. At the
lower threshold, the cells seem to be too sparse and at higher densities too conflu-
ent to form giant multinucleated cells. On the other hand, RANKL concentration
above a maximum of 25 ng/ml did not seem to increase the number of osteoclasts
any further. This finding might indicate that at higher concentrations, RANKL
was saturated at the cell surface and no increase in biological response could be
achieved. The three criteria defining an osteoclast in light microscopy—more than
two nuclei, polarized cells and TRAP activity—seemed reasonable and have been
described before [42]. TRAP activity or cell polarization alone would not be enough
to define an osteoclast. The bone-resorbing potential of osteoclasts was confirmed
through the observation of actin rings, the presence of acidic compartments and
immunostaining of MMPs and gelatin zymography (Figures 5.3 and 5.4). The acri-
dine orange signal blurred out in fixed cells and actin staining can only be achieved
in fixed cells, so it was unfortunately not possible to correlate the presence of actin
rings to areas with higher acidic content and vice-versa. This problem could possibly
overcome by using transfected RAW cells with GFP-labeled actin [258]. It has been
observed before, and was confirmed here, that there is no clear correlation between
the localization of the rather diffuse MMPs in the cells and the actin rings [259].
However with immunostaining of MMPs and gelatin zymography we could show that
MMPs, especially MMP-9, were upregulated in differentiated osteoclasts and that
the MMPs seen in confocal microscopy were active and digested gelatin (Figure 5.3).
It has been shown earlier by PCR [65] anf gelatin zymography [66], that MMP-9
is upregulated in RANKL-induced RAW 264.7 cells, and that collagen resorption
was reduced by blocking MMP-9 [260]. Active osteoclasts resorbing bone could be
imaged by SEM, as shown in Figure 5.5 A. A more advanced method to further an-
alyze the bone resorption process directly below an osteoclast would be focused ion
beam (FIB) connected with SEM or TEM (transmission electron microscopy) [261].
Combining these indications we were able to confirm the bone resorption activity of
the RAW 264.7 cell line used.

5.4.2 Quantification of resorption pits
Resorption pits produced on bone, with the osteoclasts described above, were an-
alyzed by means of stereo-SEM. Bone slices from long bone cut in two different
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directions (PERP and LONG) were used, and from both groups half of the samples
were post-treated with collagenase to remove exposed loose collagen fibers. Overall,
the size of the pits was in a range of 5 - 35 µm, 5 - 25 µm and 0.5 - 4.5 µm for
length, width and depth, respectively. The size of the pits increased significantly
after collagenase treatment. This increase could be explained by the removal of loose
collagen fibers, as previously shown [225].In this study we additionally distinguished
the influence of fiber orientation on osteoclastic resorption. We could show quanti-
tative and qualitative differences depending on fiber orientation; morphology in the
pits observed by SEM was different depending on collagen fiber orientation (Fig-
ure 5.5 B) and the depth of resorption pits was significantly lower for LONG then
for PERP. However, this difference disappeared after collagenase treatment, imply-
ing that the acidic resorption of the mineral phase is independent from collagen
fiber orientation in bone (Figure 5.6 C). It can be assumed that dimensional data of
the resorption pits in the collagenase-treated samples show the extent of the acidic
attack on hydroxyapatite, which is obviously faster than the enzymatic digestion
of the organic matrix by MMPs and cathepsin-K. Under the influence of estrogen
and batimastat, the osteoclasts’ ability to resorb collagen was restricted, resulting in
resorption pits that showed no degraded collagen fibers [262]. Differences in the di-
mensions of the resorption pits of untreated bone observed between perpendicularly
and longitudinally cut samples of a long bone have been previously described in a
study using slices of sperm-whale cementum, which shows areas of highly oriented
collagen fibers [263]. Resorption pits on samples with fibers perpendicular to the
cutting plane were smaller in volume then on slices with fibers orientated along the
cutting plane. This correlates well with the data presented here, where the depth
of resorption pits was dependent on the cutting direction of the bone slices and
hence the fiber orientation. Other methods than stereo-SEM, such as optical laser
profilometry, were used previously to measure osteoclastic resorption. The mean
depth of resorption pits of primary osteoclasts on β-tricalciumphosphate (β-TCP)
was measured to be in the 6 - 7 µm range, which is larger than that measured in
the present study on bone [264].

We were able to quantify the dimensions of resorption pits depending on collagen
fiber orientation and could distinguish between acidic resorption of the mineral phase
and enzymatic digestion of the organic phase.

5.4.3 Definition and production of BORP
The data presented for the dimensions of osteoclastic resorption pits were further
processed to design a simplified biomimetic pattern of resorption pits. To take into
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account the role of the bone lining cells, which further degrade collagen fibers in
resorption pits [5], we chose to produce samples from the data of the collagenase-
treated resorption pits. As data from the perpendicular (PERP) and longitudinally
(LONG) cut samples did not show significant differences, the data were pooled for
further processing. With the chosen technology of eximer-laser processing it was
possible to produce large-scale patterns with features of dimensions 0.5 - 40 µm.
Replication with silicone and epoxy reproduced the pattern with dimensional ac-
curacy (Figure 5.7) [254]. For technical reasons it was not possible to additionally
structure patterns in the submicron range to reflect the roughness of the remaining
collagen fibers. For the same reason, comparing to collagenase-treated samples, we
were not able to reproduce the roughness of the hydroxylapatite crystals in the re-
sorption pits, both resulting in a further simplification of the pattern. We showed
earlier that the surface roughness (Sa) in resorption pits, measured with a cut-off
wavelength λc = 2 µm, was in the range of 60 - 70 nm for untreated and collagenase-
treated bone, whereas roughness of the TLA surface was in the range of 140 nm [225].
On the BORP surface, the roughness of the features was lower (Sa = 40 nm) than
in resorption pits of untreated and collagenase-treated bone. An improved BORP
surface could include a collagen coating, applied with a method already described
and tested on titanium surfaces [265].

5.4.4 Osteoblast culture on biomimetic resorption patterns

Finally, osteoblasts were grown on the biomimetic osteoclastic resorption pattern
(BORP) described above. Cell morphology, proliferation and differentiation were
compared to cells grown on smooth (TS) and rough (TLA) titanium implant sur-
faces. On TS, osteoblasts spread extensively and showed highly oriented actin fibers,
whereas on the rough TLA surface, cells were smaller in size and attached to the sub-
micron features of the surface (Figure 5.8). This difference in cell morphology and
attachment on smooth and sandblasted and acid-etched surfaces, as used in this
study, is well described for different osteoblastic cell lines and primary cells [98].
However, osteoblasts cultured on the novel BORP surface showed a hybrid form be-
tween cells on TS and TLA. They were smaller in size then cells on TS but showed
some regions with highly oriented actin fibers. However, adhesion structures showed
similarities with those seen on TLA. In particular, with SEM it could be shown that
in some regions the cells seemed to adapt to the BORP surface structure, or ad-
here at the ridges between two pits, whereas in other regions they seemed to ignore
the surface features and spread across them. Morphology of osteoblasts cultured
on bone with resorption pits showed a similar cell morphology and spreading over
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multiple resorption pits, as could be observed on BORP [249]. This correlates with
light microscopy and SEM studies of osteoblasts cultured on surfaces with different
roughnesses, where a partial orientation along the grooves with feature size in the
micrometer range was observed [266].

We observed increased proliferation of osteoblasts on BORP compared to that on
TS and TLA after 13 days. However, both differentiation markers (ALP and min-
eralization) showed no statistical significant difference between BORP and TLA,
but increased values were observed on TS. Increased mineralization of MC3T3 was
observed after 13 days on polished surfaces compared to scaffold surfaces with dif-
ferences in pore size; however ALP was shown to be higher on the rough scaffolds
then on the polished surface [87]. The different observations could be explained
with the fact that ALP concentration varies in the cells over time [267]. Consider-
ing that TLA represents a clinically successful implant surface, it is remarkable that
osteoblasts cultured on the BORP surface show similar differentiation behavior as
on TLA and differ significantly from TS.

An in vitro model for bone remodeling was previously proposed, in which osteoblasts
were grown on bone surfaces with osteoclastic resorption pits [249]. It was proposed
that only osteoclasts and osteoblasts are relevant for the bone-remodeling cycle and
that osteoblasts partially resorb the remaining organic matrix before depositing a
cement line of osteopontin. In contrast to the results presented here, this study only
analyzed osteoblast behavior microscopically and not quantitatively as we have done
with ALP and mineralization measurements. In another in vitro model for bone re-
modeling, with a more specific focus on implant surfaces, osteoclasts were grown
on bone with resorption pits. Although in this specific study the resorption pits
covered less than 10 % of the surface, osteoblast proliferation was reduced and dif-
ferentiation (measured with ALP activity) increased compared to non-treated bone
surface and smooth and rough titanium surfaces [232]. The contradictory results
in osteoblast proliferation and differentiation might be explained by the fact that
different cell lines were used (MG-63 and MC3T3). However it is interesting that
both cell lines showed comparable results between osteoclastic resorption patterns
and rough titanium implant surfaces on the one hand and contrasting results on
smooth titanium surfaces.

5.4.5 Conclusions

We have established a simplified in vitro model for bone remodeling for implant
applications, based on the quantification of osteoclastic resorption pits. Dimensional
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data of resorption pits on native bone were simplified and reproduced as a biomimetic
osteoclastic resorption pattern (BORP). Osteoblasts were cultured on this BORP
surface and compared to a clinically proven rough titanium implant surface (TLA)
and a smooth titanium surface (TS). It could be shown that on BORP and TLA
osteoblasts showed similar differentiation markers, such as ALP and mineralization.
This finding might help to understand bone remodeling in the vicinity of implant
surfaces and might explain why implant surfaces with roughnesses in the range of
osteoclastic resorption pits show superior osseointegration properties.
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Abstract

Osteoblast cells cultured on different implant surfaces, independently varying in
surface roughness and surface chemistry, allows the impact of these parameters on
osseointegration to be investigated. This study systematically compared osteoblast
behavior on replicas of five different rough surfaces coated with four different metal-
lic coatings. MC3T3 osteoblastic cells were cultured on replicas of acid etched only
(TA), sandblasted with small grit (TSA) or large grit and subsequently etched tita-
nium (TLA), sandblasted and etched zirconia (ZLA) and smooth wafers (SM). All
replicas were coated with silicon, titanium, zirconium or aluminum to vary the sur-
face chemistry, yielding a matrix of 20 different systematically comparable surfaces.
It could be shown that cell number after 3, 7 and 13 days was higher on SM than
on all rough surfaces. Alkaline phosphatase (ALP) activity and mineralization was
increased on ZLA and SM replicas after 13 days. Further, neither proliferation nor
ALP activity were dependent on surface chemistry, mineralization did show such a
dependency; cells on Si and Ti surfaces mineralized more than on Zr and Al surfaces.
It could be concluded that osteoblast behavior is mostly influenced by changes in
surface topography in the submicron range, surface chemistry playing a much less
significant role.

6.1 Introduction

Cell-culture studies of osteoblasts allow for a wide screening of implant surface pa-
rameters and detailed analysis of cell attachment, proliferation and differentiation
under readily controllable conditions. While it is difficult to translate in vitro find-
ings into clinical applications, such as dental-implant treatment or orthopedics, they
remain important for the evaluation of novel implant surfaces and the understanding
of osseointegration. Surface roughness influences osteoblast morphology, prolifera-
tion and differentiation and it has been shown in vivo and clinically that rough
implant surfaces improve osseointegration [129, 207]. Additionally, recent studies
have explored the use of different implant materials, such as zirconia, by analyzing
the osteoblastic response in vitro [96], by assessing biomechanical and histological
parameters in the mandible of minipigs [166] and by collecting clinical data on the
success rate of zirconia implants [170].

Osteoblasts form new bone tissue through the secretion of proteins, mainly colla-
gen type I but also alkaline phosphatase (ALP), osteonectin and osteocalcin. The
formation of the mineral phase of bone, hydroxylapatite, is promoted through the
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local regulation of calcium and phosphate by osteoblasts [234, 250]. The measure-
ment of ALP activity and mineralization, i.e. calcium content, are some of the
most characteristic parameters that are used to evaluate osteoblastic differentiation
in vitro. The osteoblastic MC3T3 cell line has also been widely described to vary
in its behavior, depending on the specific subclone [80]. Preosteoblastic subclone 24
has shown high ALP activity compared to subclone 4 [82]. In general, ALP activity
and other differentiation markers expressed by MC3T3 were shown to be sensitive to
surface roughness [87,89]. In a screening of different surface structures on one sam-
ple, the osteocalcin, osteopontin and mineralization of MC3T3 osteoblasts cultured
over 2 and 3 weeks have been shown to vary as a function of surface roughness [86].

Different metal coatings on smooth surfaces have been described to lead to variations
in protein adsorption and early cell attachment of primary human osteoblasts [201].
Additionally, osteoblastic response to smooth glass, stainless steel and titanium alloy
surfaces has been described previously [268]. However, to the best of our knowledge
no systematic comparison has been performed on osteoblast response to identical
rough surfaces with different coatings representing different implant materials.

An important aspect of surface chemistry can be quantified by the isoelectric point
(IEP), describing the pH at which a surface carries no net charge. Choosing oxi-
dized metal coatings covering a broad range of IEPs from silicon (IEP < 3), titanium
(IEP 4.2 – 6.5) to zirconium (IEP 5.5 – 7) and aluminum (IEP 8 - 9) might bring
further insights on the influence on surface chemistry on osteoblast differentiation
on rough implant surfaces (all IEP values taken from [192]).

The resemblance in surface features between existing and experimental titanium
and zirconia implant surfaces and osteoclastic resorption pits has been previously
described [225]. With a focus on the bone-remodeling cycle, it was hypothesized that
this similarity in surface structure might help to better understand the improved
osseointegration properties of rough implant surfaces. Additionally, by culturing
osteoblasts on native bone with osteoclastic resorption pits and on a biomimetic
osteoclastic resorption pattern (BORP), it was shown that osteoblast differentiation
on these surfaces is similar to that seen on rough implant surfaces [232] (and see
Chapter 5). These experiments imply a connection between the bone-remodeling
cycle and successful osseointegration of rough implant surfaces.

The aim of this study was to evaluate osteoblast morphology, cell number and differ-
entiation on well-characterized rough implant surfaces coated with different metals,
covered with their native oxides. The roughness present showed structural simi-
larities to osteoclastic resorption pits. In order to have complete independence of
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morphology and surface chemistry, replicas of four rough implant surfaces and a
smooth surface were coated with four different metallic coatings, covering a broad
range of IEP values, to yield a matrix of 20 surfaces that could be systematically
compared, to reveal how and to what extent surface roughness and implant material
influence osteoblast behavior. This information is of high of value for the design of
implant surfaces.

6.2 Materials and methods

6.2.1 Sample preparation
Rough titanium and zirconia implant surfaces were produced as previously de-
scribed [225]. Briefly, prior to hot-acid etching (14 % hydrochloric acid and 34 % sul-
furic acid), commercially pure titanium (Ti c.p.) disks (Thommen Medical AG,
Waldenburg, Switzerland) were either sandblasted with large-grit (126 – 150 µm)
alumina (TLA), small-grit (64 – 71 µm) alumina (TSA), or not sandblasted at
all (TA). Yttria-stabilized zirconia disks (Y-TZP) (Thommen Medical) were sand-
blasted with large-grit alumina followed by etching in an alkaline bath of NaOH
and KOH (1:1) at 210 °C for 30 hours (ZLA). Smooth surfaces (SM) were prepared
from silicon wafers. Replicas were produced from the rough titanium and zirconia
surfaces by means of a technique that has been previously described [254]: Negatives
were produced using low-viscosity and fast-curing silicone (PROVILnovo; Heraeus
Kulzer GmbH, Germany). The silicone negatives were themselves replicated with
epoxy (EPO-TEK 302-3, Epoxy Technology, Billerica MA), which was cured at
60 °C overnight. The epoxy replicas and silicon wafers were sputter-coated with
40 nm metallic silicon (Si), titanium (Ti), zirconium (Zr) or aluminum (Al) (PSI,
Villigen, Switzerland). Si-, Zr- and Ti-coated samples were cleaned in 2 % aque-
ous alkaline detergent (Hellmanex, Hellma, Mülheim, Germany), Al-coated samples
were cleaned in 4 % aqueous mild detergent (Deconex 16 plus, Borer Chemie, Zuch-
wil, Switzerland) before and after coating, and in an air plasma (1 min) (PDC 32G,
Harrick, Ithaca NY, USA) immediately before use in cell culture.

6.2.2 Surface roughness measurement
Surface roughness of all rough surfaces was measured with stereo-SEM as previ-
ously described [225]. Briefly, the same region of interest (ROI) was imaged twice
by SEM (Zeiss SUPRA 50 VP, Zeiss, Oberkochen, Germany) with the stage eucen-
tricly tilted by 10° between the two images. From these stereo-pairs, 3D data were
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generated by means of specialized software (MeX from Alicona, Graz, Austria). Sur-
face roughness Sa was measured using the window-roughness method [174]. Surface
roughness is expressed as a function of the cut–off wavelength λc, surface features
above this wavelength being defined as waviness and excluded from the calculation
of the roughness parameters, such as Sa. Surface roughness was measured with a
cut-off wavelength λc = 580 µm for the overall roughness and λc = 2 µm to measure
smaller surface features, mainly in the sub-micron range

6.2.3 Cell culture of MC3T3 cells

MC3T3-E1 subclone 24 (CRL-2593; ATTC) cells were cultured in 5 % CO2 at
37 °C in α-MEM medium without ascorbic acid, supplemented with 10 % heat-
inactivated fetal bovine serum (FBS) and 1 % ABAM (antibiotic-antimycotic) (all
from Invitrogen, Carlsbad CA, USA). The medium was exchanged one day after
seeding and then every second day. Three days after seeding, the medium was
supplemented with 50 µg/ml ascorbic acid and 10 mM β-Glycerophosphate (both
Sigma, Buchs, Switzerland) for osteoblastic differentiation. Initial seeding density
was 6’000 cells/cm2 for adhesion and early proliferation experiments, where the
DNA content was measured after 1, 3 and 7 days of culture. For the differentiation
experiments measuring ALP activity and mineralization after 13 days, initial seed-
ing density was 40’000 cells/cm2, for SEM and confocal microscopy performed after
1 day 10’000 cells/cm2 was used.

For DNA content measurement and ALP activity determination, cells were lysed for
30 minutes in lysis buffer (0.56 M 2-amino-methyl-1propanol, 0.2 % Triton X-100,
pH adjusted to 10 with HCl). Lysates were dispersed with a syringe and centrifuged;
supernatants were stored at -20 °C until further use. DNA content was measured
in a microplate reader (Infinite M200, Tecan, Männedorf, Switzerland), using the
PicoGreen assay (Invitrogen) as described by the supplier. ALP activity was mea-
sured using 100 µl ALP reagent (20 mM 4-Nitrophenyl phosphate disodium salt
hexahydrate, 4 mM MgCl2 in lysis buffer) mixed with 100 µl cell lysate, incubated
at 36 °C. The reaction was stopped with 1M NaOH after 60 minutes. Optical read-
out at 410 nm was performed with a microplate reader. Data was normalized to
DNA.

Mineralization was measured according to Gregory et al. [255]. Briefly, after rinsing
with PBS, cells were fixed in ice-cold ethanol for 5 minutes, rinsed with distilled wa-
ter and stained with 40mM alizarin red solution (pH adjusted to 4.1-4.3) (Sigma).
After extensive rinsing with distilled water, samples were immersed in 10 % acetic
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acid for 30 minutes at room temperature. Acetic acid was removed, together with
the remaining cells, heated to 85 °C for 10 minutes, followed by 5 minutes cooling
on ice. After centrifugation, the supernatant was mixed with ammonia to adjust the
pH to 4.1-4.3. The optical density was measured at 405 nm and then normalized to
DNA.

6.2.4 Confocal microscopy
Confocal laser-scanning microscopy (CLSM) (SP05, Leica, Germany) was performed
on cells fixed in 4 % paraformaldehyde (PFA, Sigma) in MP buffer (65 mM PIPES,
25 mM HEPES, 10 mM EGTA, 3 mM MgCl2), permeabilized with
0.25 % TritonX-100 in PBS and subsequently blocked with 2 % bovine serum al-
bumin (Sigma). Fixed cells were stained for actin (Alexa Fluor 488 phalloidin;
Invitrogen) and nuclei were stained with DAPI.

6.2.5 SEM analysis
For characterization of cell shape and interaction of cells with the corresponding
substrate surface, cells were fixed in 4 % PFA and 2 % glutaraldehyde (Sigma).
Samples were dehydrated in an ascending ethanol series and critical-point dried in
CO2 (CPD 030, Baltec, Switzerland) followed by SEM analysis.

6.2.6 Statistics
DNA content and differentiation (ALP activity and mineralization) assays were per-
formed in triplicate in three independent experiments. Data were tested for outliers
according to Grubbs [256], followed by two-way ANOVA with post hoc testing ac-
cording to Tukey for the factors topography and coating. Significance level was set
at p < 0.05 for results obtained in tissue culture and at p < 0.001 for comparisons
of surface roughness values.
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6.3 Results

6.3.1 Surface roughness

Surface roughness Sa of the replicas of all rough surfaces (TA, TSA, TLA and ZLA)
was measured using stereo-SEM. The overall surface roughness was measured with
a cut-off wavelength λc = 580 µm, the submicron surface roughness with a cut-off
wavelength λc = 2 µm. As illustrated in Figure 6.1 A, the overall surface roughness
was significantly different between all surface topographies.
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Figure 6.1: Surface roughness (Sa) calculated from stereo-SEM images of replicas of four
different surface structures (TA, TSA, TLA and ZLA) each coated with four
different metal coatings (Si, Zr, Ti, Al). Surface roughness is described as
a function of the cut-off wavelength λc = 580 µm (a) and λc = 2 µm (b).
Significant differences between groups are indicated with letters a, b and c.
There were no differences between the different coatings, overall and in the
single group of one surface (p < 0.001).
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However, surface roughness did not differ significantly between different coatings in
one group of surface treatments (i.e. TA coated with Ti vs. TA coated with Zr). The
lowest Sa values, averaged over all coatings, were measured for TA
(Sa = 1.09 ± 0.05 µm) and ZLA (Sa = 1.24 ± 0.08 µm), followed by TSA
(Sa = 2.36 ± 0.06 µm) and highest values for TLA (Sa = 2.54 ± 0.08 µm). Surface
roughness in the submicron range (λc = 2 µm) was lowest for ZLA
(Sa = 0.068 ± 0.003 µm), the TA, TLA and TSA surfaces showing a surface rough-
ness of Sa = 0.099 ± 0.005 µm, Sa = 0.091 ± 0.006 µm and Sa = 0.112 ± 0.007 µm,
respectively, the differences all being statistically significant (see Figure 6.1 B).
Again, surface roughness did not differ significantly between different coatings in
one group of surface treatments. For technical reasons, no stereo-SEM analysis on
the smooth SM surfaces was performed, but conventional SEM confirmed the very
smooth surface topography of SM.

6.3.2 Cell morphology and adhesion
Cells were seeded on the substrates and imaged after one day by means of scanning
electron microscopy (SEM) and confocal laser-scanning microscopy (CLSM). Fig-
ure 6.2 shows representative images of cells cultured on TA, TSA, TLA, ZLA and
SM coated with titanium. Cells cultured on TA, TSA and TLA were rather small
in size, whereas cells cultured on ZLA showed a more pronounced spreading and
partly oriented actin fibers. Especially on TSA and TLA, cells seemed to spread
over surface structures in the size of 10 – 20 µm, which originate from the sand-
blasting. On SM osteoblasts showed maximal spreading with highly ordered acting
fibers. Generally, no differences in cell morphology and adhesion could be observed
between samples with the same surface roughness but different surface coatings.

6.3.3 Cell number
Cell number, expressed as the amount of DNA, of osteoblasts cultured on different
surfaces for 1, 3 and 7 days is illustrated in Figure 6.3. After one day all smooth
surfaces (SM) showed more osteoblasts than all rough surfaces. Additionally, a
significant difference between TSA and ZLA was observed. After 3 and 7 days, there
were significantly more osteoblasts on SM than on all rough surfaces. However, no
significant differences were observed between the four rough surfaces. At all three
time points, there were no significant differences between the four different coatings
in either of the groups with the same roughness or over all groups.
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Figure 6.2: Morphology of osteoblasts cultured on surfaces with different surface rough-
ness imaged with SEM (left) and confocal laser-scanning microscopy (right).
All substrates were coated with titanium but represent characteristic cell
morphologies on the corresponding surface roughness. No differences be-
tween different surfaces coatings in one group of surface topography could
be observed.
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ences between the different coatings, overall and in the single group of one
surface (p < 0.05).
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Cell number of MC3T3 cells after 13 days of culture is summarized in Figure 6.4 A
and showed the same trends as described above for the 3 and 7 days experiments.

6.3.4 ALP activity
ALP activity after 13 days of culture normalized to DNA is presented in Figure 6.4 B.
Increased ALP activity could be observed on ZLA and SM compared to TA, TSA
and TLA. There was no difference between the four metallic coatings calculated over
all topographies, nor were there differences within the groups with the same surface
topography.

6.3.5 Mineralization
The alizarin red signal from the optical read-out was normalized to DNA to define
the mineralization of osteoblasts grown on the different surfaces. It could be shown
that osteoblasts on SM and ZLA mineralize more than osteoblasts grown on TA,
TSA and TLA (Figure 6.4 C). In the SM group with the smooth surface topography
the Ti coated samples showed significantly more mineralization than the other three
surface coatings and Si coated samples showed significantly more mineralization than
Al coated samples. Additionally, we observed significantly more mineralization on
Si and Ti coated surfaces compared to Zr and Al coated surfaces averaged over all
surface topographies (Figure 6.5).

6.4 Discussion
This study has analyzed osteoblastic response to systematically comparable implant
surfaces coated with different metals representing a broad range of IEP values and
exhibiting different rough surface topographies similar to osteoclastic resorption pits,
to better understand and possibly improve osseointegration.

Surface-roughness measurements of the replicas with two cut-off wavelengths con-
firmed the previously described values for the tested surfaces obtained by stereo-
SEM [225]. The submicron roughness values calculated with a cut-off wavelength
λc = 2 µm appeared to be slightly lower than previously measured on the not-
yet-replicated samples, which might be due to a minimal loss of the sharpest fea-
tures during replication [269]. This was noticed mainly on the TA, TSA and TLA
(acid-etched titanium) surfaces. Compared to white-light profilometry, surface-
roughness measurement of rough implant surfaces by means of stereo-SEM is a
powerful method yielding high accuracy [188].
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Figure 6.4: Number of osteoblasts (expressed as the amount of DNA) (a), ALP activity
(normalized to DNA) (b) and mineralization (normalized to DNA) (c) of
osteoblasts cultured for 13 days on different substrates. Significant differences
between groups are indicated with letters a and b, significant differences in
the group are indicated with a star (p < 0.05).
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Preosteoblastic MC3T3 cells were seeded on well-characterized replicas of rough im-
plant surfaces and on smooth surfaces—all coated with four different metal coatings.
It could be shown with SEM and CLSM that cells cultured on TA, TSA and TLA,
the surfaces with the highest surface roughness in the submicron range (λc = 2 µm),
were small in size and showed minimal actin fiber orientation. Cells cultured on
ZLA, which showed a lower surface roughness in the submicron range, showed cells
that were larger in size and contained partly oriented actin fibers. The reason for
these differences in cell adhesion and morphology may be structural, since cells have
been reported to adapt their size and morphology to the underlying surface to-
pography [270,271]. Here the difference may originate from the rather spiky surface
features of the TA, TSA and TLA surfaces compared to the more crystalline features
of the ZLA surface. These differences are difficult to quantify with surface-roughness
parameters, hence the concept of the wavelength-dependent surface roughness pa-
rameters enables the surface features to be described in a range relevant for a cell.
It was clear that the influence of surface roughness on cell adhesion and morphology
was far greater than the influence of the different metallic surface coatings.
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Figure 6.5: Mineralization (normalized to DNA) of osteoblasts cultured for 13 days on
different substrates. Illustration of significant differences between the four
coating materials averaged over all surface topographies analyzed. Groups
with significant differences are indicated by a and b (p < 0.05).

Both differentiation markers measured—ALP activity and mineralization—showed
significantly increased levels on ZLA and SM compared to TA, TSA and TLA.
This result correlates well with the surface roughness measurements in the submi-
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cron range (λc = 2 µm) and with the above described cell morphologies, which
showed similarities between ZLA and SM. Non-significant differences in osteoblas-
tic differentiation on TA, TSA and TLA could be explained by the fact they share
the characteristics of the acid-etched titanium surface. Increased cell size and cell
number would lead to an elevated number of cell-cell contacts and subsequent gap
junctions, which have been proposed to be essential for osteogenesis [272], that could
explain the increased ALP activity and mineralization on SM and, to some extent,
on ZLA. Similar trends in differentiation between smooth and rough surfaces have
been reported using primary adult human osteoblasts, where cell number and ALP
activity was lower on rough surfaces compared to that on smooth surfaces [97].
However, using the same cell line and similar protocols as in this study, the ALP
activity of MC3T3 cell increased on three different scaffolds with different pore sizes
compared to smooth titanium surfaces [87]. He et al. showed that nano-structured
surfaces, obtained by an additional HF treatment of a micro-structured surface,
promote cell attachment, proliferation and differentiation of MC3T3 cells compared
to a micro-structured only surface [273]. Overall, our results showed little differ-
ence in the osteoblastic response to the different metallic surface coatings on the
used substrates. Solely mineralization showed an overall increase on the Ti and Si
coated samples compared to Zr and Al coated samples. On smooth surfaces, differ-
ences between all four coatings were observed. On all rough surfaces tested, neither
cell number nor differentiation parameters showed any differences between the four
metallic surface coatings. These results compare well with results from an earlier
study using human bone marrow stromal cells, MG-63 and SaOS-2 cells, where no
difference in osteoblastic response to chemically modified titanium surfaces could
be shown [98]. In another study, proliferation of primary human bone cells was
lower on smooth titanium alloy surfaces compared to smooth glass and stainless
steel surfaces [268]. Differences in surface chemistry may be revealed by observing
cell response after short times, where initial differences in protein adsorption may
play a crucial role [201]. However, these differences might be leveled out over longer
culture times. Comparing results from the literature it is difficult to describe a
general trend of osteoblastic behavior on rough and smooth surfaces and surfaces
with different metallic surface coatings. It is assumed that the contradictory results
between the above mentioned studies are due to different cell lines used, changes in
the cell lines over cultivation periods and variations in protocols.
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6.5 Conclusions
Osteoblast response to a matrix of rough implant surfaces with different metallic
surface coatings was analyzed. It could be concluded that changes in surface rough-
ness in the micrometer range, induced through sandblasting, had little effect on cell
shape, cell number and differentiation. However, variations in the submicron range,
obtained through etching, showed differences in osteoblast morphology and differ-
entiation, especially between different surface characteristics originating from acid
etched titanium (TA, TSA and TLA) and alkaline etched zirconia (ZLA). No effect
on cell shape and cell number was observed upon changing the metallic coating. In
mineralization, but not in ALP activity, Si and Ti coatings showed increased levels
compared with Zr and Al coatings. Changes in surface topography in the submicron
range and not in surface chemistry seemed to have the most profound influence on
osteoblastic behavior.
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6.6 Appendix: Characterization of different
subclones of MC3T3 cells cultured on smooth
and rough surfaces

6.6.1 Introduction and aim

In the previous chapter, the response of MC3T3 cells (subclone 24) to different
surface topographies and surface coatings has been presented. Some characterization
experiments and negative controls are only briefly mentioned above and shall be
presented in detail in this section. From the MC3T3 cell line there exist different
subclones, which can be distinguished in their ability to mineralize and in their
ALP activity [80, 82]. Subclones 4 and 14 are described to mineralize extensively,
and a pronounced ALP activity is attributed to subclone 24. Both subclones are
described to be true for cells cultured with medium supplemented with ascorbic
acid and β-Glycerophosphate. Here, both types of subclones, i.e. 4/14 and 24,
were cultured under differentiating and non-differentiating conditions on smooth
and rough surfaces. Proliferation, ALP activity and mineralization were analyzed
after 13 days of culture. These experiments serve as characterization experiments
and negative controls for the above presented results.

6.6.2 Materials and methods

Samples

To produce rough surfaces (TLA), titanium disks were sandblasted with large grit
and hot acid-etched. To obtain smooth titanium surfaces, silicon wafers were coated
with 40 nm of metallic titanium (SM Ti). Details of both surface treatments are
described in Chapter 4.2.3.

Cell culture

MC3T3 cells from subclone 24 and additionally from subclone 4 were cultured and
analyzed as extensively described in Chapter 6.2.3. In addition to cells cultured in
differentiation medium supplemented with ascorbic acid and β-Glycerophosphate,
cells were also cultured in proliferation medium without these supplements. DNA
content, ALP activity and mineralization were quantified for both subclones and
both media used as described above (see Chapter 6.2.3).
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Statsitics

Experiments were performed at least twice in triplicate each. Comparisons between
the two media and the two surfaces were performed using Student’s t-test, signifi-
cance level being set at p < 0.05.

6.6.3 Results
Results of the experiments comparing different subclones of MC3T3 cells cultivated
with differentiation medium and proliferation medium are presented in Figure 6.6.
First, all the differences between smooth and rough surfaces described in Chapter 6.3
using subclone 24 with differentiation medium could be confirmed. However, with
subclone 4 these differences could only be confirmed for DNA content and mineral-
ization but not for ALP activity. Differences between the two media were observed
mainly on smooth surfaces, however not consistently. For subclone 24 differences
in ALP activity of cells cultured in proliferation medium were observed, while for
subclone 4 this difference was observed in mineralization. In both cases the differ-
entiation markers ALP and mineralization decreased on the rough TLA titanium
surfaces.

6.6.4 Discussion and conclusions
The experiments with different subclones of the MC3T3 cell line cultured with prolif-
eration and differentiation medium on rough (TLA Ti) and smooth (SM Ti) surfaces
showed an ambivalent outcome. For subclone 24 the level of ALP activity was shown
to be sensitive to variations in the medium and to changes in surface topography.
This correlates with results from the literature showing generally higher ALP activ-
ity for this subclone and a surface sensitivity relating to this differentiation param-
eter [80, 82, 87]. Subclone 4 showed no differences in ALP activity concerning the
different culture conditions, which again is congruent with the literature. However,
the level of ALP activity was in the same range as for subclone 24. Mineralization,
which is supposed to be more distinct for subclone 4 than fore subclone 24, was
shown to be in the same range for both subclones again. For subclone 4 no differ-
ence between proliferation and differentiation could be observed, while subclone 24,
analogous to the ALP activity, showed a clearly increased mineralization for cells
cultured on smooth surfaces with differentiation medium. These results contradict
the above mentioned literature on subclone 4, mainly Wang et al. [80]. Our own
experiments showed that subclone 24 was more surface sensitive concerning the
differentiation factors ALP activity and mineralization than subclone 4. However,
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Figure 6.6: Characterization experiments and negative controls with MC3T3 subclones
(4 and 24) cultured in differentiation and proliferation medium on rough
(TLA Ti) and smooth (SM Ti) surfaces. DNA content, ALP activity and
mineralization after 13 days of culture was compared. Significant differences
are indicated with a star (p < 0.05).
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culturing cells on rough surfaces seems to reduce the mineralization potential of
these cells, which might be overcome with longer culture times of up to 4 weeks.
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Chapter 7

Conclusions and outlook

7.1 Conclusions

The connection between clinically observed osseointegration and bone remodeling
in the vicinity of an implant might seem obvious at first sight, but the more re-
search that is conducted in both phenomena, the more subtleties come to light.
The aim of this thesis was to make the connection between the structural aspects
of the bone-remodeling cycle and successful osseointegration. It was hypothesized
that osteoblasts recognize osteoclastic resorption traces, such as resorption pits and
trails, and subsequently form new bone in these resorbed areas. It was further hy-
pothesized that if osteoblasts specifically recognize these surface topographies, they
might able to also recognize surface topographies of implant surfaces, if these sur-
faces contain features of similar dimensions. To test this hypothesis, the behavior of
osteoclasts and osteoblasts on native bone, biomimetic osteoclastic resorption pat-
terns and implant surfaces was analyzed by means of in vitro studies.

First, the behavior of osteoclasts on titanium surfaces with increasing surface rough-
ness was compared to their behavior on native bone (Chapter 3). Additionally, the
RAW 264.7 cell line that was used was characterized as to its ability to differentiate
into osteoclasts, including TRAP activity, MMP expression with zymography etc.
(Chapter 5). It could be shown that osteoclasts cultured on rough surfaces, such
as TLA and TA, form actin rings similar to those on native bone, whereas on the
smooth surface, actin ring formation and other osteoclastic differentiation factors,
such as MMP expression, were impaired (see Figures 3.3 and 3.6). It was specu-
lated that the poor differentiation of osteoclasts cultured on smooth surfaces could
be related to the delayed osseointegration of smooth implant surfaces compared to
that of rough implant surfaces. We could show that surface features of sandblasted
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and hot acid-etched titanium surfaces, such as TA, TSA and TLA, and sandblasted
and hot alkaline-etched zirconia implant surfaces, such as ZLA, resemble osteoclas-
tic resorption pits in length, width and depth (Figures 4.5 - 4.7). Additionally,
the wavelength-dependent surface roughness with a cut-off wavelength λc = 2 µm
was shown to be in the same range, as measured within the surface features of the
examined implant surfaces and in the osteoclastic resorption pits on native bone
(Figure 4.9).

Subsequently, a model surface—a so-called BORP (biomimetic osteoclastic resorp-
tion pattern)—was developed, as illustrated in Figure 5.1. In size, the pattern rep-
resents an array of typical osteoclastic resorption pits; however, the BORP shows
a more homogeneous and dense distribution of pits over the surface. This allowed
the BORP surface to be compared with rough titanium implant surfaces (TLA)
and with smooth titanium surfaces in a MC3T3 osteoblast culture. Differentiation
factors, such as ALP activity and mineralization, were shown to be comparable for
BORP and TLA, whereas cells behaved distinctly differently on smooth surfaces
(Figure 5.9.)

Based on these initial findings, comparing osteoblast response to biomimetic osteo-
clastic resorption patterns and that to a rough implant surface, further comparisons
between all the surfaces described in Chapter 4 were the next step. A matrix of rough
implant surfaces additionally coated with different metallic coatings were compared
and did not show many differences in osteoblast response (Chapter 6). Only the
smooth surface and, to some extent, the rough ZLA surface showed distinct differ-
ences in cell number and differentiation compared to the other rough surfaces, such
as TA, TSA and TLA (Figures 6.3 and 6.4). It was concluded that variations in
surface structure in the submicron range, obtained through etching, seem to influ-
ence osteoblastic response more strongly than changes in surface structure in the
micrometer range, induced through sandblasting. One explanation for these findings
might be that all rough surfaces used represent structures resembling osteoclastic
resorption pits in the micrometer range. However, a surface with a totally different
surface topography, e.g. a much higher roughness or with more roundish features
etc. might lead to different osteoblast behavior and could probably further confirm
the hypothesis of the thesis.

Osteoblast response to rough implant surfaces with different surface coatings showed
no relevant differences between the different surface coatings. Only Si and Ti coat-
ings showed an overall increased mineralization compared to Al and Zr coatings.
Possible reasons for these findings are discussed in the outlook below (see 7.2.3).
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It can be concluded that this thesis confirms the hypothesis that osteoblasts recog-
nize osteoclastic resorption patterns, and they also recognize implant surfaces that
resemble these resorption traces in size and surface structure. Osteoblastic differ-
entiation in vitro was shown to be comparable on the BORP surface and on rough
implant surfaces. Open questions remain, concerning osteoblast behavior connected
to surface charge and metallic surface coatings on rough implant surfaces.

The thesis should aid in understanding the relationship of osseointegration to the
bone-remodeling cycle, and might give some hints for the further development of
novel implant surfaces.

7.2 Outlook
The following section provides an overview of ideas, and some very preliminary data,
where further research connected to the results presented above could lead.

7.2.1 Time-resolved observation of osteoclast differentiation

It has been described that osteoclasts fuse to multinucleated cells during differen-
tiation [26]. We have shown that osteoclastic differentiation in vitro depends on
the seeding density of cells (Figure 5.2), which allowed us to think further about
osteoclast differentiation.

Live cell imaging with light microscopy offers the possibility to observe differentiating
and growing osteoclasts over hours or even days. Preliminary results of such an ex-
periment are presented in Figure 7.1, where RAW 264.7 cells were cultured on TCP
under differentiating (25 ng/ml RANKL) and non-differentiating (w/o RANKL)
conditions (seeding density of 12’500 cells/cm2) Cells were imaged every 15 min-
utes over nearly 100 hours (Cell-IQ 2, Chip-Man Technologies, Tampere, Finland).
Automated cell counting was performed with the associated software. Additionally,
time-lapse videos allowed the observation of the formation of multinucleated polar-
ized cells over time.

Figure 7.1 A shows the continuous count of nuclei over nearly 4 days. The prolif-
eration rate was lower for the differentiating cells and approximately 70 hours after
seeding, the number of nuclei remained constant or even decreased a bit, whereas
the number of nuclei increased constantly in the wells cultured in medium without
the addition of RANKL. In Figure 7.1 B images taken in an interval of 2.5 hours
starting approximately 3 days after seeding (t = 0 h) show the fusion of mononucle-
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ated cells into multinucleated osteoclasts. From t = 10 h it could be observed how
the size of the osteoclasts increased disproportionately compared to the number of
nuclei in the cell.

Figure 7.1: Time-resolved observation of osteoclast formation. A) Quantification of nu-
clei over time. The straight line represents the data of the samples cultured
with RANKL (25 ng/ml); the dotted line represents the number of nuclei in
the samples cultured without RANKL. The fine lines indicate the standard
deviation. Data are based on two experiments with 4 spots of measurements
for each group. B) Observation of osteoclast formation. Observation starts
after 3 days (t = 0 h).

More research using such time-resolved experiments might offer insights into the
differentiation of osteoclasts and why cell density seems to play an important role in
differentiation. To observe the formation of osteoclasts on native bone, time-resolved
confocal laser-scanning microscopy with transfected RAW cells with GFP-labeled
actin would be an option [258].
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7.2.2 In situ zymography

Conventional gelatin zymography was employed to assess the presence and activity
of MMPs in osteoclasts cultured under different conditions (Chapters 3 and 5).
Additionally, in situ zymography was developed as a method to directly correlate
MMP activity to specific cells previously observed in light microscopy. In contrast
to the above described zymography, where MMPs are detected in cell lysates or
medium supernatant by gel-electrophoresis, with in situ zymography gels containing
gelatin are placed directly on the cells in the well. Through multiple steps, MMPs
are isolated from the cells and are expected to diffuse into the gel on top of the
cell. After incubation, staining and destaining the gels, white spots would be an
indicator for cells with high MMP activity. This method was developed as part of
two master projects [274,275]. However, results seemed not to be reproducible, and
it was hard to identify single spots. It is speculated that the amount of MMPs is
too low to produce a detectable signal. In situ zymography could succeed by using
primary cells instead of a cell line or after the adjustment of other parameters in the
protocol. In a slightly different setting, this method has been successfully employed
to detect MMPs in histological sections by placing a gel on top of the sections [276].

7.2.3 Thoughts on osteoblast response to surface charge

Apart from comparing different rough surface topographies, the surfaces were coated
with different metallic coatings to systematically evaluate osteoblast response to this
matrix of variations (Chapter 6). However, osteoblasts have been shown to react
poorly to differences in surface coatings. Hence, the conclusion that surface rough-
ness influences osteoblastic behavior more strongly than different surface coatings.
Still, based on the knowledge that protein adsorption is governed by substrate chem-
istry and that surfaces can be rendered to let proteins selectively attach to them to
influence subsequent cell adhesion [201,277], it is unlikely that differences in surface
coating, and thus in surface charge, have no or little influence on osteoblast response.
It may be speculated that rather the chosen approach of culturing cells over longer
times might have not been ideal to observe possible effects.

Soon after attachment, cells, osteoblasts in particular, build an extracellular matrix
(ECM) around themselves and subsequently they preferentially interact with this
ECM, with integrin in particular, rather than with the surface [202,278,279]. Hence,
we assume possible effects of surface charge on osteoblasts to be observed after short
time, more likely after hours than after days. Apart from microscopic studies of cell
morphology and adhesion, RT-PCR might enable the detection of early differentia-
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tion markers after a short time [92].

Additionally, there might be an intrinsic factor associated with in vitro cell culture,
which is difficult to overcome. Cell-culture medium is buffered to have a constant
pH value, and conventional tissue-culture protocols include the addition of fetal
bovine serum (FBS) as a nutrient for the cells. The buffered medium might buffer
the surface charge as well, i.e. the diffuse double layer of the surface becomes mod-
ified and the surface charge and zeta potential of the surface gets adjusted to the
pH of the medium. FBS in the medium could be replaced by well-defined medium
supplements, or for short-term studies, medium without supplemented FBS could
be used. Through the elimination of FBS, the unspecific protein adsorption (of the
FBS-proteins) onto the surface could be avoided, which would eliminate one possible
factor concealing surface charges from the cells.

The experiments proposed above might be physiologically and clinically less relevant,
but this does not necessarily make them less interesting. However, surface charge
and surface energy might influence initial blood coagulation and the subsequent for-
mation of a fibrin network, but osteoblasts, occurring after these initial events tend
to recognize the extracellular matrix of the blood clots rather than differences in
surface charge [154].

7.2.4 Subsequent in vivo experiments
Finally, as highlighted in the introduction, in vitro experiments do not allow final
conclusions to be drawn as to possible clinical outcomes, e.g. on the osseointegration
potential of an implant surface or material. After thorough investigation of different
surfaces in vitro, the next step would be to test the findings obtained in vitro in
an in vivo setting. Based on all the results, the most interesting experiment would
be a comparison of TLA and BORP surfaces under in vivo conditions, which would
directly confirm or disprove the hypothesis of this thesis. Briefly, the protocol could
include conventional dental implants with the two surfaces applied. Either small
animals could be used, such as rats, or, to make the connection to a successful
screening study, the pelvis of sheep would offer a location for multiple implants
to be placed in one animal in bone with homogenous quality [116,139]. Evaluation
would include biomechanical testing, i.e. torque-out testing, and histomorphometric
analysis.
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