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Zusammenfassung

Zu den Ursachen fur die aseptische Lockerung von implantierten Prothesen in der
orthopadischen Chirurgie, welche einen haufigen Grund fur deren Versagen
darstellt, werden nicht nur inadaquate initiale Fixierung der jeweiligen Implantate
oder eine, im Laufe der Zeit zunehmende, mechanische Lockerung derselben,
sondern auch eine, in der unmittelbaren knéchernen Umgebung des Implantates
zu beobachtende, Osteolyse gezahlt. Man geht derzeit davon aus, dass als
Ursache fur diese Osteolyse im periprothetischen Bereich sowohl Partikel, welche
durch den mechanischen Abrieb des Prothesenmaterials entstehen, als auch
Metallionen, die auf elektrochemischen Wege geldst werden, anzusehen sind.
Unserer Hypothese zufolge wird die Exprimierung von Genen, deren Produkte flr
die Erneuerung der Extrazellularmatrix des Knochengewebes und somit fur die
Aufrechterhaltung ihrer mechanischen Funktion von essenzieller Bedeutung sind,
in Osteoblasten verandert, wenn die betreffenden Zellen in direktem Kontakt mit
TiAlsVs-Implantaten, deren Oberflachen unterschiedlich modifiziert sind
(TiAlsVa+TiN, TiAleVat+Ag, TiAlsVs-aufgerauht und TiAleVa+cpTi), stehen, was zum
Prozess der aseptischen Prothesenlockerung beitragen konnte. Aus diesem
Grunde untersuchten wir sowohl die Wirkung, die modifizierte Oberflachen von
TiAleV4 auf die Genexpression von Matrixmetalloproteinasen (MMP2, MMP9,
MMP14) und deren Inhibitoren (TIMP1, TIMP2) sowie von Collagen Typ | (COL1),
Osteopontin (SPP) und Osteocalcin (BGLAP) haben, als auch das Ausmal’ der
Zytotoxizitat bei Osteoblasten (hFOB), die auf solchen Oberflachen wachsen.
Unsere Untersuchungen zeigten, im Vergleich zu Oberflachen bestehend aus
unverandertem TiAlsV4, keine signifikante Erhéhung der Zytotoxizitat bei den oben
genannten modifizierten Oberflachen.

Des Weiteren liel sich feststellen, dass die Genexpression von MMP9 und
MMP14 generell sehr niedrig war und, abgesehen von der Gruppe TiAlsV4+Ag, im
Vergleich zu TiAleV4 keine signifikanten Unterschiede bei der Exprimierung von
MMP2, TIMP1, TIMP2, COL1, SPP oder BGLAP durch hFOB Zellen, die auf den,
von uns untersuchten, modifizierten Oberflachen von TiAleVa (TiAleVa+TiN,
TiAleVa-roughening und TiAleVa+cpTi) wuchsen, beobachtet werden konnten.
Daraus lasst sich schlie3en, dass die oben genannten Oberflachenmodifikationen
keinen wesentlichen Einfluss auf die Expression von MMP2, TIMP1, TIMP2,
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COL1, SPP oder BGLAP durch Osteoblasten haben und somit nicht, oder
zumindest nicht auf diesem Wege, zu aseptischer Prothesenlockerung und in
weiterer Folge dem Versagen von Implantaten beitragen. Die genaue Ursache
der, verglichen mit der Gruppe TiAlsV4, signifikant veranderten Exprimierung von
MMP2, TIMP1 und SPP in hFOB-Zellen, welche auf TiAleV4+Ag wuchsen und ob
zwischen diesen Veranderungen in der Exprimierung jener Gene ein
Zusammenhang besteht, konnte in der vorliegenden Diplomarbeit nicht geklart

werden und bedarf weiterer Untersuchungen.
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Abstract

Aseptic loosening of implanted prostheses in orthopedic surgery, which is a
frequent reason for their failure, is not only attributed to inadequate initial fixation
or mechanical loss of fixation over time, but also to osteolysis observed in the
surrounding bone. It is currently assumed that this osteolysis in the area
surrounding implants is caused both by particles produced by means of
mechanical abrasion of the prosthesis material and by metal ions dissolved by
electrochemical processes. According to our hypothesis, the expression of genes
whose products are essential for the renewal of the extracellular matrix of bone
tissue and thus for the maintenance of its mechanical function is altered in
osteoblasts if these cells are in direct contact with TiAlsVs-Implants, whose
surfaces have been modified in different ways (TiAlsV4+TiN, TiAleVa+Ag, TiAleVa-
roughening and TiAleéVa+cpTi). This could possibly contribute to aseptic prosthesis
loosening. Therefore we analysed the impact of this TiAleV4 surface modifications
on both cytotoxicity and gene expression of matrix metalloproteinases (MMP2,
MMP9, MMP14) and their inhibitors (TIMP1, TIMP2) as well as the expression of
Collagen type | (COL1), Osteopontin (SPP) and Osteocalcin (BGLAP) in
osteoblasts (hFOB). Compared to TiAleVs, our investigations did not show any
significant increase in cytotoxicity for the modified surfaces we investigated.
Furthermore, it has been found that the gene expression of MMP9 and MMP14
was generally very low, and with the exception of the group TiAlsVs+Ag no
significant differences in the expression of MMP2, TIMP1, TIMP2, COL1, SPP or
BGLAP by hFOB cells growing on the modificated surfaces of TiAleVs we
investigated (TiAleV4+TiN, TiAlsVs-roughening and TiAlsVa+cpTi) could be found
compared to TiAlsVs. From that it can be concluded that the above mentioned
surface modifications do not have any significant influence on the expression of
MMP2, TIMP1, TIMP2, COL1, SPP or BGLAP by osteoblasts and thus do not, or
at least not by this pathway, contribute to aseptic prosthesis loosening. The cause
of the significantly different expression of MMP2, TIMP1 and SPP in hFOB cells
growing on TiAlsV4+Ag compared to the group TiAlsV4 and whether or not there is
a relationship between these changes in the expression of those genes could not
be clarified in the present diploma thesis and will require further investigations.




1 Introduction

1.1 Titanium Based Alloys

Biomaterials are substances that have been engineered to take a form which,
alone or as part of a complex system, is used to direct, by control of interactions
with components of living systems, the course of any therapeutic or diagnostic
procedure, in human or veterinary medicine [1] but they could also be defined as
systematically, pharmacologically inert substances designed for implantation
within or in corporation with living systems. [2,3] Biomaterials can be divided into
five major classes: metals and their alloys, polymers, ceramics, composites and
natural materials, [4,5] whereby among the metals, stainless steel, cobalt
chromium alloys, and titanium based alloys are the most commonly used in
various orthopaedic applications like fracture fixation or total joint replacement.
[6,7] Titanium and titanium based alloys have been used as implant materials
since the 1960°s. [8] They display better biocompatibility than stainless steel and
cobalt based alloys, excellent corrosion resistance, fatigue strength and light
weight and have therefore emerged as the number one choice for orthopaedic
implant materials. [9-12] TiAleVa4 (titanium; 6% aluminum; 4% vanadium) occupies

the most important position among all the Ti alloys. [13]

Titanium:
has excellent mechanical properties and biocompatibility for clinical use

under load-bearing conditions. [14]

Aluminum:

is able to increase the strength of the alloy and decrease its density. [15,16]

Vanadium:

Improves the alloys ductiliy. [15]




1.2 The Benefit of Surface Modifications

To improve the bone anchorage and bioactivity of titanium based alloys different
types of surface modification techniques have been used. [11,17-20] These
modification techniques can be divided into three categories depending on the
characteristics brought on the surface: physical (eg. Grit blasting, Laser treatment,
Machining, Plasma spraying), chemical (eg. Acid etching, Alkali treatment, Anodic
oxidation), and biological (eg. Biological coatings). [13] For our experiments we

used TiAlsV4 metal alloys with the following surfaces/surface modifications:

TiAleV4+TiN:

Titanium-nitride (TiN) is a ceramic with great hardness that is used for
coatings because of its positive effect on the biocompatibility and
tribological properties of implant surfaces. [21] TiN coatings have shown a

high level of wear resistance to in vivo loading. [22]

TiAleVa+Ag:
Silver coatings of titanium implants are used because of their high

antibacterial efficacy combined with low toxicity to eukaryotic cells. [23,24]

TiAleV4 roughening:
Surfaces of implants are roughened to enhance differentiation and

attachment of bone cells, and increase mineralization. [25,26]

TiAleVa+cpTi:
Commercially pure (cp)-Ti surfaces of implants provide stable fixation, and
good biocompatibility. [11] Shah et al. found, that cp-Ti and TiAleV4

demonstrate similar osseointegration and biomechanical anchorage. [27]




1.3 Osseointegration

An implant is considered as osseointegrated when there is no progressive relative
movement between the implant and the surface of the bone with which it is in
direct contact. [5,25,28] Important stages of the osseointegration process are
blood clot formation and mesenchymal tissue development, its replacement with

woven bone, and, finally, lamellar bone formation replacing the woven bone. [5,28]

1.4 Aseptic Prosthesis Loosening

A major cause of implant failure in orthopaedic surgery is aseptic loosening. [29-
35] Schwartz et al. reported that for total revision of knee arthroplasty (TKA),
infection and aseptic loosening were the two most common modes of failure in the
United States between 2002 and 2014 according to data obtained from the
national inpatient sample database. [29] Halvorsen et al. analyzed the outcome of
patients 21 years or younger with total hip arthroplasties (THAs). They included all
THA patients 21 years or younger reported during 1995 through 2016 to the
Danish, Finnish, Norwegian, and Swedish hip arthroplasty registers and found that

aseptic loosening was the main cause of revision. [30]

Figure 1:

Radiological appearance of a total knee endoprosthesis (A) and a total hip endoprosthesis (B) with
a zone of periprosthetic whitening of more than 2 mm (between the arrows), indicating a septic or

an aseptic prosthesis loosening [36].




Aseptic loosening can be the result of inadequate initial fixation, mechanical loss
of fixation over time, or biologic loss of fixation caused by particle induced
osteolysis around the implant. [32] The degradation products of an orthopaedic
implant not only include particles produced by mechanical wear that are
phagocytosable and have the potential to elicit an inflammatory response [37] but
also soluble deposits (metal ions) caused by electrochemical dissolution.
[35,38,39] Titanium based alloys used for orthopaedic appliances rely on the
formation of a passive film consisting of metal oxides, which forms spontaneously
on the surface of the metal, to prevent oxidation from taking place. [38] This film

has been proposed as a two-layer oxide:

1) an inner layer, mainly composed by TiO2 responsible for the high

corrosion resistance of the passive film and

2) a porous layer, with lower corrosion resistance, composed by TiO2 and

enriched with aluminum (Al203) and vanadium (V20s5) oxides. [40]

If mechanical factors damage the oxide film, ions could be released into solution.
The release of metallic particles and/or ions is commonly associated with
inflammatory responses and the activation of osteoclasts, which may lead to bone

resorption and, ultimately, the implant loosening. [5,32,34,35,40-42]

1.5 Bone Extracellular Matrix

The extracellular matrix (ECM) of bones consists of hydroxyapatite, a variant of
calcium phosphate which, together with some water, crystallizes in a matrix of
collagen and some other organic materials like non-collagenous glycoproteins,
hyaluronan and proteoglycans. [43,44] Proteins and signalling pathways that
influence the mineral or organic components of bone ECM, or regulate bone
remodelling by osteoblasts (responsible for bone formation), osteoclasts
(responsible for bone resorption) and osteocytes, affect the material properties
and thus the quality of bone ECM. [45] It has been shown that particulate debris

influences both the cytokine release of human osteoblasts, which could lead to
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increased degeneration of the bone matrix through the cytokine-induced
differentiation of osteoclasts for matrix degradation, and inhibits the regeneration
of the bone matrix through the reduced synthesis of extracellular matrix proteins
like type 1 collagen. [46,47] This can impair the vitality and activity of the bone
matrix and subsequently lead to a reduction in the implant integration strength,
which can contribute to aseptic prosthesis loosening. [48] Important components

of the ECM expressed by osteoblasts are:

Collagen type | (COL1):

Osteoblasts create a layer of non-mineralized extracellular matrix,
consisting of collagen fibrils and non-collagenous macromolecules, which
are finally mineralized a few microns away from the cells. [49] Type |
collagen is the predominant ECM component in bone, accounting for about
90% of the total proteins. [50,51] The mineralized collagen fibrils that serve
as the basic building blocks of bone tissue are of indefinite length, insoluble,
form sophisticated three-dimensional arrays and determine the mechanical
properties of the bone. [49,52,53]

Osteopontin (SPP):

Osteopontin, a glycoprotein synthesized by both osteoblasts and
osteoclasts, facilitates the adhesion of these cell types to the bone matrix,
stimulates osteoclasts to migrate and resorb bone and plays an important

role in matrix mineralization. [54-56]

Osteocalcin (BGLAP):

Osteocalcin, the most abundant non-collagenous protein in the bone matrix,
is encoded by BGLAP and produced by the osteoblast. [57,58] Osteocalcin
influences the mineralization and maturation of bones [59,60]. Ducy et al.
have shown that the absence of osteocalcin in osteocalcin-deficient mice
leads to increased bone formation without affecting bone resorption. [61]
Furthermore, osteocalcin is believed to regulate glucose metabolism via a
bone-pancreas endocrine loop [59] and is involved in the regulation of
energy metabolism. [62,63]




1.6 Interleukins

Interleukins are a group of naturally occurring proteins that mediate
communication between cells in order to regulate cell growth, differentiation, and
motility. [64] They are particularly important in stimulating immune responses,
such as inflammation. [64] Metal particles released from metallic prostheses can
be phagocytosed by surrounding cells like osteoblasts and macrophages.
[5,35,37] The implant debris-induced inflammation due to the innate immune
system is caused predominantly by these cells, which react to aseptic implant
debris releasing large quantities of proinflammatory cytokines and factors such as
IL6, IL8, and tumor necrosis factor a (TNFa). [39,41,65,66] Most of these cytokines

affect osteoclast differentiation and activity, and result in enhanced osteolysis. [32]

1.7 Matrix Metalloproteinases and their Inhibitors

Matrix metalloproteinases are enzymes with the capacity to degrade extracellular
matrix components like collagen, aggrecan, elastin, and fibronectin. [67-70] They
are synthesized as catalytically inactive pro-enzymes, and therefore require
proteolytic activation occurring after the precise removal of an inhibitory pro-
peptide. [68,69,71,72] MMPs can be classified according to their similarities in

tridimensional structure and substrate affnity into six groups:

1) collagenases (MMPs -1, -8, and -13),
2) gelatinases (MMPs -2 and -9),

3) stromelysins (MMPs -3, -10 and -11),
4) matrilysins (MMPs -7 and -26),

5) membrane-type metalloproteinases (MMPs -14, -15, -16, -17, -24
and -25),

6) and others (MMPs - 12, -19, -20, -22, -23 and -28). [73]

Tissue inhibitors (TIMPs) are the physiologic inhibitors of MMPs in tissues and
responsible for controlling the breakdown of ECM components by negatively
modulating them, while the cell surface MMPs are inhibited by the RECK
glycoprotein. [67,71,74,75] The balance between MMPs and their inhibitors is
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essential for physiological ECM remodeling and imbalance of these enzymes
leads to pathological states. [76] For identifying the function of MMPs, knockout
mice for different MMPs have been generated and evaluated. [77-83] MMP-2 is
preferentially found in osteoblasts and MMP-9 in osteoclasts. [74] MMP-2-null
mice presented impaired bone matrix remodeling, a decrease in mineralization
density of the tissue and an increase in porosity, suggesting that MMP-2 appears
important to bone strength whereas MMP-9-null mice presented a decrease in
structure, suggesting that MMP-9 appears important to bone toughness.
[74,78,79,82] Holmbeck et al. reported that MT1-MMP (MMP-14) deficiency results
in the loss of collagenolytic activity, scarring of joints and periskeletal tissues,
reduced bone formation, and greatly enhanced bone resorptive activity, ultimately
leading to a “vanishing bone” condition. [80] In pathological osteolysis observed in
aseptic loosening of implants, the expression and synthesis of MMPs and TIMPs

are thougt to be stimulated in osteoblasts directly by wear particle ingestion. [72]

1.8 Aim

According to our hypothesis, the above mentioned TiAleV4 surface modifications
can influence the geneexpression of osteoblasts and thus possibly contribute to
aseptic prosthesis loosening. In the present diploma thesis, we therefore analysed
the impact of this TiAlsV4 surface modifications on the expression of matrix
metalloproteinases (MMP2, MMP9, MMP14) and their inhibitors (TIMP1, TIMP2)
as well as the expression of Collagen typ | (COL1), Osteopontin (SPP) and
Osteocalcin (BGLAP) in osteoblasts.




2 Methods and Materials

2.1 Scanning Electron Microscopy

For the Scanning electron microscopy (SEM) investigations a FElI Quanta 250
FEG (Thermo Fisher Scientific, Hillsboro, OR) was used. The scans were
performed under vacuum conditions and 20 kV high voltage. The micrographs
were recorded with an Everhart-Thornley-Detector. To ensure sufficient electrical
conductivity, the surfaces were sputter-coated with a 10 nm gold layer. The
measurements of energy dispersive X-ray spectroscopy (EDX) were performed for
60 s, under 20 kV high voltage. The EDX was measured with an Octane Elect Plus
Silicon Drift Detector from EDAX Ametek, (NJ, USA) and APEX Standard Software
V1.3.1. The following sample plates, which were used for our experiments, were

examined:

TiAleVa:
Wrought TiAleVa alloy consisting of titanium, 5.5 — 6.75% aluminum and
3.5-4.5% vanadium (supplied by implantcast GmbH, Buxtehude, Germany).

TiAleV4+TiN:

The surface of the TiAleéV4 sample plates coated with titanium nitrid
(supplied by implantcast GmbH) we used for our experiments is shown in
figure 5. The sample plates were coated with a 5.5 + 1.5 uym layer of
titanium nitrid (TiN). The mean arithmetic average of the profile height (Ra)

was <0.05 uym.

TiAleVa+Ag:

The surface of the TiAleV4 sample plates coated with silver (supplied by
implantcast GmbH) we used for our experiments is shown in figure 6. The
sample plates were coated with a 15 £+ 5 ym layer of electrolytically

deposited silver (Ag). The surface of the sample plates was sandblasted.




TiAleV4 roughening:
The roughened surface of the TiAlsV4 sample plates (supplied by

implantcast GmbH) we used for our experiments is shown in figure 7.

TiAleVat+cpTi:

The surface of the TiAlsV4 sample plates coated with commercially pure
Titanium (supplied by implantcast GmbH) we used for our experiments is
shown in figure 8. The sample plates were coated with a 300 £ 50 ym layer
of commercially pure Titanium (cpTi). The mean arithmetic average of the
profile height (Ra) was 50 £ 15 ym and the porosity 30 £ 10%.

2.2 Cell Culture

For our in vitro investigation regarding the response of osteoblasts to surface
modifications of TiAleV4 metal alloys, we used hFOB1.19 osteoblasts (Homo
sapiens, CRL-11372TM, ATCC, Manassas, VA) which we cultured in DMEM/F12
(GIBCO, Invitrogen, Darmstadt, Germany) cell culture media, supplemented with
10 % fetal bovine serum (FBS), 1 % L-glutamine, 100 units/mL penicillin and 100
pg/mL streptomycin (all GIBCO, Invitrogen, Darmstadt, Germany) at 34 °C in a
humidified atmosphere with 5 % COz2. The cell culture medium was changed every

third day under aseptic conditions.

We performed seven experiments in total. Each of them was structured as follows:

1) We seeded the cells at a density of 5 * 10 cells per well into a 24 well
culture plate containing surface-modified discs consisting of TiAlsV4 and

incubated it at 34°C for five days.
2) After the incubation period we performed a cytotoxicity assay, and

3) Isolated the RNA of the cells.




2.3 Seeding of hFOB cells on TiAleV4 discs

The nutrient medium in the respective culture flask, which supplies the cells
growing adherent at the bottom of the flask (see figure 2, A), was aspirated and
the cells were separated from the bottom with trypsin. As soon as the cells were
detached from the bottom of the bottle and floated around in the trypsin one by
one (see figure 2, B), the trypsin was diluted with culture medium so that it did not

damage the cells.

Figure 2:

Photomicrographs of hFOB: hFOB before removing the cells from the bottom of the culture flask
(A). Spherical, freely floating cells detached from the bottom of the culture flask by trypsin (B). One
of four fields of the hemocytometer for counting the cells after trypan blue staining (C). Cells placed

in fresh culture medium for further cultivation (D).
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The cell suspension was centrifuged, the supernatant was aspirated and the cell
pellet was resuspended with a predetermined amount of culture media. A sample
was taken, mixed with trypan blue in a 1:1 ratio and, using a hemocytometer, the
approximate number of cells in the sample was determined (see figure 2, C). The
cell suspension consisting of the cell pellet resuspended with nutrient medium, the
approximate cell count of which was known now, was diluted with nutrient medium
to obtain a suffcient amount of cell suspension to fill a 24 well culture plate
completely with 1 ml per well containing 5 * 10* cells. For each experiment we
used three pieces of these surface modificated sample plates of TiAleV4 metal

alloys respectively:

* TiAleV4,

* TiAleV4+TiN,

* TiAleV4+Ag,

* TiAleV4 roughening and
* TiAleVa+cpTi.

Furthermore we used three sample plates of CoCrMo and three sample plates of
PEEK in every experiment for comparison to TiAleéV4. All sample plates were
delivered sterile sealed.

The sample plates were distributed to the wells according to the plan (see table 1)
and the wells were filled. The filled 24 well culture plate was then incubated for five

days at 34°C in a humified atmosphere with 5% CO-.

CoCrMo | TiAleV4 | TiAleV4 | TiAleV4 | TiAleV4 | TiAleVa
+ Ag + TiN + cpTi rough
Well 1 Well1 | Well1 | Well1 | Well1 | Well 1

CoCrMo | TiAleV4 | TiAleV4 | TiAleV4 | TiAleV4 | TiAleVa
+ Ag + TiN + cpTi rough
Well 2 Well2 | Well2 |Well2 | Well2 | Well 2

CoCrMo | TiAleV4 | TiAleV4 | TiAleV4 | TiAleV4 | TiAleVa
+ Ag + TiN + cpTi rough
Well 3 Well3 | Well3 | Well3 | Well3 | Well 3

PEEK PEEK | PEEK | Cells Cells Cells
only only only
Well 1 Well2 | Well3 | Well1 |Well2 | Well 3

Table 1: Breadboard for seeding hFOB cells on TiAl6V4 discs.

11



The remaining cell suspension we filled into a culture flask with 20 ml fresh culture

medium for further cultivation (see figure 2, D).

2.4 Cytotoxicity Assay

We measured the activity of Lactate Dehydrogenase (LDH) using the CytoTox-
ONE Homogeneous Membrane Integrity Assay (Promega, Madison, MA).

After a five day incubation period, 100 ul of the cell culture supernatant were
removed from each well of the 24 well culture plate of which 50 ul each were
placed in two wells of a 96 well microtiter plate (see table 2). The cell culture
supernatant of each well of the 96 well microtiter plate was mixed 1:1 with working

solution and incubated in the dark for 10 minutes at room temperature.

1 ‘ 2 3 ‘ 4 5 | 6 7 ‘ 8 9
CoCrMo TiAleVa TiAleV4 + TiN

‘ 10 11 12

taken from well
1

taken from well
1

TiAleV4 + Ag
Taken from well
1

Taken from well
1

TiAleV4 + cpTi
Taken from well
1

TiAleV4 rough
Taken from well
1

CoCrMo
taken from well
2

TiAleV4
taken from well
2

TiAleV4 + Ag
Taken from well
2

TiAleV4 + TiN
Taken from well
2

TiAleV4 + cpTi
Taken from well
2

TiAleV4 rough
Taken from well
2

CoCrMo
taken from well
3

TiAleV4
taken from well
3

TiAleV4 + Ag
Taken from well
3

TiAleV4 + TiN
Taken from well
3

TiAleV4 + cpTi
Taken from well
3

TiAlsV4 rough
Taken from well
3

PEEK
taken from well
1

Cells only
taken from well
1

PEEK
taken from well
2

Cells only
taken from well
1and 2

PEEK
taken from well
3

Cells only
taken from well
2

Blank
(nutrient
medium)

Positiv control

Table 2: Breadboard for the Cytotoxicity assay.

50 ul of stop solution were admitted in order to stop the reaction and the
fluorescence was measured at 560/590 nm using a Fluostar (BMC Labtech,

Ortenberg, Germany).
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2.5 RNA Isolation

The cell culture supernatant above the cells adhering to the bottom of each well of
the 24 well culture plate was aspirated, 500 pl trypsin were put into each well to
detach the cells from the bottom and the plate was incubated at 37 °C for about 5
minutes. Then 500 pl nutrient medium were filled into each well in order to dilute
the trypsin. The fluids of each group of wells that was consisting of the three wells
with idem plates were given into single 1,5 ml reaction tubes. After centrifugation
of these tubes, the supernatant was aspirated and the cell pellet resuspended with
350 Il RLT-buffer and 350 pl ethanol to lyse the cells. For the suspension of each
reaction tube that included the lyced cells of a group of three wells with idem

plates one column from the RNeasy-Minikit (Qiagen, Hilden, Germany) was used.
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For RNA purification we used the RNeasy-Minikit (Qiagen) following these

worksteps:

Cells

lyse and
homogenize

S
[l Add ethanol
=i
S

Bind total RMA
Tetal RJA,

= Wash 3x
=

=
= Elute
U Tolal RNA
Figure 3:

RNeasy Mini procedure.
Adapted according to
Qiagens

RNeasy mini Handbook
(84]

01) The suspensions were put onto the spin-columns.

02) The spin-columns were centrifuged at 10.000 rpm
for 30 seconds and the liquid in the collection tubes
was discarded.

03) 350ul of RW1 buffer were filled into each
spin column.

04) The spin-columns were centrifuged at 10.000 rpm
for 30 seconds and the liquid in the collection tubes
was discarded.

05) Each spin-column was filled with 80ul incubation
mix consisting of 70pul RDD buffer and
10ul DNase | stock solution and then incubated at
room temperature for 15 minutes.

06) 350ul of RW1 buffer were filled into each
spin column.

07) The spin-columns were centrifuged at 10.000 rpm
for 30 seconds and the liquid in the collection tubes
was discarded.

08) 500ul of RPE buffer were filled into each
spin column.

09) The spin-columns were centrifuged at 10.000 rpm
for 30 seconds and the liquid in the collection tubes
was discarded.

10) 500l of RPE buffer were filled into each
spin column.

11) The spin-columns wers centrifuged at 10.000 rpm
for 2 minutes and the liquid in the collection tubes
was discarded.

12) The spin-columns were centrifuged at 13.000 rpm
for 1 minute and put into new collection tubes.

13) 30ul of RNAse free water were filled into each
spin column.

14) The spin-columns were centrifuged at 10.000 rpm
for 1 minute to get the RNA into the collection tubes.

We quantified the samples using NanoDrop 2000 (Thermo Fisher Scientific,
Waltham, MA, USA) and stored them in a frozen state.

14



2.6 c-DNA Synthesis

For further analysis of the gene expression we synthesized cDNA (complementary
deoxyribonucleic acid) from the purified RNA samples using Biorad's iScript kit
(Biorad, Hercules, California, USA). Per reaction we used 1pl reverse
transcriptase (RT) to transcribe the single stranded RNA into cDNA, 4ul 5x iScript
reaction mix (Biorad) and 1ug of the respective RNA template. This mix was filled
up with NFW to a total volume of 20ul. We also prepared a No RT control (RT-)
and a Negative control (NC) to enable the detection of contamination. The RT-
control contained all components except the RT and was used for detection of
contamination with residual genomic RNA. The NC contained all essential
components for the reaction except the RNA template to detect contamination of
the cDNA-synthesis kit. We incubated the reaction mix in a Thermocycler

(myCycler, Biorad, Hercules, California, USA) as follows:

1) 5 minat20°C ... for annealing of the primers to the RNA.
2) 20 min at 46°C ... forreverse transcription of RNA into cDNA.
3)1 minat94°C ... forinactivation of the RT.

2.7 Real-Time PCR

For amplification and simultaneous measurement of the cDNA we used the
method of Real-time PCR (RT-qPCR). We distributed the samples from each
experiment on three 96 well plates. In each well we filled a mixture of 10pl
consisting of

3 I NFW,

1 ul of the respective primer,

1 ul of the respective cDNA template diluted to 12.5 ng/ul, and

5 ul of SsoAdvanced Universal SYBR Green Supermix (Biorad).

Each of the samples obtained from the cDNA synthesis was prepared as a
triplicate, i.e. for each experiment, each cDNA - primer combination to be

investigated was mixed three times as much as shown above and distributed over
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three wells. In addition to the RT-gPCR of the cDNA templates, the following RT-

gPCRs were performed for control purposes:

No RT control (RT-):

The mixture contains all components except the reverse transcriptase (RT).
Instead of 1ul RT 1yl NFW is used. The no RT control is used for the

detection of DNA contamination.

NC (negative control):
The mixture contains all components except the RNA template. Serves for

the detection of contamination of the kit for c-DNA synthesis.

NTC (no tamplate control):

Contains all components for amplification except the cDNA template. The

NTC is used for the detection of contaminations.

B2M RPL MMP2 Control (RT-, NC, NTC)
1 2 3 4 5 6 7 8 9 10 11 12

A B2M B2M B2M RPL RPL RPL MMP2 MMP2 MMP2 RPL RPL RPL
CoCrMo | CoCrMo | CoCrMo | CoCrMo | CoCrMo | CoCrMo | CoCrMo | CoCrMo | CoCrMo | RT- RT- RT-

B | B2M B2M B2M RPL RPL RPL MMP2 MMP2 MMP2 RPL RPL RPL
TiAleV4 TiAlsV4 TiAlsV4 TiAlsV4 TiAlsV4 TiAlsV4 TiAlsV4 TiAleV4 TiAleV4 NC NC NC

C| B2M B2M B2M RPL RPL RPL MMP2 MMP2 MMP2 B2M B2M B2M
TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 NTC NTC NTC
+TiN +TiN +TiN +TiN +TiN +TiN +TiN +TiN +TiN

D| B2M B2M B2M RPL RPL RPL MMP2 MMP2 MMP2 RPL RPL RPL
TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 NTC NTC NTC
+Ag +Ag +Ag +Ag +Ag +Ag +Ag +Ag +Ag

E | B2M B2M B2M RPL RPL RPL MMP2 MMP2 MMP2 MMP2 MMP2 MMP2
TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 NTC NTC NTC
+cpTi +cpTi +cpTi +cpTi +cpTi +cpTi +cpTi +cpTi +cpTi

F | B2M B2M B2M RPL RPL RPL MMP2 MMP2 MMP2 MMP9 MMP9 MMP9
TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 NTC NTC NTC
rough rough rough rough rough rough rough rough rough

G| B2M B2M B2M RPL RPL RPL MMP2 MMP2 MMP2 MMP14 | MMP14 | MMP14
TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 NTC NTC NTC
PEEK PEEK PEEK PEEK PEEK PEEK PEEK PEEK PEEK

H| B2M B2M B2M RPL RPL RPL MMP2 MMP2 MMP2 TIMP1 TIMP1 TIMP1
TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 TiAleV4 NTC NTC NTC
hFOB hFOB hFOB hFOB hFOB hFOB hFOB hFOB hFOB

Table 3: Representative depiction of the distribution of the samples on a 96 well plate.
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After sticking the 96 well plates filled with the reaction mix with foil and centrifuging
them for 1 minute at 900 x g, we incubated them in a thermocycler (CFX 96,

Biorad, Hercules, California, USA) as follows:

1) 30 secat95°C ... for polymerase activation and cDNA denaturation
2) 10secat95°C ... for denaturation
3) 20 secat60°C ... for annealing/extension and plate read

40 cycles were performed.

For relative quantification we used the AACt-method:

1) From the fluorescence measurements, a Threshold cycle (Cr) is obtained
for each sample, which is the cycle in which the first significant,

detectable increase in fluorescence is observed.

2) The ACr value is obtained by substracting from the Crt value of the target

gene the Cr value of the respective reference gene.
3) The AACT value is determined by substracting the ACt value of the
reference sample (which is TiAlséV4in our case) from the ACt value of the

sample of interest.

4) The normalized target gene expression of each sample is 2724,
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3 Results

3.1 Surface Differences of the Sample Plates

The results of scanning electron microscopy (SEM) and its corresponding energy
dispersive X-ray analysis (EDX) of the sample plates used for our experiments are
shown in Figures 4-8. The microscopic SEM images illustrate the different surface
morphology of the examined TiAleV4 discs with differently modified surfaces. It is
clearly visible that not only the roughened surface of TiAlsVs, but also the surfaces
of TiAleV4+TiN, and TiAléVa+cpTi show considerably more unevenness than those
of TiAleV4 or TiAlsVa+Ag. The EDX analysis shows the clear differences between

the types of surfaces in the composition of the chemical elements.
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Figure 4:
Scanning electron microscopy (SEM) (A and B) and their corresponding energy-dispersive X-ray

(EDX) (C) analysis of uncoated TiAleV4 (1000x and 10.000x magnification). The pictures are used
with the kind permission of Dr. Birgit Lohberger.
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TiAleVa+TiN:
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Figure 5:

Dat: Dctane Elect Plus

Scanning electron microscopy (SEM) (A and B) and their corresponding energy-dispersive X-ray
(EDX) (C) analysis of TiAleV4 discs coated with TiN (1000x and 10.000x magnification). The

pictures are used with the kind permission of Dr. Birgit Lohberger.
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TiAlsV4+Ag:
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Figure 6:
Scanning electron microscopy (SEM) (A and B) and their corresponding energy-dispersive X-ray
(EDX) (C) analysis of TiAleV4 discs coated with Ag (1000x and 10.000x magnification). The

pictures are used with the kind permission of Dr. Birgit Lohberger.
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TiAlsV4 roughening:
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Figure 7:
Scanning electron microscopy (SEM) (A and B) and their corresponding energy-dispersive X-ray
(EDX) (C) analysis of roughened TiAleV4 discs (1000x and 10.000x magnification). The pictures are

used with the kind permission of Dr. Birgit Lohberger.
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Figure 8:

Scanning electron microscopy (SEM) (A and B) and their corresponding energy-dispersive X-ray
(EDX) (C) analysis of TiAleV4 discs coated with cpTi (1000x and 10.000x magnification). The
pictures are used with the kind permission of Dr. Birgit Lohberger.
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3.2 Cytotoxicity Assay

We compared the fluorescence of the samples, which is proportional to the LDH
loss of lysed cells, with the fluorescence of the positive control. We assumed a
cytotoxicity of 100% for the positive control because we deliberately destroyed
their cells, and compared the values (meantSD; n=5) of the samples CoCrMo,
TiAleVa+TiN, TiAleVa+Ag, TiAleVa-roughening, TiAlsVa+cpTi, hFOB and PEEK with
the values of TiAleV4 using Student’s unpaired t-test. Except for the decline in the
group of TiAleVa+Ag the cytotoxicity assay showed no significant differences
between the groups we examined. The cytotoxicity as a percentage of the positive

control is shown in figure 9.

Cytotoxicity Assay:
E 120 MMP2 mean SD p-value
% 100 - Pos. Control 100 0.0
T 80 - CoCrMo 16.6 5.9 0.424
% 60 - TiAleV4 19.8 6.3

10 TiAleV4 +TiN | 20.5 3.6 0.833

TiAleVa +cpTi | 18.3 4.0 0.670

i TiAleVa+Ag | 12.2 3.6 0.047
&

TiAleV4 rough | 21.8 3.8 0.562

& & & & & ‘Eﬁ & & & PEEK 19.8 |52 0.998
& & T ¢ hFOB 21.7 |47 | 0602
Figure 9:

Except for the decline in the group of TiAleV4+Ag the cytotoxicity assay showed no significant
differences between the groups we investigated and TiAleV4 (p-values below 0.05 were considered

significant; n=5).
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3.3 Gene Expression

We compared the relative gene expression of MMP2, MMP9, MMP14, TIMP1,
TIMP2, COL1, SPP and BGLAP both from cells (hFOB) grown on test plates of
CoCrMo, TiAleéVa+TiN, TiAlsVa+Ag, TiAlsVs-roughening, TiAlsVa+cpTi and PEEK,

as well as from cells growing without sample plates, with that of cells growing on

plates of TiAleV4. For evaluation we used Student’s one-sample t-test. P-values

below 0.05 were considered significant. We compared the gPCR values from five

experiments, which were measured as triplicates:

MMP2

é 30 MMP2 mean SD p-value

g“ CoCrMo 119 1019 | 0.093

:’-J“ ! TiAlV4a+TiIN | 1.36 | 0.35 | 0.087

g L5 TiAleV4a+Ag | 2.03 | 0.67 | 0.027

L1107 TiAleVa+cpTi | 1.58 | 0.53 | 0.070

B 05 - I TiAlsVarough | 1.29 | 0.46 | 0.229

0,0 + ' . ¥ ' PEEK 1.42 0.31 0.036

&S S EE hFOB 139 | 033 |0.058
4 B I ) =y ]

Figure 10:

Compared to the TiAl6V4 control group the relative expression of MMP2 was significantly increased

in the groups TiAléV4+Ag and PEEK, whereas no significant difference was found in the groups

CoCrMo, TiAleV4+TiN, TiAleV4+cpTi, TiAl6V4 rough and hFOB.
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MMP9:

é :"3 MMP9 mean SD p-value
ggfg | CoCrMo 0.93 [0.12 | 0.409
Chedl I TiAleVa+ TN | 1.94 | 0.37 | 0.048
520 TiAleVa+Ag | 0.90 |0.15 | 0.214
2 . ' 1 . TiAleVa +cpTi | 1.91 | 0.97 | 0.157
0 - l - . - TiAleVarough | 1.38 | 0.69 | 0.201
e T TR e 'Q‘b PEEK 229 [1.10 |0.102
& & S ﬁg:-*‘** o & F hFOB 265 |1.18 |0.068
‘\5)‘!5 "‘:"% .{;?\"b Qﬁﬁa
Figure 11:

The expression of MMP9 in cells growing on CoCrMo, TiAleV4+Ag, TiAleVa+cpTi, TiAleV4 rough,
PEEK or hFOB was not different from that of cells growing on TiAl6V4 whereas the expression of
MMP9 in cells growing on TiAleV4+TiN was significantly higher than the expression of cells growing
on TiAleV4.

MMP14:
% :E [ MMP14 mean SD p-value
2 7,0 CoCrMo 145 |0.96 | 0.500
g ] . TAVA+ TN | 3.98 | 3.02 | 0.229
g0 | TAVa+Ag | 147 | 1.52 | 0.736
_ [TAeva+cpTi | 0.45 | 053 | 0.215
e iy o g | | TAeirouh [275 |2.98 | 0574
' ' ' PEEK 108 | 028 | 0632
R Ln i o vid
L@‘ﬁ & & & @P@‘g’ & ¢ hFOB 402 |438 |0.355
ﬂ_‘? o ;\;Sgu '\‘?
Figure 12:

There were no significant differences in the expression of MMP14 in the groups investigated

compared to the control group growing on TiAleVa4.
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TIMP1:

)
un

TIMP1 mean SD p-value

B
[=]

CoCrMo 1.12 0.28 0.463

TiAleV4 + cpTi | 1.37 0.50 0.231

TiAleV4 rough | 1.22 0.33 0.276

relative gene expression
=] = — [=
= 1] (=] L
“ -

| TiAleVa+TIN | 1.61 | 0.55 | 0.111
TiAleVa+Ag | 1.33 | 0.20 | 0.044
o

o & i o o PEEK 1.42 0.38 0.118
f o o L ,t_-.q‘-q & E o
A3 P ?@* ny I hFOB 1.36 0.40 0.164
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Figure 13:

A significantly higher expression of TIMP1 was found only in cells growing on TiAleéV4+Ag. All other
cell groups investigated did not differ significantly from the control group in the expression of
TIMP1.

TIMP2:
& ':E [ TIMP2 mean SD p-value
% 14 CoCrMo 1.05 0.09 0.285
§i§ TAVa+TN | 1.16 | 0.21 | 0.162
:,DIE TiAleV4 + Ag 1.26 0.38 0.198
206 TiAleVa+cpTi | 1.12 | 0.17 | 0.198
% g: . I TiAleV4 rough | 1.01 0.26 0.967
0,0 . PEEK 1.09 0.22 0.422
é‘ (&5& Kn?i'a b-“$\ iﬁ q“ﬁ’% &c? hFOB 1.07 0.17 0.416
@ Q@‘G& -5°
Figure 14:

There were no significant differences in the expression of TIMP2 between the investigated groups
and the control group.
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Figure 15:

Compared to the TiAleV4 control group there were no

e

T

expression of COL1.
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il

coLu1 mean SD p-value
CoCrMo 1.24 0.57 0.406
TiAleV4 + TiN | 1.54 1.16 0.353
TiAlsV4 + Ag 1.68 0.60 0.107
TiAleVa +cpTi | 2.35 1.53 0.174
TiAlsV4rough | 1.29 0.72 0.416
PEEK 2.52 1.10 0.069
hFOB 1.92 0.88 0.125

significant differences

in the relative

SPP mean SD p-value
CoCrMo 1.25 0.43 0.264
TiAlsV4 +TiIN | 0.95 0.16 0.550
TiAleVa +Ag | 4.01 1.44 0.009
TiAlsV4 +cpTi | 1,22 0.33 0.209
TiAlsV4 rough | 1.11 0.19 0.281
PEEK 1.51 0.51 0.088
hFOB 1.06 0.21 0.573

Except for the increased SPP expression of those cells that grew on TiAleV4+Ag, there were no

significant differences in comparison to the control group growing on TiAleV4.
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BGLAP:

: jE BGLAP mean SD p-value
20
560 1 CoCrMo 361 |3.16 |0.288
$50 | TiAleVa+TIN | 2.88 | 2.14 | 0.267
§4.0 1 TiAleVa+Ag | 143 | 0.77 | 0.441
- Sll| TiAlsVa +cpTi | 2.74 | 1.29 | 0.146
ol i . TAVatough | 2.61 | 0.94 | 0.098
el [ | PEEK 286 | 131 |0.134
S I SR - R hFOB 1.98 |0.08 | 0.002
cﬁ;} & 4"} & ﬁcﬂ u-"':'& Ll
el 0 ) e
& A
Figure 17:

Compared to the TiAl6V4 control group the relative expression of BGLAP was significantly

increased in the group of hFOB, whereas no significant differences were found in the other groups.
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4 Discussion

The reaction of bone-forming cells to implanted materials depends on their
topography, chemical composition and surface roughness, as has been shown
many times. [85-93] In the present diploma thesis we therefore analyzed the
influence of TiAlséV4 surface modifications on both cytotoxicity and gene expression
of matrix metalloproteinases (MMP2, MMP9, MMP14) and their inhibitors (TIMP1,
TIMP2) as well as the expression of collagen type | (COL1), osteopontin (SPP)
and osteocalcin (BGLAP) in osteoblasts (hFOB).

4.1 Cytotoxicity

The cytotoxicity of the investigated groups (CoCrMo, TiAleéVs, TiAleV4+TiN,
TiAleVa+Ag, TiAléVs-roughening, TiAlsVa+cpTi, hFOB and PEEK), with the
exception of TiAleVa+Ag, was about 20% of the level of cytotoxicity of the positive
control. This value is comparable to the results of similar investigations that have
been carried out with CoCrMo alloys. [94] Our examinations showed a significantly
lower cytotoxicity for TiAleVa+Ag compared to TiAleVa. This is unexpected because
surface coatings that contain larger amounts of Ag are known to have a cytotoxic
effect in addition to their antibacterial effect. [95-101] The reason for the
significantly lower measured values for cytotoxicity of TiAleV4+Ag could be that the
cells growing on TiAleVa+Ag plates proliferated less. An indication for worse cell
growth of hFOB on TiAlsVa+Ag is the concentration of isolated RNA of the
TiAleVa+Ag samples measured with nanodrop (not shown), which was
considerably lower compared to the other samples. The cytotoxicity of all other
investigated groups was similar to that of TiAleV4. From this it can be concluded
that neither the surface modification TiAleV4+TiN, nor TiAleVa+cpTi or TiAleVas-

roughening is associated with the risk of increased cytotoxicity.
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4.2 Gene Expression

Based on the roughness of their surface, the sample plates can be broadly divided
into two categories, whereby TiAleVs-roughening, TiAlsV4+cpTi, and TiAleV4+TiN
are considered to belong to the category with an uneven surface and TiAlsV4 as
well as TiAleVa+Ag are considered to belong to the category with a more smooth
surface. In the most comparable groups due to the same basic material (TiAlsV4
and TiAleVs-roughening) no significant difference in the expression of the
investigated genes could be found. From this it can be concluded that the
chemical composition of the materials probably has a greater influence on the
expression of MMP2, MMP9, MMP14, TIMP1, TIMP2, COL1, SPP and BGLAP

than the structure of the surface.

hFOB cells growing on the sample plates CoCrMo, TiAlsVa+cpTi, or TiAlsVa-
roughening did not show significant differences in the expression of MMP2,
MMP9, MMP14, TIMP1, TIMP2, COL1, SPP or BGLAP compared to TiAleVa.

MMPs are involved in establishing a balance between bone resorption and
formation through their ability to cleave organic bone matrix. [68,70,102,103]
Compared to the other samples, the very high Ct values of MMP9 and MMP14
(not shown) were prominent, indicating a very low expression of MMP9 and
MMP14. This was observed, to a slightly varying degree, in all experiments
performed on cells of all investigated groups. MMP14 was more or less equally
represented in all groups without significant differences compared to TiAleV4, while
MMP9 was significantly more pronounced in the group TiAléV4+TiN compared to
TiAleV4a. Both the PEEK group and the TiAleV4a+Ag group showed significantly
higher expression of MMP2 than the TiAléV4 group. Increased expression of
MMPs, especially MMP2 which is known to cleave ECM components such as type
1 collagen [104,105], is generally thought to be linked to bone loss. [106-108]
However, since the effects of MMPs are influenced at many levels, such as gene
transcription, translation, secretion of inactive pro-enzymes, proteolytic activation,
inhibition by specific inhibitors (such as TIMPs) or interaction with proteins of the
extracellular matrix, MMP expression does not allow direct conclusions on their
activity. [68] Although a comprehensive picture of the importance of MMPs for
bone metabolism can be formed from various studies, the exact role of MMPs in
periprosthetic osteolysis is still unclear. Therefore, the results of our investigations
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about the influence of different surface modifications on the expression of MMPs
can at the very most be interpreted as hints that can serve as a basis for further
investigation in this field.

In the cell group growing on TiAlsV4+Ag, the expression of MMP2 as well as
that of TIMP1, which is considered to be an inhibitor of MMP2 [109], and SPP was
significantly increased compared to TiAlsV4. TIMPs are generelly known for their
ability to inhibit the catalytic activity of MMPs in the ECM space. [76,110] A
damage to the ECM caused by an increase of the expression of MMP2 would
therefore rather be expected if the expression of TIMP1 were to decrease at the
same time. In the expression of TIMP2 no significant differences were observed
between the groups we evaluated. This may be due to the constitutive expression
pattern reported for TIMP2. [111]

The expression of COL1, which is necessary for the formation of
mineralized bone matrix, was similar in all groups with no significant differences
compared to TiAleVa. The good expression of COL1 observed across all groups
can be interpreted as an indication that none of the surface modifications studied,
at least not by this pathway, negatively affects the formation of mineralized bone
matrix.

A significantly higher expression of BGLAP was observed only in the hFOB
group compared to the TiAlsV4 group. This can be seen as an indication that the
production of osteocalcin is reduced in cells growing on TiAleV4 surfaces.

The significantly higher expression of MMP2, TIMP1 and SPP in hFOB cells
growing on TiAlséV4+Ag compared to TiAleV4 could lead to the assumption that
these cells produce increased amounts of ECM components such as SPP, which
are cleaved by an increased release of MMPs (in this case MMP2) and the MMPs
are controlled by an enhanced production of TIMPs. However, it should be noted
that osteopontin (SPP) is not a known substrate of MMP2, in contrast to the most
common protein of the ECM (COL1), which was not expressed at increased rates.
Therefore, such a conclusion cannot be made on the basis of the present results
and further investigation is necessary to determine whether or not there is a

relationship.
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In summary, the expression of MMP9 and MMP14 was generally very low, and
with the exception of the group TiAlsVa+Ag compared to TiAlsV4 no significant
differences in the expression of MMP2, TIMP1, TIMP2, COL1, SPP or BGLAP by
hFOB cells growing on modificated surfaces of TiAleVa4 (TiAleVa+TiN, TiAleVa-
roughening or TiAlsVa+cpTi) were found. From this it can be concluded that the
above mentioned surface modifications have no significant influence on the
expression of MMP2, TIMP1, TIMP2, COL1, SPP or BGLAP by osteoblasts and
thus do not contribute to aseptic prosthesis loosening in this way. The effects of
changes in the expression of MMP2, TIMP1 and SPP in hFOB cells growing on

TiAleVa+Ag and if there is a relationship between them is still to be investigated.
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