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Introduction

1. Introduction

1.1 Motivation

Defects and inflammation of bone and joints annually affect several million people worldwide. As one
of the most prevalent operations, 390,000 hip and knee prostheses are implanted annually in Germany.
Additionally, 37,000 replacement operations are necessary each year [http://www.eprd.de
Endoprothesenregister Deutschland; 22.1.2013]. The number of hip fractures in the European Union is
predicted to rise from 414,000 in the year 2000 up to 972,000 in 2050. This represents an increase by
135%. The number of vertebral fractures is estimated to increase from 23.7 million to 37.3 million
[COMPSTON et al. 1998]. It was anticipated that 25% of all health expenditures in developing nations go
towards providing trauma-related care by the year 2010 [DELMAS et al. 2000]. Short convalescence
times are of growing importance as, at least in industrial countries, there is a growing need for an
employable population to keep the economy stable and to ensure the supply of the older generations.

Due to improved healthcare systems, people reach an advanced age. At the same time there is a growing
will to stay physically and mentally healthy and have high fitness and self-dependence in seniority.
Moreover, expectancies after an operation have changed in the last decades. Patients who overcame a
total hip replacement do not only want to be reconstituted but expect to walk stairs and do sports without

pain.

Figure 1: Radiograph of the hip with prosthesis (AML; DePuy, Warsaw, Indiana) after total hip
arthroplasty. The arrows show regions of osteolysis and wear of the polyethylene. Published in PULLIAM
etal.,1997.

Bone fractures, dorsal pain, osteoporosis, scoliosis, bone cancer and other diseases of the
musculoskeletal system can in part only be cured by operations and the use of permanent, temporal or
degradable implants. Orthopedic biomaterials therefore have to be designed in a way that they can

replace different tissue or stimulate the bone to restore/recover/heal. High demands are made on the
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materials properties because the human body exerts a highly corrosive milicu. The materials need to
have (I) high mechanical stability, (IT) abrasion resistance, (I11I) load capacity, (IV) biocompatibility and
potentially (V) bioactivity and osteoinductive potential [NAVARRO et al. 2008]. On account of this,

intensive research on improved materials or coatings is of great importance since the last decades.

1.2 Physico-chemical surface modifications

The use of metals is widespread in dentistry or surgery. Especially titanium and titanium alloys are
commonly used due to their fracture toughness and load bearing capacity. However, their ingrowth in
living bone is rather poor [YAN et al. 1997]. While temporary implants, which have to be removed from
the patient after a certain time, should be rather inert and require no bone bonding, long-term implants
have to possess a bioactive surface to enable good integration into the patient’s bone. The fabrication of
arough surface by mechanical methods such as grinding, machining and blasting [BARBOUR ef al. 2007,
LANGE et al. 2002, LUETHEN et al. 2005], or chemical methods such as etching and aniodization [PARK
et al. 2007, SZMUKLER-MONCLER et al. 2004] increases the bone-bonding-ability. Cell culture
experiments have shown that rough surfaces promote cell adhesion, spreading [LUETHEN et al. 2005,
RANUCCI et al. 2001], gene expression of differentiation markers and synthetization of proteins of the
extracellular matrix [BOYAN et al. 1996, HATANO et al. 1999]. Moreover, polished titanium, due to its
low roughness and low wettability, is likely to be colonized by fibroblasts, which are unwanted in the
bone-implant-interface [PESAKOVA et al. 2007]. On the one hand, the high surface roughness of
corundum blasted surfaces adversely affects cell spreading and proliferation. On the other hand, the
rough topography is essential for the successful long-term functionality of “close-to-bone implants”.
Clinical trials have shown that a high surface roughness leads to a better distribution of the forces acting
on the bone, resulting in decreased occurrence of micro-fractures [ WISKOTT ef al. 1999] .
Additionally, there are different approaches optimizing cell adhesion to metallic surfaces. Coatings are
deposited to improve the biocompatibility and bioactivity of a surface compared to a solely inert surface.
Coatings are also applied to inhibit bacterial adhesion and colonization. Gristina has postulated in 1987
that human body cells and bacteria compete in a “race for the surface”. Those cells, who reach the
surface first and build up a firm layer, will determine the fate of the implant. Thus it would be a great
benefit, if the adhesion of human body cells, especially bone cells, could be improved

[GRISTINA 1987].

A widespread approach to create biologically active implant surfaces comprises the deposition of an
additional layer on top of the metal by physicochemical or biochemical means [MORRA et al. 2003,
NARAYANAN et al. 2008]. A well-accepted method to increase the bioactivity of metals is the deposition

of an hydroxyapatite layer using electrophoretic techniques [DUCHEYNE et al. 1990] or via plasma-
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spraying [THULL et al. 2001]. With respect to chemical modifications, one focus is placed on the
grafting of lipid-layers or proteins, i.e. adhesion proteins, growth factors or peptides that function as
ligands for adhesion receptors. Considering peptides, especially the amino acid motif RGD (arginine-
glutamine-asparagine), present in the extracellular matrix (ECM) proteins fibronectin or vitronectin, is
under intensive research [SCHULER et al. 2006, WILLUMEIT ef al. 2007, WOJTOWICZ et al. 2010].

The use of poly-D-lysine (PDL) coated surfaces in research and development is widespread. However,
due to the lack of mechanical stability, this coating was not established at the implant market. Thus, as
described above, there are several preconditions that have to be fulfilled by orthopedic implant coatings.
They have to be mechanically stable, have a high load capacity and need to be highly biocompatible
[NAVARRO et al. 2008]. This accounts for the bulk material as well as for the potential coating.
Another main research area is concerned with the coupling of functional groups on implant surfaces.
Different techniques can be used to deposit layers with various terminating groups (CH3z, NH,, COOH,
OH) on a surface. Different approaches showed that the highest adhesion of osteoblasts could be reached
on NH, groups compared to polyethylenglycol and methyl groups [FAUCHEUX et al. 2004, SCHWEIKL
et al. 2007]. A very common technique is to use self-assembled monolayers (SAMs), where organic
molecules adsorb to a surface and organize due to the different chemistry of the head and tail-domains

[FAUCHEUX et al. 2004].

Besides these techniques, plasma technology offers advantages to modify metal surfaces with reactive
groups. Cold plasma processes are energy-efficient, dry techniques that can be performed in a large
range of pressure. These plasma processes are characterized by a low degree of ionization when operated
at low pressure, thereby altering only the upper layer of the material leaving the characteristics of the
bulk material unchanged. This is highly desired in the orthopedic field because it allows for modification
of existent, commercially available materials thereby improving their performance in the biomedical
field without changing the mechanical features [DENES et al. 2004]. Such processes include (I) the
deposition of chemical groups, (II) the deposition of micro- or nanolayers generating varying roughness
or (III) the creation of cell adhesive coatings with defined chemical composition, which can be
functionalized subsequently with immobilized molecules [INTRANUOVO et al. 2011, SCHRODER et al.
2010a]. Direct applications for this technique are drug eluting stents or vascular prosthesis, releasing
substances that prevent from thrombosis, blood coagulation or restenosis [REN ef al. 2008, WALSCHUS
et al. 2011]. In principal, reactive surfaces like polymers can easily be equipped with nitrogen-
containing groups by plasma treatment with a simple process gas like ammonia. Depending on treatment
condition, this can lead to high nitrogen content and amino group density on the surface. However, these
surfaces undergo a fast restructuring process, which results in a rapid change of the hydrophilicity during
storage on air. For this reason ammonia-treated surfaces are not applicable in orthopedics or dental

surgery [GRIESSER et al. 1994].
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However, inert surfaces like titanium can well be equipped with amino groups by depositing polymer
layers. Different amines, for example allylamine (C;HsNH-»), are used as precursors for functionalizing
materials using different coating techniques. The surfaces are equipped with a net positive surface
charge. The amine layer allows further covalent coupling of proteins or peptides via suitable linkers
[FINKE et al. 2007, HAMERLI et al. 2003, J.H. ZHAO et al. 2011]. By functionalizing the surface of the
implant material titanium with positively charged amino groups, their cell adhesive characteristics can
be significantly altered. Polished titanium surfaces usually possess a water contact angle of 70°. In
contrast to this, human cells adhere best, when the surface has a water contact angle of 40-60° - the so-
called “biocompatibility window” [LIM et al. 2004]. The functionalization of titanium surfaces with
plasma technology offers the possibility to render the surface more hydrophilic (50°) and additionally
to generate positively charged amino groups [FINKE ef al. 2007, NEBE et al. 2010]. Among different
amines, allylamine (C3HsNH,) is used as a precursor in plasma processes to generate surfaces with a
biocompatible water contact angle and a positive surface charge (~ 9.1mV) [HAMERLI et al. 2003,
HARSCH et al. 2000, NEBE ef al. 2007, REN et al. 2008]. But also ethylenediamine (C,HsN>) or
heptylamine (CH3(CH2)sNH>) can be used to generate positively charged plasma layers [KIM et al. 2007,
ZHAO et al. 2011].

1.3 Molecular mechanisms of the initial cell adhesion

The majority of tissue cells, apart from blood cells, need to adhere to the extracellular matrix or other
cells in order to survive. The quality of this first adhesion is decisive for the further growth and
differentiation of the cells. Cell adhesion is playing a central role in the development of all metazoans
[HYNES 1999]. Studies on cell-matrix and cell-cell contacts indicate that these complexes consist of
multiple components, including transmembrane adhesion receptors (integrin family), components of the
actin cytoskeleton and interconnecting anchoring proteins (focal adhesion kinase, paxillin), which link
the cytoskeleton with the membrane [ZAMIR et al. 2001]. These protein complexes influence the
integration of single cells into the tissue. Moreover, they play a major role in the transduction of
transmembrane signals, which regulate important cellular processes. These processes are often
overlapping and are connected to each other, such as proliferation, migration, differentiation or apoptosis

of cells [GEIGER et al. 2001, GIANCOTTI et al. 1999].

Due to the complexicity of the processes being involved during cell adhesion, it is necessary to divide
the processes in temporary defined events. Primarily the cell exhibits many unspecific weak bondings,
which taken together are sufficient to hold the cell near the surface. This creates the temporal and spatial

frame for the production and organization of adhesion proteins [HANEIN ef al. 1995].



Introduction

ith integrins and hyaluronan (HA) coat
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Figure 2: Scheme of the initial cell adhesion to a positively charged surface. The negatively charged

hyaluronan (HA) coat facilitates a weak bonding to the surface until the cell has established strong

adhesion bonds via integrins. Adapted from [COHEN et al. 2004]

The formation of integrin contacts requires a time frame of several minutes and a maximum distance to
the surface of a few dozen nm [ZIMMERMAN et al. 2002]. Subsequently, these contacts mature into focal
contacts representing a stable connection to the surface. Recently, it was discovered that the pericellular
matrix-component hyaluronan (HA) plays a decisive role during the first cell-surface contact [M. COHEN
et al. 2006, ZIMMERMAN et al. 2002]. HA is a large linear glucosaminoglycane (10°-107 kD) composed
of several disaccharides of glucuronic acid and n-acetylglucosamin [COHEN et al. 2004, TooL 2001].
Due to the carboxy-group of the glucuronic acid, HA is strongly negatively charged at physiological pH
[COHEN et al. 2003, TOOLE 2004]. The thickness of the hyaluronan coat may vary from 2-4 pm
depending on the cell type [COHEN et al. 2003]. HA mediates the fast adhesion of cells to a surface. If
the hyaluronan coat of the cell is removed by hyaluronidase, the binding of cells is diminished [FINKE
et al. 2007]. Likewise, cell adhesion can be inhibited if both partners - cell and surface - exhibit HA
[ZIMMERMAN et al. 2002]. This initial phase, where only weak forces are developed between cell and
surface may last 2-10 minutes. During this time, no focal adhesions are formed. In order to make way
for receptor—integrin contacts, HA has to be modified or removed. HA is then dislocated to the cell
periphery or hydrolyzed by hyaluronidase [COHEN et al. 2004]. During cell spreading, the HA is
remaining in pockets, few pm? in size, underneath the cell [M. COHEN et al. 2006]. Subsequently, as the

cell reaches a closer distance to the surface, it starts building up focal contacts resulting in a strong

5
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bonding to the surface. Subsequently, different adapter proteins like vinculin, paxillin, or focal adhesion
kinase can bind to this agglomeration of adhesion proteins that is referred to as ‘focal adhesions’ or the
‘adhesome’ [GEIGER et al. 2011]. Due to the complexity of the focal adhesions, it is not possible to
analyze all proteins involved. In lieu thereof only one or two representative proteins out of this
agglomeration are analyzed. We and others have decided to use vinculin as a model protein to investigate
the flexibility and motility of the adhesion process [M. COHEN et al. 2006, CRITCHLEY 2004, DIENER et
al. 2005, MOHL et al. 2009].

vinculin

| i"
focal contacts

Figure 3: Scheme of an adherent cell on a material surface. The main attachment is facilitated by the
focal adhesions which include integrin proteins. These bind to extracellular surface ligands.
Intracellularly they are connected to adapter proteins such as vinculin that bind to the actin cytoskeleton

[Adapted from REBL et al. 2010].

Vinculin is an actin-binding protein which serves as a marker for both cell—cell and cell-extracellular
matrix (focal adhesion) junctions. Vinculin is expressed ubiquitously, thus it can be assumed that
vinculin is involved in multiple other signalling pathways [ZIEGLER ef al. 2006]. Recent findings have
shown for example the role of vinculin in apoptotic pathways [ SUBAUSTE et al. 2004]. Vinculinis a 116
kDa protein and it is composed of a globular head followed by a short proline-rich sequence and a tail
domain. In the cytoplasm vinculin is thought to exist in an inactivated state, where an interaction
between the head and tail masks the various ligand binding sites in the protein. Vinculin in focal
adhesions was found to be in an activated state where ligand binding is feasible [CHEN et al. 2005].
Among these binding partners of vinculin are talin, F-actin or paxillin. In focal adhesions vinculin is

thought to play a stabilizing role, thereby down-regulating the cell motility [ZIEGLER et al. 2006].

The formation, maturation and protein composition of the focal adhesions strongly depend on the protein
composition of the extracellular matrix (ECM) that is secreted on the implant surface. [ GEIGER et al.
2001] In human bone, 90% of the ECM is made up of collagenic proteins. From these, collagen I makes
up the major part with 97%. The minor part is composed of osteonectin, bone sialoproteins or fibronectin

[ANSELME 2000]. For this reason, we and others preferred to use whole collagen I proteins to study the
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defined cell interaction with the surface coating [ZHU et al. 2006]. Another approach to improve the cell
adhesion towards a surface is to use proteins or small peptides instead of proteins. In the biomaterials
field, the ECM proteins fibronectin (with its motif Arg-Gly-Asp: RGD) or collagen I (with the collagen-
mimetic peptide GFOGER) are under intensive research. During the cell adhesion process, the integrins,
large transmembrane proteins can bind to these ECM-proteins or small peptides. These large
transmembrane proteins establish a firm adhesion of the cell to a surface [TAKADA et al. 2007]. The
reason for sometimes using rather peptides than proteins for surface coatings can be found in the detailed
look at the implantation site. During the implantation operation, a wound is created and a lot of blood is
present surrounding the freshly inserted implant. The protein or peptide layer might be degraded by
hydrolyses or enzymatic activity. The matrix metalloproteinases contained in the blood could destroy
the ECM proteins [ MANNELLO 2008]. Peptides are less susceptible to destruction so they might maintain
their efficiency. However, the biological effect is not as high compared to whole proteins due to their
reduced length that results in a generally poor specificity and a reduced conformational flexibility

[COLLIER et al. 2011, GEIGER et al. 2011].

1.4  Cell types

Biomaterial tests are usually performed using primary cells or cell lines of human origin. Primary human
cells from healthy tissue are ideal to test materials before their clinical application. Unfortunately, there
are some restrictions in their practical use. On the one hand, these cells are only available to a limited
degree and on the other hand, there is a high variability of cells coming from identical tissue but from
different donors [CZEKANSKA et al. 2012]. This variability gives rise to the necessity to perform many
independent experiments to conduct significant statistical analyses. These restrictions have led to the
prevalent use of tumor-derived cell lines. The advantage of human cell lines is the high proliferation
rate leading to a nearly unrestricted availability. Even though osteoblastic cell lines like SaOs-2 or MG-
63 are derived from a sarcoma, they have conserved the main properties of primary osteoblasts i.e. the
expression of osteogenic differentiation markers like osteocalcin and bone sialoprotein (BSP) or the
activity of the alkaline phosphatase (AP) [GRAUSOVA et al. 2009, G. ZHAO et al. 2007]. Moreover, a
systematic study [CLOVER et al. 1992] revealed that MG-63 cells and primary human osteoblasts express
a similar integrin subunit pattern. This makes them very attractive for studies on the initial attachment

to material surfaces.
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L5 Working hypotheses and objectives

The present thesis arose from the joint research project “Campus PlasmaMed” subproject “Plasmalmp”
(www.campus-plasmamed.de, 10/2012, grant No. 13N9775, 13N11183). Concomitantly to this
dissertation at hand different plasma depositions were established and physico-chemically evaluated at
the Leibniz Institute for Plasma Science and Technology (Dr. B. Finke and Dr. K. Schréder, INP) in
Greifswald and the University of Greifswald/Department of Physics (Prof. J. Meichsner). In the context
of this dissertation, the cellular behavior on these positively charged allylamine plasma layers was
characterized.

Most of the techniques used for the characterization of surface coatings are performed on plane
substrates. This is due to the fact that a lot of methods for surface characterization, e.g. ellipsometry for
the measurement of layer thickness or water contact angle measurements to determine surface
hydrophilicity, can hardly be performed on rough substrates. However, orthopedic implants often
require a rough surface topography to ensure fast and good primary stability and to minimize the
appearance of micro fractures. We therefore decided to perform a comparative study on how the cell

behavior changes on a certain chemical layer, when combined with defined surface topography.

Our hypothesis was that (I) this positively charged surface would facilitate a faster cell adhesion and
thus induce the faster creation of focal adhesions. These focal adhesions would mature and the cell
would spread on the surface, grow, proliferate and finally differentiate faster than on an uncoated
surface.

Moreover we hypothesized that (II) the density of the amino groups would play a major role in
controlling the adhesion and growth of the cells. This is why we decided to compare layers generated
from different precursors (allylamine and ethylenediamine).

Finally, we assumed that (II) the combination of the plasma layer with surface roughness would

influence the cell adhesion and potentially further processes.
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2. Publications

2.1 Studyl

Henrike Rebl, Birgit Finke, Karsten Schroeder, J Barbara Nebe.

Time-dependent metabolic activity and adhesion of human osteoblast-like cells on sensor chips with a

plasma polymer nanolayer.

Int J Artif Organs 2010; 33: 738 — 748 .

Abstract

This journal article introduces the use of a sensor chip based assay (BIONAS®) for the characterization
of cell behavior on a chemical surface layer. So far these (“Lab-on-chip”) systems had only been used
for observing the influence of soluble substances on cell behavior. Here, cell adhesion and metabolic
activity of osteoblast-like cells grown on a plasma layer of PPAAm were monitored over a time period
of 24 h. The surface coating did not interfere with the sensor performance. We determined that adhesion
of vital cells on PPAAm is enhanced shortly (1 h) after cell seeding and remained continuously higher
for 24 h. The nanometer-thin PPAAm layer did not change the overall metabolic activity of MG-63 cells
during 24 h. This indicates that the plasma polymer layer enhances cell adhesion without affecting cell
metabolism. Moreover, scanning electron images revealed that the cells spread out very flat on the

sensor surface leading to a strong interaction between the cell and the underlying surface.
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ORIGINAL ARTICLE

Time-dependent metabolic activity and adhesion of
human osteoblast-like cells on sensor chips with a
plasma polymer nanolayer

Henrike Rebl', Birgit Finke?, Karsten Schroeder?, J. Barbara Nebe'

'University of Rostock, Biomedical Research Center, Dept. of Cell Biology, Rostock - Germany
2Leibniz-Institute for Plasma Science and Technology e.V. (INP), Greifswald - Germany

ABSTRACT

Purpose: To improve orthopedic implant ingrowth, knowledge of the effect of chemical surface modi-
fications on vital cell function in vitro is of importance. Early in our investigations we recognized that
amino groups, positively charged via plasma polymerized allylamine, increased cell growth and the
actin-filament formation in the initial cell-material contact phase. To gain insight into continuous vital
cell behavior on this plasma polymer layer, here we present the metabolic activity of osteoblasts and
their time-dependent adhesion using the sensor chip technology.

Methods: We demonstrate a new method for continuous 24 hour-measurements with vital human
osteoblast-like cells (MG-63, ATCC) on sensor chips (Bionas® SC 1000) modified with plasma po-
lymerized allylamine (PPAAmM). The PPAAm film deposited on the chip is a cross-iinked, strongly fixed
plasma polymer with relatively high amino functionality and well defined chemical surface composi-
tion. We assessed continuous cell adhesion and the metabolic activity, i.e., oxygen consumption and
acidification.

Results: We determined that adhesion of vital cells on PPAAm is not only enhanced shortly (1 h)
after cell seeding but remained continuously higher for 24 h, which is significant. This nanometer-thin
PPAAm layer did not change the overall metabolic activity of MG-63 cells during 24 h.

Conclusion: This tool — using adhesion and metabolic sensor chips — appears to be a suitable meth-
od for the recognition of vital cell physiology in biocompatibility measurements of plasma chemical
treated surfaces.

KEY WORDS: Biocompatible materials, Polymer, Biosensing techniques, Osteoblasts, Cell adhesion,
Metabolic activation

Accepted: August 17, 2010

INTRODUCTION

mediate occupation of an implant surface by osteoblasts
as well as for the induction of tissue regeneration (5, 8).

Control of tissue physiology by bicmaterial surfaces is
fundamental in bone tissue engineering. In the last decade
many strategies have been introduced to improve the cell-
material-interaction via chemical surface modifications of
an implant material (1-4). In this context, adhesion, cell
spreading and migration are vitally important for the im-

After the initial cell contact phase at the material interface
further adhesion events were mediated via the adhesion
receptors, named integrins. Therefore, for a decade immo-
bilized proteins and peptides (e.g., type | collagen, RGD
peptides) that function as ligands for adhesicn receptors
have commonly been used to improve the bhiomaterial. A

738 © 2010 Wichtig Editore - ISSN 0397-3988
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commen approach to the creation of a biologically active
implant surface involves the application of an additional
coating onto the material surface by means of physico-
chemical and biochemical deposition techniques (7, 8).
One focus in the chemical surface modification involves
coating with proteins, peptides and/or growth factors as
well as lipid bilayers (5, 9, 10). Ancther strategy, owing to
the net negative charge of eukaryotic cells, is to provide
the surface with positive charge carriers, for example, NH,
groups (11-14). Allylamine is widely used as a precursor for
functionalizing materials with a net positive surface charge
and for allowing further covalent coupling of proteins or
peptides via suitable linkers (7, 15, 16). By functionalizing
the surface of the implant material titanium with positively
charged amine groups, their cell growth characteristics can
be significantly improved, as our previous studies involv-
ing plasma polymerized allylamine (PPAAmM) showed (13,
14, 17-19). However, in the experiments, the influence of
the PPAAmM-modified surface chemistry on cells was only
tested with endpoint measurements. This does not allow a
conclusion to be drawn on the course of the effect at any
given time point. Biochips offer an ideal noninvasive online
measurement platform to obtain precise and reproducible
data on basic functional parameters such as the metabolic
activities of living, adherent cells over longer time periods.
In order to determine reasonable time peints for more pre-
cise testing methods, chip-based assays are of great ben-
efit. Global cellular metabolic activity, the rate of mitochon-
drial oxygen consumption and morphological changes are
typically investigated (20, 21). Generally these assays are
extremely useful for monitoring drug effects and dosage
influence. The evaluation of functional layers has not been
the center of interest so far.

To our knowledge this is the first study reporting the
permanent effect of an allylamine plasma polymer with a
continuous adhesion measurement method, monitoring
metabolic activity in the same time frame. Using continuous
measurements of cell metabolic parameters allows for bet-
ter characterization and understanding of the influence of
different substrata on cell accretion. The Bionas® 2500 ana-
lyzing system (Bionas GmbH, Rostock, Germany) enables
the measurement of relevant parameters like adhesion (im-
pedance), respiration and acidification in parallel (22). These

The aim of the study was to find a stable and reproduc-
ible method to evaluate adhesion and especially metabo-
lism (oxygen consumption, acidification) of living cells on
surfaces chemically modified with a plasma polymer nano-
layer. In detail we wanted to find out sensor efficacy of Bio-
nas® chips after the plasma chemical treatment.

MATERIALS AND METHODS

Sensor chips

The Bionas® 2500 analyzing system with the metabolic
chips SC 1000 (Bionas GmbH, Rostock, Germany) was
used (Fig. 1A). This chip type is equipped with three sen-
sor types: IDES (interdigitated electrode structure) sen-
sors for cell adhesion, Clark type sensors for respiration
and ISFET (ion-sensitive field effect transistor) sensors
for acidification measurements (Fig. 1B). The chip surface
was functionalized with plasma polymerized allylamine
(PPAAmM) as described below. The Bicnas® 2500 analyz-
ing system technology is based on a flow system, where
fresh medium (in our experiments Dulbecco’s modified
Eagle medium + 0.1% fetal calf serum) is steadily sup-
plied to the cells. The Bionas® auto sampler was designed
to support the medium supply during the measurement.
To prevent contamination, the medium racks were sealed
with a sterile membrane (BREATHseal, Greiner Bio-One
GmbH, Frickenhausen, Germany) which could be pen-
etrated easily by the aspiration needle. During the entire
course of the experiment a pump phase of 4 minutes was
followed by a steady phase (no flow) of 4 minutes. The
flow rate in the system was adjusted to the lowest value
of 56 pl/min to avoid shear stress. The temperature in the

TABLE | - MEASUREMENTS OF CAPACITANCE OF THE
CELL-FREE SENSOR CHIPS BEFORE AND
AFTER PLASMA TREATMENT

Capacitance prior to
plasma-modification [nF]

Capacitance after to
plasma-modification [nF]

parameters are recorded continuously to obtain an overview ~ Chip 1 48 48
of the relevant cell behavior characteristics at any given time g:}p i ig :?
; : 5 . ; ip
point. This will help to gain a better understanding of cell Chip 4 47 a7
adhesion processes at the material interface.
© 2010 Wichtig Editore - ISSN 0391-3988 739
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Medium flow

Fig. 1 - (A) Image of the metabolic chip SC 1000 (Bionas GmbH,
Rostock, Germany; Canon 350D). The cell culture surface (arrow) of
the chip fs 70.88 mm?. A scheme of the chip and a magnification of
the surface are shown in (B). This chip type is equipped with three
sensor lypes to measure ceil adhesion (interdigitated electrode
structure sensors, IDES), respiration (Clark type sensors), and acidi-
fication (jon-sensitive field effect transistor sensor, ISFET).

operating chamber was 37°C. Prior to the experiments,
the metabolic chips SC 1000 used as controls were de-
contaminated with 70% ethanol and washed with phos-
phate buffer solution (PBS; PAA Laboratories GmbH,
Pasching, Austria). In the Bionas® 2500 analyzing system,
six measurement places waork in parallel; therefore we can
directly compare different surface treatments in the same
experiment.

Plasma treatment

Amino functionalization was performed in a low-pressure
plasma process reactor V55G (plasma finish, Schwedt,
Germany, volume=60 |) in a two-step procedure: first, the
chip surface was decontaminated and activated by pulsed
oxygen plasma (500 W, 50 Pa, 100 sccm O,/25 sccm Ar,
10 ms on/90 ms off, 30 s effective) and immediately coated
by the plasma polymerization of the precursor allylamine
(PPAAmM) using a pulsed, low-pressure microwave plasma
(2.45 GHz, 500 W, 50 Pa) for an effective treatment dura-
tion of 18 seconds (bruttc 120 s, 300 ms on/1700 ms off,
PPAAmM nanolayer thickness d<60 nm) (13, 14, 18, 19, 23).
Allylamine was fed from a liquid handling system {60 sccm
allylamine), which was carefully purified from air by evacu-
ating and purging with N, prior to use. Argon was applied
as carrier gas (60 sccm Ar). The substrate was located
9 cm below the coupling window in a downstream plasma
position.

Surface characterization

Film thickness and stability in water

A silicon wafer was partially coated with cellulose aceta-
te before plasma deposition. After coating with plasma po-
lymer, the cellulose acetate film was removed, taking along
the plasma polymer situated thereon. This was measured
with a surface profiler Dektak3ST (Veeco, Santa Barbara,
CA, USA). The stylus had a tip radius of 2.5 pm. The la-
yer thickness was measured as the difference between the
average of 25 points before and after this step. The stability
of the PPAAm coatings in water (14) was proved by scnica-
tion in the ultrasonic bath Transsonic T570H (ElIma, Singen,
Germany) with a radio frequency of 35 kHz for 10 minutes.
XPS spectra were applied before and after sonication to
investigate chemical alterations.
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X-ray Photoelectron Spectroscopy (XPS)

The elemental chemical surface composition and che-
mical binding properties of the surfaces were determined
by high resolution scanning X-ray photoelectron spectro-
scopy (XPS). The XPS (Kratos Axis Ultra, Manchester, UK)
ran with the monochromatic Al K_line at 1486 eV (150 W).
Charge neutralization was implemented. C1s, O1s, Nis,
and Si2p spectra were recorded at pass energy of 80 eV
for the quantificaticn of the chemical surface composition,
or 10 eV for highly resolved peaks. The C-C/C-H compo-
nent of the G1s peak was adjusted to 285 eV (24). A chemi-
cal derivatization technique for the determination of amino
groups was applied te label the amino groups for detection
since these groups do not lead to significant shifts in the
binding energy of the N1s electrons. Amino groups were
reacted with 4-triflucrecmethylbenzaldehyde (TFBA; Sigma-
Aldrich, Taufkirchen, Germany) at 40°C for 2 hours in a sa-
turated gas phase. Three fluorine atoms mark one primary
amine group.

Fourier Transform Infrared Spectroscopy (FT-IR)

The chemical composition of the PPAAm films was fur-
ther analyzed by means of infrared absorption spectra
taken with the help of the diamond attenuated total reflec-
tance unit (ATR) of an FT-IR spectrometer (Spectrum One;
Perkin-Elmer, Rodgau-Jigesheim, Germany). In this case,
Au-sputtered polystyrene samples were used to improve
sensitivity (14).

Zeta-potential

Surface charges were estimated on the basis of the zeta-
potential by determining the streaming potential dependent
on the pressure with an Electrokinetic Analyzer (A. Paar,
Ostfildern, Germany). Subsequently the zeta-potential was
calculated according to the method of Fairbrother and Ma-
stin (25). The measurements were performed in 0.001 M
KCl solution at pH 6.0.

Water contact angle, surface energy

Contact angle and surface energy of native and treated
sensor chip surfaces were ascertained by the sessile drop
method using the contact angle measuring system QCA 30
(Data Physics Instruments GmbH, Filderstadt, Germany).

The determination of the angle between the sclid surface
and the tangent of the drop was performed by computer
control. The polar and disperse parts of the surface free
energy were calculated from measurements of contact an-
gles with different liquids such as water, ethylene glycol,
and methylene iodide. The calculation of the surface free
energy (software SCA20) was made using the methods of
Owens and Wendt (26).

Cell culture

The human osteoblast cell line MG-63 (ATGG, CRL-1427;
LGC Promochem, Wesel, Germany) was used for all exper-
iments. Before seeding onto the sensor chips cells were
cultured in Dulbecce’s medified Eagle medium (DMEM)
with 10% fetal calf serum (FCS Gold; PAA Laboratories
GmbH, Pasching, Austria), and 1% gentamicin (Ratiopharm
GmbH, Ulm, Germany) at 37°C in a humidified atmosphere
with 5% CO,. Cells were seeded onto each sensor chip
with a density of 6x10* cells/chip and allowed to adhere
for 1 hour at 37°C and §% CO, in DMEM with 0.1% FCS
before starting the experiments. The cell culture surface
of the chip is 70.88 mmz2. Measurements of adhesion and
cell metabolism were performed in DMEM + 0.1% FCS but
without NaHCO,, because this non-buffered medium was
required for acidification measurements. Therefore DMEM
powder {Invitrogen, Carlsbad, CA, USA) was solubilized
in Water for Injection purposes (Aqua ad iniectabilia; Bax-
ter, UnterschleiBheim, Germany) and supplemented with
0.1% FCS and 1.0% gentamicin (Ratiopharm GmbH, Ulm,
Germany). The pH value was set at 7.2 and the osmolality
was 270-340 mOsmol/kg. Finally the medium was sterile
filtered.

Continuous measurements of adhesion and
metabolism

For cell adhesion measurements, the metabolic chips
SC 1000 (total area of the cell culture surface=70.88 mm2)
were equipped with IDES sensors (Fig. 1B). For this pur-
pose, impedance measurements were used to detect in-
sulating cell membranes near the measuring electrodes.
The cell culture surface of the IDES-sensor is 29 mm2, with
a finger width and interfinger space of 50 pm each (22,
27, 28). Cell adhesion was calculated using the raw values
of capacitance (nF) obtained with the IDES sensors. The
empty, cell-free chip (ca. 47 nF) was referred tc as 0% ad-
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Fig. 2 - Elemental composition of an untreated and PPAAm coated
sensor chip determined by XPS (n=3, Student’s t-test, **'p<0.001,
*p<0.05). The thin PPAAm fifm covered the sensor chip surface; only
about 5% of Si can be detected after plasma polymerization with
allylamine. The film thickness of PPAAm is smaller than 10 nm, the
detection depth of the XPS.

hesion; 0 nF corresponds to 100% adhesion.

The metabolic activity was assessed by respiration
(Clark type sensor) and acidification (ISFET) measure-
ments. The details were described earlier (22, 28). Briefly,
the accumulatien of metabolic products, e.g., lactate leads
to a decrease in the pH-value of the medium. When fresh
medium is supplied, the pH-value rises again. This creates
characteristic peaks and the slope of the curve represents
the acidification rate. The respiration rate was calculated
analogously. For further processing of the values, Micro-
soft Excel software (Microsoft® Office 2007) was used. To
evaluate the ISFET sensor sensibility after the coating pro-
cess with PPAAmM, we tested the system with empty, cell-
free chips using the cell culture medium with differing pH
values: DMEM with 0.1% FCS but without NaHCO, was
adjusted to pH 7.0 and pH 8.0, using 6 M NaCl or 10 M
NaOH (Zentralapotheke University Rostock, Rostock, Ger-
many). Then, the medium was changed every 10 minutes
from pH 8.0 to pH 7.0, and finally to pH 8.0.

Scanning electron microscopy (SEM)

Cells were cultivated on the chip surfaces for 4 hours,
washed with PBS and fixed with 2.5% glutardialdehyde.
Afterwards, cells were dehydrated through a graded series
of acetone (30% 5 min, 50% 5 min, 75% 10 min, 90%

10 min, and 100% 2x 10 min) and dried in a critical pcint
dryer (K850; EMITECH, Taunusstein, Germany). Gold sput-
tering was performed with the coater (SCD 004; BAL-TEC,
Leica Microsystems, Welzar, Germany). Images were ob-
tained with the scanning electren microscope SEM DSM
960A (Carl Zeiss, Oberkochen, Germany).

The cell areas (in pm?) of ostecblasts were calculated us-
ing the ImageTool software (Windows Vers. 3.0, The Uni-
versity of Texas Health Science Center, San Diego).

Statistics

Statistical analyses were performed with the software
SPSS Vers. 15.0 for Windows {SPSS Inc., Chicago, IL,
USA) using the Student’s t-test and Mann-Whitney-U-Test,
Data were presented as a mean (= standard deviation); a
probability value of p<0.05 was considered significant.

RESULTS

Surface characterization

Due to plasma treatment a very thin, adherent, cross-
linked PPAAmM film, which is resistant to hydrolysis and
delamination and equipped with a sufficient density of
positively charged amino groups (13, 14, 18, 19) could
be deposited. Therefore, it is of value to characterize the
film properties in more detail. In the present case, coat-
ings were selected not cnly for high stability in aqueous
environments but also with an adequate, very thin layer for
the investigation of the metabolic activity of MG-83 cells
on sensor chips. The film thickness was approximately de-
termined to be about <10 nm. This is slightly weaker than
the analysis depth of XPS. XPS revealed the C, O, and N
content of the coating as well as Si from the substrate (Fig.
2). The element ratio N/C of about 20% (N = 14%) does not
reach the theoretical N/C ratio of the monomer allylamine
H,C=CH-CH,-NH, (N/C=33.3%; N=25%). Oxygen is not a
constituent of the monomer. Its existence is most prob-
ably a consequence of free radicals in the coating, which
can react with oxygen after air contact. O/C is relatively
high at 14% (O=10%), some oxygen from the SiO, chip
surface, and Si/C at 7% (Si=5%). These values can be ex-
plained by the short duration of treatment and consequen-
tial small film thickness < 10 nm. The -NH,/C ratio is about
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Fig. 3 - Surface energy (A) and water contact angle (B) of the un-
treated and PPAAm coated sensor chip surface (n=2). Note the ten-
dency to an enhanced surface energy (dispersed and polar part)
and a reduced water contact angle (i.e., higher hydrophilicity) on
PPAAm,

2%, which is relatively low compared to the maximum
value of 18% reported for a special radio frequency-plas-
ma (29). This is a consequence of the cross-linking of the
precursors and formation of different amines, amides, and
nitriles, as demonstrated in (14) by FT-IR analyses. There-
fore, some oxygen is found in the coating. The amount of
oxygen increases only marginally after sonication in water
(18); no hydrolysis or delamination occurred, verifying a
stable plasma polymer film in aqueous media (30).

The PPAAm film showed a positive zeta-potential
(14 mV), whereas pure glass surfaces were negatively
charged (-44 mV) (17). Contact angle measurements (Fig.
3) demonstrated a medium hydrophilic surface advanta-
geous for cell adhesion {31). PPAAm surfaces on sensor

Fig. 4 - M(G-63 osteoblasts were cultivated on the chip surface for
1 h before the start of the experiment and monitored with the light
microscope (Olympus). The arrows point to the IDES sensors on
the chips. The growth density was adjusted to nearly 80% on the
PPAAm surface at the start of the experiment. Calculation of areas
covered by cells revealed a density of 34.9% on untreated and 72.4%
onn PPAAm sensor chips (gates).

chips have a water contact angle value of about 45° +
1.4. Correspondingly, the surface energy of PPAAmM on
sensor chips is strongly enhanced, both the dispersed
and polar part, in comparison with the untreated sensor
surface (Fig. 3).

PPAAm did not interfere with the sensor output

All sensors of the chip: 1x IDES, 2x Clark and 5x ISFET
performed well and transmitted a signal after PPAAmM func-
tionalization. Moreover, the values of the sensors in the
empty, cell-free state were not changed by plasma modifi-
cation. The capacitance values were measured prior to and
after plasma-modification with allylamine. The measure-
ments revealed that the IDES values remained unchanged
(Tab. I). Measurements with cell culture medium with differ-
ing pH values showed that the ISFET sensors after PPAAmM
modification still reacted to the change of pH; the resulting
differences of the slope were nearly the same with steps of
the gate-source-voltage of 0.1 V.

PPAAmM enhances continuous cell adhesion

Human osteoblast-like MG-83 cells were cultivated on
the Bionas® SC 1000 chip for 1 hour before the measure-
ment was started. We were able to observe on the light-
microscopic images that already after the short time span
of one hour, the coverage by cells was notably higher on
the PPAAm functionalized sensor surface (Fig. 4). How-
ever, it was not possible to start the experiment directly
after seeding the cells due to the fact that the medium flow
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Fig. 6 - The cell arca at t=4 h s significantly elevated (nearly 1.9-fold)
on a PPAAm coated sensor chip (control: n=7 cells; PPAAmM: n=8
cells; Mann-Whitney-U-Test, p<0.05). Data (in um?) were obtained
from SEM images (DSM 960A, Carl Zeiss) see Fig. 5 and analyzed
with the ImageTool software (insert).

in the chamber would wash away all cells in the solution.
Under one hour in duration, not encugh cells were at-
tached to the control surface, so continuous measurement
could only begin 1 hour after cell seeding. The growth den-

Fig. 5 - SEM images of human MG-63 osteoblasts
on untreated {feft) and on PPAAm biofunctional-
ized (right) sensor chips at =4 h. Notice that plasma
coaling (PPAAmM) results not only in an accelerated
spreading behavior {arrow) but also alfows the cells
to fiterally melt with the relief of the chip surface (ar-
rowhead). DSM 9604, Car! Zeiss, x2,000, 10 kV, 45°.

sity was adjusted to nearly 80% on the plasma medified
surfaces at the start of the experiment. Therefore further
spreading and cell division over the longer measurement
period (24 h) was possible. SEM images of MG-63 cells on
the SC 1000 chip surface 4 hours after cell seeding dem-
onstrate the increased spreading behavior on PPAAm (Fig.
5). One can see that the ostecblasts demonstrate an ex-
tremely flattened phenotype on sensor chips with PPAAm
compared to the untreated sensor chip surface already af-
ter this short contact time. Cell area at this time point of 4
hours is significantly elevated {nearly 1.9-fold) on PPAAmM
coated sensor chips (Fig. 6).

Adhesion was calculated using measurements of ca-
pacitance {nF). The cell-free chip was referred to as 0%
adhesion; 0 nF corresponds to 100% adhesion. Continu-
ous adhesion measurements (Fig. 7) reveal that osteoblast
attachment is highly, and significantly, increased in the first
adhesion phase on the chip surface with PPAAm although
the same number of cells (6x10% was seeded onto all sur-
faces (2 h: 2.31 times, 4 h: 2.08 times, 6 h: 2.11 times,
8 h: 2.10 times that of the untreated contrcl). After 24 hours
the cell adhesion {capacitance measurement) was still 1.95
times higher on PPAAM modified surfaces (significance

744 © 2010 Wichtig Editore - ISSN 0397-3988
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Fig. 7 - Continuous adhesion measurement of vital human MG-63
cells on IDES sensors of chip SC 1000. Before the start, cells were
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ments with an analyzing time of 40 hours, using a thick-
er PPAAmM layer {d~50 nm), we could observe that cell
adhesion was increased by nearly 40% and remained
higher throughout the entire measurement time {data not
shown).

PPAAm did not influence cell metabolic activity

The time-dependent measurement of the metabolic
activity of the osteablasts reveals that the acidifica-
tion (Fig. 8A) and oxygen consumption (Fig. 8B) are not
significantly different on PPAAmM compared to the con-
trol chip surface at every time point, and they reach a
steady state. The first decrease in oxygen consumption
between start {0 h) and 2 hours occurs due to the adjust-
ment of the cell-medium-system to the conditions in the
operating chamber.

Generally, cell metabolism is stable although the ad-
hesion of the vital human osteoblasts is significantly
enhanced on plasma functionalized allylamine surfaces
and the cells seem to be more active in spreading.

Fig. 8 - Measurements of cell metabolic activity for 24 h on PPAAmM
modified sensor chip surfaces compared to the controls: acidifica-
tion (A) and oxygen consumption (B). No significant differences can
be observed over the whole time period (n=4, Student’s i-test). Note
that the first decrease (grey area) occurs due to the adjustment of the
cell-medium-system to the conditions in the operating chamber.

DISCUSSION

The use of biochips is common for the testing of po-
tential drugs or the determination of the correct dosage.
The preeminent advantage is that cellular effects can be
monitored noninvasively for different parameters and on-
line over a long period of time. Cell-based assays are more
expensive, often require a larger number of cells, are time
consuming and seldem provide information about the dy-
namics of the cells. Nonetheless, they do yield mere de-
tailed information. Chip-based assays are therefore a good
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means tc gain general information about the behavicr of a
living cellular system and enable the determination of rea-
sonable time points for more precise testing methods (20,
32). The in vitro method introduced here is not intended to
replace specific analyzing methoeds for gaining insights into
the synthetic activities of differentiated osteoblastic cells
producing collagen |, bone sialoprotein and calcium phos-
phate ions, for example, or, likewise proteins accompany-
ing cell cycle phases. Instead, it is designed especially for
vital cell analysis to get additional long-term information
for these specific parameters regarding adhesion and me-
tabolism. Although not introduced here, it is possible to
observe cell reaction immediately after the addition of sub-
stances to the medium flow (22). Thus, one can observe
the vital cell behavior on a functionalized chip surface in
combination with growth stimulating factors, for example.

Surface functicnalization with positively charged NH,
groups is known to enhance cell adhesion. Faucheux et
al describe that NH, end groups outperform CH, or OH
end groups on self-assembled monolayers in terms of cell
attachment and spreading (3). However, these conclu-
sions were drawn from results collected at distinct time
points. In this paper we present for the first time a method
by which cell adhesion can be recorded continuously on a
plasmachemically-modified surface. This offers new possi-
bilities for the characterization of innovative surface modi-
fications. We were able to show that plasma modification
does not destroy the sensors or alter the capacitance val-
ues recorded with untreated, cell-free chips.

Continuous adhesion measurements reveal that osteo-
blast attachment is highly increased in the first adhesion
phase on the chip surface with PPAAm (nearly 2-fold com-
pared to the control). This correlates with our previous re-
sults, where we showed that cell spreading is significantly
enhanced on PPAAm at distinct time points (13, 14). This
plasma treatment is an ideal tool for functionalizing bioma-
terial surfaces with desired properties.

The spreading data in our experiments on the PPAAm
coated chips can be correlated with the impedance values:
on the untreated control, the spreading data reveal 35%
cell coverage and an impedance measurement of 25%. On
the PPAAmM coated surface, the spreading values indicate
a cell area of 72% and the impedance measurement has a
value of 62%.

Gaining full insight into the progression of cell adhesion
is, nevertheless, very time consuming. Our new approach
is a simple and fast means of tracking cell adhesion on

plasma-medified surfaces over a longer time span.

A precondition for the use of the BIONAS® sensor chips
in biocompatibility investigations is the intact sensor func-
tion after the surface modification, regardless of what is
used for the coating {e.g., plasma activation, protein layer
of matrix molecules, chemical groups, spacer for additional
binding such as PEG DA). We therefore tested the sensitiv-
ity of the sensor function in empty, cell-free chips. All sen-
sors - IDES, ISFET and Clark — were still active after plasma
functionalization {for IDES, see Tab. I). This test should be
done prior to each study concerning the influence of each
study concerning the influence of surface coatings on cell
metabelic and adhesion function.

Sarravia and Toca-Herrera (33) used the combination of
quartz crystal micrebalance with dissipation (QCM-D) and
atomic force microscopy {AFM) to study online the adhe-
sion process of hepatoma cells. However, these metheds
require expensive equipment, a long period of training and,
finally, interpretation of the data might turn out to be very
complicated. The authors admit that for some measured
values there is not yet a theoretical model to correlate
the changes measured by QCM-D with cell response, al-
though it is stated that they are proportional to cell-surface
contact area. This makes the interpretation of the data
quite difficult. However, parameters like elastic modulus or
cell height give a clearer understanding of cell behavier on
the modified substrates. After 24 hours, the difference in
increase of the capacitance between the control and the
plasma functionalized PPAAm surface is minor but still
significant. This might be due to the fact that cells have
to detach in order to migrate over the surface. Common
cellular properties like proliferation and cell migration re-
quire a “lcose” bonding of the cell to the substrate (34).
We could show that our human MG-63 ostecblasts have
a higher migraticn potential on PPAAmM than on untreated
surfaces. Cells are highly motile after 48 hours on PPAAM
compared to untreated titanium surfaces (17). This indi-
cates that the improvement of the early adhesion phases,
as shown by higher adhesion and spreading values due to
amino functionalization of the surfaces, strongly influences
subsequent cell responses.

Measuring the metabolic activity, the acidification rate of
MG-63is slightly, but not significantly, increased on PPAAM.
This may indicate a slightly higher activity level of the cells,
resulting in an increase in metabolic products, such as
lactate or CO in the surrounding medium (22). However,
the respiration rate of the cells is slightly decreased on
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PPAAm-surfaces. These minor changes in metabolic
activity are not significant over the whole 24-hour time
span, indicating that the osteoblasts are not stressed
on the PPAAm-surface and the nanc-scaled layer of
PPAAm is stable and not cytotoxic. On the other hand,
we can also speculate that our MG-63 cells will be sup-
ported in their adhesion and spreading activities by the
surface charges due to PPAAmM but without disturbing,
affecting or stimulating the metabolic activity.

Strikingly, we found that the morphology of osteo-
blasts demonstrates an extremely flattened phenotype
on allylamine-modified surfaces and the cells seem to
merge with the sensor relief of the surface. Other groups
also found that surfaces equipped with NH, groups
enhance cell attachment, spreading and growth. Mor-
phological analyses of cells on the surfaces displayed
extensive cell spreading, indicating good cell-contact-
ing properties (3, 15, 16). This close surface contact
of cells due to positively charged amino groups could
indicate a strong cell-material-interaction.

CONCLUSIONS

Plasma treatment of sensor chip surfaces with re-
sulting positively charged amino groups continuously
enhances time-dependent adhesicn of vital human os-
teoblasts. Nevertheless, the metabolic activity, i.e., the
acidification and the oxygen consumption, on PPAAmM
is equal to control surfaces. This indicates a significant
improvement in cell adhesion without affecting cell me-
tabolism. Furthermore, the flattened cell morphology
and the close surface contact of the MG-63 osteoblasts
after anly a short time of cultivation implies an increase
in the bone-bonding ability of plasma-biofunctionalized
material surfaces. The method introduced here, using
metabolic and adhesion sensor chips, appears suitable
for the evaluation of the behavior of vital, adherent cells
after plasma-chemical surface treatment.

NOMENCLATURE

Ar argon

ATR attenuated total reflection

IDES interdigitated electrode structure

ISFET icn-sensitive field effect transistor
PPAAmM plasma polymerized allylamine

RF radio frequency

SEM scanning electron microscopy
scem standard cubic centimeter

XPS X-ray photoelectron spectroscopy
1s 1s atomic orbital

2p 2p atomic arbital
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Positively charged material surfaces generated by plasma polymerized allylamine enhance vinculin

mobility in vital human osteoblasts.

Advanced Biomat. 12 (2010) 356-364.

Abstract

The second article summarizes results of vinculin mobility analyses on the plasma polymer layer of
allylamine. In living, GFP-vinculin transfected osteoblastic cells we determined a significant increase
in vinculin mobility and vinculin contact length on PPAAm compared to collagen I coated surfaces
during the initial adhesion phase. Cell migration was increased as observed by fibronectin-staining after
48h. The fibronectin “footprints”, and thus the distance the cells had moved, was much longer on
surfaces coated with plasma-polymerized allylamine. Surface analyses of the PPAAm layer confirmed

that the surface potential is positive, as it was hypothesized.

Graphical abstract:
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Positively Charged Material Surfaces Generated by Plasma
Polymerized Allylamine Enhance Vinculin Mobility in Vital
Human Osteoblasts**
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By Henrike Rebl, Birgit Finke, Roland lhrke, Holger Rothe, Joachim Rychly,
Karsten Schroeder and Barbara J. Nebe*

Several studies suggest that the modification of an implant surface by chemical means plays an
important role in bone tissue engineering. Previously we have shown that osteoblast cell adhesion and
spreading can strongly be increased by a positively charged surface. Cell adhesion and migration are
two vital processes that are completely dependent on coordinated formation of focal adhesions. Changes
in the organization of the actin cytoskeleton and the focal adhesions are essential for numerous cellular
processes including cell motility and tissue morphogenesis, We examined the mobility of the
cytoskeletally associated protein vinculin on functionalized surfaces using plasma polymerized
allylamine (PPAAm), a homogenous plasma polymer layer with randomly distributed amino groups.
In living, GFP—vinculin transfected osteoblastic cells we determined a significant increase in vinculin
mobility and vinculin contact length on PPAAm compared to collagen I coated surfaces during the
initial adhesion phase. We suggest that positive charges control the cell physiology which seems to be
dominant over the integrin receptor binding to collagen I. The results emphasize the role of the surface
charge for the design of artificial scaffolds in bone repair.

The cellular integration of implants plays a decisive role for
the clinical success. In the last decade a lot of strategies in
chemical modifications have been introduced to improve
the cell-material interaction at the interface of an implant
material "™ The cell attachment to the implant surface via
the adhesion receptors, named integrins, is a key step in this
process. Therefore, immobilized proteins and peptides (e.g.,
type I collagen, RGD peptides) that function as ligands for
integrins are commonly used to improve the biomaterial’s
interface since a decade of years™ Cell adhesion and
spreading via integring is required for the outcome of an
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orthopedic implant and further for the induction of regenera-
tion of the tissue.!®” The intracellular adhesion components
involved in these processes are the actin cytoskeleton and the
actin associated proteins like vinculin, paxillin, and focal
adhesion kinase (FAK)™ ! (scheme in Fig 1).

By functionalizing the surface of the implant material
titanium  using positively charged amino groups, the
cell-adhesive characteristics can be significantly improved,
as our previous studies with plasma polymerized allylamine
(PPAAmM) have shown!'**?! In this context, adhesion and
migration are vitally important for the immediate occupation
of an implant surface by ostecblasts. We demonstrated earlier
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ocal contacts

Fig. 1. Scieme of an adherent cell on the material surface. In principle, attachment is
facilitated by the focal contacts which include integrins that bind extracellularly fo
ligands and are connected intracellularly to adapter proteins such as vinculin that
bind ta the actin citoskeleton,

that MG-63 osteoblasts mediate the initial adhesion to a pure
titanium surface by their pericellular hyaluronan matrix coat
which facilitates a strong adhesion effect.!?!

Hyaluronan i a large glycosaminoglycan
(o-N-acetylglucosamine-B-p-glucuronic acid) of 10°-10" Da,
characterized by a highly negative charge due to the carboxyl
group of the glucuronic acid and could therefore be
responsible for the strong attachment of cells to positively

lingar

charged surfaces.'™#! Hyaluronan is not only the first mediator
of the initial adhesion which could also be demonstrated in
epithelial cells, ™™ but is also responsible for the subsequent
formation of the fecal contact preteins paxillin, vinculin,
and the activation of FAK. The formation and organization of
these proteins in focal contacts of an adherent ¢ell are the
pre-condition for the integrin-mediated intracellular signaling
via vinculin and the actin cytoskelet«.wn.'lﬁ'm

Vinculin is an important intracellular adapter protein
which is invelved in the formation of focal adhesion (FA)
complexes of adherent cells'® 2% FA contacts are of funda-
mental importance for attachment, survival, and growth of
cells, since for adherent cells force transmission occurs
exclusively at adhesion sites*! [t is known that these
contacts, which enable the integrin signaling with the
extracellular matrix, are not stai-ic:n'mry.“g'23
order to enable the migration of cells and the formation

1 They move in

of extracellular matrix. This migration is closcly connected
with the constant aggregation and separation of adhesion
complexes, which demands a certain degree of mobility of the
involved proteins. "2 Our cellular investigations revealed
an increase in the mobility of the wvinculin contacts of
osteoblasts on PPAAm-modified surfaces which may induce
an increased cell spreading and enhanced cell migration.
This study highlights the role of dynamic cellular mech-
anisms, which can be controlled by positively charged carriers
on implant surfaces and therefore contributes to an optimiza-
tion of the fabrication of implants for bone regeneration.

Materials and Methods
Surface Functionalization

Plasma chemical modifications were carried out on glass
surfaces because of the technical limitations of the confocal
LSM with vital cells on opaque materials. The surfaces were
functionalized with a thin layer of PPAAm. The method

has alrcady been described in detail M1 Bricfly, glass surfaces
(Lab-Tek 4-well chambered cover glass, Nalge Nunc Inter-
national) were decontaminated and activated by pulsed
oxygen plasma (500W, 50Pa, 100scem Oo/25scem Ar,
10ms on/90ms off, 15s effective) and immediately coated
by the plasma polymerization of the precursor allylamine
(glass—PPAAm) using a pulsed low pressure microwave
plasma (2.45GHz, 500 W, 50 Pa, 50scem allylamine /50 scem
Ar, 300ms on/1700ms off, 144s effective, plasma reactor
V55G, Plasma Finish, Fig. 2)./"%3%2¢ Cover glasses coated
with collagen 1 (Col, rat, 20 pg cm 7, BD Biosciences) diluted
to 200 pg mL ' in 0.1% acetic acid {(Mallinckrodt Baker)
served as control (glass—Col). The Col solution was allowed to
dry overnight under sterile conditions in the laminar flow box
(LaminAir LB-48-C, Heraeus Med GmbH).

Surface Chargcterization
Water Contact Angle

The contact angle of native and treated glass surfaces
was measured by the sessile drop method using the contact
anglc meter DIGIDROP (GBX Instrumentation S('icnh'ﬁquu).
The determination of the angle between the solid surface and
the tangent of the drop was performed by computer control.
Five measurements were performed on each surface, arith-
metic means, and standard deviations were calculated with
the software package Origin 6.1 (OriginLab).

XPS Analysis

The elemental surface compesition and chemical binding
properties of the glass surfaces were determined by high
resolution scanning X-ray photoclectron spectroscopy (XPS)
as previously described for titanium surfaces. 11121 Briefly, the
Axis Ultra (Kratos) was run with the monochromatic Al K,
line at 1486eV (150W). Charge neutralization was imple-
mented. Spectra were recorded at pass energy of 10eV for
highly resolved Cls and N1s peaks. The C-C/C-H com-
ponent of the Cls spectrum was adjusted to 285.0 V. Cls,
Ols, N1s, and Si2p spectra were recorded at pass energy of
80eV at three different sample positions for the quantification
of surface composition. A chemical derivatization was applied
for the quantification of amino groups, since amino groups
do not lead to significant shifts in the binding energy of the
Cls and Nls electrons. Amino groups were reacted with

1. 0-/Ar-plasma
2. Allylamine-/Ar-plasma

PPAAM

Material Material

Fig. 2. Modification of material surfaces by amino functionalization. Lhe material
surfuce cleaned Iy oxygen plasta is coated with a PPAAm film. (glass—PPAAm) of
abowf ~50mm thickness using pulsed lvio pressure micrewave plasma (2,45 GHz,
960 s). Argon was used as carvier gas.
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4-trifluoromethylbenzaldechyde (TFBA, Sigma-Aldrich) at
40°C for 2h in a saturated gas phase.

Zeta Potential

Zeta potential measurements were carried out by means of
an Electrokinetic Analyzer (A. Paar KG). The measurements
were performed in 0.001 M potassium chloride (KCI) solution
at pH 6. A special borofloat glass B33 (10 mm x 20 mm) was
used as substrate carrier.

Atomic Force Microscopy (AFM}

Surface roughness and film thickness were determined
using the scanning probe microscope diCP2 (Veeco) in
non-contact mode (cantilever MPP111, Veeco) with a tip
radius of 10nm before and after PPAAm film deposition as
well as Col coating on silicon wafers (Universitywafers.com).
The roughness R, was calculated as the arithmetic average of
measurements on a 4 pm x 4 pm wide area. For the determi-
nation of film thickness an uncoated stripe was prepared on a
silicon wafer by masking with cellulose acetate, plasma- as
well as Col-coating and removing the mask after the end
of the process. The height of this trench was measured by
AFM.

Cell Culture

The cultivation of human osteoblast like cells MG-63
(ATCC, CRL-1427) (passages 7-25) was done in 75 cm? bottles
in Dulbecco’s modified Eagle’s medium (DMEM, Gibeo) with
10% fetal calf serum (FCS Gold, PAA) and 1% gentamicin
(Ratiopharm) at 37 °C with 5% CO,.

Transfection

MG-63 cells were transfected with a green fluorescence
protein (GFP)-vinculin construct (kindly provided by B.
Geiger, Department of Molecular Cell Biology, Weizmann
Institute of Science, Rehovot, Israel). For the transfection
the cells were seeded (2 x 10* cells overall) in a Petri dish

Fig. 3. GFP-labeled vinculin contacts of one MG-63 osteoblast on a Col conted surface (right: eight-fold
magnification of the gate on the left, LSM 410).

& 3.5cm) and transfected after 6h of cultivation (Fig. 3).
The transfection was done using the Effectence transfection
reagent {Qiagen) according to the manufacturer’s instructions
as already described.™™ We used 1pg vector-DNA of
GFP-vinculin for our osteoblasts in a mixture of 100pL
buffer, 6 pL enhancer, 6 pL effectene, and 600 pL serum-
containing DMEM. A transfection cfficiency of 30-40% was
reached. After 24h of culture the cells were detached with
trypsin/ EDTA (0.05% trypsin, 0.02% EDTA, Sigma) at 37 °C
for 3min and 1 x 10* cells were disseminated on the various
surfaces in serum-free medium. For these experiments
serum-free medium was used to avoid masking of the
positively charged amino groups.

Vineulin Mobility

For the microscopic analysis of the dynamics of vincu-
lin-marked FAs, a confocal microscope (Leica TCS SP2 AOBS)
equipped with an incubation chamber (TRZ 3700, Carl Zeiss)
to maintain 37 °C and 5% CO, was used.

This method has already been described carlier.” Single
living cells were scanned in one optical plane and three
images were recorded at intervals of 10 min (Hme points 0, 10,
20 min) in the time frame of 50-180 min after seeding the cells.
To calculate the speed of the moving vinculin contacts, the
images at the three time points were overlaid and the same
contacts at different time points were visualized with different
false colors [blue, green, red, Fig. 4(A)].

Analyses of the movement of vinculin in transfected
MG-63 osteoblasts were done using the software UTHSCSA
Image Tool 3.00 (University of Texas Health Science Center).
For this analysis, the contacts at the three consecutive points in
time of at least 17 cells per surface were evaluated, so that
=5 contacts were measured for cach material. To measure
the distance that was covered by the contacts from tme point 1
to 3, the total length for cach contact in an overlay-image
was measured and from this total length the mean length
of a contact was subtracted [Fig. 4(B)]. The vinculin speed
was obtained by dividing this value by the time of the
measurement (i.e., 20min) and expressed in nm min !

Cell Migration

For migration analyses the cells were
to grow for 48h on glass,
glass-PPAAm, and glass—Col surfaces. Ser-
um-free DMEM with 1% gentamicin was
used to avoid masking of the amino groups
on the surface. The cells were fixed with 4%
PFA (10 min, Sigma), stained for 30 min with
anti-fibronectin mAb (1:40, room tempera-
ture, Sigma) and labeled with anti-rabbit Cy3
mAb (I:100, at room temperature in the
dark, Jackson Immuno Research) for further
30min. The cells were then permeabilized
with 0.1% Triton X-100 (10min, room

allowed
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0 min
. 10 min
. 20 min
merge  m—

Start point 0 min Overlay after 20 min

Fig. 4. Method to analyze vinculin mobilify in MG 63 cells. (A) To calculate the speed of the moving vinculin
contacts, the images at three time points (0, 10, 20 min) were vverlaid and visualized with false colors in blue,
green, and ved (Leica TCS SP2 AOBS). The frame is seen {n the magnification in the next image. (B) To evaluate
the distance that was covered by the vinculin contacts, the total length for each contact in an overlay image was

measured and from this total fmgfh the miean contact length was subtracted.

temperature, Sigma) and the actin cytoskeleton was stained
with BODIPY FL phallacidine (30min, 1:40, room tempera-
ture, Molecular Probes). Finally the cells were embedded in
mounting medium with a cover slip. The mounting medium
was prepared using 30g glycerine (Merck), 12g polyviny-
lethanol (Sigma), 0.5 g phenol (Roth) in 30 mL aqua dest., and
60mL of 0.1w TRIS buffer solution at pH 8.5 (Roth). Briefly,
glycerine, polyvinylethanol, and phenol were mixed for 12h
at room temperature. Then, TRIS was slowly added at
40-45°C and finally, the mixture was stored at4 “Cin the dark.
Cell and fibronectin area were measured with the tool “area
measurement” (LSM 410 software, Carl Zeiss). The ratio of
fibronectin area to cell area was calculated, so that a value of
1 represents equal size of fibronectin and cell size and a value
>1 shows that fibronectin area is larger than cell area.

Microseopical Investiqations

The BioStation IM (Nikon) was used to record “time la_pse”
images of living cells. The total recording time was 10 min. The

interval length was sct to 20s. Images were
exported in the jpg format. The software
Image] 1.41 (National Institute of Health) was
used to measure the cell area.

The GFP-transfected osteoblasts were
observed in a confocal microscope Leica
TCS 8P2 AOBS equipped with an argon-ion
laser {exc. 488 nm) and a 63x water objective
(HCX OL APO C5 63.0 x 1.20W corr).

Cell migration was analyzed with the
inverted confocal laser scanning microscope
LSM 410 (Carl Zeiss), equipped with an
Ar-ion and He-Ne laser (excitation 488 nm
for actin and 543 nm for fibronectin, respec-
tively) and a 63x water objective (1.25/0.17,
Carl Zeiss). The size of the images was
512 x 512 pixels.

Stalislics

Statistical analyses were performed with
the software SP5S Vers. 15.0 for Windows
(SPSS Inc.) using Mann—Whiiney U test. Data
were presented as mean - standard errcr of
mean; (SEM) stand deviat (50) probability
value of p < 0.05 considered as significant.

Results and Discussion

Plasma Functionalization with Allylamine
Creates Positively Charged Surfaces due to
Amino Groups

In order to evaluate the effect of positively
charged amino groups on vinculin mobility,
MG-63 osteoblasts were cultivated on sur-
faces which had been coated with thin
PPAAm layers (Fig. 5). The PPAAm functionalization resulted
in a higher hydrophilicity of the surface in comparison to the
untreated glass but also to glass—Col. The water contact angle
decreases from ~63 = 0.8 and ~72 £ 6, respectively, to ~50 =1
on glass—PPAAm [Fig. 6(A)] and seems to be optimal for cell
responses. !

In general, there is no difference in cell viability (MG-63)
after 24h as well as 3 d on glass-PPAAm compared to
glass—Col surfaces (data not shown).

Zeta potential measurements verified a positive surface
charge on glass-PPAAm (14mV) whereas pure glass
( #4mV) as well as glass—Col ( 3mV) were negatively
charged [Fig. 6(B)]. The nano-scaled roughness R, was
determined on a silicen wafer Si (0.14 nm) versus the PPAAm
coated Si (0.25nm) and versus the Col coated Si {(2.65nm).
Whereas the average roughness values for Si versus PPAAmM
are nearly similar, the Col coated Si wafer has a slightly more
structured surface in this pico-nano-scale range. The chemical
composition of the PPAAm film on a glass surface was
analyzed by XPS [Fig. 7(A)] [elemental content: 74% C, 15% N,
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A) film thickness of PPAAm on Si-wafer

resolution spectrum compared to glass—Col,

step height fnm]

due to the marginal fracion of primary
amino groups in Col (Fig. 7B).

Initial Spreading is Enhanced on Positively

o 200 400
length [nm]

step length [nm]
S
3

=
=
-

~47 nm Charged Surfaces
Time lapse recordings of vital MG-63
osteoblasts enabled the continuous monitor-
ing of cell spreading. We could demonstrate
P o woe that the vital osteoblasts on the positively

film thickness of Col on Si-wafer

Ss

charged glass-PPAAm surfaces spread sig-
nificantly carlicr and faster than on glass—Col
surfaces (Fig. 8). Notably, the cells spread on
glass—Col over an area of 1065 £ 40 pm* and
1530 L70um” after 5 and 30min, respec-
tively, whereas on glass-PPAAm the cells
spread over 1708=37pm’ and 5630+
268 pm?* during the indicated times. The
average size of MG-63 osteoblasts  after
their attachment stage {still rounded cells)
is 10-20pm in diameter. Thus, we could
observe after 30 min a dramatically increase
in cell arca of necarly 280 times on
glass—PPAAm compared to 75 times on

=

wafer Collagen length [um)

Fig. 5. Tilm thickness of the PPAAm- and the Col layer on the sificon wafer determined by ATM (diCF2)

8% ; clemental ratio: 20.3% N/C, 11% O/C (not shown)].
The density of amino groups NH,/C was about 2-3%. The
theoretical N/C value of polyallylamine is 33.3%. The O/C
ratio of 11% is most probably due to oxygen uptake after
plasma processing during air contact. The pure untreated
glass surface consists of 25% silicium Si, 42% oxygen O,
and ~5% of additional glass components such as boron B,
potassium K, sodium Na, titanium Ti, zinc Zn (not shown).
This composition differs considerably from a glass-PPAAmor
glass—Col surface (elemental content: 65% C, 15% N, 17% O;
elemental ratio: 23% N/C, 26% O/C. High resolution XPS Cls
[Fig. 7(B)] spectra of glass-PPAAm and glass—Col verify the
existence of different nitrogen and oxygen functional groups
interms of C C,C H,C N, and C O containing bonds. The
relatively high content of C—N in the Cls spectrum confirms a
good retention of the allylamine structure (glass—PPAAm),
while the amide peak O=C-NH for oxidation of the amine
group is rather small. But there are differences in the CTs high
resolution spectrum of glass—Col—the peak near 288 eV that
stands for the peptide bond O=C—NH in Col is especially
pronounced. Highly resolved N1s spectra between 397402 eV
suppeorted this interpretation. The broad peak at 398400 eV
for glass—PPAAm cannot be distinguished in single bonds
therefore it was formally divided into C—Nj; and C—N,). The
first one includes amines, while the last one covers amides,
imides, nitriles. Glass-PPAAm has a broader Nl1s high

100 glass—Col [Fig. 8(B)]. Our catlier results have

demonstrated that functionalization of the
material surface with PPAAm induced a
strong initial cell adhesion (already after
5min) and an enhanced formation of actin
fibers in osteoblasts."* This supports results demonstrating a
higher fibroblast attachment and cell viability on allylamine-
modified membranes and plasma polymer-treated substrates
compared to untreated surfaces.*3!!

Although we observed differences in the pico-nano-scale
roughness of glass—Col versus glass-PPAAm as described
above the range of this surface topography between R, 0.1 and
2nm (pico-nano-topography) is outside and far from the
surface landscape of genuine bone, ranging from R, <50nm
to R,~1pm {nano-micro-tapography).”> We do not think
that the “roughness” difference from PPAAm to Col in this
pico-nano-range is responsible for our abserved changes
in vinculin mobility within one cell’s dimension and, in
consequence, for the whole-cell spreading. It is discussed in
the literature that interaction of integrins (adhesion receptors
which also act in the focal complexes like vinculin) with
the extracellular matrix occurs first on a scale of 100nm
(=0.1 o). Concerning topography in the micrometer-scale
we could present recently that actin re-organization in one
cell’s dimension intensively occurs on cubic pillar structures
with sizes of 3-5 um™! but not on smaller sizes of these
geometrical structures {unpublished). Thus, we assume
for our results that there exist strong chemical influencing
facters such as positive surface charges as produced by
physical plasma Polymers.'“J
pico-nano-topography.

which are dominant over the
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Vinculin Mobility is Reinforced on PPAAm

In order to investigate whether the increased spreading
of cells is dependent on a superior mobility of FA contacts,
the dynamic behavior of vinculin in living MG-63 osteoblasts
was examined. The mobility of vinculin was measured
during the first adhesion phase, i.e., up to a maximum of
3h of cell adhesion (Fig. 9). Moving vinculin contacts appear
in rainbow colors in the overlay images (false colored in blue,
green, red). The results clearly demonstrate an increased
mobility of vinculin in cells on glass-PPAAm. We could
observe larger “rainbows” on these positively charged
surfaces. The calculated mobility of the vinculin contacts
was 100 £ 9.1 nmmin ' compared with 66 =124 nmmin " on
glass—Col.

We were not able to comparably measure the vineulin
contacts on the pure glass surface because in the early
adhesion phase <1h cells adhered on uncoated glass, but
did not spread out enough and therefore, no single FAs were
visible in the confocal microscope. However, untreated glass
was used as control in long term experiments {migration sce
Fig. 11).

While numerous studies have analyzed exchange
dynamics of several FA proteins such as vinculin and paxillin
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Fig. 7. (A) XPS measurernent: chemical composition of untreated glass compared to
collagen and PPAAm films on glass. The untreated glass contains traces up to 5% of B,
K, Na, Ti, Zn. Note that the element content of glass—Col and glass—PPAAm is similar.
(B) High resolution XPS analysis of Cls and N1s spectra of PPAAm and Col. The NTs
peak: fitted by different peaks signed by —C—N1 and —C—N2 for miscellaneous covalent

C Nbhonds, as € NH,, C=N,=C=N, C N C, 0=C NH, O=C NH,.

by FRAP (fluorescence recovery after photobleaching), ™!
the mobility of these adhesions has rarely been studied in
living cells. Examinations in living fibroblasts report a speed
of 120nmmin ! for FAs, measured by B1-integrin labeling in
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in human fibroblasts."” In human ostco-

blasts the mobility of FAs determined by
vinculin measurements appeared to be sig-
nificantly lower on  polished titanium
@0nmmin ) than on Col-coated glass
surfaces (100 nmmin~1).12%

To our knowledge this is the first study
reporting  vinculin - dynamics on  plasma
functionalized material surfaces during the
initial phase of cell adhesion. We have
demonstrated an increase in vinculin mobi-
lity, which is highly significant on PPAAm
duc to its positive charges. These results
correlated with a faster spreading, observed
in the time-lapse experiments during a time
frame of 5-30min. The initial speed of

B)
6000+

500047

4000+

300047

2000+

cell arsa [

1000+

SIS

5 min 15 min

spreading supports earlier results which
demonstrated an increased spreading on
PPAAm-modified titanium surfaces up to
241! Qur resulis suggest that increased
spreading is facilitated by a higher mobility
of adapter proteins in FA complexes. How-
ever, the mobility of FA components does not
always correlate with the dynamic behavior
of the whole cell. As reported by Smilenov
et all® integrin contacts in migrating cells
remained stationary in the cell center,
whereas in stationary fibrablasts the contacts
were highly motile resulting frem a contrac-
tion of associated actin fibers.

Fig. 8. (A) Excerpt from the tine lapse recordings: Hime-dependent spreading of living MG-63 cells within the

first 30 wwire. The same cells can be observed after 5 and 15 min (arvows, one cell example). (B) I is evident that

FA Maturation Occurs Earlier on PPAAm

already after the short time span of 15min the cell spreading is significantly higher o PPAAm surfaces

(*p < 0.05, n=>50, BioStation IM)

well spread fibroblasts.™ Other groups showed that FA

dynamics of adherent cells is strongly dependent on surface

chemistry—a maximum velocity of 333nmmin ! was

detected on hydrophilic substrata, while on hydrophobic
surfaces the speed was only 218 nmmin ! for Bl-integrins

Vinculin mobility of MG-63 osteoblasts
during 20 min of adhesion

20
0

vinculin velocity [nm/min]
L3 B8
[ || |
- |
|
|
[l |
[ |
[ |
I
[ R B

Col PPAAM

Fig. 9. Vinculin mobility of ifving MG-63 osteoblasts on chemicatly modified surfaces.
Note that the speed of the vinculin contacts on PPAAm increased significantly in
conparisen fo Col (*p<0.05, n =234 for Col, n =17 for PPAAm, +SEM).

Maturation of FAs is a decisive factor of

cell adhesion and migration.” Although

the FAs on Col are mature as well, we have observed an
increased extension of vineulin containing FAs on the PPAAmM
surfaces (glass-PPAAm). After 1h of adhesion the length of
the contacts increased significantly from 1.8 £0.1pum on the
reference glass—Col to 2.7 =0.2 pm on glass-PPAAm (Fig. 10).

Length of the vinculin contacts after 1 h
3,5 -

3,0
2,5 -
2,0
1,5
1,0
0,5
0,0 -

length [pm]

Col PPAAmM

Fig. 10). Length of vinculin containing contacts after 1 1 of cell adhesion o the different
substrates. Note that on the PPAAm-modified surface the vinculin contacts are
significantly longer than on Col (Tp< 0.01, n=5, + SEM).

B362 htp:/ /wwew.aem-ournal.com

@ 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ADVANCED ENGINEERING MATERIALS 2010, 12, No. 8

28



H. Rebl et al./Positively Charged Material Surfaces Generated by Plasma Polymerized Bl

Publications

ADVANCED
MATERIALS

proliferation. As a result they identified
significantly more dash adhesions on the
larger patterns, what consequently resulted
in a higher proliferation rate at these surfaces
compared to smaller sized patterns. For
adherent cells a correlation between adhe-
sion strength and FA size is under dis-
cussion ! Our osteoblasts adhere with a
2-3 times higher strength on PPAAm-
modified titanium surfaces compared to

untreated titanium (unpublished; personal
communication).
[t is noteworthy to mention that compared

with Col coating, positive charges at the
surface as detected by zeta potential mea-

surements boost cell adhesion and spreading
in the very first adhesion phase. This

indicates a significant stimulation of the
initial cell-surface contact solely by electro-

dynamic interactions.

PPAAm Promotes Cell Migration

We were able to demonstrate that cell

3.0
" okk
W 25 I
a Fkk
.E 'I'
= 2.0
o
£ 15 I
£
a 1.0
°
2 0.5
E
0.0 T T 1
untreated glass Col PPAAM

Fig. 11. Cell migration of MG-63 vsteoblasts after 48 h on PPAAm functionalized glass surfaces compared fo
Secreted filwonectin (red) (arrore) marks the path that the cells (green) have
covered (above). Note that on glass—PPAAm and on glass—Col the cells move intensively on the surface while cells
cant. The ratio of the fibronectin
s equal size of ﬁhmm‘r.‘: i and cell size (o

Colcoated and wntreated glas

on the untreated glass control remain. stationary, which is statistically signi
area to cell size is demtonstrated belon hereas a value of T represer
migration) (*p < 0.001, n—=7 for glass, n—234 for Col and PPAAm).

Bershadsky et al®® described two distinct morphological
variants of FAs, the “dot” and “dash’” varnants.

“Dot,”” or small initial, contacts are the predominant initial
contact type, containing only vinculin, talin, and a-actinint®®
with dimensions of 0.2-0.5 um, and are mainly located at the
active edge of the cell. “Dash” or elongated mature contacts
differ due to their association with the cytoskeletal actin
bundles. Dash contacts are 2-10 pm in length and 0.5 pm in
width and are located centrally in parts of the lamellae, areas
of the endoplasm and under the nucleus. During cell adhesion
initial formation of dot contacts occurs followed by matura-
tion into dash contacts.*” Our findings demonstrate that
the length of the vinculin contacts is enlarged on amino
functionalized surfaces. This could indicate a temporal
advance in focal contact maturation and in consequence
facilitating cell adhesion and subscquent biclogical responses
such as proliferation and differentiation on PPAAmM madified
surfaces.

The influence of adhesion maturation on cell proliferation
was examined by Slater and Frey, who discovered that larger
adhesion sites promote proliferation in HUVEC cells.*!! In
this study, they compared variably sized fibronectin nano-
pattern surfaces to ascertain whether there is a correlation of
nanopattern size, FA formation and, at later time points, cell

migration after 48h of cultivaion was
enhanced on  our positively charged
glass-PPAAm surfaces (Fig. 11). On these
surfaces we could observe secreted fibronec-
tin surrounding the cell body with “foot-
prints” formed by the cells. In contrast, on
untreated glass cells did not migrate and
secreted fibronectin was only found beneath
the adherent cell. This indicates that the facilitation of the early
adhesion phases due to amino functienalization, shown by
faster vinculin maturation, strongly influences subsequent cell
TESPONSCS.

The deciding factor for the ingrowth of medical implants
into human bones is their rapid acceptance by the cells. We
suggest that implants could be optimized by these positive
charge carriers. Qur recent in vive results revealed no local
inflammations in the back musculature of rats*

The immediate adhesion, fast s.prcading and the migratigm
of cells is essential for the settlement of biomaterials. Detailed
analyses concerning the mechanisms during the initial
adhesion of osteoblasts are required for the development of
newly designed material surfaces.

Conclusion

Our investigations on the dynamics of vinculin contacts on
plasma-modified surfaces demonstrated that a positively-
charged surface due to amino groups promotes the initial
spreading of vital cells, which presupposes increased mobility
of the cells. Vinculin, a protein  associated  with  the
cytoskeleton, serves as a marker for the FAs. PPAAm-
meodified surfaces induced an increased mobility of the focal
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Abstract

In the third study we wanted to investigate whether there is a combinatory effect of topographical and
chemical modifications of biomaterial surfaces and elucidate which of these properties is dominant.
Polished, machined and corundum-blasted titanium of increasing micro roughness was additionally
coated with plasma polymerized allylamine (PPAAm). On all of these allylamine-plasma-modified
surfaces (i) adhesion of human MG-63 osteoblastic cells increased significantly in combination with
roughness, (ii) cells resembled the underlying structure and melted with the surface, (iii) cells overcame
the topographical restrictions of a grooved surface and spread out over a large surface area. We could
find out that the cellular effects of the plasma-chemical surface modification are predominant over
surface topography. This is even more distinct in the initial phase. If collagen I was immobilized using
different spacers, it did not improve surface adhesion features comparably, although collagen I is the

“gold standard” in cell adhesion studies with osteoblasts.

Graphical abstract:

Ti-M Ti-M PPAAmM
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Topographical and chemical modifications of biomaterial surfaces both influence tissue physiology, but
unfortunately little knowledge exists as to their combined effect. There are many indications that rough
surfaces posilively inlluence osteoblast behavior. Having determined previously that a positively charged,
smooth titanium surface boosts osteoblast adhesion, we wanted to investigate the combined effects of
topography and chemistry and elucidate which of these properties is dominant. Polished, machined
and corundum-blasted titanium of increasing microroughness was additionally coated with plasma-

ﬁi{xo:df‘;skdemn polymerized allylamine {(PPAAm). Collagen [ was then immobilized using polyethylene glycol diacid
Osteubfast and glutar dialdehyde. On all PPAAm-modified surfaces (i) adhesion of human MG-63 osleoblastic cells

increased significantly in combination with roughness, (ii) cells resemble the underlying structure and
melt with the surface, and (iii) cells overcome the restrictions of a grooved surface and spread out over
a large area as indicaled by aclin slaining. Inlereslingly, the cellular elTects ol Lhe plasma-chemical sur-
face modification are predominant over surface topography, especially in the initial phase. Collagen I,
although it is the gold standard, does not improve surface adhesion features comparably.

© 2012 Acla Malerialia [nc. Published by Elsevier Lid. All righls reserved.

Plasma polymerization
Surface topography
Allylamine

1. Introduction

The metallic implants used in orthopedic surgery or oral
implantology can be regarded as bone-replacing and bone-contact-
ing applications, and include joint and tooth replacement, fracture
healing and reconstruction of skeletal abnormalities. For these im-
plants, the ultimate goal is to obtain a lifelong secure anchorage in
the native surrounding bone, Due to its excellent mechanical prop-
erties, biocompatibility as well as corrosion resistance, commer-
cially pure titanium has been widely used as an implant material
in various dental and orthopedic applications [1-4]. For the effi-
cacy of these implants, it is essential to establish a mechanically
solid interface with complete fusion between the material's surface
and the bone tissue without fibrous tissue interface [5].

Although it is well established that titanium is an osteoconduc-
tive material, little precise knowledge has been established to
ascertain whether titanium chemistry or topography is the more
crucial factor in determining the level of osteoconductive capacity:
it is a big challenge to change only one factor without changing the
other because the surface chemistry and topography of titanium
are interrelated [6]. The influence of surface topography has been
widely reported and plays an important role in cell behavior [6-

* Corresponding author. Tel.: +49 381 4947771; fax: +49 381 4947764
E-mail address: barbara.nebe@med.uni-rostock.de (J.B. Nebe).

8]. Osteoblast-like cells cultured in vitro on rough surfaces show
stronger cell adhesion and spreading [7,9] and high production of
both differentiation-associated growth factors and extracellular
matrix proteins [10-12]. Surface maodifications which alter the
topography of the titanium surface mainly include mechanical
methods, such as machining, grinding, polishing and blasting,
and chemical methods, such as etching and anodization [7,8,13-
16].

Another approach towards the creation of a biologically active
implant surface involves the application of an additional layer onto
the titanium surface by means of physicochemical and biochemical
deposition techniques [17,18]. One main focus concerning the
chemical modification of material surfaces involves coating with
proteins. Because collagen is a ligand which facilitates the cell
adhesion via integrins, coating with adhesion proteins or peptides
(especially RGD) and/or growth factors is of great interest [19,20].
Another strategy utilizes the net negative charge of eukaryotic cells
by providing the surface with positive charge carriers, e.g. NH;
groups [21-24], Plasma modification of titanium surfaces with
allylamine renders the surface more hydrophilic and generates
positively charged amine groups [23,24]. Allylamine is widely used
as a precursor for providing materials with a net positive surface
charge and for allowing further covalent coupling of proteins or
peptides via suitable linkers [17,25-27]|. However, previous re-
search has merely tested the influence of the plasma-polymerized

1742-7061/5 - see front matter © 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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allylamine {PPAAm)-modified surface chemistry on smooth poly-
ethylene terephthalate, silicon, polysiloxane and titanium surfaces.
This is, to our knowledge, the first paper to report the cellular
effects caused by a combination of topography (microstructured
titanium surfaces) and a well-directed surface chemistry by
PPAAm as well as collagen coupling via different linkers, In partic-
ular, we wanted to answer the question of whether surface topog-
raphy or chemistry is dominant. We hypothesized that a positively
charged plasma polymer layer has enormous power, sufficient for
cells to overcome the restrictions of a grooved microtopography.

2. Materials and methods
2.1. Surface characteristics

2.1.1. Roughness

Titanium of technical purity (Ti, cp, grade 2, DOT GmbH, Ro-
stock, Germany) was used in the form of discs or plates (30 and
11 mm in diameter, with a height of 5 and 2 mm, respectively).
The physical structure of the surface was modified by the following
techniques: Polishing (Ti-P) with SiC wet grinding paper (grit
P4000); machining (Ti-M) and blasting with corundum (alumin-

R,=0.045 pm
R,= 0.065 ym

R,=4.140 pm
R.=5.860 ym

ium oxide) particles (500-600 um) at 6 bar (Ti-CB). The character-
ization of surface roughness has been described previously [7].
Briefly, for measurecment of the roughness, a surface profiler
HOMMEL-Tester T8000 {Hommel, Schwenningen, Germany) was
used. Before their use in the experiments, non-modified materials
were ultrasonically cleaned and sterilized with 70% ethanol over-
night. Scanning electron microscopy (DSM 910A, Carl Zeiss,
Oberkochen, Germany) and stereomicroscopy (Axiovert 200M, Carl
Zeiss, Oberkochen, Germany) were used to display the material
surface (Fig. 1).

2.1.2. Profilometry

A DEKTAK 3ST profiler (Veeco, Santa Barbara, CA, USA) was used
to record the surface profile {Fig. 2). The radius of the standard dia-
mond stylus was 2.5 pm, the stylus force 30 mg, and the scan
length 8 mm.

2.1.3. Water contact angle

The contact angle of the titanium surfaces was measured by the
sessile drop method using a DIGIDROP contact angle meter (GBX
Instrumentation Scientifique, Romance, France). The determina-
tion of the angle between the solid surface and the tangent of

Fig. 1. SEM and stercomicroscopic images of cp Ti with increasing roughness: SEM magnification =5,000, bar = 4 um (DSM 910A), stereomicroscopy magnification =200,
bar = 200 pm ( Axiovert 200M). Differences in the surface structure have been found depending on the roughening technique used. While corundum blasting of the surface
resulted in a rock-like stochastic tepography with sharp ridges and edges, machining created grooves and striations.
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Fig. 2. Profilometry of structured titanium surfaces: Ti-P, polished; Ti-M,
machined: and Ti-CB, corundum blasted. Note that the swface profiles are
characteristic for the particular swface treatment. Ti-P surface shows certain
waviness within the scan length due to the polishing process. Ti-M reflects the
regularity of the turning lathe feed, whereas Ti-CB shows the highest roughness.

the drop was performed by computer control. Three measurements
were performed on each surface, and arithmetic means and stan-
dard deviations were calculated using the software package Origin
6.1 (OriginLab Corp., Northampton, USA).

2.1.4. Surface energy
The polar and disperse components of surface energy were cal-
culated from measurements of contact angles with different lig-

uids, namely water, ethylene glycol and methylene iodide. The
contact angles were determined using the OCA 30 contact angle
measuring system {Data Physics Instruments GmbH, Filderstadt,
Germany) with the sessile drop method (using software SCA20).
The surface energy was calculated using the methods of Owens,
Wendt and Rabel [28,29]. These measurements were always per-
formed within 30 min after sample preparation [30].

2.1.5. XPS analysis

The elemental surface composition and chemical binding prop-
erties of the glass surfaces were determined by high-resolution
scanning X-ray photoelectron spectroscopy {XPS) as previously de-
scribed for titanium surfaces [23,24]. Briefly, the Axis Ultra (Kratos,
Manchester, GB) was run with the monochromatic Al K line at
1486 eV (150 W), Charge neutralization was implemented. Spectra
were recorded at pass energy of 10 ¢V for highly resolved C1s and
N1s peaks. The C-C/C-H component of the C1s spectrum was ad-
justed to 285,0eV [31], Cls, Ols and Nls spectra were recorded
at a pass energy of 80¢V at three different sample positions for
quantification of surface composition. A chemical derivatization
was applied for the quantification of amino groups, since amino
groups do not lead to significant shifts in the binding energy
of the C1s and N1s electrons. Amino groups were reacted with 4-
trifluoromethylbenzaldehyde (TFBA, Sigma-Aldrich, Steinheim,
Germany) at 40 °C for 2 h in a saturated gas phase.

2.2. Chemical functionalization of titanium

Amino functionalization was performed in a low-pressure plas-
ma process reactor V55G ({plasma finish, Schwedt, Germany,
V =601)in a two-step procedure, First, the titanium samples were
decontaminated and activated by continuous wave {cw) oxygen-
plasma (500 W, 50 Pa, 100 sccm 05/25 sccm Ar). Then, the plasma
polymerization of the precursor allylamine was carried out using a
microwave-excited (2.45 GHz, 500 W), pulsed (duty cycle of 0.15
at a pulse length of 2s), low pressure (1> =50 Pa) gas-discharge
plasma [24] for a treatment duration of 960 s (Ti PPAAm = plas-
ma-polymerized allylamine on titanium). Allylamine was fed from
a liquid handling system, which was carefully purified of air by
evacuating and purging with N, prior to use. Argon was applied
as a carrier gas (50 sccm Ar). The substrate was located in a down-
stream plasma position.

The immobilization of collagen | (Col) (Sigma-Aldrich) was per-
formed immediately after the PPAAm coating with a wet-chemical
process. Covalent coupling reactions of the plasma-generated ami-
no groups [24] with Col (scheme shown in Fig. 3A) were performed
via the bifunctional linker molecule polyethylene glycol diacid
(PEG DA, VWR International GmbH, Darmstadt, Germany) or glutar
dialdehyde (GDA, Sigma—-Aldrich). The coupling process with Col
via PEG DA has already been described in detail [23,32]. The cou-
pling procedure via GDA was carried out as subsequently specified
by a two-step wet-chemical grafting process immediately after
PPAAm film preparation: the PPAAm coated disks were placed into
6-well chambers (Becton Dickinson, Franklin Lakes, USA) and trea-
ted with 5 ml 2% GDA solution for 3 h. Then the disks were rinsed
with sterilized water and subsequently treated overnight with 5 ml
of a 0.003% Col solution in a Ca®*, Mg®*-free phosphate-buffered
solution {PBS, life Technologies GmbH, Darmstadt, Germany).
After rerinsing with sterilized water, the disks were dried for
24 h in air. All the wet-chemical work was done under a laminar
flowbox in a clean room.

All four different chemical modifications (untreated, PPAAm,
PEG DA-Col and GDA-Col) were combined with the three different
topographies (Ti-P, Ti-M, Ti-CB); thus 12 distinct different speci-
mens were compared,
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Fig. 3. (A) Layer configuration of coated titanium disks: the plasma-cleaned titanium oxide layer is covered with a thin film of PPAAm or, in addition, with a following wet-
chemical coupling of Col via PEG DA or GDA. (B) Chemical coupling schemes of Col to PPAAmM-coated Ti via the linkers PEG DA (above ) and GDA (below). Note that the used
linker molecules have different chain lengths (PEG DA: ~3.8 nm/GDA: ~1.2 nm). (C) XPS analysis of the high-resolution C1s peak—coupling of Col to PPAAm via the linker PEG
DA (above) and GDA (below). In the first step the peptide bond formation -N-C=0 at 288.1 eV and the remaming -COQ bond from PEG DA at 289.2 eV, functioning as the
linker group for Col in the next coupling step, can be verified. In contrast to this, GDA has two aldehyde groups for the reactions. The —-C=0 signal at 287.7 eV corresponds to
the free aldehyde functionality. After the Col immobilization the formation of the characteristic peptide -N-C=0 bond with a share of about 25 or 20% for PEG DA-Col and

GDA-Col, respectively, can be observed [24].

2.3. Cell culture

The human osteoblast-like cell line MG-63 (ATCC, CRL-1427,
LGC Promochem, Wesel, Germany) was used for all experiments,

The cells were cultured in 75 cm? flasks in Dulbecco's modified Ea-
gle’s medium (DMEM) with 10% fetal calf serum (FCS, PAA), and 1%
gentamicin (Ratiopharm GmbH, Ulm, Germany) at 37°C in a
humidified atmosphere with 5% CO,, In general, MG-63 cells were
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cultured under serum-free conditions to avoid masking of the ami-
no-functionalized Ti surface with adsorbed proteins, e.g. soluble
fibronectin [23].

2.4. Scanning electron microscopy (SEM)

The material surfaces were investigated by scanning electron
microscopy (SEM) using DSM 960A and FE-SEM Supra 25 micro-
scopes {both Carl Zeiss, Oberkochen, Germany). For cell analyses,
4 x 10% cells were grown on titanium plates for 24 h, fixed with
4% glutaraldehyde (1 h), dehydrated through a graded series of ace-
tone, dried in a critical point dryer (K 850, EMITECH, Taunusstein,
Germany) and sputtered with a coater (SCD 004, BAL-TEC, Balzers,
Lichtenstein), To make the osteoblast-like cells clearly visible on
PPAAm (Ti-M) the circumference of the cells was pigmented in false
color using Adobe Photoshop® 7.0 (Adobe Systems Inc.).

2.5. Cell adhesion

Suspended MG-63 cells in serum-free DMEM were seeded onto
the discs for 5 min at a density of 1 x 10° per specimen, and non-
adherent cells in the supernatant were counted and analyzed by
flow cytometry (FACSCalibur, BD Biosciences). The software Cell-
Quest Pro 4.0.1 was used for data acquisition. Cell adhesion was
then calculated as a percentage of the cell number at 0 min.

2.6. Cell spreading

Human MG-63 cells were trypsinated, washed in PBS (PAA Lab-
oratories GmbH, Pasching, Austria) and the cell membrane stained
with the red fluorescent linker PKH26 (PKH26 General Cell Linker
Kit, Sigma) for 5 min in suspension. 4 x 16* cells were then seeded
onto the plates and cultured for 30 min, 1 and 3 h. After fixation
with 4% paraformaldehyde {PFA, Merck) the cells were embedded
on a coverslip. Microscopic examinations were performed using
an inverted confocal laser scanning microscope LSM 410 (Carl
Zeiss). Spreading (cell area in um?) of 40 cells per specimen was
measured using the “area measurement” software of the LSM
410. Finally, cell spreading was calculated relative to the corre-
sponding chemically untreated surface.

2.7. Actin and nucleoli staining

For actin staining 4 x 10* cells were cultivated on the plates for
24 h, washed three times with PBS, fixed with PFA (4%, 10 min,
Merck) and permeabilized with Triton X-100 (0.1%, 10 min, Sigma).
Actin staining was performed using Alexa Fluor 546 Phalloidin
(1:100, 30 min, Invitrogen). For staining of the nucleoli,
4 x 10% cells were seeded on collagen-coated coverslips. In brief,
cover glasses {Menzel GmbH, Braunschweig, Germany) were
coated with collagen 1 (Col, rat, 20 mg cm~2, BD Biosciences) and
were allowed to dry overnight under sterile conditions in the lam-
inar flowbox [32]. After 24 h the cells were fixed with methanol for
10 min, stained with Syto™ RNASelect™ (1:2,000, Invitrogen) for
20 min and counterstained with DAPl (1:20,000, Boehringer-
Mannheim GmbH) for a further 20 min, Finally cells were embed-
ded and analyzed with the LSM 410 and the AxioScope Al {both
Carl Zeiss). Cell orientation was quantified using the software Im-
age] (v. 1.410, NIH).

3. Results
3.1. Surface characteristics
The average roughness (R;) and the corresponding root mean

squared roughness (R,) values of the samples are indicated in
Fig., 1, and the profilometry is shown in Fig, 2.

The covalent coupling of Col to Ti-PPAAm via the linker PEG-DA
or GDA can be described by the chemical reactions in Fig. 3B. In the
first step the PEG-DA immobilization to Ti-PPAAm can be verified
via XPS analysis by the peptide bond formation -N-C=0 at
288.1 eV, with the remaining -COO bond from PEG-DA at
2892 eV functioning as the linker group for Col in the next cou-
pling step. After Col immabilization a significant increase in pep-
tide bond share can be observed (Fig. 3C). The area of this
specific peak correlates with the attached amount of Col (~25%).
In contrast to PEG-DA, GDA offers two reactive aldehyde groups
for the subsequent immobilization step. Efficient derivatization
of the PPAAms amino groups with GDA can be verified by the char-
acteristic -C=0 signal at 287.7 eV, corresponding to the free
remaining aldehyde functionality of the linker. After successive
immaobilization of Col the formation of the specific -N-C=0 bond
with a share of about 20% is observed.
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Measurements of surface wettability (Fig. 4) revealed a signifi-
cant decrease in the water contact angle after modification with
PPAAm. On untreated surfaces an angle of 64°, 80° and 59° was
determined for the Ti-P, Ti-M and Ti-CB surfaces, respectively.
After PPAAmM treatment these values were decreased to 47°, 56°
and 41° for the Ti-P, Ti-M and Ti-CB surfaces, respectively. This rep-
resents an average decrease of approximately 30%, Collagen coat-
ing resulted in a successive increase of the water contact angle
compared to PPAAm.

In analogy to these results, the surface energy {Fig. 5) was in-
creased slightly by coating the surfaces with Col. Overall surface
energy of the untreated surfaces was increased from 41.3, 35.5

and 46.3 mNm~! for the Ti-P, Ti-M and Ti-CB surfaces, respec-
tively. The highest increase was observed on the PPAAm samples
regardless of the topography. On the PPAAm-treated surfaces the
values changed to 54.8, 50.0 and 57.4mNm ' for the Ti-P, Ti-M
and Ti-CB surfaces, respectively,

3.2. Initial cell-surface contact

The initial cell contact with the surfaces was examined using
cell adhesion experiments (Fig. 6). We observed cell adhesion of
18 + 2% on the untreated smooth surface {Ti-P) after 5 min. Plasma
chemical modification of Ti-P with PPAAm resulted in 54 + 5% at-
tached cells (Ti-P PPAAm). This represents a 2.9-fold increase in
cell adhesion due to a modified surface chemistry.

On the untreated rough surfaces {Ti-M and Ti-CB) 19 £ 8% and
33 + 16% of the cells were attached after 5 min, respectively. In this
case modification with PPAAm resulted in 89 + 2% and 88 + 2% at-
tached cells for Ti-M and Ti-CB, respectively, representing a 4.7-
fold and 2.7-fold increase. This reveals that the positive effect is
not enly additive, but it is likely that a synergistic role is played
by topography and chemical modification with PPAAm.

Additional coupling of Col did not lead to increased adhesion
values either on the polished or the machined surfaces. Only cell
adhesion on Ti-CB surfaces functionalized with PEG DA-Col was
visibly but not significantly enhanced.

Spreading was observed on the modified surfaces to obtain re-
sults in the medium-term timeframe of minutes-hours after cell-
surface contact. Spreading was examined 30, 60 and 180 min after
cell seeding (Fig. 7). The cell size could not be validated on corun-
dum-blasted samples due to the extremely rough topography
which did not allow the monitoring of the cells with the confocal
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Fig. 7. Spreading of MG-63 cells after 30, 60 and 180 min on Ti-P and Ti-M surfaces: it is noteworthy that modification with PPAAm boosts the initial spreading. LSM 410,
n =40 {n =380 for Ti-P; 60, 180 min}, ANOVA post hoc Bonferroni, P < 0.01, *'P < 0.001 compared to untreated Ti-P and Ti-M.
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Fig. 8. (A) Morphology of MG-63 cells on untreated and chemically modified Ti-M: note that the positively charged groups {Ti-M PPAAm) allow the cells literally to melt into
the groove structure, and the edges of the cells can hardly be distinguished from the surface (arrows). The anly convex cellular structures are the nucleoli (arrowhead). FE-
SEM (Supra 25, Carl Zeiss); false color with Adcbe Photoshep 7.0. (B) Morphology of MG-63 cells on rough untreated and chemically modified Ti-CB: note that cells on the
untreated and on both Col-coated Ti-CB surfaces preferentially span the ridges and craters but cells on Ti-CB PPAAm stick to the crater walls and melt with the surface. Thus
partial cells on PPAAm ¢an hardly be distnguished from the surface structure (arrowheads). SEM, DSM 960A.

microscope in one horizontal optical plane. Because the cells the optical error would have been too high to correctly compare
spanned the craters and spread into the holes of the structure, the results.
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Fig. 9. Nucleoli of MG-63 cells (arrow) stained with SytoRNAgreen: the nucleus is
seen in blue (DAP1). Fluorescence microscope AxioScepe Al. The insert shows a SEM
image of a cell on Ti-M. DSM 960A, bars =20 pm.

On Ti-P and Ti-M, we observed that there was no significant
change in cell area on the Col-coated surfaces compared to the con-
trol. However, we found that modification with PPAAm boosts the
initial spreading of the osteoblastic cells. Cell area after 30 min was
nearly doubled (1.8 for Ti-P, 2.3 for Ti-M). After 60 min the cell area
on Ti-M PPAAm was increased by 48% compared to unmodified Ti-
M. Comparison of both amino-functionalized surfaces displayed
that cell area on Ti-M PPAAm surfaces exceeded the Ti-P PPAAmM
surface by 10% after 60 min.

3.3. Cell morphology and orientation

In order to detect effects at later time points, cell morphology
was observed after 24 h of cell culture (Fig. 8A). Cells on untreated
Ti-M seemed to be elongated along the grooved structure and were
clearly visible at their extensions. In contrast, on Ti-M chemically
modified with PPAAm the edges of the cells could hardly be distin-
guished from the surface. For this reason we have colorized the
cells to visualize their entire cell area. The positively charged ami-
no groups of PPAAm allowed the cells literally to melt into the
groove structure of the surface. Cells on the surfaces coated with
Col mainly expressed the same shape as the control cells, and thus
the edges were slightly raised.

We could also observe an impressive effect of the PPAAm-mod-
ification on the rough corundum-blasted surfaces (Fig. 8B). Cells on
the untreated Ti-CB and the Ti-CB PEG DA-Col surfaces preferen-
tially spanned the craters. When functionalized with amino
groups, the surface exhibited an underlayer where the cells stuck
to the crater walls and melted with the surface topography. Thus
the cells on Ti-CB PPAAm could in part hardly be distinguished
from the very rough surface structure.

Only few convex cellular structures could be seen on plasma-
functionalized surfaces. We stained the nucleoli and the nucleus
to illustrate the distribution of these structures in our MG-63 cells
(Fig. 9). From these images we could conclude that the cell mor-
phological structures observed in the SEM images were the
nucleoli.

3.4. Actin cytoskeleton

Our observations of the actin cytoskeleton shed light on how
chemical modifications can influence the orientation of cells and
the alignment of their actin filaments. The actin fibers followed
the direction of the grooves on the untreated Ti-M surface and
on Ti-M PEG DA-Col and Ti-M GDA-Col (Fig. 10A). In comparison,

on Ti-M functionalized with PPAAm the actin filaments were much
thinner and often stretched over the grooves and ridges, and thus
proceeded at an angle of 90° to the machined structure. This phe-
nomenon was even more obvious in the overview images
{Fig. 10B).

We have quantified the orientation of the cells relative to the
grooves {Fig. 11A). The deviation between the cells’ orientation
and the machined structure accounts for 6°, 11° and 15° on the un-
treated, PEG DA-Col and GDA-Col surface, respectively.

Having observed that the mean angle between the cells and the
surface on the PPAAm-coated surface is 41°, we can conclude that
the cells do not follow the direction of the grooves with this amino-
modification. This quantification is further proof that the cells can
overcome the restrictions of the grooved surface.

The shape index {calculated from actin images) supported this
assumption (Fig. 11B). A shape index of 1 represents a perfectly
rounded cell. Whereas the cells on the untreated surfaces and
the Col-coated surfaces adapted to the underlying structure of
the surface and displayed an elongated morphology (shape index
of 2.90 + 1.0% for Ti-M), the cells on the surfaces chemically mod-
ified with PPAAm spread well in all directions and imitated the re-
lief of the structured surface. The shape index for the cells on Ti-M
PPAAmM was 1.97 + 0.8%. Thus the cells were less elongated due to
the plasma maodification.

4. Discussion

Improved hard-tissue repair or replacement has become a very
significant challenge for orthopedic biomaterials and orthopedic
surgery [34,35]. Meeting these challenges depends on establishing
firm relationships between implant success and biomaterial prop-
erties that can guide the implant design process [36]. In this paper
we present short-term cell adhesion experiments performed to
measure the earliest stages of cell-interface interactions as well
as medium- to long-term studies {morphology characterization,
spreading, actin filament arrangement) regarding the effects on
cell behavior on the different substrates.

Of course, a distinction has to be made between macro (above
cell size) and micro {below cell size) surface features [37], It is
important to keep in mind that here only the microroughness of
the topography is considered. Atomic force microscopy measure-
ments revealed a surface layer thickness of 0.052 pm and an aver-
age roughness R, = 0.25 nm (i.e. R, = 0.00025 um) for PPAAm [33].
This layer is nearly negligible if a microroughness of R, = 0.315 um
for machined and R, = 4.140 pm for corundum-blasted surfaces is
considered.

Avery general rule concerning material properties and cell-sur-
face compatibility emerging from decades of focused research is
that adherent mammalian cells favor modestly hydrophilic sur-
faces exhibiting a water contact angle of 40-60° [38-40]. The
water contact angle of pure titanium used in our experiments is
in the range of 60-80°. The functionalization of the surface with
PPAAm results in a water contact angle of 40-55°, thus moving
the specified surfaces into the aforementioned “biocompatibility
window".

The surface free energy is highest on the allylamine-coated sur-
faces of ane roughness. The main increase can be seen in the polar
part. Polar groups created by plasma polymerization of allylamine
include amino groups and a small amount oxygen groups that car-
ry charges and thus induce a certain polarity. The well-directed
deposition of amino groups was shown to increase cell adhesion,
spreading and proliferation [41,42].

It has been reported that cell adhesion and proliferation depend
on surface chemistry and vary with individual functional groups
rather than general surface properties such as surface wettability
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Fig. 10. (A) Actin cytoskeleton of MG-63 cells after 24 h on untreated Ti-M {a}, Ti-M PPAAm (b), Ti-M PEG DA-Col (c) and Ti-M GDA-Col (d}: It can clearly be seen that not only
the cells but also the actin fibers are aligned (a, ¢, d). However, it is important to note that the actin fibers on Ti-M PPAAm (b) are not arranged likewise. Here, the cells and
their actin fibers can overcome the grooved structure. The insert shows an overview of the whole cell; direction of grooves of the machined surface in white dotred lines. LSM
410; bars=5 pm, bars insert = 10 pm. (B} Alignment of MG-63 cells after 24 h on untreated Ti-M (a), Ti-M PPAAm (b), Ti-M PEG DA-Col (c) and Ti-M GDA-Col {d). Actin is
stained inred; Ti surface is false colored in green. The direction of the grooves of the machined surface is indicated with white dotted lines. It is clearly visible that the cells are
elongated along the grooves and ridges (a, ¢, d) except for PPAAm (b). Here, cell growth is not criented due to the dominance of the plasma chemistry. LSM 410, bar = 50 pum.
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Fig. 11. (A) Mean deviation of the cells’ orientation in relation to the grooved
surface Ti-M. It is clearly visible that the cells follow the surface features very
strictly except for PPAAm-coated surfaces. Here a high deviation could be found,
indicating that the cells overcome the restrictions of the surface and spread out in
all directions. 5D, 11 =90-110, ANOVA post hoe Bonferreni, P < 0.001. (B) Cell
shape index of MG-63 cells on Ti-M: a cell shape index = 1 represents a rounded
cell; higher values indicate that the cell is elongated. Note the significantly lower
cell shape index on PPAAM, indicating that the cells are not aligned but spread in all
directions {see Fig. 10). n=40, ANOVA post hoc Benferroni, P < 0.01,

[22], We used two different collagen-coated surfaces and a surface
coated with PPAAm to elucidate the adhesion behavior of osteo-
blastic cells. It is of primary importance to find out how the mod-
ification of an implant surface by chemical means can play a role in
bone tissue engineering. In our experiments we demonstrate that
increasing roughness alone results in an elevated cell attachment.
Our results are in agreement with Keller et al. [43], who report that
in their in vitro experiments the highest level of rat osteoblast cell
attachment was obtained with rough, sandblasted Ti-6Al-4V sur-
faces compared to grooved ones. According to Anselme et al.
[44], cells prefer surfaces with a relatively high microroughness
amplitude (R,=0.37 um and R;=4.13 pm) and with a low level
of repeatability {order ~10%) in their in vitro experiments. Thus,
the greater attachment of the osteoblastic cells on the corun-
dum-blasted samples determined in our experiments might be
due to the greater roughness and the random structure of the
blasted surface.

We determined that cell adhesion is significantly enhanced on
the positively charged PPAAm-coated surfaces, irrespective of the
topography, However, the increase is highest on the microstruc-
tured surfaces {Ti-M PPAAm ~.5-fold). Hence the effect of rough-
ness and chemical modification combine, and yield an enormous
increase in cell adhesion. In contrast, additional coupling of colla-
gen | to the different roughnesses does not enhance cell adhesion
in a similar fashion. This makes clear that the choice of chemical
functionalization used is crucial. A general conclusion drawn from
data at hand is that positive charges alone are more significant

than cell matrix components for facilitating and enhancing osteo-
blastic cell attachment to a biomaterial surface.

Enhancing directed cell attachment is pivotal, especially if the
situation after an implantation or operation is considered: cells,
including osteoblasts, fibroblasts etc., and bacteria are in a crucial
race to the surface [45], and for a positive outcome of the operation
it is essential that there is complete fusion between the implant
surface and bone tissue without any infection or fibrous tissue sur-
rounding the implant [39,46-48].

We determined cell spreading at different time points and could
clearly show that, again, the PPAAm surface displays clear advan-
tages over both the collagen-coated and the untreated surfaces.
These strong positive effects of PPAAm on cell spreading could be
verified with human bone marrow stem cells [49]. At the early
time points it is even more obvious that cells can spread faster
and exhibit more extensions.

In contrast, the cells on the collagen-coated surfaces do not
spread faster than on the untreated control. We used two different
linkers for collagen I coupling. We assume that the chain length of
the linker influences the stiffness of the collagen bonding—the
shorter the chain length, the more inflexible is the bonding and
the worse is the cell growth. PEG-DA has a chain length of about
3.8nm and GDA of about 1.2 nm. We considered whether cells
grown on Col bonded via the longer-chain PEG-DA grow better
than cells bonded via the shorter GDA chain, because the self-
adjustment of cells onto Col could be better realized by bonding
via PEG-DA. This might explain why the cells tend to adhere better
to PEG DA-Col surfaces than to GDA-Col. In analogy to this, the cell
spreading on the machined surfaces is also better on the PEG DA-
Col surface.

After 24 h the increase of cell spreading on PPAAm is still visible
but the cells on the collagen-coated surfaces have caught up. This
might be due to the fact that there is a maximum size the cells can
reach. Liu et al. postulated a time-cell-substratum compatibility
principle in which similar bioadhesive outcomes can be achieved
on all surfaces, but the time required to arrive at this outcome in-
creases with decreasing cell-substratum compatibility [36].

SEM images reveal that cells on PPAAm are spread out very
flatly. On the rough PPAAm surfaces it becomes evident that the
cells can really adapt to the surface structure, In contrast, on chem-
ically untreated surfaces the cells would span over the craters. This
shows that the cells can overcome the hurdles of the grooves and
hills because of the chemical modification with amino groups.
We hypothesize that a better distribution of the cells over the im-
plant surface and a closer cell-surface contact due to the higher
contact area could result in a faster ingrowth of the implant into
the bone. We have shown earlier that the cells’ metabolism is
not affected although the cells are flattened and stick close to the
surface [33,50]. In this paper we are able to show that the cells
are flattened but the nucleoli are still visible as convex structures.
As they are the sites of rRNA synthesis, this is further proof that
there is no obvious impairment, although the cell profile is extre-
mely flattened on the PPAAm-modified surfaces.

Several authors have shown that osteoblast-like cells cultured
on materials with micron-scale grooves or channels become elon-
gated parallel to the direction of the grooves [7,44,51,52]. We could
also observe this effect on our unmodified and on both collagen-
coated Ti-M surfaces. The cells are oriented in the direction of
the grooves and also their actin cytoskeleton is aligned in this
direction. However, on PPAAm-coated surfaces the cells can over-
come the lined structure and grow diagonally to the grooves and
hills. The cytoskeleton is not oriented in an particular direction,
although it sometimes follows the grooves.

Indeed, the observation that a plasma-chemical surface modifi-
cation allows the cells to overcome the restrictions of the surface
topography has not previously been elucidated in the literature.
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Here we are able to demonstrate for the first time that the alterec
alignment behavior of the cells on plasma-functionalized surfaces
(PPAAm) is only due to the chemical modification with amino
groups. We find this striking because it is very clear that the plas-
ma chemical functionalization of a surface is dominant over its
topography.

We believe that the combination of topography and chemical
modifications results in truly bone-resembling ceatings and that,
as Dowling et al. [53] suggested, the interactions of the phenomena
taking place in cell-material interactions can only be elucidated if
both surface roughness and chemistry are optimized to design new
biomaterial surfaces.

5. Conclusion

The cell response in the initial phase can be significantly en-
hanced by the combined effect of topographical and plasma-chem-
ical modification if positive charges are used. In contrast, collagen |
via PEG DA or GDA linker on structured Ti surfaces does not com-
parably improve osteoblast adhesion, although collagen is a ligand
for the cell adhesion receptors.

In this paper we describe how short-term cell adhesion experi-
ments, performed to measure the earliest stages of cell-interface
interactions, reveal an additional significant increase in cell adhe-
sion on PPAAm-modified rough surfaces. SEM images show a flat-
tened phenotype and cells which seemingly melt into the grooved
structure of Ti-M PPAAm. Morphological images and staining of the
actin cytoskeleton reveal that the cells can overcome the restric-
tions of the grooved topography and adapt to the surface structure
when grown on PPAAm-coated Ti-M surfaces. Here we are able to
demonstrate that cell orientation and alignment due to topography
can be overcome if a surface is well-directed plasma-chemically
maodified.
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Abstract

This article deals with the characterization of a plasma polymer layer using the precursor
ethylenediamine (PPEDA). Thin films with a thickness of 50-100 nm were deposited on biomedical
titanium substrates. Layer characterization and optimization was attended by surface characterization
techniques e.g. x-ray photoelectron spectroscopy (XPS), water contact angle measurements (WCA),
fourier transform infrared spectroscopy (FTIR). Cellular behavior was analyzed by flow cytometry (cell
adhesion) and scanning electron microscopy (cell shape). All Samples coated with PPEDA were
biocompatible and the cells showed a well spread phenotype after 24h. This positive effect of PPEDA
on cell adhesion and spreading could be observed even when the samples were sterilized and stored for

360 days. This makes these surfaces highly attractive for the clinical application.
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Thin plasma polymer films from ethylenediamine were deposited on planar substrates placed on the powered
electrode of a low pressure capacitively coupled 13,56 MHz discharge, The chemical composition of the plasma
pelymer films was analyzed by Fourier Transform Infrared Reflection Absorption Spectroscopy (FT-IRRAS)
as well as by X-ray photoelectron spectroscopy (XPS) after derivatization of the primary aminoe groups. The
PPEDA films undergo an alteration during the storage in ambient air, particularly, due Lo reactions with oxygen.
Keywords: The moelecular changes in PPEDA films were studied over a long-time period of 360 days. Simultanecusly, the
RF plasma adhesion of human osteoblast-like cells MG-G3 {ATCC) was investigated on PPEDA coated corundum blasted

Fthylenediamine titanium alloy (Ti-GAl-4V), which is applied as implant material in orthopedic surgery, The cell adhesion was
Plasma polymerization determined by flow cytemetry and the cell shape was analyzed by scanning electron micrescopy. Compared Lo
Implant coating uncoated reference samples a significantly enhanced cell adhesion and proliferation were measured for PPEDA
Aging effects coaled samples, which have been maintained after long-lime storage in ambient air and additional slerilization

Osteoblast adhesion by y—irradiation,

© 2013 Elsevier BV, All rights reserved,

1. Introduction

The development of novel bioactive surfaces for the improvement of
orthopedic implant materials is in the focus of biomedical research.
The fast and permanent attachment of osteoblast cells on the implant
material is an essential point to achieve a stable bone-implant interface.
Bioactive coatings have to fulfill specific requirements which are impor-
tant for subsequent use, such as mechanical stability and adequate den-
sity of functional groups, e.g., primary amino groups and other nitrogen
functionalities, or surface charge. Different techniques can be used to
deposit thin films with various functional groups. Compared to other
techniques in surface modification, the non-thermal plasma technology
offers the advantages that it is an energy efficient and dry technique
whereby only the top layer of the material is modified, whereas the
bulk material remains unchanged [1,2]. This is highly desired in the
field of orthopedic surgery, because it enables the modification of exis-
tent, commercially available implant materials [3]. The cell functions
can be improved by deposition of plasma polymer films containing
positively charged functional groups [4-6]. Different plasma processes
and precursors were already investigated, for example allylamine
[7-10], ethylenediamine [11,12], propylamine [13] or cyclopropyl-
amine [14] as well as mixtures of hydrocarbons with nitrogen or
ammonia [15,16]. Here, the preparation of nitrogen-rich surfaces has

* Corresponding author. Tel.: +49 3834 86 4743: fax: 449 3834 86 4701.
E-mail address: holger.testrich@uni-greifswald.de (H. Testrich).

0928-4931/$ - see front matter € 2013 Elsevier B.V. All rights reserved.
http:/idx.dotorg/10.1016/).msec.2613.05.024

been demonstrated an efficient way to improve the cell attachment,
spreading proliferation and occupation via migration capacity.

In this work, the deposition of cell-adhesive thin plasma polymer
films from ethylenediamine (EDA, HoN-CH;-CHz-NH;) was investi-
gated using low pressure capacitively coupled radio-frequency {RF)
plasma at 13.56 MHz [17]. The ethylenediamine is of special interest
concerning the high N/C ratio of 1:1 and two primary amino groups
in the precursor molecule. The paper reports on the aging of plasma
polymerized ethylenediamine {PPEDA) films during storage under
ambient air up to 360 days. In particular, the chemical modification
of the PPEDA films and their influence on the initial adhesion and
proliferation of osteoblast cells are discussed.

2. Materials and methods
2.1. Substrate materials

The PPEDA films were deposited on different substrate mate-
rials. Planar circular samples from Ti-6Al-4V alloy were coated for
cell adhesion tests. These samples with a diameter of 11 mm have
been corundum blasted (CB) to achieve a surface roughness of
R, = 20 + 5 um. Furthermore, glass plates (20 x 60 mm?) with
highly reflective aluminum layer and silicon wafer were applied as
substrate material for thin film analysis by FT-IRRAS and ellipsometry,
respectively.
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2.2, Deposition of plasma polymerized ethyienediamine (PPEDA) thin films

Fig. 1 shows a sketch of the experimental set-up used for the
synthesis of thin nitrogen-rich organic films by ethylenediamine
[EDA) plasma polymerization. The stainless steel vacuum chamber
with the diameter and height of 400 mm, respectively, was pumped
by a turbo pump to a base pressure of 10 ° Pa. A stage rotary pump
ensured a total processing gas pressure of between 20 and 200 Pa.
The processing gas was a mixture of the carrier gas argon and the
precursor ethylenediamine {ETHYLENDIAMIN ROTIPURAN®, >99.5%,
p-a., Carl Roth GmbH + Co. KG, Germany). The liquid precursor EDA
in the storage vessel was held on a temperature of about 30 °C to
ensure a constant vapor pressure, The gas flow rate could be varied
between 4 and 60 sccm for argon by mass flow controller and
between 4 and 20 scem for EDA, which was adjusted manually by a
needle valve, Thereby, the EDA gas supply system including the needle
valve was heated to avoid condensation. The discharge configuration
consists of a planar water cooled electrode {diameter 100 mm), which
was powered by an RF generator at 13.56 MHz via matching network,
The shielding of the powered electrode and the chamber wall were
grounded. The asymmetric RF discharge operated in pulsed mode
using a combination of a pulse-delay generator with the RF power gen-
erator, A typical set of plasma processing parameter was 60 W forward
RF power, 10 Hz pulse frequency at 50% duty cycle, 60 Pa total pressure
of an argon to EDA mixture of 5:1, and 24 sccm total gas flow rate.

The PPEDA thin film thickness was determined by spectroscopic
ellipsometry taking into account a single layer Cauchy dispersion
model for PPEDA on silicon substrate. The typical PPEDA film thick-
ness ranged between 50 and 80 nm, Immediately after the deposition
the coated samples were stored under ambient conditions in plastic
bexes. Subsequently, the thin film aging and its influence on the cell
adhesion were tested on independent samples after different storage
times up to 360 days.

2.3. Thin film analysis by Fourier Transform infrared Reflection Absorption
Spectroscopy (FT-IRRAS)

The chemical composition and the molecular structure of PPEDA
thin films and their changes were analyzed by FI-IRRAS. Here, the
classical IRRAS arrangement, [18], was applied by means of a vacuum
FTIR spectrometer Vertex 80v {Bruker) with a specific reflection unit
in the sample compartment providing parallel-polarized light at
grazing incidence of 75°. The thin film absorption was measured in
the wave number range of between 3500 and 800 cm ™" at a spectral
resolution of 0.3 em ™" by the MCT detector. The data acquisition and
processing software OPUS was applied to generate the thin film
absorption spectrum.
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Fig. 1. Sketch of the experimental set-up with low pressure RF discharge configuration.

2.4, Surface analysis by X-ray Photoelectron Spectroscopy (XPS)

The XPS measurements were performed using an AXIS Ultra DLD
electron spectrometer {Kratos Analytical, GB) equipped with a monoc-
chromatic aluminum K, X-ray source (1486 V; 150 W), implemented
charge neutralization, and pass energy of 80 eV for the determination of
the chemical elemental composition, or 10 eV for highly resolved Cls
spectra, N{C, H) moieties in different configurations and conformations,
e.g, amines, imines and nitriles exhibit only very small shifts in N1s
binding energy and, therefore, it could not be quantified by highly
resolved XPS measurements. Chemical derivatization reactions have
to be applied for the quantification of a specific functional group in mix-
ture of different moieties typical for plasma functionalization processes.
Gas phase processes are advantageous in this case. In particular, the
primary amino groups were quantified by a vapor phase reaction
with 4-trifluoremethylbenzaldehyde (TFBA, Sigma-Aldrich, Germany)
at 40 °C for 2 h, which was sufficient for the complete derivatization
reaction of the surface. The elemental flucrine content was determined
by XPS. Three fluorine atoms mark one primary amino group via the
following reaction:

R—NH, + H‘(l:—G—CF, {9) —™ R-N=CH-{)—CF, + HO

Data acquisition and processing was performed with the vision 2.1.3
software (operating software Kratos). The peak fitting was processed
with the help of CasaXPS software version 2.2 (Casa Software Ltd.,
UK) using the Gauss-Lorentz (30% Lorentz) distribution, linear baseline
and a fixed FWHM between 1.1 and 1.5 eV. All values are presented
in at-% and corresponding element ratio, [19-22].

2.5. Cell adhesion and morphology tests

The human osteoblast cell line MG-63 (ATCC, CRL-1427, LGC
Promochem, Wesel, Germany) was applied for the cell adhesion exper-
iments. The cells were cultured in 75 cm? flasks in Dulbecco's modified
Eagle’s medium {DMEM) with 10% fetal calf serum (FCS, PAA), and 1%
gentamicin (Ratiopharm GmbH, Ulm, Germany) at 37 *Cin a humidi-
fied atmosphere with 5% CO,. Suspended MG-63 cells were seeded
onto the samples for 10 min at a density of 5x10%specimen, and
non-adherent cells in the supernatant were counted and analyzed by
flow cytometry (FACSCalibur, BD Biosciences). The software CellQuest
Pro 4.0.1 was used for data acquisition. Cell adhesion was then calculated
in percent to the initial cell number.

After 24 h the cells on the material surface were investigated by the
scanning electron microscope (SEM) DSM 960A (Carl Zeiss, Oberkochen,
Germany). Thereby, the grown cells on the samples were fixed with 4%
glutaraldehyde {1 h), dehydrated through a graded series of acetone,
dried in a critical point dryer {K 850, EMITECH, Taunusstein, Germany)
and sputtered with a coater {SCD 004, BAL-TEC, Balzers, Lichtenstein).
The prepared samples for cell adhesion tests were partly sterilized
by +y-irradiation with a dose of 25.0-30.0 kGy atr GAMMA-SERVICE
Produktbestrahlung GmbH, Radeberg, Germany.

3. Results and discussion
3.1. Absorption spectrum and molecular structure of thin PPEDA films

In Fig. 2 three thin film absorption spectra are shown which were
taken from three PPEDA films at a thickness of about 50 nm immediately
after the deposition, and after storage over 30 and 360 days under ambi-
ent air, respectively. In particular, the PPEDA absorption spectrum im-
mediately after the deposition {day 0) is characterized by absorption
bands of the N-H stretching vibrations broadened due to hydrogen
bridge bonds (3500-3000 cm™"), the C-H symm./asymm. stretching
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Fig. 2. Thin filmi IR absorption spectra of PPEDA taken afler preparation {day 0, blacl)
and storage in ambient air over 30 (blue) and 360 {red) days, respectively.

vibrations {2980-2880 cm 1), the stretching vibrations of nitrile C = N
and carbon-carbon triple bonds € = € (2200-2150 cm 1), the imine
group C = N and carbon-carbon double bond C = C vibrations (1680~
1650 cm '), as well as the deformation vibrations of the amine group
N-H (1650-1510 cm~") [12]. The comparison of this absorption spec-
trum with that taken after 30 and 360 days storage under ambient air
reveals significant molecular changes in the PPEDA film. These changes
become clearly visible in the difference of the spectra from day 360
and day 0, see Fig. 3. The difference spectrum provides important infor-
mation about the formation and degradation of melecular groups as
well as the broadening and shifting of absorption bands. In particular,
the identified characteristic molecular changes are assigned to the
formation of O-H groups (stretching vibrations at 3500-3000 cm™?)
and carbonyl groups C = O (stretching vibrations at 1700-1680 cm~ ')
which is combined with acid amide formation. In the fingerprint region
the observed absorptions can be assigned to the deformation vibrations
of C-H and O-H groups at 1465-1375 cm™ " as well as to the stretching
vibrations C-N and C-0 at about 1250 cm 'and 1100 cm ', respec-
tively. These absorptions in the fingerprint region are strongly pro-
nounced after 360 days of storage, compare Figs. 2 and 3. This might
also be interpreted by a more ordered molecular surrounding due to
chemical reactions and relaxation processes inside the cross-linked
amorphous plasma polymer film. Furthermore, a less of the triple bonded
C = N and € = C molecular structures is found. The temporal develop-
ment of the peak absorbance at selected wave numbers is shown in
Figs. 4 and 5.

Over the complete storage time of 360 days a considerable increase of
the absorbance is observed in the wave number range between 1700 and
1680 cm ™' due to rising content of carbonyl groups in acid amine [10],
see Fig. 4. A weaker increase is found for the stretching vibrations
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Fig. 3. The difference of the spectra from day 360 and day 0 in Fig. 2 reveals important
information about the formation and degradation of characteristic molecular groups.

1000

Storage time [days)

Fig. 4. Temporal evolution of the FIIR peals absorbance from different molecular structures
during long-time storage in ambient air over 360 days. In particular, the rising
peak absorbance at 1685 cm ' reflects the formation of carbonyl groups (C = 0).

assigned to C-N and C-0 in the fingerprint region. On the other hand,
the content of the nitrile groups C =N decreases continuously over
360 days (logarithmic time scale), whereas the carbon-carbon triple
bonds C = C are already strongly reduced after 2 days and remain on
low level as shown in Fig. 5. Therefore, the alteration of the triple bonded
C =N and C = Cin the PPEDA film was investigated more detailed on a
short-time scale over 3 h immediately after film depasition. In Fig. 6 the
C = Nand C = C peak absorbance is plotted over time during storage of
the PPEDA film in vacuum and in contact with atmospheric oxygen
from ambient air in the sample compartment of the FTIR-spectrometer,
respectively. The storage in vacuum shows no significant effects, whereas
the storage in air results in significant decreasing absorbance of the triple
bonded carbon {C = (), see Fig. 6. The absorbance of other molecular
structures in PPEDA increases slightly in air at this short time scale, only.

Generally, the plasma polymerization process at low pressure is
described by radical reactions on the surface due to adsorption of
neutral transient reactive species from precursor fragmentation in
the plasma and the plasma-surface interaction (ion bombardment,
{V)UV photons). Following, the plasma polymerization is a plasma-
initiated process leading to crosslinked amorphous organic thin film
with high content of free radicals as well as more or less concentra-
tion of functional groups from the precursor molecule. Free radicals
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Fig. 5. Temporal evolution of the € = N and € = C peak absorbance during long-time
storage in ambient air over 360 days.
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Fig. 6. Temporal evolution of the C = N and C = C peak ahsorhance immediately after
the film deposition. In comparison Lo the storage of PPEDA in vacuum, the PPEDA
film in contact with atmaspheric oxygen from ambient air shows a fast loss of the triple
bonded carbon over the first 3 h.

remain on the surface and in the film which are able to react immedi-
ately with free oxygen from the air by the so-called auto-oxidation
processes. Generally, post oxidation of all surface functional groups
and carbon itself but also hydration (shown in Figs. 2 and 3) take
place during the PPEDA storage on air:

1. An initial bounded carbon radical reacts with oxygen from air
to a peroxy radical. In a series of reactions different products can
be formed, e.g., carbonyls, carboxyls, new carbon radicals.

2. Furthermore, it is suspected that motile polymer radicals localize
at the carbon atom anchor of the electron rich primary amino
group and promote their oxidation to acid amide groups and
partially into imides [23]. These reactions are very quick. About 60 %
of the primary amino groups in PPEDA are converted intc acid amides
in the first 30 days of storage on air, (shown in Figs. 7 and 8) [17].

3. Following, acid amides can be hydrolyzed to carboxylic acid groups
and ammonia. Also nitrile hydrolyzes to the same end products.
The decreasing curve progression in the FTIR spectra {shown in
Figs. 2 and 5) could be explained in this way.

3.2. Elemental composition of the PPEDA surface

X-ray photoelectron spectroscopy (XPS) was applied to investigate
the chemical surface composition and the density of amino groups on
the surface. The XPS elemental analysis of PPEDA films on Ti-6Al-4V
{Ti-CB) substrate revealed pinhole-free films. No titanium signal from
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Fig. 7. NH,/C ratio on PPEDA surface as a function of storage time measured by XPS.
The NH./C ratio was determined after derivatization of the PPEDA surface with TFBA.

Fig. 8. XPS C1s high resolution spectra of PPEDA after 0, 30 and 360 days storage in
ambient air.

the substrate was observed. The aging of the PPEDA on Ti-CB was inves-
tigated for one year, respectively. The C-C/C-H component of the Cls
peak was adjusted to 285.0 eV. The other components of the Cls peak
were assigned to known values [10]: C-NH at 285.8 + 0.1 eV; C-0, C-
0-C, C = N, nitriles at 286,6 + 0.2 eV, C = 0 at 2870 + 03 eV,
O =C-N at 2880 + 03 eV, O-C = 0 at 2892 + 02 eV, and CF; at
2927 £ 02 ¢eV.

The surface analysis confirms the fast oxidation of the plasma
polymerized film by subsiding post plasma processes initiated by
the reaction of surface free radicals with atmospheric oxygen after
sample storage on air as observed in the FIIR analysis of PPEDA
films, see 3.1.

The N/C ratios at the PPEDA surface after plasma polymerization
and the following storage for one month as well as one year, respec-
tively, show only a minor change (see Table 1). Since the precursor
EDA features a N/C ratio of 1:1 and no oxygen, the measured N/C
and C/C elemental ratios on the PPEDA surface prove the instantaneous
impact of contact with air to the deposited layers. Whereas no obvious
trend is found for O/C, an increase of N/Cin the first month is noticeable,
followed by constant value during the rest of the aging period. Amino
group densities are found to be about 2.2 4 0.1 % after preparation
and with 1.2 + 0.4 % after 360 days. The aging process causes a loss of
about 45 - 60 % of primary amino groups within the first 15 days of
storage and a constant level of amino groups of 1.3 + 0.4% remains
afterwards, shown in Fig. 7, whereas the relative change of the nitrogen
content N/C is in the percentage range only (see Table 1).

Fig. 8 compares the high resolution Cls spectra of the PPEDA
surface after the preparation and the following aging on ambient air
for 30 and 360 days, respectively. Bond changes after 30 and 360 days
are clearly visible. The loss of primary amino groups (labeled by the
CFs-peak at 292.7 eV due to derivatization reaction with TFBA) is obvi-
ously accompanied by an oxidation to acid amides at 288.2 eV, increas-
ing C-0, C = N, nitrile bonds at 286.6 eV and C = O bonds at 287.5 eV
in relation to the C-C bond peak at 285.0 eV. Primary amino groups are
lost while amide N-C = O and carboxyl O-C = O bonds are increased.
The oxidation process causes predominantly an oxidation of carbon
atoms with an attached amino group leading te the formation of amides.

Table 1
Elemental ratios at the surface of PPEDA thin film on Ti-6Al-4V for various slorage
times, analyzed by XPS.

PPEDA (Ti_CB}

N/C [%] 0/C [%] NHaAC [%]
0 day 30,0 + 0.7 183 + 1.7 22 +01
30 days 359 + 06 277 + 14 09 + 0.1
360 days 369 = 2.1 19.1 £ 07 12 +04
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Fig. 9. Initial adhesion {10 min) of MG-63 cells is significantly increased on PPEDA
coated compared to uncoated corundum blasted Ti-6Al-4V samples. The enhanced
cell adhesion is not influenced by PPEDA film aging over 360 days and an additional
sterilization by y-irradiation. (n = 5, Flow Cytometry, FACSCalibur, BD).

3.3. Cell adhesion and morphology

Independent of the storage time of up to one year it was found
that the initial cell adhesion after 10 min was significantly increased
on Ti-CB samples functionalized with PPEDA, see Fig. 9. Although the
PPEDA thin film was already chemically modified within 0-30 days
after deposition as shown in Figs. 4-6, the cell adhesion was still
increased by approximately 55 % at day 360. These results are in good
agreement with investigations from other groups using allylamine as
precursor [8,10]. High cell adhesion was also found on heptylamine-
modified titanium surfaces [24].

o
-~

| thtreaied_ 4d

Furthermore, our experiments revealed that an additional steriliza-
tion process of the PPEDA functionalized samples with vy-irradiation,
which is necessary for medical applications, did not influence the
improved adhesion behavior of the osteoblast cells.

The same long term stability of the cell attracting capacity of PPEDA
was observed by scanning electron microscopy. On the untreated
sample the cells are spanned over the craters and developed only few
connections to the surface. However, on PPEDA the cells are melted
inte the rough surface structure and the cell morphology is flattened
and well spread, shown in Fig. 10. We assume that this behavior results
in an increased contact area between cells and surface and thus most
likely to a higher bonding of the implant in the human body:.

It seems that nitrogen-containing groups facilitate this spreading
behavior of the cells and enable them to melt into the steep and
rough terrain. This was also abserved on rough titanium substrate
coated with a plasma polymerized allylamine layer [5].

4. Summary and conclusions

Nitrogen-tich thin films from plasma polymerization of
ethylenediamine in low pressure capacitively coupled RF plasma at
13.56 MHz were studied for cell adhesive implant coatings. At opti-
mized plasma processing parameters the deposited thin PPEDA films
on Ti-6Al-4V implant material are mechanical stable and exhibit a
significantly enhanced initial adhesion of human osteoblast cells
(MG-63) compared to uncoated samples. In particular, the aging of
PPEDA thin films was investigated due to storage in ambient air over
360 days. The FT-IRRAS and XPS analysis reveal the reactions with at-
mospheric oxygen resulting in, e.g., amide, carbonyl and carboxyl
groups, The content of primary amine groups is rather low (1-2%).
The aging of PPEDA thin films in ambient air as well as an additional

treated 360d.

Fig. 10. Morphology of adherent cells on PPEDA thin films observed with scanning clectron microscopy {magnification: x1000). Cells were cultured on the samples for 24 h. Note
that cells on PPEDA seem to melt into the rough topography of the corundum blasted Ti-6A1-4V samples also on day 360 (arrow).
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sterilization process by y-irradiation have noinfluence on the improved
cell adhesion and proliferation. Obviously, the high N/C ratio of about
35% and an effective positive surface charge significantly contribute to
the enhanced attraction of the osteablast cells.
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3. Discussion

The hypothesis of this project was that a positively charged layer with amino groups would promote cell
adhesion due to the fact, that human osteoblastic cells are surrounded by a negatively charged
hyaluronan coat. This is why we have attempted to use plasma polymerization of the monomers
allylamine and ethylenediamine for surface coatings. Our approach was to use a positively charged
surface to enhance cell adhesion in a stage before the cell starts to secrete matrix proteins and builds up
the essential focal contacts. Due to the generally negative charge of cells and many proteins we

hypothesized that an oppositely charged surface would promote cell adhesion.

Generally, there exist a lot of papers dealing with different techniques for surface coating with amino
groups. Nevertheless, there are only few comparative studies and so far no research to elucidate the
mechanisms of how cell adhesion is promoted by these surfaces. Mostly the biomaterials research is
driven by the applied research that has the aim to generate a surface for the endoprosthesis market. With
our cell-biological techniques we attempted to identify differences in the cellular behavior on different
plasma polymer layers and investigate the main sequences of cell adhesion and growth on plasma

modified surfaces.

A representative polished titanium surface has a negative surface charge of approximately -3.4 mV
[KOKUBO et al. 2010, LI et al. 2004, NEBE et al. 2007]. Likewise human cells possess a net negative
charge due to the hyaluronic acid and the lipid composition of the pericellular glycocalyx [M. COHEN
et al. 2006, SCHNITZER 1988, ZIMMERMAN et al. 2002] as described in section 1.3 (Molecular
mechanisms of the initial cell adhesion). Recent measurements of the zeta potential revealed, that the
cells used in these studies (MG-63 osteoblastic cells) have a negative surface potential of -15.5 mV
(measurement of the suspended cells in DMEM; ZetaSizer, Malvern, Dr. M. Hammer, INP Greifswald).
However, if the binding partners, both cells and surface, would possess a negative charge this would
lead to a retraction due to electrostatic reasons (Coulomb’s-law) [COULOMB 1785]. To overcome this
problem, many researchers have focused on the possibility to coat a surface with a positively charged
layer, for example by attaching NH; groups [FAUCHEUX ef al. 2006, GARCIA et al. 2002, MEYER-PLATH
et al. 2003, NEBE et al. 2007, SCHWEIKL et al. 2007]. In our case cold plasma processes with low
pressure and microwave exitation were used at the INP Greifswald to generate allylamine plasma
polymer (PPAAm) layers [FINKE et al. 2007]. Ethylenediamine layers (PPEDA) were generated by the

University of Greifswald using low pressure and rf-exitation [TESTRICH et al. 2013].
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Overview of the discussion section

chapter cell adhesion event publications

3.2 initial cell adhesion weak adhesion cell
evan der Waals-forces
eclectrostatic forces

3.4 focal adhesions strong adhesion
vinculin mobility *integrins
+focal adhesions

3.3 cell spreading cell spreading
cell motility

3.5 cell morphology adaption to surface structure
3.6 contact guidance rearrangement of cytoskeleton
3.8 comparative analyses characterization of surface chemistry and topography

to find out about the relationship with cellular behavior

3.7 differentiation secretion of osteogenic
proteins

Figure 4: The scheme gives an overview over the discussion section. The chapters of this thesis and the

studies I-IV are listed according to the events of cell adhesion.

3.1  Introduction of a new method for monitoring cells on nano-surface coatings

To evaluate the cell adhesion, spreading and growth on the surface layer PPAAm we first decided to use
a chip-based system to monitor the cell adhesion of vital cells during the time span of one day. Biochips
offer an ideal noninvasive online measurement platform to obtain precise and reproducible data on basic
functional parameters such as metabolic activities of living, adherent cells over long time_periods
[THEDINGA et al. 2007]. However, they have not been used for the evaluation of a surface coating so
far. In order to determine reasonable time points for more precise testing methods, chip-based assays
are widely applied. Cell adhesion, morphological changes, cellular metabolic activity or the rate of
mitochondrial oxygen consumption are typically investigated [WIEST et al. 2005]. This makes these
assays extremely useful for monitoring drug effects and dosage influence [THEDINGA et al. 2007].

The main advantage is that cellular effects can be monitored noninvasively over a long period of time.

Conventional cell-based assays often require a larger number of cells, and seldom provide information
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about the dynamics of the cells. Nonetheless, they do yield more detailed information. The evaluation
of functional layers with these sensor-based systems has not been the center of interest so far. To our
knowledge, our paper “Time-dependent metabolic activity and adhesion of human osteoblast-like cells
on sensor chips with a plasma polymer nanolayer” (study I) is the first study reporting the effect of a
surface coating with a continuous adhesion measurement method, monitoring metabolic activity in the
same time frame (for method see Appendix II; Method Bionas Analyzer 1500®).

The in vitro method we introduced is thought to get additional long term information about vital cells
for these special parameters adhesion and metabolism. Although not performed by us, it is possible to
additionally observe the cell reaction immediately after an addition of substances in the medium flow
[THEDINGA et al. 2007]. Thus, one can observe the vital cell behavior on a functionalized chip surface
in combination with e.g. growth stimulating factors. This will help to gain a better understanding of cell

adhesion processes at the material interface.

Our continuous adhesion measurements revealed that osteoblast attachment is highly increased in the
first adhesion phase on the chip surface with PPAAm (nearly 2-fold compared to the control).
Subsequently, this increase is minor but still significantly different between the control and the plasma
functionalized PPAAm surface. The changes in metabolic activity, i.e. oxygen consumption and
medium acidification are not significant over the whole time span of 24 h. This is indicating that the
osteoblasts are not stressed on the PPAAm surface. Moreover the nano-scaled layer of PPAAm is stable
and not cytotoxic. Taken together, these results point out that the MG-63 cells are supported in their
adhesion and spreading activities by the surface charges due to PPAAm but without disturbing, affecting
or stimulating the metabolic activity. From these investigations we found that the main benefit of the
coating is the promotion of the initial adhesion phase. We therefore decided to analyze this process in

more detail.

3.2 Initial cell adhesion is significantly improved on plasma-modified surfaces

There are different possibilities to monitor the first minutes of cell adhesion. On the one hand we have
used cell counting via flow cytometry (FACS) to obtain information about the number of cells attached
to a surface after a certain time. On the other hand we have used time lapse imaging to get additional
information about the dynamics of the cell adhesion process on the PPAAm- and collagen I layer. Time
lapse recordings of MG-63 osteoblasts enabled the continuous monitoring of cell spreading. We could
demonstrate that the vital osteoblasts on the positively charged PPAAm surfaces spread significantly

earlier and faster than on collagen I surfaces.
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Different collagen I-coated surfaces served as control for all experiments. Collagenous proteins are the
main protein component (90%) in the human bone and therefore good ligands for osteoblast adhesion.
The major part (97%) of the collagenous proteins consists of collagen I [ANSELME 2000]. However, we
observed, that additional coupling of collagen I to the different roughnesses did not enhance cell
adhesion and spreading comparatively. This makes clear that it is crucial which chemical
functionalization is used for surface coating. We have used two different spacers, polyethylene glycol-
diacid (PEG-DA) and glutardialdehyde (GDA) for the coupling of collagen I. We assumed that the chain
length of the linker influences the stiffness of the collagen bonding - the shorter the chain length the less
flexible is the bonding. This in turn should lead to low cell spreading and growth. PEG-DA has a chain
length of about 3.8 nm and GDA of about 1.2 nm. We were wondering whether cells on PEG-DA Col 1
grow better than cells settled on GDA Col I. Potentially, the rearrangement of the cells can be better
realized on the longer PEG-DA chain. Indeed, we observed a slightly better cell spreading on the PEG-
DA Col I surfaces. However, we could not observe such a strong increase as on the PPAAm surfaces.
In general, adhesion of osteoblasts is significantly increased on all titanium surfaces in combination with
chemical features of positively charged amino groups (+ PPAAm or PPEDA). However, this chemical
effect of the amino groups could be enhanced more on structured titanium. We used grooved titanium
(machined, M) with an average roughness (Ra: mean of the peak-to-valley measurements of a surface)
of 0.3 pm and very rough corundum-blasted (CB) titanium with irregular craters and sharp edges with
aRaof4.1 pm.

The initial cell adhesion on structured Ti-M and Ti-CB functionalized with amino groups increased
nearly twice compared to amino-functionalized polished Ti. Reconfirming the results of other authors
[KELLER et al. 1994], we demonstrated that increasing roughness alone resulted in an elevated cell
attachment. In 2002, Anselme et al. reported that osteoblastic cells prefer surfaces with a relatively high
micro-roughness amplitude and with a low level of repeatability [ANSELME et al. 2002]. Thus the
increased attachment of the osteoblastic cells on the corundum-blasted samples determined in our
experiments might be due to the greater roughness and the random structure of the blasted surface. We
determined that cell adhesion is significantly enhanced on the positively charged PPAAm-coated
surfaces, especially on the micro-structured surfaces (Ti-M PPAAm ~5-fold). This means that the effect

of roughness and chemical modification add up to and yield an enormous increase in cell adhesion.
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3.3 Initial cell spreading is promoted on PPAAm

After the cells adhered to a materials surface, they have to spread in order to build up a strong contact
to the surface. Spreading is an essential event for all adherent cells and a prerequisite for further steps,
as there are proliferation, migration, and differentiation. We determined cell spreading at different time
points and we could clearly show that the PPAAm-surface displays clear advantages over both the
collagen-coated and the untreated titanium surfaces. These strong positive effects of PPAAm on cell
spreading could be verified with human bone marrow stem cells [SCHRODER et al. 2010a, SCHRODER
et al. 2010b]. At the early time points, it was even more obvious that cells can spread faster and exhibit
more extensions (Appendix II; supplementary data: A).

After 24 h, the increase of cell spreading on PPAAm is still visible but the cells on the collagen I surfaces
have caught up. The reason for this might be that all cells are limited in their maximum size. Liu et al.
postulated a time-cell substratum-compatibility principle, in which similar bioadhesive outcomes can be
achieved on all surfaces, but the time required to arrive at this outcome increases with decreasing cell—
substratum compatibility [LIU et al. 2007]. So the main advantage of the PPAAm surfaces can be seen
in the fast occupation by human cells. For the occupation of an implant surface, it is important that the
surface is coated with vital bone cells immediately, so the possibly occurring bacteria cannot bind to the
implant surface. This process is called “race to the surface” and it is assumed, that those cells who bind
to the surface first will dictate the fate of the ingrowth and stability of an orthopedic implant [ GRISTINA
1987]. To design a surface that will preferentially attract distinct cell types (stem cells and osteoblastic
cells for orthopedic implants, fibroblasts and muscle cells for implants in inner medicine e.g. hernia
meshes) and drive their spreading, proliferation, migration and differentiation is one of the top goals in

implant development.

3.4  Mobility and length of vinculin contacts is enhanced on positively charged surfaces

In order to investigate the underlying mechanisms of the increased spreading process the dynamic
behavior of vinculin in living MG-63 osteoblasts was examined. We wanted to find out whether the
increased spreading of cells is dependent on a superior mobility of focal adhesion contacts.

A lot of effort of the scientific community was based on analyzing exchange dynamics of several focal
adhesion proteins such as vinculin and paxillin by FRAP (fluorescence recovery after photobleaching)
[D.M. COHEN et al. 2006, LELE et al. 2008, MOHL et al. 2009]. However, the mobility of these adhesions
has rarely been studied in living cells. To our knowledge study II was the first article reporting vinculin
dynamics on plasma functionalized material surfaces during the initial phase of cell adhesion. We could
show a significant increase of vinculin mobility and focal contact length on PPAAm, suggesting that the

increased spreading is facilitated by a higher mobility of proteins in focal adhesion complexes. The
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higher mobility of the focal adhesion proteins might result from the interaction with the positively
charged amino groups on the surface. The cell is tethered to the surface via numerous weak electrostatic
bonds and thus the focal adhesions do not need to be so tight and stiff. Consequentially, this might enable
the focal contacts to be more mobile and thus allowing the cell to occupy a larger surface area. Moreover
we could show that the higher vinculin mobility leads to faster cell migration on the amino-
functionalized surfaces. This might enable the cell to reorganize itself in the context of the whole cell
population, leading to a complete coverage of the materials surface.

It is well known that maturation of focal adhesions is determining cell adhesion and migration [LELE et
al. 2008]. Two morphological variants of focal adhesions, the ‘dot” and ‘dash’ variants, are described in
the literature [BERSHADSKY et al. 1985]. First, ‘dot’ contacts form during initial adhesion, which later
mature into ‘dash’ contacts [COOPER 1987]. The enlarged length of the vinculin contacts on amino-
functionalized surfaces measured in our experiments could indicate a temporal advance in focal contact
maturation. Subsequent biological responses such as proliferation and differentiation might
consequently be promoted on PPAAm-modified surfaces, since it was proven, that larger focal
adhesions lead to higher proliferation rates in vitro [SLATER et al. 2008].

Another aspect might be considered when analyzing the vinculin protein in focal adhesions. It is known
that the role of vinculin is to stabilize focal adhesions [ZIEGLER et al. 2006]. Decreased expression of
vinculin might thus lead to increased cell motility. In our experiments we have analyzed the number and
motility of vinculin containing focal adhesions, but not the amount of vinculin protein that is present in
the FAs and other compartments of the cell at these time points. It is up to future research to shed more
light on the role of vinculin in the process of cell mobility. Gene expression studies might also explore

other candidate genes that are involved in this process.

3.5  Morphology of osteoblastic cells is flattened on PPAAm

When applying the PPAAm layer to structured titanium surfaces (grooved or stochastically blasted
surfaces), we observed that the cells spread out very flatly. In contrast, on the pure titanium surfaces,
the cells span over the craters. Also on the sensor chips, used for the time dependent monitoring of the
cells, we observed that the morphology of the osteoblasts was extremely flattened on allylamine-
modified chip-surfaces. The cells seemed to merge with the sensor-relief of the surface. Unfortunately
we could not find any report about this phenomenon of “cell-flattening” on plasma polymer layers in
the literature. Possibly this is due to the fact that many researchers focus on the aspect of cell toxicity
when investigating a novel plasma layer. To investigate whether this close cell-surface contact might
influence the cells’ metabolism we carried out metabolic analyses of the cell on these sensor chips.

The overall oxygen consumption and the acidification of the cell culture medium was measured over a

time-span of 24 h [EHRET et al. 2001]. We could demonstrate that the metabolism is not affected

56



Discussion

although the cells are flattened and stick close to the surface [REBL et al. 2010a, REBL et al. 2010b].
This proved that there is no obvious impairment although the cell’s profile is extremely flattened on the
PPAAm-modified surfaces. We hypothesize that a better distribution of the cells over the implant
surface and a closer cell-surface contact due to the higher contact area could result in a faster ingrowth

of the implant into the bone.

3.6  Contact guidance along grooves is abrogated on plasma-modified surfaces

The adaption of cells to different surface structures is called ‘contact guidance’. There are a lot of
observations that osteoblast-like cells cultured on materials with micron scale grooves or channels
become elongated parallel to the direction of the grooves [ANSELME et al. 2002, CHESMEL et al. 1995,
LANGE et al. 2010, LUETHEN ef al. 2005, MATSCHEGEWSKI et al. 2012]. We could also observe this
effect on our grooved machined surfaces. The cells were oriented in the direction of the grooves and
also their actin cytoskeleton was aligned in this direction. In contrast, on the plasma-modified allylamine
surfaces the cells grew diagonally to the grooves and hills. The cytoskeleton was not oriented in a special
direction, although it sometimes followed the grooves.

Indeed, the observation that a plasma-chemical surface modification allows the cells to overcome the
restrictions of the surface-topography has not been described in the literature up to now. Here we were
able to demonstrate for the first time that the altered alignment behavior of the cells on plasma
functionalized surfaces (PPAAm) was only due to the chemical modification with amino groups. The
modification of the surfaces with collagen I did not induce this random spreading behavior. So we could
demonstrate that the plasma chemical functionalization of a surface is dominant over its topography.
We assume that the difference in quantity and conformation of protein adhesion is responsible for the

altered cell behavior.

3.7  Differentiation of osteoblastic cells is promoted on structured PPAAm surfaces

To analyze whether the last step of implant integration, namely the differentiation of osteoblastic cells
into mature osteoblasts, is altered by the investigated surfaces, we performed gene expression analyses.
We found that the expression of early osteogenic markers like alkaline phosphatase (ALP) and collagen
I (Col ]) are not influenced by the plasma-functionalized surfaces. When analyzing a late marker, bone
sialoprotein (BSP), we found an increase on the PPAAm surfaces on smooth and rough topographies
(Appendix II; supplementary data: B). This means that the secretion of the late osteogenic marker is

enhanced also on surfaces that are relevant for implants in the orthopedic sector.
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The increase in BSP gene expression was also observed by other colleagues, when culturing MG-63
cells or primary osteoblastic cells on polished PPAAm surfaces for 3 days [NEBE et al. 2007, SCHRODER
et al. 2010a, SCHRODER et al. 2010b]. This positive effect on gene expression could be verified by
protein analyses. BSP protein was increased on polished PPAAm surfaces, after 24h of culture [FINKE

et al. 2007]. However, the influence of topography was not studied there.

3.8  Comparative analyses with PPEDA and stored surfaces show that the amino group

density is not deciding for the elevated cell adhesion

Similar results with reference to increased cell adhesion, growth and morphology could be observed on
surfaces plasma-functionalized with ethylenediamine (study V). The theoretical amino group density
of these layers is very high due to the N/C ratio of 1:1. The layers investigated in our study were
composed of 4.3% amino groups. This is 1.8% more than the PPA Am layer, but when producing PPEDA
layers with possibly higher amino group density, the layers delaminated in water, maybe due to the

lower degree of crosslinking.

PPAAmM PPEDA
Precursor allylamine ethylenediammne
molecular formula C;H/N C,HgN,
N/C ratio - theoretical 333 % 100 %
N/C ratio - measured by XPS 25 % 49 %
amino group density (NH,) 2.5% 4.3 %
cell adhesion after 10 min 86.6 + 1.8 % 84.3+2.8%

Table 1: Comparison of the plasma layers investigated in our studies. The N/C ratio and the amino group
density was measured by X-ray photoelectron spectroscopy (XPS, n=3, for detailed methods see study
III and IV) after derivatization with trifluormethylbenzaldehyd (TFBA). Cell adhesion was measured

via flow cytometry (n=4)

Despite the increased amino group density we could not find a different cellular behavior. We also
investigated surfaces generated from sputtered nylon with even higher amino group density of 7.2%, but
we could not observe a further increase in cell adhesion or spreading [FINKE et al. 2011]. So we came
to the conclusion that the amino group density is not the deciding factor for the enhanced cell attachment.

Regarding the amino group density it can be speculated that there is a certain threshold value that has to
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be reached to facilitate cell adhesion. A further increase over this value does not lead to a further increase
in cell adhesion.

So far it was not possible for us to completely distinguish if the strong positive influence on cell
adhesion, spreading, motility and differentiation, observed on the PPAAm and PPEDA surfaces, is an
effect of the positive charges or the amino- or other chemical groups on the surface. Due to the fact that
plasma processes create a mixture of chemical groups, thereunder amino groups, amides or imides, the
connection of the results of cell experiments and chemical analyses is rather difficult. We found that
amino-group density decreases with time. We examined cell adhesion on freshly prepared and one year
old plasma-functionalized PPAAm and PPEDA surfaces [ FINKE et al., submitted, TESTRICH et al. 2013].
Over the whole time of one year the cell attachment and spreading behavior was significantly enhanced
on the plasma coated surfaces. The overall content of nitrogen was relatively stable over the investigated
period. In contrast, the chemical analyses revealed that only 10% of the original primary amino groups
were left after 180 days of storage [FINKE et al., paper submitted]. Amino groups are converted into
amides, imines, and nitriles mainly by oxidation processes. We assume that the amide groups, which are
the oxidation products of amino groups, can also promote cell attachment. In fact, surface charge was
still enhanced over a timeframe of 200 days [FINKE ef al., paper submitted]. Even after 4 years of storage
the zeta potential of the surface is higher than on the uncoated surfaces (personal communication with
Dr. Finke). This leads us to the opinion, that not the primary amino groups but the general positive
charge of the surface is highly likely the reason for the superior cell behavior. This would confirm our
hypothesis that the cell adhesion can be promoted by a generally positively charged surface and not by

defined chemical groups.

3.9 In vivo results

Of course we are aware that in the in vivo application in the human body, cells would not directly interact
with the amino groups of the plasma polymer. Proteins would immediately bind to the surface and mask
the amino groups. However, differences in surface charge or hydrophilicity influence protein adsorption.
Thus quantity and quality, i.e. conformation and degree of unfolding, of the adsorbed proteins can be
influenced by altering the surface chemistry. This is leading to different density and or availability of
cell binding sites. In conclusion, also cell adhesion processes can be triggered indirectly via changing
the surface charge or elemental composition [MOLINO et al. 2012, PANOS et al. 2012]. For better
comparison with future in vivo experiments we repeated some of our in vitro experiments using cell
culture medium containing 10% serum. These experiments showed that there was only little difference
between experiments performed with and without serum. We concluded that most of the effects

described here can be transferred to the in vivo situation. Before analyzing the layers in vivo, their
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mechanical stability and resistance to sterilization was proven [FINKE et al., paper submitted, TESTRICH
et al. 2013].

Subsequent in vivo investigations in a rat model revealed that the local inflammatory response to the
PPAAm coated specimens was as low as to the uncoated control [HOENE et al. 2010]. When
investigating the PPAAm and PPEDA layers in vivo in bone, our in vitro results regarding the cell
adhesive potential of the surface were confirmed. The bone-to-implant contact was evaluated in vivo
after six weeks in the medial tibia of rats. Uncoated titanium implants had a contact area of 40%.
Implants functionalized with PPAAm showed an increased contact area of 58%, and PPEDA-modified
implants revealed even a significantly increased area of 63% [GABLER et al. 2014]. These results
indicate that the modification of implant surfaces with PPAAm or PPEDA layers improve the

osseointegration and could therefore be well-suited for the orthopedic market.
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4. Conclusions and future prospects

A central question in bone tissue engineering is how an implant surface can be modified by chemical
means to modulate its suitability for interacting with bone cells. The immediate adhesion, fast spreading
and the migration of cells is essential for the settlement of biomaterials. A general conclusion drawn
from data at hand is that positive charges alone are in advance of cell matrix components to facilitate
and enhance osteoblastic cell attachment to a biomaterial surface.

We showed that the techniques used in the present studies were well-taken to shed some light on the
major steps of osteoblast adhesion to the plasma modified surfaces. Some of those techniques were in
part developed to investigate the cellular behavior on the novel plasma layers. We found that not the
primary amino groups per se but rather the general positive charge of the surface is responsible for the
superior cell behavior. This supports our hypothesis that the cell adhesion can be promoted by a

generally positively charged surface and not by defined chemical groups.

Unfortunately, the cellular mechanisms that lead to the higher cell attachment and spreading remain
unclear. Future work should characterize the underlying cellular mechanisms that lead to the promoted
cellular occupation of the surfaces.
This could include the following working packages to answer basic questions of the cell adhesion
process.

D Single protein adhesion studies:
Can atomic force microscopy (AFM) analyses shed light on altered protein adhesion or conformational

changes on the plasma modified surface?

1)) Studies on the influence of the actin and microtubule network on the spreading of cells
grown on functionalized surfaces:
Does the supported spreading behavior compensate for a disrupted cytoskeleton or signaling cascade in

morbid cell types, e.g. osteoporotic cells?

10)) Holistic gene expression studies on differently modified surfaces:
Is a modified vinculin expression or availability the reason for the higher cell motility? Which genes or
proteins are differentially regulated due to the fast adhesion process on these surfaces? Which regulatory
factors control and/or induce those candidate genes and represent therefore crucial target proteins in

biomedicine?
In part, the research on these aspects has already started. Investigations with the actin-disrupting agent
cytochalasin D revealed that cells can compensate the loss in cell area when they are grown on PPAAmM

surfaces, even though the actin cytoskeleton is fragmented [KUNZ et al., submitted]. Additionally,
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Matschegewski ef al. could show that cell adhesion is not impaired on statistically oriented pillars, even
though the cells cannot build up stabilizing actin fibers [MATSCHEGEWSKI et al. 2010, MATSCHEGEWSKI
et al. 2012]. It seemed that also dot-like actin is sufficient to mediate proper cell spreading on PPAAmM

coated surfaces.

The combination of mechanically stable and storable positively charged surfaces (PPAAm or PPEDA)
developed in the project “Campus PlasmaMed” with or without additional defined ligands for bone cells,
e.g. peptide sequences, might increase the bonding of bone cells to the implant surface. Detailed analyses
concerning the mechanisms during the initial adhesion of osteoblasts are required for the development
of newly designed material surfaces. This might lead to faster implant integration and higher bone-
implant contact area which in turn would lead to longer standing times of implants and less revision

operations.
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5. Summary

Titanium surfaces of different topographies were plasma-chemically functionalized with allylamine
(study I-IIT) or ethylenediamine (study IV). First, we have analyzed the adhesion process of vital cells
(study I) and the mobility of focal adhesions on the plasma-polymerized allylamine surfaces (study II).
Second, we have observed a positive effect on the initial cell adhesion, spreading, as well as on the cell
morphology and the osteogenic differentiation (study III). Third, comparative studies of cell adhesion

and spreading were performed on surfaces plasma-functionalized with ethylenediamine (study IV).

In order to understand the process of cell adhesion on plasma-polymerized allylamine surfaces, we have
decided for a novel approach to investigate the cell adhesion and metabolism non-stop over a time span
of 24h on plasma polymer layers (study I). We wanted to elucidate the time-dependency of the adhesion
process and find out whether the faster cell spreading, observed on the PPAAm layers, would lead to
changes in the cell’s metabolism. Interestingly, the fast adhesion and also the very flat cell morphology

did not alter the cells acidification and respiration rates.

To shed light on the underlying mechanisms of the spreading process, the vinculin-containing focal
adhesions were analyzed (study II). The expression, the average length and the mobility of vinculin was
clearly enhanced on PPAAm during the first hours of cell-surface contact. Thus we concluded that the
faster maturation and higher mobility of the vinculin containing focal adhesions leads to the faster cell

spreading of cells on plasma-polymerized allylamine surfaces.

In a subsequent approach, we have used structured materials for the detailed analyses of cell adhesion,
cytoskeleton formation and cell morphology (study III). For the first time we could demonstrate the
dominance of a chemical surface modification over surface topography. The contact guidance of the
grooved surfaces was abrogated by the plasma polymer layer. The cells express a very flat cell
morphology and spread out over the grooves and hills. Also the actin cytoskeleton is no longer expressed
parallel to the grooves when the cells are grown on the PPAAm layer. The differentiation of the

osteoblastic cells was enhanced as indicated by the higher expression of bone sialoprotein (BSP).

Similar results with reference to increased cell adhesion, growth and morphology could be observed on
surfaces plasma-functionalized with ethylenediamine (study IV). Although the amino group density
decreased over the storage period of one year, the increase of cell attachment was stable. Moreover we
could demonstrate that a higher amount of amino groups in the PPEDA layer, compared to the PPAAmM
surface, does not lead to increased values of adherent cells. We came to the conclusion that not the
amino group density but rather the general surface charge is the deciding factor for the enhanced cell

attachment.
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6. Zusammenfassung

Titanoberflichen mit verschiedenen Rauigkeiten wurden mittels plasmachemischer Verfahren mit
Allylamin (Studie I-III) oder Ethylendiamin (Studie IV) funktionalisiert. Zunichst wurde der
Adhésionsprozess auf plasma-funktionalisierten =~ Allyaminschichten (PPAAm) an vitalen
Osteoblastenzellen untersucht (Studie I). Darauf folgte die Analyse der Mobilitdt der Fokalen Kontakte
anhand des Adapterproteins Vinkulin (Studie II). In weiterfiihrenden Untersuchungen konnten wir einen
positiven Effekt auf die initiale Zelladhésion, Zellausbreitung, Morphologie und die osteogene
Differenzierung feststellen (Studie III). Vergleichende Analysen der Zelladhésion und Zellausbreitung
wurden auf plasma-funktionalisierten Ethylendiaminschichten (PPEDA) durchgefiihrt (Studie IV).

Um den zeitlichen Ablauf des Adhisionsprozesses auf PPAAm-Schichten zu untersuchen wurde ein
neuer Ansatz gewdhlt in dem iiber einen Zeitraum von 24 h eine kontinuierliche Messung der
Zelladhidsion, sowie der Respiration und Azidifikation erfolgte (Studie I). Dadurch sollte untersucht
werden ob die schnelle Zellausbreitung, die auf den PPAAm-Schichten beobachtet wurde, den
Zellmetabolismus beeinflusst. Interessanterweise wirken sich die schnelle Ausbreitung der Zellen und
auch die extrem flache Morphologie nicht auf die Zellatmung und die Anséuerung des Zellmediums aus
und stellen somit keinen Stress fiir die Osteoblastenzellen dar.

Um den Adhisionsprozess genauer zu beleuchten wurden Analysen zur Mobilitdt von Vinkulin-
enthaltenden Fokalen Adhésionskontakten durchgefiihrt (Studie II). Die Anzahl, Lange und Mobilitét
der Vinkulinkontakte war wéhrend des Ausbreitungsprozesses auf PPAAm wesentlich erhoht. Die
Ergebnisse lassen vermuten, dass die erhdhte Mobilitit und das schnellere Wachstum der
Vinkulinkontakte wesentlich zu einer schnelleren Zellausbreitung auf plasma-funktionalisierten
Allylaminschichten beitragen.

Unterschiedlich strukturierte Oberflaichen wurden in einem weiteren Ansatz funktionalisiert und
hinsichtlich ihres Einflusses auf die Zelladhdsion, Morphologie und das Zytoskelett untersucht (Studie
IIT). Erstmals konnte gezeigt werden, dass eine chemische Modifikation der Oberflache einen groBeren
Einfluss ausiibt als deren Topographie. Die Ausrichtung der Zelle und auch des Aktinzytoskeletts
entlang der Grabenstruktur der Oberfliche wurde durch die Plasmabeschichtung aufgehoben.

Auf plasmachemisch abgeschiedenen Ethylendiaminschichten wurde ein dhnliches Zellverhalten in
Bezug auf Zelladhidsion und Spreading beobachtet (Studie 1V). Es konnte gezeigt werden, dass die
gesteigerte Zelladhdsion auch auf einjahrig gelagerten Proben erhalten bleibt, obwohl die
Aminogruppendichte drastisch absinkt. Dartiber hinaus haben die Analysen ergeben, dass die hohere
Aminogruppendichte der PPEDA Schicht nicht zu einer weiteren Steigerung der Zelladhésion fiihrt.
Daraus ldsst sich ableiten, dass nicht die Aminogruppendichte sondern eher die generelle Ladung der

Oberfliache entscheidend fiir die erhohte Zelladhésion ist.
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Appendix II

Method Bionas Analyzer 2500

For the continuous measurement of adhesion and metabolism (respiration and acidification) the cells
were seeded onto microchips. The Bionas® 2500 analyzing system with the metabolic chips SC 1000
(Bionas GmbH, Rostock, Germany) was used. This chip type is equipped with three sensor types: IDES
(interdigitated electrode structure) sensors for cell adhesion, Clark type sensors for respiration and
ISFET (ion-sensitive field effect transistor) sensors for acidification measurements. Prior to the
experiments, the metabolic chips SC 1000 used as controls were decontaminated with 70% ethanol and
washed with phosphate buffer solution (PBS; PAA Laboratories GmbH, Pasching, Austria).
Additionally, the chip surface was functionalized with plasma polymerized allylamine (PPAAm). The
Bionas® 2500 analyzing system technology is based on a flow system, where fresh medium (in our
experiments Dulbecco’s modified Eagle medium + 0.1% fetal calf serum) is steadily supplied to the
cells. During the entire course of the experiment a pump phase of 4 minutes was followed by a steady
phase (no flow) of 4 minutes. The flow rate in the system was adjusted to the lowest value of 56 ul/min
to avoid shear stress. The temperature in the operating chamber was 37°C. In the Bionas® 2500
analyzing system, six measurement places work in parallel; therefore different surface treatments can
directly be compared in the same experiment.

For cell adhesion measurements, the metabolic chips SC 1000 (total area of the cell culture
surface=70.88 mm?) were equipped with IDES sensors (cell culture surface of the IDES-sensor: 29 mm?,
with a finger width and interfinger space of 50 um each). Impedance measurements were used to detect
insulating cell membranes near the measuring electrodes. Sinusoidally oscillating fields with a
frequency of 10 kHz were used [Ehret et al. 1997]. The insulating cell membrane of intact cells on the
electrodes and their distance to the electrodes determine the current flow and thus the sensor signal.
When the membranes are destroyed or cell-cell contacts are opened, there are fewer obstacles for an
oscillating electrical field compared to the situation with intact cells. Thus higher capacitance values
indicate the presence of damaged or opened cell membranes on the IDES. The cell adhesion is then
calculated from the inverted raw values of capacitance (nF). The empty, cell-free chip (ca. 47 nF) was
referred to as 0% adhesion; 0 nF corresponds to 100% adhesion. The metabolic activity was assessed
by respiration (Clark type sensor) and acidification (ISFET) measurements. The accumulation of
metabolic products, e.g., lactate leads to a decrease in the pH-value of the medium. When fresh medium
is supplied, the pH- value rises again. This creates characteristic peaks and the slope of the curve
represents the acidification rate. The respiration rate was calculated analogously. For further processing

of the values, Microsoft Excel software (Microsoft Office 2007) was used.

R. Ehret, W. Baumann, M. Brischwein, A. Schwinde, K. Stegbauer & B. Wolf; Monitoring of cellular
behavior impedance measurements on interdigitated electrode structures; Biosensors & Bioelectronics

Vol. 12, No. 1, pp. 29-41, 1997
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Supplementary data
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Figure 5: Scanning electron images of MG-63 cells grown on polished titanium +/- coating with PPAAm
for 30 min. The cells on PPAAm spread much faster and express a lot more filopodia than cells grown

on pure titanium. (bar=10 pm, scanning electron microscope DMS 960A)
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Figure 6: mRNA expression of the late osteogenic marker bone sialoprotein (BSP) on topographically
and chemically modified titanium surfaces after 24h. None of the samples is significantly different

from Ti-P although a trend to higher values on PPAAm can be observed. (n=3, Student’s t-test)

80



Appendix

Danksagung

Mein auBerordentlicher Dank gebiihrt Frau Professor Barbara Nebe fiir die hervorragende Betreuung
und intensive Unterstiitzung wihrend der Durchfiihrung der Promotion. Durch viele motivierende
Diskussionen und konstruktive Anregungen hat sie entscheidend zum Entstehen dieser Arbeit

beigetragen.

Ich danke allen Kollegen im Projekt ,,Campus PlamaMed* fiir die gute und zielstrebige Zusammenarbeit

und die interdisziplindren Diskussionen, aus denen ich viel lernen konnte.

Ein besonders herzlicher Dank gilt den Kollegen des AB Zellbiologie. Dr. Claudia Bergemann danke
ich fir die Hilfe bei der Durchfiihrung der PCR und fiir die vielen erfreuenden Gespriche
zwischendurch. Dr. Frank Liithen danke ich fiir die Unterstiitzung, besonders bei der konfokalen
Mikroskopie. AuBBerdem mochte ich mich bei Frau A. Peters, Frau Dr. Miiller, Janine Wetzel und Frau

Seidel bedanken, die mich tatkriftig unterstiitzt haben und mir stets hilfreich zur Seite standen.

Ganz besonders mdchte ich mich bei meinem Mann Alexander bedanken - fiir seine Ausdauer und
Ermutigung diese Arbeit fertigzustellen. Meinen Kindern Kira und Jan danke ich fiir die Kraft die sie
mir gegeben haben. Meinen Eltern mochte ich dafiir danken, dass sie mir Zeit zum Erholen und

Kriftesammeln geschenkt haben.

81



Appendix

Erklirung

Hiermit versichere ich, dass ich die vorliegende Arbeit selbststidndig angefertigt und
ohne fremde Hilfe verfasst habe, keine aufler den von mir angegebenen Hilfsmitteln und
Quellen dazu verwendet habe und die den benutzten Werken inhaltlich und wortlich

entnommenen Stellen als solche kenntlich gemacht habe.

Ort, Datum Unterschrift

Erklirung zum eigenen Anteil an der Veroffentlichung:

Hiermit erklére ich, dass drei der Veroffentlichungen, die in der vorliegenden Arbeit
zusammengefasst sind, von mir selbstidndig verfasst wurden. Dabei erhielt ich Supervision

von Frau Professor Barbara Nebe.

Mein eigener Anteil an den Verdffentlichungen beschreibt sich wie folgt:

1) Durchfithrung der Datenerhebung im Labor

2) Statistische Auswertung der Daten

3) Diskussion und Interpretation der Daten

4) Entwurf und Verfassen der Manuskripte inkl. Literaturrecherche und Erstellung von

Tabellen und Abbildungen

Mein Anteil an der als Studie IV benannten Verdffentlichung belduft sich auf
1) Durchfiihrung der zellbiologischen Untersuchungen
2) Statistische Auswertung der Daten
3) Diskussion und Verfassen des zellbiologischen Teils des Manuskriptes inklusive Erstellung der

Abbildungen

Die vorliegende Arbeit wurde im Rahmen des Projektes “Campus PlasmaMed” im Teilprojekt
“Plasmalmp” (www.campus-plasmamed.de, 10/2012, grant No. 13N9775, 13N11183) angefertigt,
welches von Frau Professor Barbara Nebe koordiniert wurde.

Alle Co-Autoren haben die Manuskripte der Veroffentlichungen redigiert.

Ort, Datum Unterschrift

82



	OLE_LINK1
	OLE_LINK2



