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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 

et al., 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 milieu. The materials need to 

have (I) high mechanical stability, (II) abrasion resistance, (III) 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 

a rough surface by mechanical methods such as grinding, machining and blasting [BARBOUR et 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 et 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 et 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 (CH3, NH2, COOH, 

OH) on a surface. Different approaches showed that the highest adhesion of osteoblasts could be reached 

on NH2 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, SCHRÖDER 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 et 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 (C3H5NH2), 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 et al. 2007, NEBE et al. 2010]. Among different 

amines, allylamine (C3H5NH2) 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 et al. 2007, REN et al. 2008]. But also ethylenediamine (C2H8N2) or 

heptylamine (CH3(CH2)6NH2) 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 et al. 1995].  
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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 (106-107 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  µm 

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 µm² 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 

Cell with integrins and hyaluronan (HA) coat
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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]. 

 

 

 

 

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 et al. 2006]. Recent findings have 

shown for example the role of vinculin in apoptotic pathways [SUBAUSTE et al. 2004]. Vinculin is 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 

actin 

focal contacts

nucleus

vinculin
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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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1.5 Working hypotheses and objectives 

 

The present thesis arose from the joint research project “Campus PlasmaMed” subproject “PlasmaImp” 

(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. Schröder, 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 (III) 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 Study I 

 

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. 

 

Graphical abstract: 
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2.2 Study II 

 

Henrike Rebl, Birgit Finke, Joachim Rychly, Karsten Schröder, J. Barbara Nebe 

 

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: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Publications 

  22 

  



Publications 

  23 

  



Publications 

  24 

  



Publications 

  25 

  



Publications 

  26 



Publications 

  27 

  



Publications 

  28 



Publications 

  29 



Publications 

  30 

  



Publications 

  31 

 

2.3 Study III 

 

Henrike Rebl, Birgit Finke, Regina Lange, Klaus-Dieter Weltmann, J. Barbara Nebe 

 

Impact of plasma chemistry versus titanium surface topography on osteoblast orientation.  

 

Acta Biomat, 2012; 8, 10, 3840-3851. 

 

 

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: 
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2.4 Study IV 

 

Holger Testrich, Henrike Rebl, Birgit Finke, Frank Hempel, Barbara Nebe, Jürgen Meichsner  

 

Aging effects of plasma polymerized ethylenediamine (PPEDA) thin films on cell-adhesive implant 

coatings. 

 

Mater. Sci. Eng., C C 33 (2013) 3875–3880. 

 

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. 

 

Graphical abstract: 
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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 NH2 groups [FAUCHEUX et 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].  

 

 



Discussion 

  52 

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 I 

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 µm and very rough corundum-blasted (CB) titanium with irregular craters and sharp edges with 

a Ra of 4.1 µm.  

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 [SCHRÖDER et al. 2010a, SCHRÖDER 

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 
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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 et 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 I) 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, SCHRÖDER 

et al. 2010a, SCHRÖDER 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 IV). 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 PPAAm 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.  

  

 

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 

PPAAm PPEDA

Precursor allylamine ethylenediamine

molecular formula C3H7N C2H8N2

N/C ratio - theoretical 33.3 % 100 %

N/C ratio - measured by XPS 25 % 49 %

amino group density (NH2) 2.5 % 4.3 %

cell adhesion after 10 min 86.6 ± 1.8 % 84.3 ± 2.8 %
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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 et 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. 

I) Single protein adhesion studies:  

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

changes on the plasma modified surface? 

 

II) 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? 

 

III) 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 PPAAm 

surfaces, even though the actin cytoskeleton is fragmented [KUNZ et al., submitted]. Additionally, 
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Matschegewski et 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 PPAAm 

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-III) 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 PPAAm 

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 

Titanoberflächen mit verschiedenen Rauigkeiten wurden mittels plasmachemischer Verfahren mit 

Allylamin (Studie I-III) oder Ethylendiamin (Studie IV) funktionalisiert. Zunächst wurde der 

Adhäsionsprozess auf plasma-funktionalisierten Allyaminschichten (PPAAm) an vitalen 

Osteoblastenzellen untersucht (Studie I). Darauf folgte die Analyse der Mobilität der Fokalen Kontakte 

anhand des Adapterproteins Vinkulin (Studie II). In weiterführenden Untersuchungen konnten wir einen 

positiven Effekt auf die initiale Zelladhäsion, Zellausbreitung, Morphologie und die osteogene 

Differenzierung feststellen (Studie III). Vergleichende Analysen der Zelladhäsion und Zellausbreitung 

wurden auf plasma-funktionalisierten Ethylendiaminschichten (PPEDA) durchgeführt (Studie IV). 

 

Um den zeitlichen Ablauf des Adhäsionsprozesses auf PPAAm-Schichten zu untersuchen wurde ein 

neuer Ansatz gewählt in dem über einen Zeitraum von 24 h eine kontinuierliche Messung der 

Zelladhäsion, 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 Ansäuerung des Zellmediums aus 

und stellen somit keinen Stress für die Osteoblastenzellen dar.  

Um den Adhäsionsprozess genauer zu beleuchten wurden Analysen zur Mobilität von Vinkulin-

enthaltenden Fokalen Adhäsionskontakten durchgeführt (Studie II). Die Anzahl, Länge und Mobilität 

der Vinkulinkontakte war während des Ausbreitungsprozesses auf PPAAm wesentlich erhöht. Die 

Ergebnisse lassen vermuten, dass die erhöhte Mobilität und das schnellere Wachstum der 

Vinkulinkontakte wesentlich zu einer schnelleren Zellausbreitung auf plasma-funktionalisierten 

Allylaminschichten beitragen.   

Unterschiedlich strukturierte Oberflächen wurden in einem weiteren Ansatz funktionalisiert und 

hinsichtlich ihres Einflusses auf die Zelladhäsion, Morphologie und das Zytoskelett untersucht (Studie 

III). Erstmals konnte gezeigt werden, dass eine chemische Modifikation der Oberfläche einen größeren 

Einfluss ausübt als deren Topographie. Die Ausrichtung der Zelle und auch des Aktinzytoskeletts 

entlang der Grabenstruktur der Oberfläche wurde durch die Plasmabeschichtung aufgehoben. 

Auf plasmachemisch abgeschiedenen Ethylendiaminschichten wurde ein ähnliches Zellverhalten in 

Bezug auf Zelladhäsion und Spreading beobachtet (Studie IV). Es konnte gezeigt werden, dass die 

gesteigerte Zelladhäsion auch auf einjährig gelagerten Proben erhalten bleibt, obwohl die 

Aminogruppendichte drastisch absinkt. Darüber hinaus haben die Analysen ergeben, dass die höhere 

Aminogruppendichte der PPEDA Schicht nicht zu einer weiteren Steigerung der Zelladhäsion führt. 

Daraus lässt sich ableiten, dass nicht die Aminogruppendichte sondern eher die generelle Ladung der 

Oberfläche entscheidend für die erhöhte Zelladhäsion 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 µl/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 mm²) were equipped with IDES sensors (cell culture surface of the IDES-sensor: 29 mm², 

with a finger width and interfinger space of 50 µm 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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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 µm, scanning electron microscope DMS 960A) 

 

 

B 

 
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) 
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