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Abbreviation list 

 

3D    3 dimensional 

ADP   adenosine diphosphate 

ALP    alkaline phosphatase 

AKT   protein kinase B 

AMPED   2-amion-2-methyl-1,3-propandiol 

AnxA2   annexin A2 

Arf6    ADP-ribosylation factor 6 

Arp2/3   actin related protein 2/3 

ATCC   American Type Culture Collection 

ATP    adenosine triphosphate 

BMP   bone morphogenic protein 

BSA    bovine serum albumin 

BSP    bone sialo protein 

Cav-1   caveolin-1 

Cat    catalase 

CD    cluster of differentiation or classification determinant 

CDC42   cell devision control protein 42 

Co    control 

Col1    collagen type I 

DAPI   4',6-diamidino-2-phenylindole 

DCF    2’,7’-dichlorofluorescin 

DCF DA   2’,7’-dichlorofluorescin diacetate 

DMEM   Dulbecco’s modified Eagle medium 

DMSO   dimethylsulfoxide 

DNA   deoxyribonucleic acid 

DRIE   deep reactive-ion etching process 

ECM   extracellular matrix 

ER    endoplasmic reticulum 

ERK 1/2   extracellular signal-regulated kinase 1/2 

FACS   fluorescence activated cell sorting 

FAK   focal adhesion kinase 

FAK(pY397)  autophosphorylated focal adhesion kinase at its Tyrosine397 

FCS    fetal calf serum 

Fig    figure 

FITC   fluorescein isothiocyanate 

FN    fibronectin 

G-actin   globular actin 

GAPDH   glyceraldehyde 3-phosphate dehydrogenase 

GFP    green fluorescent protein 

GSK3   glycogen synthase kinase 3 
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hFOB   human primary fetal osteoblasts 

hOB    human primary osteoblasts 

HRP    horseradish peroxidase 

IκB    inhibitory protein of κB 

JC-1    5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenz-imidazolyl-carbocyanine iodide 

IL    interleukin 

IQR    interquartile range 

LAMP   lysosome-associated membrane glycoproteins 

MFI    mean fluorescence intensity 

NFκB   nuclear factor κB 

OCN   osteocalcin 

OPN   osteopontin 

P-1x1x1   1x1x1 µm geometrical micro-pillared titanium surfaces 

P-2x2x5   2x2x5 µm geometrical micro-pillared titanium surfaces 

P-3x3x5   3x3x5 µm geometrical micro-pillared titanium surfaces 

P-5x5   5x5x5 µm geometrical micro-pillared titanium surfaces 

PBS    phosphate-buffered saline 

pCav-1   phosphorylated caveolin-1 

PI(4,5)P2   phosphatidylinositol-4,5-bisphosphate 

PI(3,4,5)P3   phosphatidylinositol-3,4,5-tisphosphate 

PI3K   phosphatidylinositol 3-kinase 

PPAAm   plasma polymerized allylamine 

PRX2   thioredoxin peroxidase 

PVDF   polyvinylidine fluoride 

Ref    planar titanium reference surface 

RhoA   Ras homolog family member A 

RGD   arginine-glycine-asparagine amino acid sequence 

ROCK1   Rho-associated kinase 

ROS    reactive oxygen species 

RNA   ribonucleic acid 

rpm    revolutions per minute 

RT    room temperature 

SDS    sodium dodectyl sulfate 

SDS-PAGE   sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEM   scanning electron microscopy 

siRNA   short interfering RNA 

SOD   superoxide dismutase 

TCPS   tissue culture polystyrene 

Ti-CB   corundum-blasted titanium 

Ti-P    polished titanium 

TRITC   tetramethylrhodamine 

xg    gravitational force 

Y    tyrosine 
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1. Introduction 

 

1.1 Motivation 

 

Defects and inflammation of bone and joints affect several million people worldwide annually. At a time 

of steadily increasing lifespans, associated with rising requirements on body parts, temporarily and 

permanent implants undertake the body parts functions and enable their maintenance and consequently 

also the preservation of the patient’s life quality. In 2008, 159,000 hip arthroplasties as well as 146,000 

knee arthroplasties were performed in Germany. In comparison to 2004, this represents an increase of 

15% for the hip and 33% for the knee arthroplasties [1]. The numbers for the first implanted hip and knee 

arthroplasties were constant until 2013, but accompanied by an increase in implant revision operations [2]. 

First cell-biomaterial interactions are pivotal for the acceptance and ingrowth of an implant and despite 

increasing studies; these complex reactions are not completely understood. Therefore, detailed analyses of 

the based cellular mechanisms during the first implant ingrowth phase are necessary for the optimization 

and improvement of the integration as well as acceptance of implants.  

Today’s biomaterials should not only be inert and biocompatible, they should also be bioactive, so in other 

words promote and stimulate the regeneration of the surrounding tissue. The surface topography in micro- 

as well as nanometer range was shown to influence cellular processes, such as cell adhesion, spreading, 

migration, proliferation, as well as extra-cellular matrix protein production. All these cellular processes 

are crucial for the first cell-biomaterial interaction and for the first phase of implant ingrowth [3-6].  

Previous studies with stochastically rough structures demonstrated enhanced cell adhesion, whereas the 

cell spreading and proliferation was reduced, accompanied by altered integrin expression and actin 

cytoskeleton organization [7;8]. These findings led to assumptions of cell structure - cell function 

dependencies, as well as the ability of the cells to perceive their underlying surface topography. The 

cellular responses induced by topography variables such as, heights, sharp edges, or roughness are not 

exactly ascertained.  

For the evaluation of the impact of the surface topography on the cell behavior, a defined geometrically 

designed topography was used. This model implant topography, having a micro-pillared structure, has the 

advantage of constant repetitive dimensions and facilitated the analysis of topography-induced cellular 

processes during the initial cell-biomaterial contact. This micro-pillar topography induced a rearrangement 

of the actin cytoskeleton in osteoblasts into clustered local spots around the pillar edges instead of stress 

fiber arrangement normally found on planar surfaces.  
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The resulted cell architecture alteration decreased the synthesis of the extra-cellular matrix (ECM) 

proteins collagen type I (Col1) and bone sialo protein (BSP), accompanied by a reduced β3-integrin 

expression, the adhesion receptor for BSP [9]. In addition, the synthesis of the ECM protein fibronectin 

(FN) was significantly disturbed after 24 h, but after all the phosphorylation state of central signaling 

proteins, e.g. protein kinase B (AKT) and glycogen synthase kinase 3 (GSK3) remained unaltered on the 

micro-pillars [10].   

Finally, the modes of action of this typical surface-mimicry of the cell’s actin of the underlying geometry 

were still unexplained. The present thesis should enlighten the topography-induced cell architecture and 

behavior changes of osteoblasts. Additionally, the gathered knowledge provides a new insight into the 

interaction of osteoblasts with structured biomaterials and the improvement of bioactive implants.  

 

1.2 Anatomy and function of human bone 

 

Bone is a highly organized, metabolic active rigid tissue, which provides structural support for the body in 

form of the skeleton. The skeleton consists of more than 200 bones and provides protection of vital 

internal organs. It serves as a reservoir for minerals, such as calcium and phosphate, and regulates the 

maintenance of these minerals homeostasis, as well as acid-base balance. Bone is formed out of the 

mesenchyme tissue. In addition, it permits movement and locomotion by providing levers for the muscles. 

The bone marrow provides the environment of hematopoiesis, meaning the production of cellular blood 

components [11].  

Bone is a heterogeneous composite material consisting of a mineral inorganic phase (70%, mainly 

compounded by hydroxyapatite (Ca10(PO4)6(OH)2)), an organic phase (20%), as well as 10% water. The 

organic phase contains predominantly (90%) collagenous proteins, other non-collagenous proteins and 

proteoglycanes [12]. The collagenous proteins are mostly composed of collagen type I (Col1) with trace 

amounts of types III and V [11]. Col1 is a unique triple helical molecule forming fibrillar lattices, which 

provide elasticity of the tissue, stabilizing the ECM, as well as supporting and templating the initial 

mineral deposition [12]. To the non-collagenous proteins appertain among others osteocalcin (OCN), 

fibronectin (FN), alkaline phosphatase (ALP) and bone sialo protein (BSP), all categorized as 

glycoproteins. They were produced by the osteoblasts during their maturation into osteocytes, as well as 

from osteocytes themselves. Because of this specific expression, they were used as functional markers for 

the osteogenesis. Some of the non-collagenous proteins, e.g. FN and BSP, contain the integrin-binding 

arginine-glycine-asparagine amino acid sequence (RGD-sequence), which conveys the ability of the ECM 

protein to offer binding sites for the integrin cell surface receptors.   
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This integrin-mediated binding is the basis of many cell attachment and adhesion activities. Whereas the 

other non-collagenous proteins without integrin-binding sites have different functions than adhesion 

mediation, e.g. OCN release is part of the bone-turnover signaling cascade [13] and ALP plays a role in 

the calcification of the bone matrix [11]. BSP also acts as an initiator for the mineralization by triggering 

the agglomeration of hydroxyapatite [13].   

Bone tissue is constituted of three different cell types: the bone-forming osteoblasts, the bone-resorbing 

osteoclasts and osteocytes. The last are the most commonly found cells in mature bones.  

Osteoblasts evolve out of mesenchymal stem cells, regulates besides the bone forming also the bone 

metabolism and the genesis of osteoclasts. Osteoblasts produce and secrete the collagenous as well as non-

collagenous proteins of the organic bone matrix, which is called osteoid. Subsequently, the incorporation 

of calcium phosphate compounds achieves the mineralization of the osteoid. Completely embedded and 

integrated osteoblasts into the bone matrix undergo differentiation into osteocytes. Osteocytes and their 

processes reside inside bone spaces (called lacunae osseae). Via their long cytoplasmic extensions, 

osteocytes can reach into tiny canals called canaliculi ossei, which are used for exchange of nutrients with 

the vascular system [13]. Osteocytes are linked metabolically and electrically through gap junctions. As 

terminally differentiated osteoblasts, the osteocytes synthesize much less matrix proteins compared with 

osteoblasts. During the differentiation of the osteoblasts from pre-osteoblasts to osteocytes, the osteoblast 

marker proteins were variously expressed, see Fig. 1. 

 

 

Figure 1: Schematic illustration of the sequential expression of marker proteins during the osteoblast differentiation. 

Adapted after Figure 1 in [6]. ALP: alkaline phosphatase; BSP: Bone sialo protein; Col1: collagen type-I; FN: 
Fibronectin; OCN: Osteocalcin; +++: very high expression; ++: high expression; -: low to no expression. 

 



Introduction 

- 6 - 
 

The bone-resorbing osteoclasts are polynucleated cells and derived from mononuclear precursor cells of 

the monocyte-macrophage (haematopoietic) lineage. Binding of osteoclasts to the bone matrix causes 

them to become polarized with the bone resorbing surface, developing a ruffled border, which is formed 

when acidified vesicles are transported via microtubules to fuse with the membrane [11]. The ruffled 

boarder vesicles released from the lysosome contain beneath acids (lactic and citric acid), also hydrolytic 

enzymes (members of the matrix metalloproteinases and cathepsin), which enables the resorption of the 

mineralized bone matrix [13]. 

Bone remodeling is the process by which bone is renewed to maintain bone strength and mineral 

homeostasis by releasing calcium and phosphate. It is a dynamic lifelong mechanism involving the 

removals of old bone and replacement with newly synthesized bone matrix, also preventing the 

accumulation of bone micro-damages [11].  

Bone remodeling is sequentially carried out composed of tightly coupled, bilateral regulating groups of 

osteoclasts and osteoblasts. The remodeling process is arranged in four phases: resorption, reversal, 

formation and mineralization [13]. Resorption involves the recruitment and activation of mononuclear 

osteoclast precursors at the bone surface and fusion of multiple mononuclear cells to form multinucleated 

preosteoclasts. Preosteoclasts bind to the bone matrix and form annular sealing zones around bone-

resorbing compartments. They develop into osteoclasts and secrete hydrogen ions via the acid-containing 

vesicles into the resorbing compartments to lower the pH, which helps mobilize bone material. For the 

digestion of the organic matrix, osteoclasts release hydrolytic enzymes from their lysosomes. Resorption 

phase is completed after the osteoclasts undergo apoptosis. In the resulted resorption cavities, osteocytes 

were released from the bone and preosteoblasts are recruited to begin new bone formation by synthesizing 

and secreting of matrix proteins. Osteoblasts also regulate mineralization of the newly formed bone matrix 

by releasing vesicles containing calcium and phosphate, as well as enzymes that destroy mineralization 

inhibitors. With the mineralization, the bone remodeling process is finished and endures up to four months 

[11]. This means for a healthy human approximately 5-10 % bone replacement each year. Regulation of 

bone resorption and formation influenced by numerous autocrine and paracrine factors, such as 

parathyroid hormone, calcitonin and estrogen. A dysbalance between bone resorption and formation can 

result in pathologic changes, e.g. accelerated bone resorption, accompanied with loss of bone density and 

fracture predisposition during osteoporosis [13]. 
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Figure 2: Schematic illustration of the bone remodeling process. Active osteoclasts resorb the bone and subsequently 

accumulation of osteoblasts achieves bone remodeling and regeneration. Adapted and modified after Figure 1 in [14]. 
 

 

1.3 Biomaterials 

 

Biomaterials are natural or synthetic materials, as well as composites, which are intended to interface with 

biological systems for an unlimited time to treat or replace a tissue, organ or function of the human body 

[15]. Current applications not only include functional displacement and supportive scaffolds for guided 

cell or tissue growth, but also drug delivery systems and external communicating devices. 

Considering the enormous advancements, developments of medical treatments and technologies, i.e. drug 

delivery including nanoparticle treatments, electromagnetically stimulation systems or tissue engineering, 

the definition was extended by D.F. Williams in 2009 [16]: „A biomaterial is a substance that has been 

engineered to take a form which, alone or as part of a complex system, is used to direct, by control of 

interactions with components of living systems, the course of any therapeutic or diagnostic procedure, in 

human or veterinary medicine.” Now the diagnostic medicine including the temporal substitute or medical 

measuring tools are involved and linked to biomaterials. 

The direct contact and consequently physical, chemical and biological interactions of biomaterials with 

biological systems demand high requirements towards the biomaterial to accomplish its functionality and 

time stability. Therefore, the biomaterial has to be biocompatible, consequently accepted and tolerated by 

the body, and should not evoke an inflammatory response resulting in function loss or ultimately a 



Introduction 

- 8 - 
 

rejection of the implant. Biomaterials are supposed to have functional similarity to their natural 

replacement depending on the medical application, thus they also have to fulfill mechanical and technical 

requirements as well. For the replacement of the hard-tissue, such as bone, in hip and knee prosthetics, 

high mechanical loadability and rigidity are demanded. On the other side, for soft-tissue biomaterials, e.g. 

vascular prostheses, a specific elasticity and permeability are crucial to maintain the exchange of 

components with the surrounding tissue [17].  

Considering the steadily increasing importance of biomaterials in the medicine, interaction and stimulation 

of the surrounding tissue cells are requested for triggering the regeneration of the tissue [18]. The retention 

time in the body is also a relevant aspect for the biomaterials properties. Permanent implants should have 

durability for several years and stay in the body ideally for the rest of the patient life, constantly 

maintaining its function. Hence, it has to have a certain biostability, biological and chemical inertness, to 

elude unnecessary consecutive and reversion operations.  

The number of bone implants to replace and restore the function of damaged or diseased tissue is steadily 

increasing and because of the high life expectations, the number of reversion operation rises as well. The 

needed function and application site of the biomaterial define the technical requirements of the used 

material. Therefore, different materials are used depending on the application. Calcium phosphate, 

polymer and collagen-hydroxyapatite composites are employed in non-loadbearing sites of the bone, 

because of their moderate mechanical properties. Metals, such as titanium and its alloys, are used as 

orthopedic implants because of their high mechanical strength and stability. Titanium is a longstanding 

established biomaterial utilized in hard-tissues, not only because of its mechanical stability but also 

because its corrosion resistance and positive physical properties. A nanometer-thick titanium oxide layer 

is naturally formed in the present of oxygen. This passivation layer alters the physical materials properties, 

such as increasing the hydrophilicity and therefore facilitating a better protein absorption as well as cell 

attachment resulting in enhanced interaction with the tissue [19]. Functionality and interaction between 

biomaterials and cells are decisive for the medical success of the implant, which can be influenced by 

topographical surface modifications. The interface between biomaterials and cells are important for the 

stimulation of cell adhesion, spreading, proliferation and differentiation of the cells, which accelerates the 

implant ingrowth as well as anchorage, known as osseointegration, and finally, the medical success. A 

successful osseointegration depends also on the “race for the surface” [20] between cells and bacteria, so 

that an enhanced initial cell-biomaterial interaction reduces an inflammatory response. A biomaterial can 

be functionalized via topographical, but also chemical surface modification [21]. 

Topographical modification of biomaterial surfaces offers a huge potential for new implant design 

strategies and topography-induced cell physiology changes are subjects of intensive research [3-10;22;23]. 
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Cells are able to recognize surface topographies in micron as well as nanometer size and adapt their 

cellular behavior [24-26]. Micron-scale topography has been reported to induce changes in cell adhesion, 

morphology, motility and gene expression [25]. Cells can sense nano-topographies with their filopodia 

down to 10 nm [27]. Despite intensive research, the principles of cellular responses to surface topography 

are not completely understood. Because many variables influence cellular interactions to surface 

structures, general cell behavior principles for nano- and micro-topography could not be established [6]. In 

order to increase the surface contact as well as the mechanical fixation of the implant with the bone tissue, 

most manufactures modify the titanium surfaces by blasting with silica, aluminia, glass or titanium 

particles and create irregular stochastic rough surfaces [26]. Surface profiles of stochastic rough surfaces 

are shown in Fig. 3. Rough surfaces showed an increased osseointegration compared to polished smooth 

surfaces because of increased cell attachment and adhesion [28;29]. Correlations between the roughness of 

these stochastic titanium surfaces and cellular functions in MG-63 osteoblasts were found, e.g. increased 

cell adhesion and differentiation, but decreased cell growth and disturbed actin organization as well as 

expression of integrin receptors [7;8;30].  

 

 

 

Figure 3: Cross-section images of 

structured titanium samples demonstrating 
the depth profile. P: polished; NT: non 
treated; GB: glass blasted; CB: corundum 
blasted; bar 20 µm.   
Figure was taken out of [6]. 

 

 

Chemical etching is commonly used after the blasting or machining process to further increase the 

complexity of the surface micro-structure [29]. Interventions to change the surface roughness often 

produce changes in the adsorbed proteins conformation and concentration. Numerical calculations predict 

an altered adsorption behavior of proteins near edges and spikes, which may influence subsequent cellular 

adhesion, spreading and migration [31;32]. Most studies were performed with these stochastic surface 

models. With growing technical innovations, regularly distributed topographies ranging from micron to 

nano-scale dimensions can be produced via lithographic or etching processes, such as deep reactive ion 

etching [3;24]. 
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Another way, to modify implant surfaces, is via chemical surface functionalization by putting an 

additional layer on the implant. For once, this includes a layer of adsorptive proteins, such as Col1, bone 

morphogenetic proteins (BMPs), FN or peptide sequences containing the RGD integrin-binging motif [33-

35]. Furthermore, physical plasma derived surface functionalization are also a component of research. On 

surfaces coated with low pressure plasma polymerized allylamine (PPAAm), MG-63 osteoblast showed 

enhanced cell adhesion and spreading [36]. Surface treatment with an atmospheric pressure plasma jet, 

e.g. working with argon-oxygen gas, had not only increased cell spreading, but was also able to destroy 

and eliminate bacterial biofilms [37,38]. 

 

1.4 Cell-biomaterial interaction 

 

Adhesion to an ECM is critical for the survival of connective tissue cells, such as osteoblasts and their 

precursors, which determines their cell growth and responses, e.g. cell spreading, proliferation and 

differentiation. When cells approach an implant material, they will only adhere to adsorbed ECM proteins 

from the blood or serum and not to the bare material [33;35;39]. This first cellular attachment, adhesion 

and spreading will influence the cells capacity to proliferate and to differentiate in contact with the 

material and is grouped into the first phase of cell-biomaterial interactions [34]. In consequence, the cell 

adhesion is the deterministic process in cell-biomaterial interaction involving the anchorage of the cells 

with the biomaterial surface [35]. This complex process includes various biological components, such as 

the cell membrane and cytoskeletal proteins, which are connected to a functional unit (focal adhesions) 

and covers different phases. It starts with the rapid attachment phase, where short-term events like 

physicochemical linkages, e.g. van der Waals and ionic forces, between the cells and the materials 

promote interactions. Continuing with the longer term active adhesion phase, which involves biological 

molecules such as ECM proteins interacting with integral cell membrane proteins (integrins) for building 

the focal adhesions by recruiting adapter proteins (e.g. vinculin, paxillin) and the cytoskeletal 

polymerization machinery. The focal adhesion induces signal transduction, resulting in the regulation of 

gene expression [34]. Cell spreading is a process related to adhesion and involves similar extracellular 

proteins, e.g. vitronectin and FN, which are required for the formation of the intracellular focal adhesions 

[33,35].  

Cell adhesion as well as spreading at adsorbed ECM proteins on a biomaterial surface, is mediated by 

integrins, a transmembrane receptor, involved in cell-ECM and cell-cell adhesion [40]. Among integrins 

also selectines, syndecans, immunoglobulins and cadherins are receptors for cell-ECM and cell-cell 

interactions.  
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Osteoblasts express cadherins, syndecans and integrins, whereas integrins are the most important for 

adhesion [34]. But syndecans also act as co-receptors in β1-integrin-mediated cell adhesion [41]. Integrins 

are heterodimers, consisting of a non-covalently associated α- and β-subunit [40]. Both transmembrane 

subunits contain a large extracellular domain, which bind to specific amino acid sequences of ECM 

proteins, e.g. RGD (arginine-glycin-aspartic acid) motif, and mostly short cytoplasmic domains involved 

in activation of intracellular signaling. 18 α- and 8 β-subunits with 24 different combinations have been 

reported to date, whereas 12 integrins includes the β1-subunit [42]. β1-integrin represents the predominant 

adhesion receptor in osteoblasts. Upon ligand binding, integrin associates with the actin cytoskeleton and 

cluster together to form focal adhesions. Focal adhesions are multifunctional protein complexes more than 

200 nm in size, mediating besides cell-ECM adhesion also force transmission, cytoskeletal regulation and 

signaling [43]. They are dynamic structures containing various different molecules including scaffolding, 

structural proteins, kinases and phosphatases [44]. Transmembrane integrins bind to the ECM with their 

extracellular side and adapter proteins such as talin, vinculin and paxillin are recruited to the cytoplasmic 

side of the integrins in focal adhesions. These adaptor proteins are co-localized with kinases and 

phosphatases, e.g. focal adhesion kinase (FAK), transducing the signals to the nucleus for regulation of 

gene expression [43]. So, focal adhesions function as structured links between the ECM and the 

cytoskeleton [40]. Integrins transmit information about the ECM environment via the kinases and 

phosphatases in signaling cascades resulting in modified gene expression and cell physiology [34]. This 

integrin-mediated sensing of the ECM composition as well as topography is called “outside-in” signaling 

of the bi-lateral transmission [45]. Thus, integrins function as mechanotransducers of extracellular signals 

that determine subsequent cellular processes, such as cell adhesion, spreading, migration and consequently 

also cell survival, proliferation and differentiation [40;44;45]. 

 

 

 

Figure 4: Schematic illustration of the focal adhesion 

complex. The cell is connected with their environment 
via the focal adhesion complex, which involves signal 
transduction from the cell membrane located integrin 
receptors via the adaptor proteins (e.g. vinculin, focal 
adhesion kinase or paxillin) to intracellular structures, 
such as the actin cytoskeleton. Image modified after 
[46]. 
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Inflammation processes play an important role for the implant osseointegration, not only during the acute 

inflammatory response triggered in the early periods after injury to initiate tissue repair but also because 

osteoblasts themselves can produce and secrete cytokines that control inflammation [47]. These pro-

inflammatory cytokines, e.g. receptor activator of nuclear factor κB ligand (RANKL), Interleukin (IL) 1 

and 6, regulate osteoclast activation and differentiation; therefore contribute to higher bone resorption 

[11]. Cytokine production is necessary for regulation of the healing process, but an imbalanced pro-

inflammatory response after biomaterial implantation can compromise the implant success. Various 

stimuli, including orthopedic materials, were reported to induce pro-inflammatory cytokine production in 

osteoblasts [47]. Especially, phagocytosable wear debris released from the biomaterial stimulate the 

osteoblasts to produce pro-inflammatory cytokines resulting in bone resorption and implant osseolysis. 

Nuclear factor κB (NFκB) is the predominant regulator of transcriptional activation of inflammatory 

cytokines and particle challenged osteoblasts showed an activation of the transcription factor NFκB 

[48;49]. 

 

1.5 Actin cytoskeleton 

 

The actin filaments are one of three cytoskeletal polymers, besides the microtubules and the intermediate 

filaments. All three are organized into networks controlling the shape and mechanics of eukaryotic cells. 

They resist deformation and can reorganize in response to externally applied forces, which influence cell 

morphology and spreading [50]. Actin is the most abundant structural protein, and actin filaments (F-

actin), in form of a twisted helix, are generated by adenosine triphosphate (ATP)-dependent 

polymerization of monomeric globular actin (G-actin). The spatiotemporal F-actin formation is tightly 

regulated, e.g. by Ras homolog family member A (RhoA, a GTPase that regulates stress fiber formation) 

and Rock1 (a protein serine/threonine kinase and major downstream effector of RhoA). Forming a 

network by branching of new nucleated actin filaments is initiated by the actin related protein 2/3 (Arp2/3) 

complex, which is controlled by the GTPases cell devision control protein 42 (CDC42) [50]. Longer 

unbranched F-actin networks form actin stress fibers, spanning through the cell and have contact to focal 

adhesions at least at one end [51]. Actin polymerization orchestrates also the focal adhesions assembly at 

the cell periphery, resulting into spreading of the cell. Cortical actin microfilaments at the inner face of the 

cell membrane cause membrane protrusions to form lamellipodia, which test the substrate for adhesive 

sites. In migrating cells the lamellipodia, or the thinner, but longer form called filopodia, mark the leading 

edges. Actin stress fiber linkage with activated integrin is not only associated with cell spreading and 

movement, but also triggers cell-specific intracellular signaling cascades regulating cell proliferation, 
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differentiation and gene expression. In conclusion, the actin cytoskeleton is a central and essential 

component in many cell physiological processes [35]. 

 

1.6 Endocytosis and caveolae-mediated phagocytosis 

 

Endocytosis is the energy-using uptake of extracellular material into cells by engulfing them in membrane 

vesicles. It is an active transport form in which cells take up molecules as well as nutrients. Phagocytosis 

is a special form of endocytosis involving the actin-dependent internalization of large cargos with sizes 

>0.5 µm [52]. There are mainly three forms of endocytosis: (i) clathrin-mediated endocytosis, where the 

triskelion-shaped protein clathrin is involved in forming clathrin-coated vesicles, (ii) caveolae-mediated 

endocytosis and (iii) clathrin and caveolae-independent endocytosis including macropinocytosis, ADP-

ribosylation factor 6 (Arf6)-dependent and flotillin-dependent endocytosis. Clathrin- and caveolae-

mediated endocytosis are the predominantly applied forms, whereas the clathrin-mediated endocytosis is 

involved in the uptake of nano-sized cargos smaller than 200 nm [53].   

Endocytosis has many functions, among others it controls the composition of the plasma membrane and 

controls the response of cells with their environment interaction [54]. Consequently, the composition of 

the plasma membrane is crucial for the endocytosis process. Cell membranes are composed of 

phospholipid bilyers with embedded proteins, a complex mixture of cholesterol, various 

glycerolphospholipids as well as sphingolipids. Sphingolipids have longer and more saturated carbon-

atom chains, theses distinct biophysical properties enable the lipids to behave differently in a monolayer. 

Glycerolphospholipids show a mobile fluid phase, whereas sphingolipids have a more tightly packed 

organization because of a stronger lateral cohesion of the longer saturated acyl chains [55]. 

Phosphatidylinositoles belong to the group of glycerolphospholipids because of their unusually large 

inositol headgroups. They are rapidly metabolized by phosphorylation of the inositol at the positions 3,4 

and 5 [56], this phosphorylated inositols have an important role in the regulation of cell movement [53]. 

During endocytosis, phosphoinositides experience a sequential turnover. Phosphatidylinositol-4,5-

bisphosphate (PI(4,5)P2) is located in nascent endosomes and is converted by phosphatidylinositol 3-

kinase (PI3K) to phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3) in the late engulfment phase [57], 

see Fig. 5. PI(4,5)P2 and PI(3,4,5)P3 can bind and increase the activity of proteins that modify membrane 

chemistry and the actin cytoskeleton [53], e.g. the cytosolic protein annexin A2 (AnxA2), which can bind 

to PI(4,5)P2 and is involved in endocytic membrane dynamics, as well as actin cytoskeleton recruiting 

during phagocytosis. Specific lipid clustering in the cell membrane, such as micro-domain formation rich 

in cholesterol and PI(4,5)P2,are triggered by AnxA2. It not only organizes but also stabilizes lipid micro-
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domains, in conjunction with the underlying actin cytoskeleton, because of its actin-binding ability [58]. 

During phagocytosis, thus the uptake of a solid cargo, a controlled movement of the plasma membrane 

shaped by the surface to ingest, is driven by the actin cytoskeleton. Actin is concentrated as discrete 

patches in the advancing cups and forms a belt (ring)-shape band that moves outward over the cargo [53], 

see also Fig. 5. After engulfment, the cargo is localized in an internal vesicle called phagosome, which 

subsequently fuses with the lysosome, a membrane-bound cell organelle. The lysosome is involved in 

nutrients digestion, secretion processes and plasma membrane repair [52;53].  

CD68, a lysosome-associated membrane glycoprotein (LAMP) family member, is involved in lipid uptake 

and play an important role in phagocytosis and lysosomal traffic. It was found predominately localized to 

phagosomal and lysosomal compartments. The expression of CD68 correlate with the activation of 

professional phagocytic cells, known as macrophages [59], but CD68 was also localized in vesicles of 

phagocytized titanium particles in osteoblasts [60], making CD68 suitable as marker protein for 

phagocytosis analysis in osteoblasts as well. 

 

 

 

 

 
 
 

 

 

 

 
Figure 5: Schematic illustration of a particle phagocytosis. The actin  

cytoskeleton (red) drives the membrane to engulf the particle and enables the 
internalization into the cell. Phosphatidylinositol-4,5-bisphosphate is located in 
nascent phagosome and is converted into phosphatidylinositol-3,4,5-trisphosphate in 
the late engulfment phase. Adapted and modified after Figure 1 in [53]. Note the actin 
cytoskeleton in form of short clustered filaments localized around the particle. 
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Caveolae are 50-80 nm in diameter, cholesterol- and sphingolipid-rich plasma membrane invaginations 

considering a subdomain of plasma membrane micro-domains, which are called lipid rafts. In the 

caveolae/lipid raft micro-domains, multiple signaling molecules have been localized, which are involved 

in various cellular processes, including phagocytosis
 
[61;62] and the transduction of cell surface signals 

[63].
 

The raft-dependent/caveolae-mediated phagocytic pathway is regulated by diverse cellular 

components including caveolin-1 (Cav-1), cholesterol and the actin cytoskeleton, as well as AnxA2 

[62;64]. Cholesterol and Cav-1 depletion disrupts the structure of caveolae.   

Cav-1 is the major component of caveolae. It binds to 1-2 cholesterol molecules of lipid raft domains and 

is essential for the formation and stabilization of caveolar vesicles [61]. Cav-1 is synthesized as integral 

membrane protein in the endoplasmic reticulum (ER). At the ER, Cav-1 goes through a first stage of 

oligomerization and is then transported to the Golgi complex, forming a newly synthesized protein pool 

not associated with lipid raft membrane domains. When Cav-1 associates with lipid raft domains, it 

becomes detergent-resistant and organized into higher-order oligomers, the characteristic form of the 

surface pool of Cav-1. Fig. 6 illustrates how Cav-1 is inserted into the caveolar membrane. The N- and C-

termini of the protein face the cytoplasm and a “hairpin” intermembrane domain is embedded within the 

membrane bilayer. The C-terminal domain is close to the intermembrane domain, modified by palmitoyl 

groups and inserts into the lipid bilayer. The scaffolding domain is a highly conserved region of caveolin 

and interacts with cholesterol through conserved basic and bulky hydrophobic residues (marked in Fig. 6 

with red circles) [64]. 

 

 

Figure 6: Schematic illustration of the caveolae composition, especially the position of the intermembrane protein 

caveolin-1 (Cav-1) in the cholesterol enriched plasma membrane regions. Image modified after Figure 1 in [64]. 
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1.7 Signaling cascades and energy requirements during phagocytosis 

 

The regulation of the phagocytic process involves complex signaling pathways including the extracellular 

signal-regulated kinase 1/2 (ERK1/2) and nuclear factor κB (NFκB) pathways. These are implicated in 

exterior mechanical and force regulation, beneath their function in cell growth, differentiation and stress 

response. NFκB plays also a role in inflammation [3;61;65]. The transcription factor NFκB is found 

inactive and bound to the inhibitory protein of κB (IκB) in the cytoplasm. After activation signals, such as 

cytokines or stress response, the NFκB-IκB-complex gets phosphorylated by the IκB-kinase and tagged 

for proteasomal degradation. Free NFκB translocates into the nucleus and regulates gene expression of 

over 150 genes [66].  

Phagocytosis is a process involving cell mobility or migration around the internalized cargo. Like reported 

above in the chapter endocytosis, the PI3K is crucial for the phagocytic engulfment, but also for cell 

adhesion and migration [56]. This highlights the tightly linked signaling cascades between the 

phagocytosis, cell adhesion and migration. Consequently, also integrins and the focal adhesions with their 

signaling cascades participate in a phagocytic process [67], starting with the autophosphorylation of FAK 

at its Tyrosine397 (FAK(pY397)) after interaction of integrins within focal adhesions. This 

autophosphorylation provide binding sides for Src kinases and other signaling molecules. After the 

binding to FAK(pY397), Src kinase switch into an active state by autophosphorylation of its Y419 

(Src(pY419)), and transphosphorylates FAK, mediates paxillin recruitment and maturation of focal 

adhesions, as well as connecting them with the actin cytoskeleton. Src-family kinases are needed for focal 

adhesions turnover and migration, but also for Cav-1 phosphorylation and internalization processes [50].  

Cav-1 can be phosphorylated at its Tyrosin14 by Src kinases. The Tyrosin14 phosphorylation of Cav-1 

(pCav-1) is required for the recruitment of Cav-1 to the focal adhesions, where Cav-1 associates with β1-

integrins and links the integrins to Src family kinases, which regulates in conjugation with FAK focal 

adhesions turnover, migration and proliferation [68;69].  
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Figure 7: Schematic illustration of the integrin-mediated signaling pathways. In this thesis investigated signaling 

proteins the extracellular signal-regulated kinase 1/2 (ERK 1/2), focal adhesion kinase (FAK), Src kinase (Src) and 
phosphatidylinositol-3 kinase (PI3K) as well as caveolin-1 were marked with yellow boxes [70].   

 

 

Cells as living matter are able to generate metabolic energy, which is required for the maintenance of 

various cellular functions including phagocytosis, where cells expend energy for the active engulfing 

movement and internalization [71;72]. The major energy producing pathways in eukaryotic cells are the 

glycolysis and mitochondrial oxidative phosphorylation, whereas the oxidative phosphorylation is 

responsible for supplying over 95 % of the total adenosine triphosphate (ATP) requirements. ATP is a 

coenzyme transporting and transferring chemical energy within the cell [73]. There exists a precise 

dynamic balance between the production of ATP and the reactions, which utilize ATP. This means, that a 

higher need for ATP cause an immediate increase in the rate of its synthesis, coupled with the changes in 

the mitochondrial membrane potential.  

The in the inner mitochondrial membrane located ATPases pumps protons across the inner mitochondrial 

membrane and creates an electro-chemical gradient, the mitochondrial membrane potential. This is in turn 

used by the ATPase to generate ATP. Mitochondrial membrane potential is an important index of the cells 
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bioenergetics state, because it is precisely regulated to cope with the energy needs of the cell and directly 

changes depending on it. In conclusion, metabolic high active cells, such as fast-growing or cancer cells, 

exhibit a higher mitochondrial membrane potential [74;75]. In addition, oxidative phosphorylation also 

involves the transport of electrons through a series of protein complexes in the mitochondria. This can 

causes only partially reduced oxygen or water molecules by a one-electron reduction, resulting in reactive 

oxygen species (ROS) generation [65].  

 

 

Figure 8: Schematic illustration of the inner mitochondrial membrane including the enzymes participating in the 

oxidative phosphorylation, hence the ATP production and mitochondrial membrane potential generation. Modified 
after Figure 8b in [76].  

 

 

ROS are molecules and ions of oxygen that have an unpaired electron caused by one-electron reduction, 

which rendered them extremely reactive. They include the superoxide anion (O2
-•
), hydrogen peroxide 

(H2O2) and hydroxyl radical (OH
•
) [75]. ROS play an important role as mediators in signaling processes, 

but during stress response, the ROS levels can increase dramatically and damage cell components, e.g. 

damage of DNA, oxidation of unsaturated fatty acids in lipid and amino acids in proteins. Under most 

physiological conditions generated ROS are rapidly eliminated by ROS-scavenging enzymes, such as 

catalases, peroxidases and superoxide dismutases.  

Superoxide dismutases convert the superoxide anion (O2
-•
) to hydrogen peroxide (H2O2) and oxygen (O2), 

whereas catalase and peroxidases eliminate the toxic hydrogen peroxide by transforming it into water 
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(H2O). Hydroxyl radical (OH
•
) gets eliminated by reactions with antioxidants like glutathione or by 

oxidizing lipids or amino acids [65]. 

 

 
 

Figure 9: Formation as well as elimination of reactive oxygen species (ROS) by the ROS-scavenging enzymes 

superoxide dismutase, catalase and peroxidases. O2: oxygen, e
-
: single electron, H

+
: proton, O2

-•
: superoxide anion, 

H2O2: hydrogen peroxide, H2O: water, OH
•
: hydroxyl radical.  
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2. Material and Methods 

 

Used chemicals/reagents, assay kits, antibodies, media/ buffer, consumable materials, as well as laboratory 

instruments with the company information are listed in this chapter. Chemicals/ reagents, as well as 

antibodies were purchased from the respective companies with the degree of purity pro analysi. The 

distilled water (A.bidest.) was taken from the in-house installation.  

 

2.1 Materials 

 

2.1.1 Reagents 

 

5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenz-  Life Technologies GmbH, Darmstadt, GER 

  imidazolyl-carbocyanine iodide (JC-1) 

4',6-diamidino-2-phenylindole (DAPI)   Sigma-Aldrich Co. LLC., St. Louis, MO, USA 

Acetic acid (CH3COOH)    Sigma-Aldrich Co. LLC., St. Louis, MO, USA 

Aqua bidest. RNase free    Carl Roth GmbH & Co. KG, Karlsruhe, GER 

β-Mercaptoethanol     Merck KGAA, Darmstadt, GER 

Bovine Serum Albumin (BSA)   Serva Electrophoresis GmbH, Heidelberg, GER 

CAV1 siRNA AM16708    Ambion Life Technologies GmbH, Darmstadt, GER 

CellLight™ Actin-GFP BacMam 2.0   Life Technologies GmbH, Darmstadt, GER 

Collagen Type I Rat Tail    BD Biosciences, Bedfort, MA, USA 

Control siRNA AM4613    Ambion Life Technologies GmbH, Darmstadt, GER 

Dimethylsulfoxide (DMSO)    Merck KGAA, Darmstadt, GER 

DNase      Macherey-Nagel GmbH & Co KG, Düren, GER 

Dulbecco’s modified Eagle medium (DMEM) Life Technologies GmbH, Darmstadt, GER 

Dulbecco’s PBS (1x)     Sigma-Aldrich Co. LLC., St. Louis, MO, USA 

Dulbecco’s PBS (1x) without Ca/Mg   PAA Laboratories GmbH, Pasching, A 

Ethanol      Zentralapotheke, University Rostock, GER 

FACS FLOW     BD Biosciences, Erembodegem, BE 

FACS Rinse      BD Biosciences, Erembodegem, BE 
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FAST RED VIOLET LB Salt   Sigma-Aldrich Co. LLC., St. Louis, MO, USA 

Femto Dura West Signal    Thermo Scientific, Darmstadt, GER 

Fetal Calf Serum (FCS)    Merck KGAA, Darmstadt, GER 

Filipin III      Sigma-Aldrich Co. LLC., St. Louis, MO, USA 

Fluoroshield      Sigma-Aldrich Co. LLC., St. Louis, MO, USA 

Glycerol      Merck KGAA, Darmstadt, GER 

Gentamycin 40 mg/ml    Ratiopharm GmbH,Ulm, GER 

Glutardialdehyde solution 25 %   Merck KGAA, Darmstadt, GER 

Methanol      J.T. Baker, Deventer, NL 

MG-63 Transfection Reagent    Altogen Biosystems, Las Vegas, NV, USA 

MitoSOX™      Thermo Scientific, Darmstadt, GER 

Naphtol AS-MX, phosphate    Sigma-Aldrich Co. LLC., St. Louis, MO, USA 

Sodium chloride     Sigma-Aldrich Co. LLC., St. Louis, MO, USA 

Paraformaldehyde     Sigma-Aldrich Co. LLC., St. Louis, MO, USA 

Phalloidin-tetramethyl-rhodamine   Sigma-Aldrich Co. LLC., St. Louis, MO, USA 

Random Primer     Invitrogen AG, Carlsbad, CA, USA 

Sodium dodectyl sulfate (SDS)   Merck KGAA, Darmstadt, GER 

Skim milked powder     Carl Roth GmbH & Co. KG, Karlsruhe, GER 

Superscrip®II Reverse Transkriptase   Invitrogen AG, Carlsbad, CA, USA 

TaqMan® Universal PCR Master Mix  Applied Biosystems, Darmstadt, GER 

Tris       Carl Roth GmbH & Co. KG, Karlsruhe, GER 

Triton-X 100     Merck KGAA, Darmstadt, GER 

Trypsin-EDTA (0,05 %)    PAA Laboratories GmbH, Pasching, A 

Tween-20      Sigma-Aldrich Co. LLC., St. Louis, MO, USA 

 

2.1.2 Buffers/Solutions 

 

ALP staining solution   100 mM AMPED 

       0.1 % Naphtol AS MX 

       0.1 % FAST RED VIOLET LB Salt 

       Aqua dest. 
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Collagen type I solution   200 µg/ml rat tail collagen type I 

      0.1 % CH3COOH 

       Aqua dest. 

Laemmli buffer    62.5 g Tris  

      5 mg EDTA 

      10 % Glycerol 

      2 % SDS 

      2 % β-Mercaptoethanol 

Western blot wash buffer (TBS-T, pH 7.4) 4.84 g (10 mM) 

      2.32 g NaCl (10 mM) 

      4 ml Tween 20 (0.1 %) 

      Aqua dest. ad 4l   

Electrophoresis buffer (pH 8.3)  25 mM Tris 

      192 mM Glycerol 

      0,1 % SDS 

Transfer buffer (pH 8.3)   25 mM Tris 

      192 mM Glycerol 

      20 % Methanol  

ATP/ADP master mix   45.8 µl ATP/ADP assay buffer 

      0.2 µl ATP/ADP Probe 

      2.0 µl ATP/ADP Conventer 

      2.0 µl Developer-Mix    

 

2.1.3 Kits/Assays/Antibodies 

 

Kits 

ADP colorimetric/fluorometric assay kit   Abcam, Cambridge, MA, USA 

ATP colorimetric/fluorometric assay kit   Abcam, Cambridge, MA, USA 

Bio-Rad Protein Assay    Bio-Rad Laboratories GmbH, Munich, GER 

Cell Lysis Kit     Bio-Rad Laboratories GmbH, Munich, GER 



Material and Methods 

- 23 - 
 

DCF-DA cellular ROS detection assay kit  Abcam, Cambridge, MA, USA 

NucleoSpin®RNA II kit    Macherey-Nagel GmbH & Co KG, Düren, GER 

TaqMan® gene expression assays for:  Applied Biosystems, Darmstadt, GER 

  actin-related 2/3 complex subunit 4 (ARPC4) (Hs00896783_m1) 

  alkaline phosphatase (ALP) (Hs00758162_m1) 

  caveolin-1 (Cav-1) (Hs00971716_m1) 

  cell division control protein 42 (CDC42) (Hs00918044_g1) 

  collagen type I (Col1) (Hs0016404_m1) 

  extracellular signal-regulated kinase 1/2 (ERK1/2) (Hs01046830_m1) 

  fibronectin (FN) (Hs00900054_m1) 

  glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Hs99999905_m1) 

  nuclear factor κB (NFκB) (Hs00765730_m1)  

  osteocalcin (OCN) (Hs01587813_g1) 

  phosphatidylinositol 3-kinase (PI3K) (Hs01046353_m1) 

  Ras homolog gene family member A (RhoA) (Hs00357608_m1) 

  Rho kinase 1 (ROCK1) (Hs01127699_m1) 

 

Luminex assays 

Human Oxidative Stress Magnetic Bead Panel   Merck KGAA, Darmstadt, GER 

(H0XSTMAG-18K) 

  catalase (Cat) 

  superoxide dismutase 1&2 (SOD1, SOD2) 

  thioredoxin peroxidase (peroxiredoxin 2: PRX2) 

MILLIPLEX MAP Kit for Cell Signaling human  Merck KGAA, Darmstadt, GER 

  focal adhesion kinase (FAK) (pY397) 

  FAK(pY861) 

MILLIPLEX MAP Human Src Family Kinase Kit  Merck KGAA, Darmstadt, GER 

 Src (pY419) 

MILLIPLEX MAP Kit for Human Bone   Merck KGAA, Darmstadt, GER   

 Magnetic Bead Panel 

 osteoprotegerin (OPG) 

  osteocalcin (OCN) 

 osteopontin (OPN) 
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Luminex Screening assay     R & D Systems Inc. (Minneapolis, MN,  

 interleukin 6 (IL6)                                                              USA) 

 

Antibodies - Western Blot 

 

Annexin A2 (rabbit polyclonal; 1:1,000)  New England Biolabs GmbH, Frankfurt/Main, GER 

BSP-2 (rabbitpolyclonal; 1:500)   Acris Antibodies GmbH, Herford, GER 

Caveolin-1 (rabbit polyclonal ;1:1,000)   New England Biolabs GmbH, Frankfurt/Main, GER 

CD68 (rabbit polyclonal; 1:300)    Proteintech Group Inc., Chicago, IL, USA 

Collagen Type I (rabbit polyclonal; 1:3,000)  Rockland Immunochemicals, Limerick, PA, USA 

ERK 1/2 (rabbit polyclonal)    New England Biolabs GmbH, Frankfurt/Main, GER 

FAK (mouse polyclonal; 1:1,000)   BD Transduction, Franklin Lakes, NJ, USA 

Fibronectin (rabbit monoclonal; 1:1,000)  Sigma-Aldrich Co. LLC, St. Louis, MO, USA 

NFκB p65 (mouse polyclonal; 1:1,000)  Santa Cruz Biotechnologies Inc., Dallas, TX, USA 

PI3K p85α (rabbit polyclonal; 1:1,000)  Santa Cruz Biotechnologies Inc., Dallas, TX, USA 

Src (mouse monoclonal; 1:2,000)   New England Biolabs GmbH, Frankfurt/Main, GER 

Tyr14 phosphorylated caveolin-1   BD Transduction Lab, Franklin Lakes, NJ, USA 

   (rabbit monoclonal; 1:1,000)   

GAPDH (mouse polyclonal; 1:1,000)   Santa Cruz Biotechnologies Inc., Dallas, TX, USA 

Anti-rabbit IgG, HRP-linked     New England Biolabs GmbH, Frankfurt/Main, GER 

  (goat polyclonal; 1:5,000) 

Anti-mouse IgG, HRP-linked    New England Biolabs GmbH, Frankfurt/Main, GER 

  (horse polyclonal; 1:5,000) 

 

Antibodies – Immunofluorescence 

 

Annexin A2 (rabbit polyclonal; 1:15)   New England Biolabs GmbH, Frankfurt/Main, GER 

α-tubulin (rabbit polyclonal; 1:50)   Santa Cruz Biotechnologies Inc., Dallas, TX, USA 

Caveolin-1 (rabbit polyclonal ;1:400)   New England Biolabs GmbH, Frankfurt/Main, GER 

CD68 (rabbit polyclonal; 1:50)    Proteintech Group Inc., Chicago, IL, USA 

Clathrin heavy chain (rabbit polyclonal; 1:100) Bioss Inc., Woburn, MA, USA 

CD29 9EG7 (mouse monoclonal; 1:100)  BD Transduction Laboratories, Franklin Lakes, NJ 
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Tyr14 phosphorylated caveolin-1   Santa Cruz Biotechnologies Inc., Dallas, TX, USA 

   (rabbit monoclonal; 1:50)   

NFκB p65 (mouse polyclonal; 1:50)   Santa Cruz Biotechnologies Inc., Dallas, TX, USA 

PI3K p85α (rabbit polyclonal; 1:50)   Santa Cruz Biotechnologies Inc., Dallas, TX, USA 

PIP2 Anti-phosphatidylinositoles    Abcam, Cambridge, MA, USA 

  (mouse monoclonal 1:200) 

anti-rabbit-IgG-AF488     Life Technologies GmbH, Darmstadt, GER 

  (goat polyclonal; 1:200) 

anti-mouse-IgG-AF488    Life Technologies GmbH, Darmstadt, GER 

  (chicken polyclonal; 1:100) 

anti-rabbit-IgG-AF594    Life Technologies GmbH, Darmstadt, GER 

  (goat polyclonal; 1:200) 

  

2.1.4 Consumable materials 

 

Black 96-well plate     Greiner Bio-One GmbH, Kremsmünster, A 

Cellometer Counting Chambers    Nexcelom Bioscience LLC, St. Laurence, MA, USA 

Cell culture flasks: T25, T75    Greiner Bio-One GmbH, Kremsmünster, A 

Cell culture dish 4-well Nunc   Thermo Scientific Inc., Waltham, MA, USA 

Cell culture dish 35 mm    Greiner Bio-One GmbH, Kremsmünster, A 

Cell culture plates: 6-well, 12 well, 24-well  Greiner Bio-One GmbH, Kremsmünster, A 

Cell scraper      Life Technologies GmbH, Darmstadt, GER 

Criterion™TGX Stain-Free™ Precast Gel   Bio-Rad Laboratories GmbH, Munich, GER 

Cover slides (10 x 10 mm; 0.17mm thick)  Menzel GmbH, Braumschweig, GER 

FACS Falcon 5 ml     BD Biosciences, Erembodegem, BE 

Filter paper      Whatman International Ltd., Maidstone, UK 

FlexiPERM®     Life Technologies GmbH, Darmstadt, GER 

IBIDI µ-Dish (35 mm, high)    Ibidi LLC, Verona, WI, USA 

Cryotube Cryo.S     Greiner Bio-One GmbH, Kremsmünster, A 

Melanine 6 µm particles marked with FITC  Sigma-Aldrich Co. LLC., St. Louis, MO, USA 

Object slide      Menzel GmbH, Braunschweig, GER 

Optical adhesive film    Applied Biosystems, Darmstadt, GER 

Optical 96-well reaction plate   Applied Biosystems, Darmstadt, GER 
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Pasteur pipettes     Plastibrand, BRAND, Wertheim, GER 

Pipette tips: 10 µl, 100 µl, 1,000 µl, 5,000 µl  Greiner Bio-One GmbH, Kremsmünster, A 

Pipettes serologic     Greiner Bio-One GmbH, Kremsmünster, A 

PVDF membrane     Roche Diagnostics GmbH, Mannheim, GER 

Tubes: 5 ml, 15 ml, 50 ml    Life Technologies GmbH, Darmstadt, GER 

Safe-Lock-Tubes: 0.5 ml, 1.5 ml, 2.0 ml  Eppendorf AG, Hamburg, GER 

SafeSeal tips: 10 µl, 20 µl, 200 µl, 1,000 µl  Biozym Scient. GmbH, Hessisch Oldendorf, GER 

 

2.1.5 Laboratory instruments 

 

Bio-Plex 200 array System    Bio-Rad Laboratories GmbH, Munich, GER 

Cellometer®Mini     Nexcelom Bioscience LLC, St. Laurence, MA, USA 

Centrifuge 5810R (10 - 50 ml tubes)   Eppendorf AG, Hamburg, GER  

Centrifuge 5417R     Eppendorf AG, Hamburg, GER 

Clean bench: Safeflow 1.2    Nunc™, Wiesbaden, GER 

CO2 incubator series CB    BINDER GmbH, Tuttlingen, GER 

Confocal laser scanning microscope LSM780  Carl Zeiss AG, Oberkochen, GER 

Criterion™ Cell     Bio-Rad Laboratories GmbH, Munich, GER 

Critical point dryer K850    Emitech GmbH, Taunusstein, GER 

FACSCalibur     BD Biosciences, Erembodegem, BE 

Field emission scanning electron    Carl Zeiss AG, Oberkochen, GER 

  microscope Merlin VP 

ImageLab-ChemiDoc-MP    Bio-Rad Laboratories GmbH, Munich, GER 

Heater MHR13     HCL, BioTech, Bovenden, GER 

Magnetic separation block for 96-well plates  Merck KGAA, Darmstadt, GER 

NanoDrop 1000     Thermo Scientific Inc., Waltham, MA, USA 

Pipettes: 0.5-10 µl, 10-100 µl, 100-1,000 µl,  Eppendorf AG, Hamburg, GER 

  1,000-5,000 µl 

Pipette helper (Accu®Jet pro)   BRAND GmbH & Co KG, Staufen, GER 

Power Supply EPS 301    Amersham Pharmacia Biotech, Amersham, UK  

PTC-150 MiniCycler™    Biozym Scientific GmbH, Oldendorf, GER 

Real-Time PCR Applied Biosystem 7500  Applied Biosystems, Darmstadt, GER 

Reflected-light microscope Axiovert 100  Carl Zeiss AG, Oberkochen, GER 
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Refrigerator      LIEBHERR, Ochsenhausen, GER 

Rosys Anthos 2010     Anthos Mikrosysteme GmbH, Krefeld, GER 

Scanning electron microscope DSM 910A  Carl Zeiss AG, Oberkochen, GER 

Shaker: ST 5 CAT     NeoLab, Heidelberg, GER 

Sputter Coater SCD 004    BAL-TEC, Macclesfield, UK 

Suction system     INTEGRA Biosciences GmbH, Fermwald, GER 

Tecan Infinity 200     Tecan Group Ltd., Männedorf, CHF 

Trans-Blot® Cell     Bio-Rad Laboratories GmbH, Munich, GER 

Vortex mixer: REAX top    Heidolph Instruments GmbH, Kelheim, GER  

Water bath: Type 1002    Gesellschaft Labortechnik mbH, Burgwedel, GER 

 

2.2 Methods 

 

2.2.1 Titanium surface preparation 

 

Geometrically structured: For the cell-material interaction analysis, defined periodically micro-textured 

samples (size 1 cm²) with regular cubic pillar geometry having a dimension of 5x5x5 µm in width x length 

x height and 5 µm in spacing (P-5x5) were used throughout the experiments. In addition, micro-pillars 

with the dimensions 1x1x1 µm in width x length x height and 1 µm spacing (P-1x1x1); 2x2x5 µm and  

2 µm spacing (P-2x2x5) as well as 3x3x5 µm and 3 µm spacing (P-3x3x5) were used. Unstructured, plane 

surfaces (Ref) were employed as controls. The samples were fabricated by deep reactive-ion etching 

(DRIE) of silicon wafers at the Center for Microtechnologies (University of Technology Chemnitz, 

Germany). For the DRIE process, the silicon wafers were concealed with a mask of silicon oxide (SiO2) to 

cover the non-etching regions. Afterwards, a two-step dry etch process was applied at which etch and 

passivation steps alternated. For the etching process, the silicon wafers were treated in a plasma reactor 

with sulfur hexafluoride (SF6) in high frequent plasma with argon. The chemical isotropic etch reaction 

and the physic anisotropic material removal occurred of the generated reactive gas, accompanied with the 

acceleration of the ions in an electric field. The etch reaction was stopped by initiating a gas mixture into 

the plasma reactor, which created a passivation layer on the sample surface that increased the anisotropy 

of the etching process. This two-step dry etch process was repeated until the desired topography depth was 

accomplished. Subsequently, the mask leftovers were removed and the samples were sputtered with 100 

nm titanium. Before usage of the titanium arrays, they were treated for 10 min with 70 % ethanol and 

rinsed thrice with PBS. The samples were only used once and then discarded.  
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Figure 10: Geometrical micro-pillar topographies. (A) Schematic illustration of the deep reactive-ion etching (DRIE) 

process of silicon wafers printed with a photoresist layer (red) to determine the etching regions. After cleaning of the 
photoresist layer the micro-structured silicon wafer is sputtered with 100 nm titanium. (B) Scanning electron 

microscopy images of the used micro-pillar topographies, magnification 1,000x, bar 5 µm, Merlin VP (Carl Zeiss). 

 

Stochastically structured: As commercially available rough implant model surfaces, corundum blasted 

titanium disks and as controls polished titanium disks (diameter 30 mm, titanium with technical purity 

grade 2) from the company DOT GmbH (Rostock, GER) were purchased. Polishing was performed with 

SiC grinding paper (grit P4000) and corundum blasting with aluminum oxide particles 500-600 µm in size 

at 6 bar. The surfaces revealed an average roughness values Ra of 0.19 µm for the polished Ti and 6.07 µm 

for the corundum blasted Ti [7;8]. Before usage the samples were ultrasonically cleaned for 5 min, 

sterilized with 70% ethanol for 10 min and washed thrice with PBS.  

 

2.2.2 Surface functionalization with plasma polymerized allylamine (PPAAm) 

 

The DRIE-fabricated Ti arrays were decontaminated and activated by pulsed oxygen plasma (500 W,  

50 Pa, 100 sccm O2/25 sccm Ar, 30 s effective) and coated by the plasma polymerization of the precursor 

allylamine using pulsed low pressure microwave plasma (2.45 GHz, 500 W, 50 Pa, 50 sccm allylamine/ 

50 sccm Ar, 480 s effective) in a plasma reactor (V55G, Plasma Finish) of the Leibniz Institute of Plasma 

Science and Technology (INP) Greifswald (GER) [36]. 
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2.2.3 Osteoblast cell lines and cell culture experiments 

 

Cell types: The human osteoblast-like cell line MG-63 (American Type Culture Collection ATCC®, CRL-

1427) was used throughout the experiments. The MG-63 osteosarcoma cell-line is established as model 

system for in vitro experiments of cell-material interactions because the cell-line conserved functional 

properties of primary osteoblasts, such as pattern of gene expression and adhesion, as well as signaling 

pathways [7;8;22]. Therefore, the MG-63 osteoblasts show similar sensitivity regarding topographical 

characteristics such as primary osteoblasts [77], having the advantage of continuously cell dividing and 

availability. 

In addition, for the indicated investigations the human osteoblast-like cell lines SaOs-2 (ATCC, HTB-85) 

and U-2Os (ATCC, HTB-96), as well as human primary fetal osteoblasts (hFOB, ATCC, CRL11372) and 

human primary osteoblasts (hOB, PromoCell) were used. MG-63, SaOs-2 and U-2Os were grown in 

Dulbecco’s modified eagle medium (DMEM, Life Technologies GmbH) with 10% fetal calf serum (FCS) 

(Biochrom FCS Superior, Merck KGaA) and 1% gentamycin (Ratiopharm GmbH) at 37 °C in a 

humidified atmosphere with 5% CO2. hFOB were grown in Ham's F12 DMEM (Life Technologies 

GmbH) with 10% FCS (Biochrom FCS Superior, Merck) and hOB were cultured in osteoblast growth 

medium (PromoCell GmbH) at 37 °C in a humidified atmosphere with 5% CO2.   

Before use of the hOB, alkaline phosphatase production by the cells was verified, to ensure the cells are 

functional osteoblasts. Therefore, the cells were fixed with 4% paraformaldehyde for 10 min at RT, 

washed with Aqua dest. and then stained for 10 min with ALP staining solution. The resulted red 

colorization was observed under the reflected-light microscope Axiovert 100 (Carl Zeiss) and indicates 

ALP activity of functional osteoblasts.  

 

Cell cultivation: Before thawing of the cryo-conserved cells (10
6
 cells in 1 ml) in a water bath with 37°C 

(2 min), 15 ml cell culture media was preincubated in a 75 cm² cell culture flask for 15 min in the 

incubator at 37°C and 5% CO2. The thawed cells were then transferred into the prepared cell culture flask. 

24 h later, a media change was performed to remove dead cells and the toxic dimethylsulfoxide (DMSO), 

which is part of the cryo-media. After 3 days, the cells formed a confluent monolayer at the cell culture 

flask bottom. At this point, the cells were ready to passage. For the passages as well as experiment 

seeding, the cells were rinsed with 5 ml PBS without Ca
2+

/Mg
2+

 (PAA Laboratories) and detached from 

the flask bottom by incubation with 2 ml 0.05% trypsin- 0.02% ethylenediaminetetraacetic acid (EDTA, 

PAA Laboratories) for 5 min in the incubator at 37°C. Trypsin is a protease which cleaves proteins after 

the amino acids arginine and lysine. As consequence, it lyses the adhesion proteins of the cells and 

achieves the cell detachment [78]. This process is called trypsinization.   
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The addition of the bivalent cation chelate complex builder EDTA enables stabilization of cell adhesion 

membrane proteins and the detached cells were resuspended in cell culture media. The FCS in the cell 

culture media contains protease inhibitors that hinder the typsin-EDTA reaction. Determination of the cell 

number in the solution was done by filling 20 µl of the cell solution into the Cellometer Counting 

Chambers (Nexcelom Bioscience), read out and counted by the Cellometer™ (Nexcelom Bioscience).   

According to the respective experimental setup, the cells were seeded onto the titanium samples and in a 

new cell culture flask. Only cell passages 5-25 were used for the experiments because higher passages 

inclined to inconstant cell growth. The cell growth and morphology was controlled with an inverse light 

microscope (Axiovert25, Carl Zeiss AG).   

 

Cell seeding: In all experiments for the investigated cultivation times of 3, 24, and 48 h, 15,000 cells/cm² 

were seeded onto the samples placed in NUNC 4-well dishes (Thermo Fisher Scientific) or 6-well plates 

(Greiner Bio-One International GmbH). For the cultivation times of 72 and 96 h, 5,000 cells/cm
2
 were 

seeded onto the samples and after 48 h a media change was made. For cultivation against gravity, the cells 

were seeded onto the Ti samples and after 15 min the samples were flipped around and placed on a spacer, 

so the cells hanging upside down from the pillars only secured by the adhesion to the pillars. Before use, 

the titanium samples were washed in 70% ethanol for 10 min and rinsed thrice in PBS.   

 

Inhibition experiments: Filipin III (Sigma-Aldrich) is a macrolide pentene polyene, a class of substance 

that binds cholesterol and is commonly used as caveolae/lipid raft-inhibitor [79]. For caveolae inhibition 

purpose, vital, non-fixed MG-63 cells were incubated with 0.5 µg/ml Filipin III in DMEM for 15 min at 

37 °C and 5 % CO2 after 24 h cultivation on the Ti surfaces.   

For phosphatidylinositol 3-kinase (PI3K) inhibition, the cells were treated with 10 µM LY294002 (Cell 

Signaling) after the seeding of the cells for the experiments.  

 

Particle internalization: For internalization experiments, MG-63 cells were incubated with melamine 

particles 6 µm in size marked with FITC (Sigma Aldrich). For this purpose, cells were seeded on cover 

glasses and incubated for 1 h at 37 °C and 5% CO2 to ensure adhesion. Afterwards, the cells were 

incubated with the 6 µm particles with a concentration of 10
5 

/ml for 24 h (see Fig. 11a). Untreated cells 

grown on cover glass served as control. For mimicking the basal uptake, the micro-particles were fixed on 

the cover glass before cell seeding (see Fig. 11b). Therefore, the cover glass was coated with a 200 µg/ml 

rat tail collagen type I solution (BD Bioscience) for 1 h, after discarding the supernatant, the micro-

particles (with a concentration of 10
5
, based on manufactures data sheet) were added and dried overnight 

under a clean bench. 
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Figure 11: Schematic illustration of the 6 µm-sized particle internalization experiments. (A) Incubation of MG-63 cells 
seeded on a cover glass with micro-particles from the apical cell side. (B) Seeding of the MG-63 cells to micro-

particles fixed on a collagen I-layer. 

 

2.2.4 Real time-qPCR for mRNA expression analyses 

 

Total RNA was isolated using a NucleoSpin®RNA II kit (Macherey-Nagel GmbH & Co KG), which 

includes the elimination of any genomic DNA by DNase (Macherey-Nagel GmbH & Co KG) treatment. 

The purity and quantity of the resulting RNA were determined via measurement of the absorbance at 280 

nm and 260 nm with the Nano Drop 1000 (Thermo Scientific). 50 ng of total RNA was used for first 

strand cDNA synthesis using Superscrip®II Reverse Transkriptase and Random Primers (Invitrogen AG). 

The real time quantitative polymerase chain reaction (Rt-qPCR) was performed using TaqMan® 

Universal PCR Master Mix and TaqMan® gene expression assays for actin-related 2/3 complex subunit 4 

(ARPC4), alkaline phosphatase (ALP), caveolin-1 (Cav-1), cell division control protein 42 (CDC42), 

collagen type I (Col1), extracellular signal-regulated kinase 1/2 (ERK1/2), fibronectin (FN), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), nuclear factor κB (NFκB), osteocalcin (OCN), 

phosphatidylinositol 3-kinase (PI3K), Ras homolog gene family member A (RhoA) and Rho-associated 

kinase 1 (ROCK1) (Life Technologies GmbH), all listed in the chapter 2 .1.3 Kits/Assays/Antibodies 

under “Kits”. TaqMan® gene expression assays consist of a pair of unlabelled PCR primers and a 

TaqMan® probe with a fluorescent dye label (FAM™; fluorescein) on the 5’ end as well as 

nonfluorescent quencher on the 3’ end. The quencher molecule inhibits the fluorescence signal of the 

fluorophore as long as the fluorophore and the quencher are in proximity. The unlabelled primers are 

designed to anneal within a specific DNA region. The Taq polymerase (component of the TaqMan® 

Universal PCR Master Mix) extends the unlabelled primer and synthesizes the nascent strand. The 5’ to 3’ 

exonuclease activity of the Taq polymerase degrades the labelled probes, that has annealed to the template 

and this degradation relieves the quenching effect. The detected fluorescence is directly proportional to the 

fluorophore released and the amount of DNA template present in the PCR [80]. TaqMan® PCR assay for 

each target gene was performed in triplicates of 4 independent experiments. The PCR was performed with 

Real-Time PCR Applied Biosystem 7500 and the data were collected and analyzed by the 7500 System 

SDS Software (Applied Biosystems). Each expression was calculated relative to GAPDH (Δ Ct) and then 

relative to the references (ΔΔ Ct). 
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2.2.5 Protein quantification 

 

The quantifications of desired proteins were performed with two different methods, for once via western 

blot and secondly with the Bio-Plex®200 luminex bead multiplex analysis system (Bio-Rad Laboratories 

GmbH).   

 

Preparation and concentration determination of the protein lysates  

 

The BioPlex cell lysis kit (Bio-Rad Laboratories GmbH) was used for the cell lysis. Therefore, the MG-63 

cells were washed three times with the kit provided wash buffer and then treated with ice-cold lysis buffer 

for 30 min, while shaking with 300 rpm on ice. Afterwards, the samples were rinsed with the lysis buffer 

to ensure a complete suspension of the cells, transferred into an Eppendorf reaction vessel and centrifuged 

for 10 min at 4 °C and 15,000 g. The supernatant contained the suspended proteins, conveyed into a new 

Eppendorf reaction vessel and were stored at -20 °C. Protein quantification was performed using the 

Bradford method in a 96-well micro-plate format. The Bradford method is a colorimetric spectroscopic 

measurement of the triphenylmethane dye Coomassie Brillant-Blue, which features an absorption shift 

during protein binding [81]. Absorbance of the Bradford reagent (Bio-Rad Protein Assay, Bio-Rad 

Laboratories GmbH) was measured with the Rysos Anthos 2010 (Anthos Mikrosysteme GmbH) at λex = 

595 and λem = 360.   

A BSA dilution row with concentrations ranging from 0 – 10 µg/ml served for the calculation of an 

absorbance-concentration plot. Secreted proteins were measured out of the cell culture media supernatant, 

which was collected after 24, 48 and 96 h cell culture time and stored at -20 °C. 

 

Western-Blot and densitometric analysis  

 

Immunoblots were performed from total lysates of MG-63 cells, which were cultivated on the Ti arrays 

for 3, 24 and 96 h. Total cellular protein was separated by SDS-PAGE (Bio-Rad Laboratories GmbH) and 

afterwards transblotted to PVDF membranes (Roche Diagnostics GmbH) via wet blot in a Trans-Blot® 

Cell (Bio-Rad Laboratories GmbH) for 1 h at 400 mA.[82;83]. Analyses were done for annexin A2 

(AnxA2), bone sialo protein 2 (BSP-2), caveolin-1 (Cav-1), CD68, collagen Type I (Col1), extracellular 

signal-regulated kinase 1/2 (ERK 1/2), focal adhesion kinase (FAK), fibronectin (FN), nuclear factor κB 

(NFκB p65), phosphatidyl-3 kinase (PI3K p85α), Src kinase, Tyr14 phosphorylated caveolin-1 (pCav-1), 
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glyceralaldehyde 3-phosphate dehydrogenase (GAPDH) with the listed antibodies in the chapter 2.1.3 

Kits/Assays/Antibodies under “Antibodies-Western Blot”. The membranes were incubated over night at 

4°C with the appropriate primary antibody diluted in 5 % BSA in TBS-T, followed by 1 h incubation at 

RT with horseradish peroxidase (HRP)-conjugated secondary antibody diluted in 5 % skim milk in TBS-T 

(New England Biolabs GmbH), listed in the chapter 2.1.3 Kits/Assays/Antibodies under “Antibodies-

Western Blot”. Primary antibody binding was detected by using a fast chemiluminescent substrate for 

HRP (Femto Dura West Signal, Thermo Scientific). For each detected protein, 4 independent experiments 

were analyzed. Immunoblotting analyses were carried out with ImageLab-ChemiDoc-MP (Bio-Rad 

Laboratories GmbH) and the densitometric analysis with ImageJ (Wayne Rasband, National Institute of 

Health). GAPDH, as well as the gel stain free with total protein loading, were used as endogenous control. 

 

Bio-Plex®200 luminex bead multiplex analysis  

 

The Bio-Plex®200 system is a bead-based luminex xMAP™ technology for multiplex analysis. During 

the Bio-Plex assay an antibody binds to the target protein. This antibody is covalently bound to a 

paramagnetic micron-sized bead. These beads are filled with two fluorophores in various ratios and enable 

the differentiation of the emitted light into 100 distinct sections in the red channel. This red fluorescence is 

specific for the protein. Subsequently a second detection antibody binds to another epitope of the protein 

and is coupled with the fluorescent reporter (streptavidin-phycoerythrin), which is specific for the 

quantification. The detection is performed via excitation of the fluorophores by two lasers with different 

wavelength in the flow cell in the Bio-Plex®200 system. Excitation of the beads at 635 nm with the first 

laser in the red channel identify the respective protein, excitation of the labeled reporter with the second 

laser at 523 nm let determine the quantity of the targeted protein, because the intensity of the emitted 

green light is proportional to the quantity of the targeted protein [84]. The investigated cellular proteins 

catalase (Cat), superoxide dismutase 1&2 (SOD1, SOD2), thioredoxin peroxidase (PRX2), the 

phosphorylated focal adhesion kinase (FAK) at Y397 (FAK(pY397)) and Y861 (FAK(pY861)), 

phosphorylated Src at Y419 (Src(pY419)) as well as the secreted proteins osteocalcin (OCN), osteopontin 

(OPN) and interleukin 6 (IL6) with their associated assays are listed in the chapter 2.1.3 

Kits/Assays/Antibodies under “Luminex assays”. For the luminex assay measurement, a 96 well plate 

was wetted with 200 µl washing buffer, supplied with each assay. The suspension of the magnetic beads 

coupled with the specific antibodies were sonicated for 30 sec, vortex for 1 min and then transferred to a 

mixing bottle. 25 µl of the bead mix was transferred to each well of the 96-well plate and mixed with 25 

µl of the protein lysates for the cellular protein quantification or 25 µl of the cell culture supernatant for 

the quantification of secreted proteins, as well as 25 µl of standard and control samples, supplied by each 
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assay for the quantification of the specific protein concentration. The samples mixed with the magnetic 

beads were incubated over night at 4 °C shaking with 300 rpm. For the decantation of the well contents, 

the 96-well plate was put onto a hand-held magnetic separation block (Merck KGaA), which attracts the 

magnetic beads coupled with the antibodies bonded to the specific proteins desired to detect. The wells 

were washed three times with 200 µl washing buffer and incubated with 50 µl of a detection antibody 

solution that was supplied with each assay for 30 min at RT while shaking for 300 rpm. Afterward 50 µl 

of a Streptavidin-Phycoerythrin solution, also supplied with each assay, was added to each well and 

incubated for 30 min at RT while shaking for 300 rpm, followed by washing thrice with 200 µl washing 

buffer. For the detection run, 100 µl washing buffer was added to each well and the plate shoke for 5 min 

at 300 rpm for the resuspension of the magnetic beads.   

The protein quantification was collected with the Bio-Plex-System (Bio-Rad Laboratories GmbH) and the 

Bio-Plex Manager™ 4.1.1 software (Bio-Rad Laboratories GmbH), measured in Mean Fluorescence 

Intensity (MFI). The MFI values were normalized on the with the Bradford method measured protein 

lysate concentrations.  

 

2.2.6 Protein localization via immunofluorescence staining 

 

Osteoblastic cells were cultured on the Ti arrays (cell seeding of 15,000 cells for 3, 24, 48 h and 5,000 

cells for 72, 96 h incubation time), washed three times with PBS and were then fixed with 4 % 

paraformaldehyde (10 min at RT) (Sigma-Aldrich). After washing thrice with PBS, the cells were 

permeabilized with 0.1 % Triton X-100 (10 min, RT) (Merck KGaA), washed again three times with PBS 

and blocked with 2 % bovine serum albumin (BSA) (Sigma-Aldrich) in PBS (30 min, RT).   

Actin: For actin filament staining, the cells were incubated with phalloidin coupled with tetramethyl-

rhodamine (TRITC) (5 µg/ml in PBS, Sigma-Aldrich) for 1 h at RT in the dark.   

 

Immunolabeling: The immuno-fluorescent staining of the targets annexin A2, α-tubulin, caveolin-1, 

CD68, clathrin heavy chain, activated β1-integrin (CD29 9EG7), Tyr14 phosphorylated caveolin-1, NFκB 

p65, PI3K p85α and PIP2 (anti-phosphatidylinositoles) antibody labeling was performed with the 

antibodies listed in the chapter 2.1.3 Kits/Assays/ Antibodies under “Antibodies - Immunofluorescence”. 

The primary antibodies (diluted in PBS) were used for the immunolabeling at RT for 1 h. Secondary 

antibodies are also listed in the chapter 2.1.3 Kits/Assays/ Antibodies and were applied for 30 min at RT 

in the dark.  
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Nuclei: Nuclei were stained with a 1 µg/ml 4',6-diamidino-2-phenylindole (DAPI) solution (Sigma-

Aldrich) for 15 min at RT. The DAPI dye intercalates into DNA double strands and enables their labeling 

in this way. Nucleus shape was quantified by calculating the circularity of each individual nucleus, 

described circularity = 4πA/P2, where A is the nucleus area and P is the nucleus perimeter. Circularity 

with the value of 1 reflects a perfectly round nucleus, whereas polygonal forms were displayed by a form 

factor < 1.0.   

 

The samples were embedded with fluoroshield mounting media (Sigma-Aldrich) and the experiments 

were repeated 3 times.   

 

2.2.7 Cholesterol quantification and staining 

 

Filipin III is not only used as caveolae inhibitor, the interaction with cholesterol also alters the Filipin III 

fluorescence spectra allowing visualization of excitations at 340-380 nm and emission at 385-500 nm [79]. 

MG-63 cells were cultivated for 24 h on the Ti arrays. For the cholesterol quantification, the cells were 

washed with PBS, trypsinized and suspended in PBS with Ca
2+

 /Mg
2+

 to stop the trypsinization reaction. A 

centrifugation at 400 xg for 5 min was performed. The cells were washed in PBS and fixated with 4 % 

paraformaldehyde (10 min, RT), again washed with PBS and incubated with 100 µg/ml Filipin III in PBS 

(30 min, RT). A centrifugation at 400 xg for 5 min was performed after every step. Fluorescence was 

measured in triplicates of 5 independent experiments in a black 96-well plate (Greiner Bio-One 

International GmbH) by Tecan Infinity 200 (Tecan Group Ltd.) with λex = 360 nm and λem = 480 nm. 

Filipin III solution without cells and cell solution without Filipin III were used as blanks during the 

calculation. 

For the cholesterol staining, the cells on the Ti arrays were washed three times with PBS and were then 

fixed with 4 % paraformaldehyde (10 min at RT). After washing thrice with PBS, cholesterol staining was 

performed with 2.5 µg/ml Filipin III in PBS for 15 min at RT.  

 

2.2.8 Cav-1 transfection  

 

Small interfering RNA (siRNA) or silencing RNA is a class of RNA molecules, 20-25 base pairs in 

length. These RNA molecules interfere with the expressed mRNA of specific genes with complementary 

nucleotide sequence, leading to degradation of the mRNA and resulted in no protein translation [85].   
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In this thesis, siRNA against Cav-1, as well as control siRNA were obtained from Ambion (Life 

Technologies GmbH). For the transfection, 30,000 MG-63 cells were seeded in a 24-well plate and 

cultured overnight. Then the cells were transfected with 50 nM siRNA using MG-63 Transfection Reagent 

(Altogen Biosystems) according to the manufacturer’s instructions. 48 h after the transfection, the cells 

were ready for further experiments. Once, they were treated for 24 h with 6 µm particles and secondly 

they were also trypsinated and seeded onto the Ti arrays for 24 h. The transfected cells were stained for 

the actin cytoskeleton via phalloidin-TRITC and Cav-1as already described above.  

 

2.2.9 ATP and ADP measurement 

 

MG-63 osteoblasts were cultured for 24 h on the Ti samples. Adenosine triphosphate (ATP) 

measurements were determined using the ATP colorimetric/fluorometric assay kit (Abcam, Cambridge, 

MA, USA) and adenosine diphosphate (ADP) with ADP colorimetric/fluorometric assay kit (Abcam). 

Measurements were performed using the fluorometric assay. Cells on the samples were washed with ice-

cold PBS, trypsinated, washed twice with PBS and resuspended in 150 µl ATP- or ADP assay buffer. Past 

the second wash step, a 20 µl sample was taken for the cell counting with the Cellometer (Nexcelom 

Bioscience LLC). After a centrifugation at 4°C and 13,000 xg for 2 min, the supernatant was collected 

into a new Eppendorf reaction vessel. 50 µl of the collected supernatant and 50 µl of the ATP- or ADP 

master mix (composition listed in the chapter 2.1.2 Buffers/ Solutions) were transferred into a black 96-

well plate and incubated for 30 min at RT protected from light. Fluorescence was measured in triplicates 

in a black 96-well plate by Tecan Infinity 200 (6 independent experiments for the micro-pillared surfaces, 

4 independent experiments for Ti-P and Ti-CB disks as well as for the particle-treated cells) with 5x10
4
 

cells for the Ti arrays (DRIE etched surfaces, Ref and P-5x5) and with 1.5x10
5
 cells for the 6 µm particle 

treatment, as well as the polished (Ti-P) and corundum-blasted titanium (Ti-CB) disks for each triplicate. 

During the assay, no deproteinization step was performed, so the temporally used ATP bound by proteins 

was not measured, only the free ATP or ADP concentration in the cells.  

 

2.2.10 Mitochondrial activity 

 

The potential-sensitive fluorescence dye JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenz-imidazolyl-

carbocyanine iodide) (Life Technologies GmbH) was used to measure the mitochondrial activity [86].   

The dye was dissolved to a stock concentration of 2.5 mg/ml in DMSO. MG-63 cells were cultivated for 
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24 h on the Ti arrays and then stained in a vital state with 10 µg/ml JC-1 in DMEM for 15 min at 37 °C in 

a humidified atmosphere with 5% CO2. Afterwards the cells were rinsed twice with PBS and the 

fluorescence was immediately acquired with the inverted laser scanning microscope LSM 780 (Carl Zeiss 

AG) using a 20x (EC Plan-Neofluar) objective (Carl Zeiss AG). Therefore, the Ti arrays were placed into 

an IBIDI µ-Dish
35 mm high 

(IBIDI LCC) with the adherent cells towards the bottom of the dish containing 2 

ml of PBS. Green fluorescence was observed through the bandpass of 493 - 578 nm and red fluorescence 

through 568 - 712 nm. Red/green fluorescence was measured with the ZEN 2011 (black version) software 

(Carl Zeiss AG) by collecting the individual single cell green and red fluorescence of 150 cells at each 

surface of 2 independent experiments.  

 

2.2.11 Reactive oxygen species (ROS) determination 

 

Intracellular ROS generation was assessed by using 2’,7’-dichlorofluorescein diacetate (DCF-DA) (DCF-

DA cellular ROS detection assay kit, Abcam). After washing with PBS, the cells were trypsinized and 

resuspended in PBS with Ca
2+

 /Mg
2+

 (PAA Laboratories). A centrifugation at 400 xg for 5 min was 

performed. The cells were washed again with PBS, followed by another centrifugation step. Subsequently, 

the cells were resuspended in a 20 µM DCF-DA solution and incubated for 30 min at 37 °C in the dark. 

As positive control, cells cultured at tissue culture polystyrene TCPS were treated with 50 µM tert-butyl 

hydrogen peroxide in the cell culture media for 1 h before staining. ROS in the cells cause oxidation of 

DCF-DA, yielding the fluorescent product 2’,7’-dichlorofluorescein (DCF) [87]. The DCF fluorescence 

was measured in the flow cytometer FACSCalibur (BD Biosciences, excitation 488 nm). For data 

acquisition and analyses the software CellQuest Pro 4.0.1 (BD Biosciences) was used and results of 4 

independent experiments were presented as arbitrary units (mean channel) of fluorescence intensity.  

Mitochondrial ROS was quantified with the fluorescent dye MitoSOX™ Red (Thermo Fisher Scientific). 

MitoSOX™ Red is rapidly and selectively targeted to the mitochondria, where it is exclusively oxidized 

by superoxide and exhibits red fluorescence. MitoSOX™ Red was dissolved in DMSO to a 5mM stock 

solution. Working solution with the concentration of 5 µm MitoSOX™ Red was prepared in PBS 

containing Ca
2+

 and Mg
2+

. After washing the cells with PBS the MitoSOX™ Red working solution was 

added and incubated for 10 min at 37°C and 5 % CO2. Subsequently, the cells were collected by 

trypsinization, washed and supplemented with PBS (with Ca
2+

/Mg
2+

). Measurements were performed with 

the flow cytometer FACSCalibur (BD Biosciences, excitation 488 nm). For data acquisition and analyses 

the software CellQuest Pro 4.0.1 (BD Biosciences) was used. Results of 4 independent experiments were 

presented as arbitrary units (mean channel) of FL-2 fluorescence intensity.  
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2.2.12 Live cell imaging 

 

For the observation of actin in living cells, the green fluorescent protein (GFP)-actin baculovirus 

expression vector (CellLight™ Actin-GFP BacMam 2.0, Life Technologies) was transfected into MG-63 

cells. The BacMam technology is based on double stranded DNA insect viruses (baculovirus) as vehicles 

to efficiently deliver and express genes in mammalian cells. The baculovirus has been modified by 

engineering of mammalian expression cassette for transgene expression in mammalian cells [88]. In this 

case, the DNA coded for actin coupled with GFP is contained in the BacMam particles, which were taken 

up by endocytosis, released for transcription and expression following migration to the nucleus. Therefore, 

2 µl of BacMam 2.0 reagent per 10,000 cells were added in the cell culture media and incubated for 24 h 

at 37°C and 5% CO2 to ensure the expression of actin coupled with GFP. Afterwards, the cells were 

trypsinized and seeded onto the Ti arrays for 15 min to ensure adhesion. Then the Ti arrays were placed 

into an IBIDI µ-Dish
35 mm high 

(IBIDI LCC) with the adherent cells towards the bottom of the dish, 

containing 2 ml of DMEM. The actin dynamics of the vital cells was visualized with the inverted confocal 

laser scanning microscope using a 20x (EC Plan-Neofluar) objective (Carl Zeiss AG) under incubation at 

37°C and 5 % CO2. Thus, actin dynamics were visualized with cultivation against gravity. Image 

acquisition was every 10 min for 7 h and converted to a video via the ZEN 2011 (black version) software. 

 

2.2.13 Confocal laser scanning microscopy 

 

Fluorescent image acquisitions of fixed and vital cells were performed by confocal laser scanning 

microscopy. The advantage of the confocal laser scanning microscopy towards conventional light 

microscopy is the option of displaying only one focus plane of the sample’s reflected and emitted light. 

Generated light beyond the focus plane is suppressed by a variable pinhole [89].   

This gives the opportunity to visualize sharp and high defined images of the investigated sample. A 

versatile mirror system enables optical sections in defined distances in the xy- and xz-dimensions and 

consequently with 3 dimensional (3D) z-stack generation. A focused laser beam scanned the sample point 

wise, which resulted in reduced scattered light from the neighboring regions, higher definition and 

contrast for the image in the focal plane. Light sensitive radiation detectors (Photomultiplier) recognize 

the generated fluorescence light intensities of the point wise measurements and convert them into 

electrical signals for reconstruction of the whole image. Image acquisition was done on an inverted 

confocal laser scanning microscope LSM 780 (Carl Zeiss AG).  
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The ZEISS oil immersion objective (C-Apochromat63) and the ZEN 2011 (black version) software (Carl 

Zeiss AG) were used for the image acquisition. All images were displayed as three dimensional (3D) z-

stacks (13 stacks with an interval of 1 µm). Experiments were repeated at least three times. Z-stacking was 

used to generate a 3D representation to understand the overall cell structures not limited to one horizontal 

plain of the micro-topography, e.g. the top of the pillars. Thus, a false interpretation due to different 

observation levels (confocal principle) could be avoided.  

For live cell imaging (see 2.2.12) cells were visualized using a 20x (EC Plan-Neofluar) objective (Carl 

Zeiss AG) under incubation at 37 °C and 5 % CO2. Image acquisition was every 10 min for 7 h and 

converted to a video via the ZEN 2011 (black version) software. 

 

2.2.14 Cell morphology analysis 

 

Cell morphology of MG-63 osteoblast was examined by scanning electron microscopy. Therefore, the 

cells were washed with PBS three times and then fixed with 2.5 % glutardialdehyd (Merck KGaA) for 1 h 

at RT, dehydrated through a graded series of ethanol (30, 50, 75, 90 and 100 % for 5, 5, 15, 10 min and 

twice for 10 min, respectively), dried in a critical point dryer (K 850, EMITECH). The samples were 

sputtered with gold for 100 s (layer ca 20 nm) (SCD 004, BAL-TEC). Scanning electron microscopy 

(SEM) observations were performed with the scanning electron microscope DSM 960A (Carl Zeiss AG) 

and the field-emission scanning electron microscope MerlinVP microscope (Carl Zeiss AG) at the 

Electron Microscopy Center, University Medical Center Rostock.  

 

2.2.15 Statistical analysis 

 

Statistical analyses were carried out with GraphPad Prism5 software (GraphPad Software Inc.). Results 

are presented in box plots with medians, quartiles and an interquartile range (IQR) ± 1.5 x IQR. Data 

analyses were performed using the Mann-Whitney U test. P-values < 0.05 were considered to indicate 

significant differences.  
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3. Results 

 

3.1 Cell phenotype and cytoskeleton organization on micro-pillars  

 

Actin is the essential element of the cytoskeleton, known to have a primal role in diverse cellular 

processes, controlling the functional and morphological behavior of cells. Changes in the cell morphology 

and the cell nucleus shape dependent on the growth of MG-63 osteoblasts on the micro-pillared 

topography (dimension 5x5x5 µm, P-5x5) are shown in Fig. 12. Cell morphology studies were performed 

with scanning electron microscopy (SEM). The MG-63 osteoblasts exhibited an elongated phenotype on 

the pillar structures, also observed by Staehlke and Matschegewski et al. [10;90].   

The cells spread out on the top of the pillars and only the filopodia reached out to the bottom of the 

topography. This was opposite to the planar reference samples (Ref), where the MG-63 cells showed a 

randomly oriented, flattened phenotype and attachment with the entire cell body to the surface.   

MG-63 osteoblasts strongly adapt to the micro-pillar topography and fluorescent staining of the nucleus 

should show if the deformation also extends to the interior of the cell. Microscopic analysis of the dyed 

nuclei revealed a nucleus deformation, when growing on the micro-pillars (Fig. 12b). The nucleus 

embedded the pillars, leading to a decline of nucleus circularity, indicating a less rounded shape, because 

of the deformation by the micro-pillar topography.  

To investigate whether the actin polymerization machinery is altered by the micro-pillars, gene expression 

analysis of genes involved in the actin polymerization were carried out. Therefore, the actin related protein 

2/3 (Arp 2/3) complex (ARPC4), the cell devision control protein 42 (CDC42), Ras homolog family 

member A (RhoA) and Rho-associated protein kinase (ROCK1) were analyzed. It has been seen, that the 

gene expression of the proteins responsible for actin filament or network formation are not influenced by 

the micro-pillared topography (Fig. 13).  
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Figure 12: Morphology of MG-63 cells on the micro-pillared topography (P-5x5) compared to the planar reference 
after 24 h. (A) Scanning electron microscopy (SEM) images, (left and middle: 1,000x magnification, bar 20 µm; right: 
5,000x magnification, bar 4 µm, P-5x5 30° twisted, DSM910 (Carl Zeiss)). (B) DAPI nuclei staining with nucleus 
circularity of cells, (n = 55 of 2 independent experiments, Mann-Whitney U test, ***: P < 0.001). After 24 h the cells lied 
on top of the micro-pillars and displayed nuclei embedding the micro-pillars, thus the nucleus became more 
elongated. 

 

 

 
Figure 13: Relative gene expression of the actin 

polymerization proteins cell devision control protein 
42 (CDC42), actin related protein 2/3 complex 
(ARPC4), Ras homolog family member A (RhoA) 
and Rho-associated kinase (ROCK1) in MG-63 
osteoblasts on 5x5 µm micro-pillars (P-5x5) 
compared to the planar reference (Ref) after 24 h, 
(n = 4, Ref values normalized on 1, Mann-Whitney 
U test). The micro-pillar topography did not alter 
gene expression of actin polymerization proteins. 
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Confocal microscopy with three dimensional (3D) z-stack generation was applied to visualize the short 

compact actin filaments on the pillar plateaus, as well as the actin formation in between the pillars. Z-

stacking was used to generate a 3D representation to understand the overall cell structures not limited to 

one horizontal plain of the micro-topography. Therefore, all immunofluorescence images in this thesis, 

with exception of the xz- and yz-plane images, were displayed as 3D z-stacks.   

The micro-pillars drastically altered the actin cytoskeleton organization of MG-63 cells (Fig. 14), resulting 

in clustered, short filaments on the pillar tops, as already shown by our group in studies of Matschegewski 

and Staehlke et al. [9;10;90]. The altered actin cytoskeleton led to the question, if the other components of 

the cytoskeleton are as well rearranged? Therefore, the α-tubulin organization in MG-63 cells on the 

micro-pillared textures was investigated via immunofluorescence staining, but showed no effect on the 

tubulin polymerization, whereas the microtubule orientate themselves along the micro-pillared topography 

(Fig. 14). 

 

Figure 14: Immunofluorescence staining of the actin cytoskeleton (red) and α-tubulin (green) as component of the 

microtubuli in MG-63 osteoblasts grown for 24 h on micro-pillars (P-5x5) and on planar reference (Ref), (left and 
middle bar 20 µm, right 5 µm). After 24 h the cells displayed short clustered actin filaments on the pillar plateaus, 
whereas the micro-pillared topography led to no drastically changes in in the tubulin polymerization but to an 
orientation of the microtubules along the topography. 

. 
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3.2 Osteoblast-specific functions on the micro-pillars 

 

Osteoblasts are specialized cells and their function, as bone-forming cells, implicates their production of 

the inorganic as well as organic bone matrix. For the initial cell-topography interaction analysis after 24 h 

cultivation, mRNA expression was determined via Rt-qPCR. The mRNA expression analyses of the 

osteoblast marker proteins and organic bone matrix components alkaline phosphatase (ALP), collagen 

type I (Col1), fibronectin (FN) and osteocalcin (OCN) displayed a significant reduction after 24 h on the 

micro-pillars (Fig. 15). Gene expression changes are adapted fast by cells, whereas protein production 

changes, especially by secreted proteins such as BSP-2, Col1, FN, OCN and osteopontin (OPN) are more 

time sophisticated. Protein expression investigations can be used for medium-long term studies, such as in 

this thesis investigated after 96 h cultivation time. The protein secretion of OCN and OPN (Fig. 16a) as 

well as expression of Col1 and FN were significantly reduced, and tendentially for BSP-2, after 96 h 

cultivation of MG-63 osteoblasts on the micro-pillars (Fig. 16b). Consequently, the initial decrease in 

osteoblast-specific function was retained during medium-long term observations after 96 h cultivation 

time.  

 
 

Figure 15: Relative mRNA expression of the osteoblast 

function markers alkaline phosphatase (ALP), collagen 
type I (Col1), fibronectin (FN), osteocalcin (OCN) and 
osteopontin (OPN) in MG-63 cells grown on micro-pillared 
topography (P-5x5) and planar reference (Ref) for 24 h 
measured by Rt-qPCR, (Ref values normalized on 1, n = 
4, Mann-Whitney U test, *: P < 0.05). Gene expression of 
osteoblast marker was disturbed on micro-pillared 
topography after 24 h. 
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Figure 16: Quantification of the osteoblast function markers bone sialo protein-2 (BSP-2), collagen type I (Col1), 

fibronectin (FN), osteocalcin (OCN) and osteopontin (OPN) in MG-63 cells grown on micro-pillared topography (P-
5x5) and planar reference (Ref) for 96 h. (A) Relative protein expression of BSP-2, Col1 and FN after 96 h cell culture, 

measured by western blot, left representative western blots, right densitometric analyses, (n = 4, Mann-Whitney U 
test, *: P < 0.05). (B) Relative protein secretion of OCN and OPN after 96 h cultivation time measured by luminex 
assay, (n = 4, Mann-Whitney U test, *: P < 0.05). Osteoblast marker protein expression and secretion was impaired on 
micro-pillared topography after 96 h. 

 

3.3 Caveolae-mediated micro-pillar phagocytosis 

 

The observed topography-induced actin cytoskeleton reorganization is also characteristic for phagocytic 

processes and resulted in the hypothesis of an attempted micro-pillar phagocytosis by the MG-63 

osteoblasts. Clathrin-mediated phagocytosis played no role in the micro-pillar phagocytosis because the 

clathrin localization showed no alternations in osteoblasts grown on the micro-pillars (Fig. 17). On the 

planar reference clathrin-coated vesicles were formed (highlighted in the 10x zoom in Fig. 17) whereas no 

such vesicles were observed in the regions of the micro-pillars. 
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Figure 17: Immunofluorescence images of clathrin in MG-63 osteoblasts after 24 h on micro-pillared topography (P-

5x5) and planar reference (Ref), (zoom regions indicated by dashed, white lines, bars 20 µm and for the zooms 5 µm). 
No clathrin-coated vesicle formation was found at the micro-pillared topography. 

 

For the determination of the existence of caveolae, the two major caveolae components caveolin-1 (Cav-1) 

and cholesterol were localized by immunofluorescence labeling or by interaction with the fluorophore 

Filipin III. Cav-1 and also cholesterol displayed a dot-like localization on the micro-pillar plateaus after 24 

h of cultivation (Fig. 18a + b, Fig. 19). The dot-like locations of Cav-1and cholesterol imply the local 

existence of caveolae/lipid rafts on the pillar plateaus, which was not seen on the planar surfaces. To prove 

the existence of caveolae formation on the micro-pillar plateaus, cells were treated with the caveolae/lipid 

raft inhibitor Filipin III [63] (which stains cholesterol, but also acts as an inhibitor; in the latter case the 

vital cells were incubated with Filipin III before fixation and staining). The dot-like cholesterol formation 

on top of the micro-pillars started to disappear after inhibitor treatment, which was accompanied by the 

disruption of the caveolae/lipid rafts (Fig. 18c).  
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Figure 18: Immunofluorescence images of MG-63 osteoblasts after 24 h on micro-pillared topography (P-5x5) and 
planar reference (Ref). (A) Caveolin-1 (Cav-1, green). (B) Cholesterol. (C) Cholesterol after pretreatment with Filipin 

III inducing raft/caveolae inhibition (left and middle bar 20 µm, right 5 µm). The caveolae components Cav-1 and 
cholesterol were dot-like clustered on the micro-pillar plateaus after 24 h indicating cellular processes found in 
phagocytosis. 
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Figure 19: High magnification confocal image of a caveolin-1 cluster on top of one 5x5 µm micro-pillar plateau 

(marked with white dashed lines) in MG-63 osteoblasts after 24 h, (25x zoom, bar 1 µm).  

 

The dot-like Cav-1 and cholesterol enrichments on top of the pillars revealed caveolae formation. MG-63 

osteoblasts are an acknowledged osteoblast cell line derived from osteosarcoma. Hence, the origin of this 

cell line is a bone tumor; as a result the MG-63 cells are tumor cells. For excluding the fact that caveolae 

formation on the pillar plateaus is exclusively observed in the MG-63 osteoblasts, the human osteoblast 

cell lines SaOs-2 and U-2Os, as well as primary human osteoblasts and primary fetal osteoblasts were also 

investigated for caveolae formation (Fig. 20). Both primary osteoblastic cell types, as well as the two 

osteoblastic cell lines exhibited caveolae formation after 24 h cultivation on the micro-pillared topography 

and showed that the caveolae formation is a common osteoblast-specific reaction induced by the 

topography. 
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Figure 20: Immunofluorescence images of caveolin-1 (Cav-1) of human primary osteoblasts (hOB), human fetal 

osteoblasts (hFOB), U-2Os and SaOs-2 osteoblast-like cells on the micro-pillars (P-5x5), (bar left column = 20 µm and 
right column = 5 µm). Dot-like Cav-1 clusters were formed in different osteoblastic cell types indicating similar 
phagocytic approaches of the cell lines. 
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Cav-1 mRNA expression was significantly elevated (Fig. 21a) after 24 h cultivation of the MG-63 

osteoblasts on the micro-pillars. Protein expression analysis of Cav-1 by western blot revealed no changes 

for MG-63 cells grown on the micro-pillared topography (Fig. 21b). Tyrosine (Y) 14 of Cav-1 receives 

regulated phosphorylation (pCav-1) by Src kinases and it is involved in modulation of the focal adhesion 

sites dynamics to increased focal adhesions turnover. pCav-1 protein amount was augmented after 24 h 

cultivation of the MG-63 osteoblasts on the micro-pillars, displaying an increased phosphorylation state of 

Cav-1 (Fig. 21b). The via immunofluorescence determined localization of pCav-1 was enhanced at the 

pillar edges and pillar walls, indicating cell mobility at these regions, whereas it was regularly distributed 

on the reference (Fig. 21c). 

 

 

Figure 21: Caveolin-1 (Cav-1) analysis of MG-63 osteoblasts grown for 24 h on micro-pillared topography (P-5x5) and 
planar reference (Ref). (A) Relative Cav-1 mRNA expression via Rt-qPCR, (Ref values normalized on 1, n = 4, Mann-
Whitney U test, *: P < 0.05). (B) Relative protein expression of Cav-1 and phosphorylated caveolin-1 (pCav-1), 

measured by western blot, left representative western blots and right densitometric analyses, (Ref values normalized 
on 1, for pCav-1 n = 6 and for Cav-1 n = 4, Mann-Whitney U test, *: P < 0.05). (C) Immunofluorescence images of 
pCav-1, (left and middle bar 20 µm, right 5 µm). Micro-pillar topography enhanced Cav-1 gene expression and protein 
phosphorylation. Phosphorylated caveolin-1 is located at the micro-pillar edges after 24 h (arrow). 
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Relative quantification of the second major caveolae component cholesterol by fluorescence 

measurements of Filipin III, demonstrated a decline of cholesterol in MG-63 osteoblasts cultivated on the 

micro-pillared topography after 24 h (Fig. 22). 

 

 

 
Figure 22: Relative cholesterol quantification by measurement 

of Filipin III fluorescence in MG-63 cells after 24 h on micro-
pillared topography (P-5x5) and planar reference (Ref), (mean 
value of Ref normalized on 1, n = 5, Mann-Whitney U test, *: P 
< 0.05). Cholesterol content was decreased in cells on the 
micro-pillars after 24 h. 

 

 

After 96 h cultivation, MG-63 osteoblasts on the micro-pillared topography revealed a significant increase 

in Cav-1 protein amount (Fig. 23).The caveolae assembly and actin organization on the pillar plateaus was 

consistent over 96 h and was also formed during cultivation against gravity. After 72 h cultivation, the 

actin cytoskeleton started to engulf the pillar walls. The dot-like Cav-1 clusters moved to the pillar edges 

hinting at phagocytosis of the micro-pillars by the cells, because of the actin cytoskeleton formation and 

the Cav-1 coat around the micro-pillars (Fig. 24).  

 

 

Figure 23: Relative protein expression of caveolin-1 (Cav-1) after 96 h cultivation of MG-63 osteoblasts on micro-

pillared topography (P-5x5) and planar reference (Ref), left representative western blots and right densitometric 
analyses,(Ref values normalized on 1, n = 4, Mann-Whitney U test, *: P < 0.05). Cav-1 protein amount was increased 
after 96 h on the micro-pillars. 
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Figure 24: Immunofluorescence images of caveolin-1 (Cav-1, green) and the actin cytoskeleton (red) in MG-63 cells 

on micro-pillar topography (P-5x5) and planar reference (Ref) after cultivation against the gravity for 24 h (first row), or 
otherwise normal cell culture for 72 h (second row) and 96 h (third row), (bars 20 µm, but for 5x zoom bars 5 µm). 
Cav-1 and the actin cytoskeleton shifted to the pillar edges and walls up to 96 h cultivation time and the clusters at the 
pillars are independent of the gravity. 
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Scanning electron microscopy (SEM) images after 72 and 96 h of cultivation time revealed MG-63 cells 

reaching to the bottom of the micro-pillared topography, hence embedding the micro-pillars (Fig. 25). 

Live cell imaging of MG-63 osteoblasts on the micro-pillared topography showed that the cells are 

actively testing the underlying topography with their filopodia during the first hours of adhesion (Fig. 26). 

The cells also moved and started to test the underlying structure again, before they settle. Thus, the MG-

63 cells scanned the underlying topography, before they started to internalize the micro-pillars.  

 

Figure 25: Morphology of MG-63 cells after 72 and 96 h on micro-pillar topography (P-5x5) and planar reference 

(Ref). Scanning electron microscopy (SEM) images with 1,000x magnification, (bars 10 µm, and 30° twisted for P-5x5, 
Merlin VP (Carl Zeiss)). After 72 h the cells embedded the micro-pillars and reached the topography bottom with their 
cell margins and the cell body in the whole or in part. 

 

The used micro-pillared topography with pillar dimensions of 5 µm in pillar length, width, height and 

spacing represent big structures for the internalization. Variation of the pillar sizes to smaller dimensions 

(length x width x height x spacing: 1x1x1x1 µm; 2x2x5x2 µm; 3x3x5x3 µm) showed as well a dot-like 

Cav-1 clustering on the pillars but also around them after 24 h of cultivation in MG-63 osteoblast-like 

cells (Fig. 27). For this smaller pillar sizes, Cav-1 was localized around the pillars already after 24 h, 

whereas at the bigger P-5x5, Cav-1 was found located around the pillar first after 72 h. 
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Figure 26: Immunofluorescence images of MG-63 osteoblasts expressing actin coupled with the green fluorescent 

protein (GFP, colored in grey) during their first 5 h on the micro-pillared topography, (starting above first row left and 
ending down forth row right). The cells were testing the micro-topography with their filopodia (blue and yellow arrows).  
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Figure 27: Immunofluorescence images of caveolin-1 (Cav-1) in MG-63 osteoblast after 24 h on topographies with 

micro-pillars (P) having the dimensions of width x length x height in µm: P-1x1x1 with 1 µm spacing, P-2x2x5 with 2 
µm spacing, P-3x3x5 with 3 µm spacing compared to the planar reference (Ref), (bars: 20 µm, for 5x zoom 5 µm). 
Cav-1 clusters were also seen on and around smaller micro-pillar sizes. 
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3.4 Micro-particle uptake by human MG-63 osteoblasts 

 

Caveolae/lipid rafts are associated with the phagocytosis of micron-sized titanium particles [91]. Based on 

the hypothesis, that MG-63 cells attempt to phagocytize the fixed micro-pillars of the P-5x5 topography, 

we wanted to clarify if they are also able to internalize particles in size of the used micro-pillars. So then, 

treatment of the MG-63 cells with 6 µm particles in the concentration of 10
5
 particles/ml served as control 

experiment. Cell morphology analysis and internalization verification were performed via SEM and 

fluorescent actin cytoskeleton staining. Immunofluorescence staining of Cav-1 as major caveolae 

component, should verify if the particle phagocytosis is caveolae-mediated.   

The immunofluorescence and SEM images showed that the MG-63 cells internalize particles 6 µm in size 

after 24 h of cultivation (Fig. 28). Fig. 28a revealed a complete engulfment of the 6 µm particles with the 

actin cytoskeleton by the MG-63 osteoblasts. For verification of the internalization, the 

immunofluorescence of the xz- and yz- axis, as well as 3D z-stack pictures were listed.  

Not only the actin cytoskeleton but also Cav-1 surrounded the whole particle. There was a Cav-1 coat 

formed around the internalized particle, which led to the assumption of a caveolae/lipid raft-mediated 

internalization process for the 6 µm particles. The experiments demonstrated an uptake of several 6 µm 

particles by the osteoblast-like cells, but after internalization, all particles were concentrated and not freely 

distributed inside the cells (Fig. 28b).   

For mimicking only a basal phagocytosis of the micro-particles, the particles were fixed on a cover glass 

by a collagen I-layer. The Fig. 29 illustrates the fixed position of the micro-particles, because after intense 

rinsing before cell seeding and during the immunofluorescence staining protocol, fixed particles are still 

found on the cover glass. Now, the cells should only have contact to the micro-particles via their basal 

side analog to the micro-pillar topography. For the fixed micro-particles, the cells exhibited the same actin 

cytoskeleton pattern as was observed after cell cultivation onto unbound micro-particles and treatment 

after adhesion. As a result, incubation of the MG-63 osteoblasts with micro-particles either from their 

apical or their basal side both led to phagocytosis of the particles. 
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Figure 28: MG-63 osteoblasts after treatment with 6 µm FITC-labelled particles for 24 h. (A) Immunofluorescence 

images of left: caveolin-1 (Cav-1, green) and right: actin cytoskeleton (red) with xz- and yz-planes, (false color 
illustration of Cav-1 (green) and 6 µm particles (yellow), bars 5 µm). (B) Scanning electron microscopy (SEM) images, 

(left: 1,000x magnification and bar 20 µm, middle: 2,000x magnification and bar 10 µm, right: 5,000x magnification 
and bar 4 µm, DSM910 (Carl Zeiss)). Cav-1 accumulation and clustered actin filaments were found around 
internalized micro-particles. 
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Figure 29: Immunofluorescence images of the actin cytoskeleton (red) in MG-63 cells grown on surface-fixed micro-
particles (see schema in Fig. 10) 6 µm in size (FITC, green) for 24 h, confocal xy images of the apical cell side (left) 

and the basal cell side (right), (bars 20 µm). Cells took up surface-fixed micro-particles via their basal side. 

 

Cav-1 plays a relevant role in the formation and stabilization of caveolae, consequently also in the 

caveolae-mediated phagocytosis. Depletion of Cav-1 via short interfering RNA (siRNA) should 

demonstrate whether Cav-1 is essential for the topography-induced actin reorganization, caused by the 

triggered phagocytosis. The siRNA is complementary to the target mRNA and when the siRNA is 

introduced into the cells cytoplasma, it binds to the target mRNA and forms double-stranded RNA. These 

double-stranded RNAs cannot be translated into a protein and get degraded. Silencing genes through 

mRNA degradation is called RNA interference [92].  

siRNA-mediated knockdown of Cav-1 revealed a reduced particle phagocytosis by MG-63 cells, but no 

complete inhibition of the phagocytosis (Fig. 30), consistent with the literature [46;93]. The actin 

cytoskeleton after Cav-1 depletion was arranged in short filaments around non-internalized particles, 

which were washed away during the preparation. The cells attempted to phagocytize these particles as 

well, but they were not able to finish the process after the Cav-1 attenuation during 24 h incubation with 

the 6 µm particles. The MG-63 osteoblasts with siRNA mediated Cav-1 knockdown grown on the micro-

pillars indicated the same rearrangement of the actin cytoskeleton as seen in control cells without Cav-1 

attenuation (Fig. 31).   

For the verification of the Cav-1 knockdown, the cells were analyzed for Cav-1 expression via western 

blot and Cav-1 immunofluorescence staining. A representative western blot is shown in Fig. 32. A totally 

Cav-1 knockdown could not be achieved. 
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Figure 30: Immunofluorescence images of the actin cytoskeleton after caveolin-1 (Cav-1) siRNA-mediated knock-

down in MG-63 osteoblasts after 24 h incubation with micro-particles (green), (left: bar 20 µm and right: 5 µm). Arrows 
indicate at the actin filaments formed at sides of non-internalized particles. After Cav-1 attenuation the cells showed a 
reduced micro-particle phagocytosis. 
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Figure 31: Immunofluorescence images of caveolin-1 (Cav-1, green) and the actin cytoskeleton (red) after Cav-1 

siRNA-mediated knock-down in MG-63 osteoblasts, (bar: 20 µm and for 5x zoom 5 µm). Actin reorganization was 
unaltered after Cav-1 depletion.  
  

 

Figure 32: Representative western blots for caveolin-1 (Cav-1) 

protein expression after siRNA-treatment of MG-63 osteoblasts. 
After Cav-1 siRNA treatment, Cav-1 protein expression was 
attenuated. 
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3.5 Phagocytosis – ATP and ROS  

 

Phagocytosis is known to be a high energy-consuming process, therefore the amounts of adenosine 

triphosphate (ATP) and adenosine diphosphate (ADP) was analyzed via a fluorometric assay of cells 

grown on the micro-pillars, as well as stimulated with 6 µm particles as phagocytosis-trigger. The micro-

pillared topography and also the treatment with the micro-particles showed significant decreases in the 

cells intracellular ATP concentrations, but no changes in the ADP levels compared to untreated cells or 

cells on the planar surface (Ref) (Fig. 33a + b). During the assay, no deproteinization step was performed, 

hence only the free ATP could be detected and not the protein-bounded, metabolized ATP. Accordingly, 

while growing on the micro-pillar topography, the osteoblasts were metabolizing more ATP compared 

with cells growing on the planar surface. The same effect was visible after treatment with the 6 µm 

particles as phagocytosis trigger.   

The cells’ process of converting energy into ATP causes the greatest amount of reactive oxygen species 

(ROS) production [65], therefore the generated ROS were quantified by a fluorometric FACS analysis. 

For this reason, two ROS quantifications were performed. Firstly, with DCFDA cellular reactive oxygen 

species detection assay kit to detect ROS heterogeneity (mitochondrial and cytosolic ROS) and secondly 

with MitoSOX™ to measure especially in mitochondria produced superoxide. MG-63 osteoblasts cultured 

on micro-pillared surfaces exhibited elevated ROS levels compared to the cells on the unstructured 

samples (Fig. 33c). This was obviously observable for the whole ROS heterogeneity, detected by DCF 

fluorescence, but only by trend for the exclusively in mitochondria produced and located superoxide, 

measured by MitoSOX™.   

Antioxidative enzymes, e.g. catalase, superoxide dismutase or peroxidaes, eliminate ROS by catalyzing 

reactions that neutralize the ROS. The protein expression of these ROS-scavenging enzymes were 

quantified via luminex assay and showed significant increased protein expression for catalase (CAT), 

tendential raise for thioredoxin peroxidase (PRX2) and superoxide dismutase 2 (SOD2) but no change for 

SOD1 in MG-63 cells grown for 24 h on the micro-pillars (Fig. 33e).   

In addition, MG-63 osteoblast grown on the micro-pillars for 24 h showed an increased mitochondrial 

activity (Fig. 34) reflecting the higher ATP metabolism rate and the higher ROS production. 



Results 

- 61 - 
 

 

Figure 33: Energy metabolism analysis of MG-63 osteoblasts grown for 24 h on micro-pillared topography (P-5x5) 
and planar reference (Ref), as well as cells treated with 6 µm particles. (A) Cellular adenosine triphosphate (ATP) and 

adenosine diphosphate (ADP) quantification after cell growth on the pillar surfaces, (n = 4, Mann-Whitney U test, *: P 
< 0.05). (B) Cellular ATP and ADP quantification after micro-particle treatment, (n = 4, Mann-Whitney U test, *: P < 
0.05). (C) Reactive oxygen species (ROS) determination via measurement of 2’,7’-dichlorofluorescin fluorescence 

(DCF), (treatment with 50 µM tert-butyl hydrogen peroxide served as positive control, mean value of Ref normalized 
on 1, n = 4, Mann-Whitney U test, *: P < 0.05, **: P < 0.01). (D) Mitochondrial ROS determination by measurement of 
MitoSOX™ red fluorescence via flow cytometry, (mean value of Ref normalized on 1, n = 4). (E) Quantification of 

ROS-scavenging enzymes catalase (Cat), thioredoxin peroxidase (PRX2), superoxide dismutase (SOD) 1 and 2 via 
luminex assay, (Ref values normalized on 1, n = 8, Mann-Whitney U test, *: P < 0.05, MFI: mean fluorescence 
intensity). Micro-pillar topography and micro-particle treatment both led to decreased intracellular ATP amount. Micro-
pillars also induced higher cytosolic ROS generation and expression of the ROS-scavenging enzyme catalase. 
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Figure 34: Mitochondrial activity of MG-63 osteoblasts cultured for 24 h on micro-pillared topography (P-5x5) and 
planar reference (Ref). (A) Red/green fluorescence single cell analysis of the mitochondrial potential membrane dye 
JC-1 in 2 independent experiments with 150 cells respectively, (Mann-Whitney U test, ***: P < 0.001). (B) 

Immunofluorescence images of the mitochondria dyed with the mitochondrial potential membrane dye JC-1 (bar 5 
µm). The mitochondrial membrane potential switch to higher mitochondrial activity for the cells on the micro-pillar 
topography is indicated by the color shift from green to red. 

 

SEM images revealed that at the time point of 96 h, the micro-pillars were fully engulfed by the 

osteoblast-like cells and the attempted phagocytosis might be finished. After 96 h cultivation time, the 

MG-63 osteoblasts showed no significant changes in the cellular ATP amount (Fig. 35a) and ROS 

generation (Fig. 35b), indicating that after 96 h culture time the micro-pillared topography caused no 

augmented energy requirements and the therefore resulting ROS generation. 
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Figure 35: Energy metabolism of MG-63 osteoblasts grown for 96 h on micro-pillared topography (P-5x5) and planar 
reference (Ref). (A) Intracellular adenosine triphosphate (ATP) and adenosine diphosphate (ADP) quantification, (n = 
4). (B) Reactive oxygen species (ROS) determination via measurement of 2’,7’-dichlorofluorescin fluorescence (DCF), 

(treatment with 50 µM tert-butyl hydrogen peroxide served as positive control, mean value of Ref normalized on 1, n = 
4). (C) Mitochondrial activity analysis by calculation of the single cell red/green fluorescence ratio of the mitochondrial 
potential membrane dye JC-1, (n = 3 with 150 cells, Mann-Whitney U test). After 96 h, ATP amount, ROS production 
and mitochondrial activity were unaltered dependent on the underlying topography.  

 

3.6 Endocytic and raft proteins, β1-integrin and integrin-associated 

signaling proteins 

 

Endocytic and raft proteins: CD68, a lysosome-associated membrane glycoproteins (LAMP) family 

member, was localized in regions of endocytic activity (Fig. 36), visualized by an accumulation of CD68 

around phagocytized 6 µm particles by MG-63 cells. Immunofluorescence staining showed an enrichment 

of CD68 also on the pillar plateaus of the micro-structured surface (Fig. 37a) after 24 h. CD68 protein 

expression analysis (Fig. 37b) showed a tendential decrease in the amount of CD68 protein in cells grown 

on the micro-pillared surfaces.  
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Figure 36: Immunofluorescence images of CD68 (red) in MG-63 osteoblasts treated with 6 µm particles (green), (left: 
bar 20 µm and right 5 µm). CD68 was accumulated around internalized micro-particles. 

 
 

 

Figure 37: CD68 analysis in MG-63 osteoblasts grown on micro-pillared topography (P-5x5) vs. planar reference 
(Ref). (A) Immunofluorescence images of CD68 (green), (left and middle bar 20 µm and right 5 µm). (B) CD68 
representative western blots and densitometric analysis, (Ref values normalized on 1, n = 4, Mann-Whitney U test). 
Micro-pillar topography led to clusters at the pillar plateaus but in general to tendential decreased CD68 protein 
amount in MG-63 osteoblasts after 24 h.  
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Annexin A2 (AnxA2) is reported to stabilize caveolae, but also to bind and recruit the actin cytoskeleton 

to the micro-domains
 
[57]. Western blot experiments revealed significantly elevated AnxA2 protein 

amounts in the osteoblasts on the micro-structured surfaces after 24 h of cultivation (Fig. 38a). In contrast, 

immunofluorescence labelling displayed an accumulation in cells after 3 h only on the pillar plateaus, but 

no changes after 24 h in cells on the pillars compared to those on planar references (Fig. 38b).  

 

 

Figure 38: Annexin A2 (AnxA2) analysis in MG-63 osteoblasts cultured on micro-pillared topography (P-5x5) and 
planar reference (Ref). (A) AnxA2 representative western blots and densitometric analysis after 24 h cultivation, (Ref 
values normalized on 1, n = 4, Mann-Whitney U test, *: P< 0.05). (B) Immunofluorescence images of AnxA2 (green) 
after 3 h (first row) and 24 h (second row) cultivation, (bars left and middle 20 µm and for 5x zoom 5 µm). After 3 h, 
AnxA2 was located at the micro-pillar plateaus and displayed an increased protein amount after 24 h.  
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Integrins: Activated β1-integrin immunolabelling indicated clusters of activated β1-integrin on top of the 

pillars (Fig. 39) instead of regularly distribution, such as observed on the unfeatured planar reference.  

 

 

Figure 39: Immunofluorescence images of activated β1-integrin (CD29 9EG7) in MG-63 osteoblasts grown on micro-

pillared topography (P-5x5) and on planar reference (Ref). Zoom region indicated by a white square and pillar 
plateaus dimension illustrated with dashed lines at 5x and 10x zoom, (bars 20 µm, for 5x zoom 5 µm, for 10x zoom 2 
µm). Activated β1-integrin was found as clusters on the micro-pillar plateaus. 

 

FAK is a non-receptor tyrosine kinase interacting with integrins at focal adhesion sides. This interaction 

activates FAK by leading to its autophosphorylation of Y397, which provides binding sites for Src kinase 

and other signaling molecules. Determination of the total protein amount of FAK (Fig. 40a) and Src 

kinase (Fig. 40b) by western blotting revealed no alternation in FAK but a tendential decrease of Src 

kinase protein amount on the micro-pillars after 24 h of MG-63 osteoblast cultivation. Analysis of the 

phosphorylated states of the proteins showed a significant reduction of the FAK phosphorylation at its 

Y397 (FAK(pY397)). For the Src kinase a significant remission in phosphorylated Y419 (Src(pY419)) 

was observed as well. 
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Figure 40: Focal adhesion kinase (FAK) and Src kinase (Src) phosphorylation in MG-63 osteoblasts after 24 h 
cultivation on micro-pillared topography (P-5x5) and planar reference (Ref). (A) Quantification of phosphorylated FAK 
at Y397 and Y861 via luminex assay. (B) Total protein expression of FAK via western blot with representative western 
blots and densitometric analyses, (Ref values normalized on 1, n = 4, Mann-Whitney U test, *: P< 0.05). (C) 
Quantification of phosphorylated Src kinase at Y419 via luminex assay. (D) Total protein expression of Src kinase via 

western blot with representative blots and densitometric analyses, (Ref values normalized on 1, n = 4, Mann-Whitney 
U test, *: P< 0.05). Micro-pillar topography did not alter FAK and Src protein amount but reduced FAK phosphorylation 
at Y397 and Src phosphorylation atY419. 

 
 

3.7 Attempted phagocytosis – Signaling molecules 

 

The regulation of the phagocytic process involves complex signaling pathways. Therefore, the gene 

expression analysis by Rt-qPCR of the following signal kinases was performed: extracellular signal-

regulated kinase (ERK1/2), phosphatidylinositol 3-kinase (PI3K) and the transcription factor nuclear 

factor κB (NFκB). mRNA expression studies showed no alteration of the ERK1/2 and NFκB gene 

expression in MG-63 osteoblasts growing on micro-pillars after 3 and 24 h (Fig. 41a). This was confirmed 

by protein quantification via western blot for the 24 h cultivation time (Fig. 41b). PI3K gene expression 

was tendentially enhanced after initial 3 h cultivation period, but significantly decreased after 24 h cell 

cultivation on the micro-pillars. PI3K protein expression indicates only a slight tendency towards a 

reduced amount of PI3K protein after 24 h. Immunofluorescence staining revealed no altered localization 

of PI3K in osteoblasts on the micro-pillars (Fig. 42).  
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Whereas, immunofluorescence staining of the phosphatidylinositol lipids, including phosphatidylinositol-

4-phosphate, phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) and phosphatidylinositol-3,4,5-

trisphosphate (PI(3,4,5)P3, displayed a changed localization in the cell membrane of MG-63 osteoblasts 

towards more located on top and around the micro-pillars grown for 24 h (Fig. 43).  

 

 

Figure 41: Investigation of the signaling proteins nuclear factor κB (NFκB), extracellular signal-regulated kinase 1/2 

(ERK1/2) and phosphatidylinositol 3-kinase (PI3K) on micro-pillared topographies (P-5x5) and planar reference (Ref). 
(A) Relative gene expression (mRNA) after 3 and 24 h cell cultivation, (Ref values normalized on 1, n = 4, Mann-
Whitney U test, *: P < 0.05). (B) Protein expression determination after 24 h via western blot with representative 

western blots and densitometric analyses, (Ref values normalized on 1, n = 4, Mann-Whitney U test). Gene and 
protein expression of the signaling proteins were unaltered by the topography, except for the decreased PI3K gene 
expression after 24 h. 
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Figure 42: Immunofluorescence images of phosphatidylinositol 3-kinase (PI3K, green) in MG-63 osteoblasts grown 

for 24 h on micro-pillared topography (P-5x5) and planar reference (Ref), (left and middle bar 20 µm and right 5 µm for 
the 5x zoom). PI3K localization was unchanged dependent on the micro-topography. 

 

 

Figure 43: Immunofluorescence staining of the phosphatidylinositoles phosphatidylinositol-4-phosphate, 

phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) and phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3) with PIP2 
anti-phosphoinositol antibody in MG-63 osteoblasts grown for 24 h on micro-pillared topography (P-5x5) and planar 
reference (Ref), (bars 20 µm and for 5x zoom 5 µm). Micro-pillar topography led to increased phosphatidylinositol 
localization around the micro-pillars. 

 

Treatment with the PI3K inhibitor LY294002 revealed an impaired phagocytosis of the 6 µm particles 

(Fig. 44) and drastically reduced cell spreading (Fig. 45), consistent with the literature for macrophages 

[94]. Cell area measurements revealed a 3-fold reduction after particle and LY294002 treatment, whereas 

the LY294002 treatment alone without particles had no effect on the cell area after 24 h cultivation. 

However, the PI3K inhibition did not affect the typically clustered caveolae formation or the actin 

organization as short filaments, both concentrated on the pillar plateaus (Fig. 46). 
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Figure 44: Immunofluorescence images of MG-63 osteoblasts after phosphatidylinositol 3-kinase (PI3K) inhibition 
with LY294002 (10 µM) for 24 h. Actin cytoskeleton (red) and 6 µm particles (green), (bars 20 µm). PI3K inhibition 
diminishes micro-particle phagocytosis. 

 

  

Figure 45: Cell area determination of MG-63 osteoblasts 

after 24 h cultivation with phosphatidylinositol 3-kinase 
(PI3K) inhibition via LY294002 (10 µM) in combination with 
6 µm particle exposure. Untreated: no PI3K inhibition and 
no particle treatment; Untreated + LY: PI3K inhibition and 
no particle treatment; Particles: no PI3K inhibition but 
particle treatment; Particles + LY: PI3K inhibition and 
particle treatment, (n = 2 with 75 single cell measurements; 
Mann-Whitney U test; **: P< 0.01; ***: P < 0.001). PI3K 
inhibition and treatment with micro-particles to trigger 
phagocytosis reduced cell area of the osteoblastic cells. 
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Figure 46: Immunofluorescence images of caveolin-1 (Cav-1, green) and the actin cytoskeleton (red) in MG-63 

osteoblasts after phosphatidylinositol 3-kinase (PI3K) inhibition with LY294002 (10 µM) for 24 h on micro-pillar 
topography (P-5x5) and planar reference (Ref), (bars 20 µm and for 5x zoom 5 µm). Cav-1 clustering and actin 
reorganization were unaltered after PI3K inhibition. 
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3.8 Inflammation response of MG-63 osteoblast towards the micro-

pillared textures 

 

Osteoblasts produce cytokines to regulate inflammation, which includes secretion of interleukins (IL), 

especially interleukin-6 (IL-6) [47]. The phagocytosis of implant wear particles was reported to stimulate 

the expression of pro-inflammatory factors, such as IL-6 and the inflammatory-related transcription factor 

NFκB [48]. Therefore, the IL-6, as well as NFκB expression were analyzed in MG-63 osteoblasts grown 

on the micro-pillars, as well as cells treated with the 6 µm particles as positive control. IL-6 was 

determined out of the cell culture supernatant, so the secreted amount of IL-6, and measured via magnetic 

luminex assay. NFκB protein amount was ascertained by western blot. Treatment of the MG-63 

osteoblasts with 6 µm particles led to increased NFκB protein expression and IL-6 secretion. (Fig. 47) 

 

 

Figure 47: Treatment of MG-63 osteoblasts for 24 h with 6 µm particles as phagocytosis trigger. (A) Relative NFκB 

protein expression determined via western blot with representative western blots and densitometric analyses, (Control 
(Co) values normalized on 1, n = 4, Mann-Whitney U test, *: P< 0.05). (B) Quantification of Interleukin-6 (IL-6) 

secretion via luminex assay, (n = 4, Mann-Whitney U test, *: P < 0.05, MFI: mean fluorescence intensity). NFκB 
protein amount was clearly elevated after treatment with micro-particles as phagocytosis trigger. 

 

However, MG-63 osteoblasts grown on the micro-pillared topography showed no changes in the NFκB 

protein expression after 3, 24 and 96 h of cultivation (Fig. 48), as it was demonstrated for gene expression 

after 3 and 24 h (Fig. 41).   

IL-6 secretion was first tendentially increased during the initial 24 h cultivation, but nevertheless the IL-6 

secretion was significantly reduced in osteoblasts grown for 48 and 96 h on the micro-pillars (Fig. 49). 
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Figure 48: Time-dependent relative NFκB protein expression in MG-63 osteoblasts after 3, 24 and 96 h cell cultivation 

on micro-pillared topography (P-5x5) and planar reference (Ref), left representative western blots and right 
densitometric analyses, (Ref values normalized on 1, n = 4, Mann-Whitney U test). Micro-pillar topography did not 
influence NFκB protein expression during 96 h cultivation time. 

 

 

   

 
Figure 49: Time-dependent quantification of Interleukin-6 

(IL-6) secretion of MG-63 osteoblasts after 24, 48 and 96 h 
cell cultivation on micro-pillared topography (P-5x5) and 
planar reference (Ref) via luminex assay, (Ref values 
normalized on 1, n = 4, Mann-Whitney U test, *: P < 0.05, 
MFI: mean fluorescence intensity). IL-6 secretion was 
reduced after 48 h cell growth on the micro-pillar 
topography. 
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3.9 Micro-pillar coating with plasma-polymerized allylamine (PPAAm ) 

 

The homogenous plasma polymer layer of plasma polymerized allylamine (PPAAm) was reported to 

render the surface more hydrophilic and creates positively charged amino groups on the surface [95]. 

Therefore, it promotes the initial cell spreading and increased cell mobility. This coating is proved to be a 

cell adhesive layer [36,95] and osteoblasts can overcome topographically restrictions, if they were 

cultivated on PPAAm-coated titanium [36]. The micro-pillared topography was coated with PPAAm to 

enhance the cell-material interaction by increasing the cell adhesion and mobility, to prove the hypothesis 

of the osteoblastic cells trying to internalize the surface-fixed micro-pillars to increase their surface 

contact.  

In Fig. 50, the enhanced initial cell adhesion and spreading after PPAAm-coating is illustrated. The SEM 

images show widely spread out cells, reaching the bottom of the micro-topography already after 30 min on 

PPAAm coated pillar surfaces. On the uncoated micro-pillars, the cells exhibited a more spherical form 

and sit on maximal 4 pillars, whereas on the with PPAAm coated pillars the cells covered more than 4 

pillars. After 24 h cultivation, the changes were not so drastic, such as seen after 30 min. The MG-63 

osteoblasts on the PPAAm coated micro-pillars were still more spread out with the micro-pillars more 

imprinted into the cells. 

 

Figure 50: Scanning electron microscopy (SEM) images of MG-63 osteoblasts grown on micro-pillared topography 

(P-5x5), P-5x5 coated with plasma polymerized allylamine (PPAAm; P-5x5 + PPAAm) and planar reference (Ref) after 
30 min (first row) and 24 h (second row) cultivation time, (first row 3,000x magnification and bar 4 µm; second row 
1,000x magnification and bar 10 µm, Merlin VP (Carl Zeiss)). PPAAm coating enhanced initial cell spreading on the 
micro-pillars. 
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There was the question whether the osteoblasts are still expressing the Cav-1 clusters on the micro-pillar 

plateaus after coating with PPAAm and therefore having an advantage in cell spreading? 

Immunofluorescence labeling revealed less Cav-1 cluster formation on the micro-pillar plateaus after 

PPAAm coating (Fig. 51). Just as observed after 72 h on the uncoated micro-pillared topography, the Cav-

1 was found more clustered around the pillar walls (Fig. 24). The actin cytoskeleton of MG-63 osteoblasts 

grown for 24 h at PPAAm-coated micro-pillars was accumulated in a ring-like fashion around the micro-

pillars, similar to the cells on the uncoated micro-pillars after 72 up to 96 h cultivation time (Fig. 51+ 52 + 

23). The cell adhesive PPAAm coating boosted the cell spreading including the caveolae-mediated pillar 

uptake. 

 

 

Figure 51: Immunofluorescence images of caveolin-1 (Cav-1, green) and the actin cytoskeleton (red) of MG-63 

osteoblasts grown on micro-pillared topography (P-5x5), P-5x5 coated with plasma polymerized allyamine (PPAAm; 
P-5x5 + PPAAm) and planar reference (Ref) after 24 h, (bars 20 µm). Cav-1 clusters and actin filaments were prior 
located at the pillar edges and walls after PPAAm coating compared to uncoated micro-pillar topography. 
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Figure 52: Immunofluorescence staining of caveolin-1 (Cav-1, green) and the actin cytoskeleton (red) in MG-63 

osteoblasts grown on micro-pillared topography (P-5x5) coated with plasma polymerized allylamine (PPAAm; P-5x5 + 
PPAAm) after 24 h cell cultivation, (5x zoom of the marked area with white dashed lines, the continuously white line 
for the 10x zoom, bars left 20 µm, 5 µm for 5x zoom and 2 µm for 10x zoom. The actin cytoskeleton and Cav-1 were 
more shifted to the micro-pillar edges and walls after coating with PPAAm. 

 

The subsequent question was, if the PPAAm coating, with its advantage of enhanced cell spreading, was 

influencing beneath the Cav-1 localization also the reduced osteoblast marker expression on the micro-

pillared topography? Therefore, the Cav-1 and osteoblast marker gene expression after 24 h cell 

cultivation on the uncoated and coated micro-pillar topography vs. the planar reference was determined. 

Cav-1 gene expression was significantly increased on the micro-pillared topography, but after PPAAm 

coating the Cav-1 gene expression was only tendentially elevated (Fig. 53a). The micro-pillars led to 

significantly reduced gene expression of Col1, FN and OCN (Fig. 53c-e), whereas after PPAAm coating 

these genes were only tendentially decreased or showed no difference to the planar reference. But the gene 

expression of ALP was significantly diminished on uncoated, as well as PPAAm coated micro-pillars 

(Fig. 53b). 
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Figure 53: Relative mRNA expression of MG-63 osteoblasts after 24 h cultivation on micro-pillared topography (P-
5x5), P-5x5 coated with plasma polymerized allylamine (PPAAm; P-5x5 + PPAAm) and planar reference (Ref). (A) 
caveolin-1 (Cav-1), (B) alkaline phosphatase (ALP), (C) collagen type I (Col1), (D) fibronectin (FN) and (E) osteocalcin 
(OCN), (Ref values normalized on 1, n = 4, Mann-Whitney U test, *: P < 0.05). Micro-pillar topography induced 
impaired osteoblast marker gene expressions were alleviated after coating with PPAAm, except for ALP. 
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3.10 Attempted phagocytosis on rough stochastic surfaces  

 

On commercially available corundum-blasted rough titanium (Ti-CB) surfaces, characterized by sharp 

edges and ridges [7;8], osteoblasts adhered only at the elevations, spanned through the ridges (Fig. 54) and 

exhibited an irregularly distributed actin cytoskeleton (Fig. 55). Cav-1 was also predominantly localized 

in the region of the edges (Fig. 55), such as the elevations of the holes and pits created by the blasting 

process. Cellular ATP and ROS determination of MG-63 osteoblast-like cells on Ti-CB compared with 

planar, polished titanium surfaces (Ti-P) after 24 h of cultivation showed, analogous to the micro-pillared 

topographies, a reduced cellular ATP content (Fig. 56a) and elevated ROS levels (Fig. 56b). In contrast, 

the ADP content revealed a nearly constant value (Fig. 56a), which might a bit attenuates the ATP 

decrease on the Ti-CB substrates. Interestingly, the cell behavior on Ti-CB was similar to that on the 

micro-pillared surfaces, as well as after treatment with micro-particles.  

 

Figure 54: Scanning electron microscopy (SEM) images of MG-63 osteoblasts after for 24 h on corundum blasted (Ti-

CB) titanium surfaces compared to polished (Ti-P) titanium surfaces, (1,000x magnification, bars 10 µm, Merlin VP 
(Carl Zeiss)). Cells adhered at the elevations on Ti-CB topography. 
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Figure 55: Immunofluorescence images of caveolin-1 (Cav-1, green) and the actin cytoskeleton (red) in MG-63 

osteoblasts after 24 h on corundum blasted (Ti-CB) and polished (Ti-P) titanium surfaces, (bar 20 µm, with 5x zoom of 
the white lined regions and bar 5 µm). Cav-1 and the actin fibers were accumulated in regions of elevations and sharp 
edges on Ti-CB.  

 

Figure 56: MG-63 osteoblasts cultivation for 24 h on corundum blasted (Ti-CB) and polished (Ti-P) titanium surfaces. 
(A) Intracellular ATP and ADP quantification, (n = 4, Mann-Whitney U test, *: P < 0.05). (B) Reactive oxygen species 

(ROS) determination by measurement of 2’,7’-dichlorofluorescein fluorescence, (treatment with 50 µM tert-butyl 
hydrogen peroxide served as positive control, mean value of Ti-P normalized on 1, n = 4, Mann-Whitney U test, #: P = 
0.0571; **: P < 0.01). ATP amount decreased and ROS production rose due to of the Ti-CB surface. 
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4. Discussion 

 

Biomaterial surface topography is known to affect cellular processes, such as cell adhesion, spreading, 

proliferation or production of extracellular matrix (ECM) proteins. Cells sense and test their underlying 

surface topography and react to it [25;28], consequently the surface topography influences significantly 

cell behavior and cell fate [3;9;31;96]. New implant design strategies pursue the development of bioactive 

surfaces evoking cellular responses, which promote osseointegration [3]. But the complex interplay of the 

cell-biomaterial interactions are not completely understood, despite increasing cell biological studies. One 

reason is the highly complex and varied biology of the cellular behavior. In addition, the commonly used 

stochastic surfaces with their randomized topography, containing a high diversity of surface features, 

impede the characterization of unique cell responses [97].  

For the investigation of unique topography-induced cell changes, regular geometric micro-pillared 

structures were used as artificial surfaces, extending the work of stochastic surface models
 
[5;6] with the 

advantage of constant topography variables.   

This doctoral thesis base on previous studies of osteoblast interaction with geometric micro-pillared 

topographies and the found changes in the cells morphology, actin cytoskeleton organization, cell 

spreading, as well as impaired osteoblast function and ATP-stimulated calcium release [9;10;90;98].   

Outstanding was the reorganized actin cytoskeleton and the accompanied decreased osteoblast marker 

expression on the micro-pillared surfaces.   

Therefore, the aim of this thesis was to clarify the interplay of the micro-pillar-induced reorganized actin 

cytoskeleton with the cellular responses leading to the decreased osteoblast functions to extend the 

understanding of this specific cell-biomaterial interaction.   

As experimental cell culture model, the human osteoblast cell line MG-63 was used. MG-63 osteoblast-

like cells have an integrin subunit and phagocytic antigen profile similar to primary human osteoblasts, 

due to that they have been considered applicable for studying initial cell attachment to surfaces and wear 

debris phagocytosis
 
[77;99]. Primary human osteoblasts and MG-63 osteoblasts express both the α2, α5, αv, 

β1 and β3 integrin subunits [77] as well as various phagocytic surface antigens (i) molecules involved in 

activation of immune cells, e.g. CD44, (ii) costimulatory proteins participating in antigen presentation, 

such as CD54, CD80 and CD86, or (iii) molecules associated with cells of the monocytic lineage such as 

CD10 and CD13 [99]. In addition, preliminary work found similar cellular responses of MG-63 and 

primary human osteoblasts on titanium probes with stochastically modified surface topography [7;8].  
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Actin is known to have a primal role in diverse cellular processes and as the essential element of the 

cytoskeleton, it controls the morphological behavior of cells
 
[24]. The MG-63 osteoblasts exhibited a 

changed phenotype on the micro-pillar structures [9;10]. The cells spread out on the top of the pillars, only 

the filopodia reached out to the bottom of the topography. This was opposite to the planar samples (Ref), 

where the MG-63 cells showed a randomly oriented, flattened phenotype and attachment with the entire 

cell body to the surface.   

There has remained questions after the preliminary studies [9;10;90]:   

(i) Why do the cells rearrange their actin cytoskeleton in this specific manner, although the actin stress 

fibers could span from one pillar to the next?   

(ii) Why is the cell function disturbed?  

 

4.1 Nucleus deformation and actin organization on micro-pillars  

 

Analysis of the nucleus shape revealed a drastic deformation of the nucleus in cells growing on the micro-

pillars. The sinking down and embedding of the pillars by the nucleus may be caused by fewer prominent, 

thick actin stress fibers localized above the nucleus in the MG-63 cells. Deformation of the cell nucleus by 

micrometric surface features has been shown to modify gene expression
 
[100;101]. However, Badique and 

Davidson et al. [101-103] found no changes in gene expression of osteoblast-specific genes (including 

Col1) in MG-63, SaOs-2 and OHS-4 osteoblast-like cells, despite the deformation of their nuclei caused 

by growth on micro-pillars. Therefore, only the nucleus deformation might not lead to the impaired 

osteoblast functions.  

The remodeling of the actin cytoskeleton is known to be required for phagocytic processes. The 

phagocytic domains contain proteins, e.g. AnxA2 or PI3K, which signal cellular movement by 

coordinated actin polymerization and the extension of the cell membrane over the internalized cargo. 

Therefore, actin filaments are concentrated in the advancing cup and creating a belt-shaped band that 

moves over the cargo [67]. This short, clustered actin filament organization was also found at the micro-

pillars and led to the hypothesis of the attempted micro-pillar phagocytosis [52;54;67].   

For this reason, the cells on the micro-pillars were investigated for different phagocytic pathways, such as 

the clathrin-mediated and caveolae/lipid raft-mediated phagocytosis. Clathrin localization revealed no 

alteration on the 5 µm sized pillar surfaces, indicating no clathrin-driven phagocytic pillar uptake. Clathrin 

coated vesicles are known to be formed by the cell during small-particle endocytosis [25] and with 

increasing cargo sizes, a shift to a mechanism that involved caveolae-mediated internalization was 

reported [104]. 
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4.2 Caveolae-mediated phagocytosis of the surface-fixed micro-pillars 

 

Caveolae-mediated phagocytosis: The two major caveolae-components Cav-1 and cholesterol showed a 

dot-like clustering in the basal osteoblast membrane at the region of the micro-pillar plateaus, after 24 h 

cultivation time. This phenomenon was not only observed in the human osteoblastic cell line MG-63, but 

also in the human osteoblastic cell lines SaOs-2 and U-2Os, as well as primary human osteoblasts and 

fetal osteoblasts. After 72 up to 96 h cultivation time of MG-63 osteoblasts grown on the micro-pillar 

topography, a shift of the dot-like Cav-1 localization towards surrounding the micro-pillars was observed. 

This was accompanied by the short filamentous actin, which was then clustered around the pillar walls, 

hinting a caveolae-mediated phagocytosis of the surface-fixed micro-pillars. SEM images of osteoblasts 

growing for 72 and 96 h on the micro-pillared topography showed a changed cell morphology compared 

to the cells after 24 h cultivation on the micro-pillars. These cells did not lie on top of the pillars anymore; 

instead they reached with the cell body to the bottom of the micro-pillared topography and engulfed the 

micro-pillars after the extended cultivation time.  

Dalby et al. [25] refer an attempted phagocytosis of columns in the nanometer-range by fibroblasts. These 

fibroblasts had phenotypic similarities to the osteoblasts on the micro-pillars regarding the disrupted actin 

cytoskeleton, decreased spreading, changes in morphology and filopodia development to probe the surface 

topography. But the observed nano-column endocytosis was conducted via a clathrin-mediated 

phagocytosis, an internalization process considered used for small cargos [25;104], instead of caveolae-

mediated phagocytosis used for bigger cargos, e.g. the micro-particles or micro-pillars.   

Furthermore, Teo et al. [105] reported a phagocytosis of 2 µm poly(methyl methacrylate) pillars by human 

mesenchymal stem cells, the precursor cell type also for osteoblasts. Primary osteoblasts, as well as MG-

63 osteoblast-like cells are able to phagocytize particles in sizes ranging from 0.7 to 10 µm of various 

compositions (e.g. titanium, titanium-aluminum-vanadium alloy, cobalt-chrome, ceramic, cement and 

ultrahigh molecular weight polyethylene), all leading to a decreased osteoblastic function by decreased 

ECM synthesis (including reduced Col1 expression), disorganized actin cytoskeleton, diminished cell 

spreading and proliferation [60;106-109]. Caveolae formation on the micro-pillar plateaus was confirmed 

by the dissipation of the dot-like cholesterol clusters after treatment with the lipid raft inhibitor Filipin III 

[79]. After 24 h cultivation time, the Cav-1 gene expression and Cav-1 phosphorylation were elevated, 

likewise the Cav-1 protein amount after 96 h cultivation. Upregulation of Cav-1 has been shown to be 

accompanied by an increase in the number of caveolae [110]. Tyrosine at position 14 (Y14) in the amino 

acid sequence of Cav-1 undergoes regulated phosphorylation (pCav-1) presumed by integrin-activated Src 

family kinases. pCav-1 is involved in stabilizing the focal adhesion kinase (FAK) at focal adhesion sites 

leading to focal adhesions turnover [69;111].   
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Several components involved in focal adhesion assembly are also important for phagocytosis and result in 

actin reorganization, e.g. the adapter proteins talin (binds both cytoskeletal and signaling components at 

focal adhesions) and vinculin (binds to talin and actin) as well as the focal adhesion kinase (FAK) [52]. 

The localization of pCav-1 at the micro-pillar edges, hinting to cell mobility in these regions, supports the 

pillar-phagocytosis thesis. Moreover, Cav-1 phosphorylation has been linked to caveolar phagocytosis 

[61;69].  

 

Micro-pillar plateaus as adhesion sites: Clustering of lipid rafts/caveolae helps establish polarized 

platforms necessary for cell adhesion and migration [61]. Protein conformation of ECM proteins binding 

to the surface was reported to be changed in regions of topography edges and corners, e.g. reduced 

adsorption and higher degree of denatured adsorbed FN. Convex topography structures, such as the pillars 

edges, display less contact area then concave topography structures, resulting in decreased stabilization of 

protein-substrate interactions and therefore provoking the reduced adsorption and higher degree of 

denatured adsorbed FN [31;112]. On the top of the pillars, the membrane curvature is negative, having a 

concave shaped curve inwards towards the cell cytoplasm, which is unfavorable for the accumulation of 

adhesion molecules in focal adhesions [32]. Focal adhesion molecules induce a positive membrane 

curvature (convex shaped membrane, curved outwards towards the cytoplasm) and for this reason, focal 

adhesion molecules prefer positive membrane curvature for focal adhesion assembly [32] .In summary, 

convex structures like the pillar edges cause not only reduced adhesion-mediating ECM protein absorption 

but also unfavorable localization of focal adhesions molecules in the negative membrane curvature 

(concave shaped membrane).   

These effects may explain why the cells require the long time period of around 48 h to overcome the 

micro-pillar edges. Moreover, the membrane experiences increased membrane tension at the pillared 

topography [32;105] and phagocytosis is disfavored at regions of high membrane tension [113]. For 

macrophages, a delayed phagocytosis was reported for slight convex curved or flat particles inducing high 

membrane tension [114].   

The normal size of caveolae is about 50-80 nm [61;62]. Caveolae structures bigger in size emerged on the 

pillar plateaus indicating a formation of multi-caveolar structures, which might allow a greater expansion 

of the cell surface. Caveolae are reported to act as mechanotransducers in regions with tension generation 

[61], such as the tension inducing pillar topographies [32;105]. As a response to increased surface tension, 

cholesterol accumulated and increased the thickness, as well as stiffness of the membrane lipid bilayers 

[58;61] on the pillar plateaus. Accordingly, caveolae assembly is important for cell adhesion on 

topographies with reduced adhesion sites and tension regulation, such as the micro-pillared topography.  
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However, the caveolae formation could not just be the reason for the establishment of adhesion or tension 

regulation, because variation of the pillar sizes and spacing (length x width x height x spacing: 1x1x1x1 

µm; 2x2x5x2 µm; 3x3x5x3 µm) resulting in less tension generation at the pillar regions [32], showed as 

well a dot-like Cav-1 clustering around and on the pillars after 24 h by MG-63 cells. Caveolae are known 

to be semi-permanent and stable membrane structures, so the short actin filaments on the pillar plateaus 

should be nonrelevant to keep the caveolae in a dispersed state [58]. After adhesion and caveolae 

formation on the micro-pillar plateaus, the cells could develop actin stress fibers for morphological 

stabilization and thus, there is no more necessity for the caveolae to act as membrane tension regulators. 

After all, this does not explain why the actin cytoskeleton was constantly fortified as short filaments on 

the pillars and the pillar edges otherwise than needed for the phagocytic attempt.   

 

Cholesterol and actin stress-fiber formation: Actin stress-fiber formation is regulated by membrane 

cholesterol through processes that require the small GTPase Rho, the kinases ROCK and Src, as well as 

Cav-1. Cholesterol depletion was shown to enhance stress fiber formation in osteoblasts by increasing the 

phosphorylation of Cav-1 via Src-family kinases [115].   

In the here presented experiments, a decline of cholesterol in MG-63 osteoblasts on the micro-pillars 

could be observed by relative quantification of cellular cholesterol content via Filipin III. Increased Cav-1 

phosphorylation and expression was also observed, but no actin stress fiber formation. Due to that, the 

cells must underlie another cellular response, because normally the regulation of synthesis, influx and 

efflux keeps cellular cholesterol precisely controlled [116].   

Enrichment of the lysosome-associated membrane protein CD68 in MG-63 osteoblasts at the pillar 

plateaus is further evidence of the attempt of micro-pillar phagocytosis by the MG-63 osteoblasts. CD68 

serves as a scavenger receptor, which are important for phagocytosis and the delivery of lipids to their 

proper compartments [59]. CD68 protein amount was shown to be decreased in MG-63 cells on the micro-

pillared topography, which might has caused impaired cholesterol delivery, resulting in the reduced 

cellular cholesterol levels.   

In summary, all this findings substantiates the hypothesis of the actin reorganization as short filaments 

caused by the phagocytosis of the surface-fixed micro-pillars.   

 

Caveolin-1 depletion: For the investigation of the role of Cav-1 in the attempted phagocytosis, siRNA-

mediated knock-down of Cav-1 was performed. Depletion of Cav-1 led to decelerated micro-particle 

phagocytosis but no alteration in the actin cytoskeleton organization in the osteoblasts. In consequence, 

the altered actin organization around internalized particles, as well as on the micro-pillars was independent 

of Cav-1 itself.  
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Cav-1 knock-out mice are reported to survive well without the ability of caveolae-mediated phagocytosis, 

because internalization can also be accomplished via lipid raft-dependent mechanism [61]. Cav-1 was 

reported to stabilize caveolae structures, so loss or partially loss of Cav-1 can reduce the phagocytosis 

efficiency [61;62;64]. A total Cav-1 knock-down could not be established in the MG-63 osteoblast-like 

cells. In cells, where Cav-1 is abundantly expressed, such as osteoblasts, total attenuation of Cav-1 

expression has proven challenging [117]. For the investigation of the actin organization after Cav-1 

attenuation in MG-63 osteoblasts on the micro-pillars, only cells expressing nearly no detectable Cav-1 

(controlled by immunofluorescence labelling) were considered as representative cells to ensure Cav-1 

depletion conditions. For total Cav-1 depletion, osteoblasts isolated from Cav-1 knock-out mice would be 

the experimental system of choice, but were not available for the experiments during this thesis. The only 

partially Cav-1 depletion in the MG-63 osteoblast could also explain the reduced and uncompleted 

phagocytosis of the micro-particles after 24 h, whereas also a shift to other internalization processes, e.g. 

only lipid raft-mediated phagocytosis, might be possible [61].  

 

Energy-consuming process: Phagocytosis is an active energy-consuming engulfment process with unique 

actin remodeling [52], which distinguished it from a passive wrapping of the micro-pillars by the cells. In 

this thesis, the changes of energy metabolism in osteoblasts trying to phagocytize the surface-fixed micro-

pillars are reported, e.g. increased ATP-turnover and mitochondrial activity. The increased ATP-turnover 

is marked with a decrease in ATP amount, while the ADP amount was unaltered. Various cell types, 

including mouse macrophages and rat pheochromocytoma cells, displayed a decrease in their ATP levels 

in response to particle treatment as phagocytosis trigger [72]. The actin remodeling during phagocytosis is 

also a metabolically intense process [114]. ATP synthesis, so energy production in the mitochondria, is 

correlated with the mitochondrial activity [74;75]. Cells stabilize their energy charge by adjusting the rate 

of cellular ATP synthesis to the state of energy demand [73]. In consequence of the high energy demand 

of the micro-pillar phagocytosis, the cells exhibited an enhanced ATP turnover and mitochondrial activity. 

High mitochondrial activity is associated with ROS generation in the mitochondria [65;75].   

 

Reactive oxygen species (ROS) production: Phagocytosis of particles was reported to increase ROS 

production in cells [118] and was also observed for our MG-63 osteoblasts treated with particles and 

grown on the micro-pillared textures. This was accompanied by increased protein expression of ROS-

scavenging enzymes, such as catalase or superoxide dismutase. ROS levels could not be measured for 

cells treated with the 6 µm particles, because the green fluorescence of the particle would interfere with 

the green fluorescence of the 2,7-dichlorofluorescin (DCF) dye generated by contact with ROS and used 

for the quantification of ROS.   



Discussion 

- 86 - 
 

The measurement of only mitochondrial produced superoxide with MitoSOX™ showed only slight 

changes induced by the micro-pillared topography. Presumably, the mitochondrial produced and located 

superoxide got fast eliminated by the ROS-scavenging enzymes or translocated into the cytoplasm. 

Detection of ROS with DCF measures the overall ROS heterogeneity in the entire cell, not only 

superoxide in the mitochondria, and might therefore explain the significant elevated ROS determined with 

DCF in cells on the micro-pillared topography.   

In conclusion, the osteoblasts on the micro-pillared topography showed raised energy production after 24 

h, which results in higher ROS production and ROS-scavenging enzyme expression, caused by the higher 

energy demand for the phagocytosis. At the time point, where SEM analysis revealed that the osteoblasts 

fully engulfed the micro-pillars, the energy metabolism of the osteoblasts showed no significant difference 

compared to the cells on the planar reference. This indicates a probably finished phagocytic attempt of the 

surface-fixed pillars after 96 h.  

 

4.3 Micro-particle internalization and inflammatory response 

 

Micro-particle internalization: As a control experiment, treatments of the MG-63 osteoblasts with 

melamine particles 6 µm in size were performed. MG-63 cells internalized the micro-particles via a 

caveolae-mediated phagocytosis from their basal side, so surface fixed particles that can be detached by 

the cells after internalization, as well as free particles from their apical side.   

These experiments proved that the osteoblastic cells (i) would be principally able to internalize cargos 

having the size of the 5x5 µm pillars; (ii) are taking up the micro-particles via a caveolae-mediated 

phagocytosis; (iii) show similar actin reorganization during particle uptake as observed on the micro-

pillared topography; and (iv) are able to internalize more than one big cargo during 24 h.   

MG-63 osteoblasts are reported to become saturated with 40-60 particles of 1µm size after 24 h [109]. The 

micro-particle experiments also revealed that the internalized micro-particles were concentrated and not 

freely distributed inside the osteoblastic cells. In this way, the cells may reduce the surface-volume ratio 

of the internalized cargos, which is impossible for the regularly arranged, fixed micro-pillars and may 

cause the deceleration of the uptake process for up to 96 h.   

The internalization of the micro-pillars by the osteoblasts would require a lot of energy and the fixed pillar 

arrangement does not afford the possibility of concentrating the internalized cargos, as the cells can with 

particles, and would require a larger membrane expansion during the uptake. These might be reasons for 

the longer attempted internalization time of the micro-pillars (around 96 h) compared to the micro-

particles (24 h).   
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Phagocytosable particle sizes were stated to be less than 10-15 µm and are reported to be phagocytized by 

osteoblasts
 
[106;109]. Whereas, bigger structures remain trapped at the surface and are subjects of so-

called “frustrated” phagocytosis [119]. Despite the fact, that the used micro-pillars have a much smaller 

diameter then 10 µm, the presented results show that these structures can also induce a trapped 

“frustrated” phagocytosis or at least before 96 h of cultivation.  

 

Inflammatory response: NFκB functions, beneath in cell growth and differentiation, also in stress and 

inflammatory response [3;24;65]. Studies showed that implant wear debris stimulate the expression of the 

transcription-factor NFκB and pro-inflammatory factors such as interleukin-6 (IL-6), known to recruit 

monocyte-macrophages or induce osteoclast differentiation activity [49;108;120;121].   

Treatment of the MG-63 osteoblasts for 24 h with the 6 µm particles coincided with the increased NFκB 

protein expression and the stimulated inflammatory response, measured by the IL-6 secretion. Whereas, 

MG-63 cells grown on the micro-pillared topography revealed no NFκB protein amount changes over the 

time of 96 h, consequently during the whole attempted micro-pillar phagocytosis phase. In addition, after 

a tendential increase of IL-6 secretion after 24 h cultivation on the micro-pillars, the IL-6 secretion and 

therefore the inflammatory response, was significantly decreased.   

This was an unexpected cell reaction, because phagocytosis is always correlated with stimulation of the 

inflammatory response [54]. Nevertheless Wang et al. [122] reported a marked reduce in NFκB expression 

and inflammatory response in macrophages with Cav-1 overexpression. MG-63 osteoblasts featured a 

significant rise in Cav-1 protein amount in cells grown on the micro-pillars at the time points of the 

diminished IL-6 secretion.   

Regarding the fact, that only surface contact of macrophage membranes with particles having a non-

phagocytosable size was sufficient to trigger an inflammatory response, a much smaller one than the 

response triggered by completed particle phagocytosis, reflect the sensitivity of these professional 

phagocytes [109]. The delicate of macrophages was underlined by the study of Linares et al. [123], who 

showed that during nano-particle treatment macrophages exhibited a slower uptake rate and were more 

affected in their cell viability compared to osteoblasts, likely because their higher inflammatory response. 

Osteoblasts, as non-professional phagocytes, showed less sensitivity in inflammatory response, also after 

particle treatment.   

Non-phagocytosable sized particles have no effect on the collagen synthesis in osteoblasts, which is 

impaired after treatment with phagocytosable sized particles [108;120]. These facts and in addition the 

overexpression of Cav-1causing a reduced inflammatory response, might explain the unaltered NFκB 

protein amount and the abated IL-6 secretion in MG-63 cells after 48 h on the micro-pillars.  
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However, various NFκB signaling pathways were reported hitherto, which were regulated differently. The 

alternative or non-canonical pathway act slow, depend on the NFκB protein concentration and is activated 

by pathogen [124] or particle treatment [49]. In contrast, the classical, or canonical, NFκB pathway is 

independent of the NFκB protein concentration and act rapid and transient [124]. This pathway could be 

involved in the NFκB signaling induced by the micro-pillared topography. But after all, this supposition 

needs further investigation of the expression and phosphorylation of IκB and the p100 subunit of NFκB. 

In the classical NFκB signaling pathway, the IκB phosphorylation and its subsequent degradation, results 

in rapid and transient nuclear translocation of NFκB. The alternative NFκB pathway relies on 

phosphorylation-induced proteasome-mediated processing of the p100 subunit to enable the nuclear 

translocation of NFκB [124]. 

 

4.4 Phosphatidylinositol lipids and their binding protein AnnexinA2  

 

Phosphatidylinositol lipids: The phosphatidylinositol lipids and their turnover, especially by the 

phosphatidylinositol 3-kinase (PI3K) are crucial for the transducing of internalization signals. PI3K is 

required for the phagocytosis of micron-sized particles but not for the initial phagosome development 

because of the sequential turnover of phosphoinositides during the phagosomal formation.   

Phagocytic cup extension and early actin polymerization do not require PI3K, but later activities such as 

the fusion of the phagocytic cup. Phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) is located in nascent 

phagosomes and converted by PI3K to phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3) in the late 

engulfment phase [56;94]. PI(4,5)P2 is involved in recruiting the actin polymerization machinery, such as 

Arp2/3, required for actin assembly during phagocytosis by tethering actin-binding proteins [62;53], e.g. 

AnxA2 [55;57].   

Phosphatidylinositol lipids were found to be enriched in regions of the pillar edges in MG-63 osteoblasts 

after 24 h cultivation on the micro-pillars. Inhibition of the PI3K via LY294002 in MG-63 cells resulted in 

a decreased micro-particle phagocytosis, accompanied with reduced cell areas after particle phagocytosis 

under blocked PI3K conditions. Whereas, PI3K inhibition showed no influence on the caveolae formation 

and actin reorganization in MG-63 cells grown on the micro-pillars. Possibly, because the cells on the 

micro-pillars never reaches the late engulfment phase due to the fact, that they are never able to fully 

engulf and closure the micro-pillars because of their surface-fixed position.   

Furthermore, it is reported that PI3K inhibition arrests phagocytosis after assembly of the actin-rich cup 

[53], consequently at stages that were not reached by the MG-63 osteoblasts on the micro-pillars.  
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PI(3,4,5)P3 levels rise abruptly in membranes of phagocytic cups to activate enzymes important for the cup 

closure and indicating a feedback activation of PI3K [53]. MG-63 osteoblasts on the micro-pillared 

topography revealed a significant decrease in PI3K gene expression after 24 h, at a time point where 

normal particle phagocytosis was already finished, but the pillar phagocytosis is still forming the 

phagocytic cup. This decrease in PI3K gene expression might reflect this feedback regulation, because the 

triggered micro-pillar phagocytosis was more time sophisticated than normal phagocytosis.  

 

Annexin A2 (AnxA2): AnxA2, an actin- and phosphatidylinositol lipid-binding protein, is associated with 

the organization of lipid rafts at sides of actin recruitment [125], as well as it is reported to induce larger 

cholesterol cluster formations and stabilize caveolae during their formation [57]. After 3 h of cell 

cultivation on the micro-pillars, MG-63 osteoblasts exhibited augmented AnxA2 localization in regions of 

the pillar plateaus, reflecting the AnxA2 property to help form caveolae. After 24 h cell cultivation, the 

protein amount of AnxA2 was significantly elevated, which might illustrate the essential function of 

AnxA2 in caveolae stabilization and actin recruitment.   

Lipid rafts, as well as caveolae as special form of lipid rafts, contain actin-binding proteins to regulate the 

actin rearrangements during phagocytosis by binding proteins such as AnxA2 to the in the cell membrane 

located phosphatidylinositol lipids [57;125]. Annexins are calcium regulated phospholipid-binding 

proteins, which are not only involved in caveolae formation and actin recruitment to the phagosome [126], 

but they also play a role in integrating calcium signaling with membrane dynamics during phagosomal 

maturation [125, 127].   

Caveolae regulate calcium signaling pathways by providing a stable platform for the machinery triggering 

calcium release, thus regulating the spatial organization of calcium entry sites and the delivered amount of 

calcium to these sites [129]. Therefore, the caveolae also participate in the control the calcium-triggered 

signals leading to the actin rearrangements during phagocytosis [128;129]. A rise in the cytosolic calcium 

concentration is an early event that accompanies phagocytosis. It regulates subsequent steps during the 

phagocytic process and is required for efficient phagosomal maturation [127].   

Preliminary research revealed an impaired ATP stimulated calcium ion mobilization and a decreased 

cytosolic calcium concentration in osteoblasts grown on the micro-pillar topography compared to the cells 

on the planar reference [10].   

These findings might indicate that the cells on the micro-pillar topography had already experienced some 

calcium oscillation caused by the attempted pillar phagocytosis, which led to a reduced cytosolic calcium 

concentration, as well as a diminished response of calcium mobilization.  
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4.5 Integrins and integrin-mediated signaling  

 

Integrins: Beneath phosphatidylinositol lipids, other proteins implicated in phagocytic processes are 

located in the plasma membrane, e.g. the transmembrane cell adhesion receptors known as integrins. 

Integrins link the ECM with the actin cytoskeleton and transduce signals from the ECM to the cell. 

Therefore, clustering of activated β1-integrins results in elevated adhesion strength on reduced surface 

areas [24;107], which in the case of the micro-pillared topography is presented by the micro-pillar 

plateaus [130]. The activated β1-integrin was found to be clustered in these regions.   

In addition, integrins are known to mediate phagocytosis over a wide range, from uptake of big particles to 

the capture of smaller cargos, such as collagen fibrils. Phagocytosis is not considered to be a feature of 

specialized integrins, but rather an extension of their capacity to mediate adhesion, including integrins that 

mediate binding to ECM components, such as the β1-integrin. Phagocytosis and adhesion rely on the same 

integrin-mediated regulatory and signaling mechanism [67].   

Integrin-mediated FAK activation is further required for the reorganization of the actin cytoskeleton and 

microtubule stabilization [107]. Tubulin organization in MG-63 cells is not altered by the micro-pillared 

topography, but the clustered activated integrin may affect the actin organization regarding actin-driven 

phagocytosis [107].   

 

Integrin-mediated signaling: Integrin signaling pathway is specifically required to activate or maintain 

caveolae-mediated phagocytosis [131]. Integrin-mediated autophosphorylation of FAK at its tyrosine (Y) 

397 (FAK(pY397)) [50] was significantly decreased in MG-63 osteoblasts growing for 24 h on the micro-

pillars, while the FAK protein amount was unchanged. This phosphorylation decrease might reflect the 

reduced adhesion site offered by the micro-pillar plateaus. Reduced autophosphorylation of FAK lead to 

less accessible binding sites for the Src kinase, which transphosphorylates FAK at its Y861 

(FAK(pY861)) resulting in paxillin recruitment to the focal adhesion and connecting them with the actin 

cytoskeleton. The paxillin binding enables the mature of the focal adhesions and anchorage of the cells 

with its underlying surface [50;132].   

The FAK(pY861) phosphorylation in cells after 24 h on the micro-pillars showed, consistent with the less 

accessible binding sides for the Src kinase, a decrease in Src kinase mediated FAK(pY861) 

phosphorylation. Src kinases are also involved in the phosphorylation of other proteins such as Cav-1, 

leading to focal adhesions turnover and migration instead of focal adhesions maturation and cell 

anchorage [69;111;133]. The Y14 phosphorylation of Cav-1 is required for the recruitment of Cav-1 to the 

focal adhesions, where Cav-1 associates with β1-integrins and links the integrins to Src kinases, which 

regulated in conjugation with FAK focal adhesions turnover, migration and proliferation [68].  
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MG-63 osteoblasts displayed a decreased Src phosphorylation after 24 h cell cultivation on the micro-

pillars, accompanied with reduced Src protein amount. Considering the less accessible binding sites at the 

FAK, Src might be more implicated in Cav-1 phosphorylation, which was found to be raised in cells 

grown on the micro-pillars. Consequently, the signaling in the cells grown on the micro-pillars is more 

associated with cell migration and movement than anchorage of the cells on the micro-pillar topography. 

The reduced Src kinase protein amount could be explained by the fact that Cav-1 inhibits the Src kinase 

phosphorylation and expression by binding Src in an inactive conformation [68].   

For osteoblasts phagocytizing micro-particles, a decrease in the integrin-mediated autophosphorylation of 

FAK (FAK(pY397)) was reported [107], which might reflect the cell movement triggered by 

phagocytosis.   

Cells react to exterior force stimuli via various complex signaling pathways, such as the extracellular 

signal-regulated kinase 1/2 (ERK 1/2) and the nuclear factor κB (NFκB) [134]. These signaling proteins 

are located downstream of the integrin signaling pathway and participate in the regulation of cell growth, 

differentiation and stress response [3;24;62;64;65;100]. The micro-pillared topography with reduced 

adhesion sites and resulted tension force generation [32] showed no influences on the gene and protein 

expression of ERK1/2 and NFκB in MG-63 osteoblasts.   

These findings might indicate that the cells do not react to the micro-pillars just as stamps creating tension 

force. 

 

4.6 Cell-material surface contact establishment  

 

Plasma membrane reorganization works in concert with the underlying actin cytoskeleton to mediate 

morphological changes
 
and cell-surface contact [111]. Actin remodeling is especially sensitive to signals 

that are generated at the membrane-cytoplasm interphase [55]. The actin reorganization at the micro-pillar 

topography was shown to be characteristic for phagocytosis and not for cells just wrapping over the 

pillars, because at the mature pillar phagocytosis after 72 up to 96 h, the actin cytoskeleton was 

concentrated as rings around the micro-pillars.   

If the cells would just passively wrap around the micro-pillars, they would not change their energy 

metabolism and display the unique actin reorganization. Initial cell adhesion (identified 30 min after cell 

seeding) on the micro-pillars contains settlement of the cells on maximal four pillars. Afterwards, the cells 

were actively testing the underlying topography with their filopodia. This testing of the underlying 

topography was first shown by Dalby et al. [25] with fibroblasts exploring nano-sized topography.  
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Assuming the cells would just passively, non-phagocytizing, elongate and spread at the micro-pillared 

topography, they would possibly elongate with their lamellipodia extensions between the pillar rows and 

not span over the pillars. A location between the pillar rows would offer the cells maximal surface contact 

and adhesion sites. During the cell observations in this study, cells were occasionally observed to be 

located merely between the pillar rows.  

Altogether, this thesis assumes a high energy requirement for the cell’s attempted phagocytosis of every 

single pillar in a fixed position, leading to the question: why do the cells going through the nuisance of the 

pillar phagocytosis, if it is accompanied with high energy requirements and negative cellular outcome?   

A possible explanation for this cell behavior would be given by the fact that osteoblasts are attachment 

dependent cells, which want to ensure the highest cell-ECM(surface) contact. The maintenance of the 

osteoblastic function relies on this contact, therefore a certain cell-ECM contact is needed for an adequate 

osteoblastic cell function [106;107].   

Coating of the P-5x5 micro-pillar topography with plasma polymerized allylamine (PPAAm) [85;135] 

revealed alleviation of the micro-pillar-induced reduction of the osteoblastic markers genes Col1, FN and 

OCN. After coating the micro-pillars with PPAAm, MG-63 osteoblasts displayed increased initial cell 

spreading and after 24 h cultivation time, the micro-pillars showed a deeper imprinting into the cells, 

displayed by the molding of the MG-63 cells into the pillared topography. Cav-1 was found more to be 

localized in regions of the pillar edges. The actin cytoskeleton was also accumulated around the micro-

pillars, pointing to an expedited pillar phagocytosis. This Cav-1 and actin organization was found on the 

uncoated P-5x5 surfaces not before 48 h cultivation time. PPAAm coating was reported before to be a cell 

adhesive layer, promoting accelerated cell spreading [36;95].   

In conclusion, this confirms the hypothesis of the osteoblasts wanting to create the highest cell-surface 

contact to maintain their osteoblast specific function, displayed by the production and secretion of ECM 

proteins.   

ALP is involved in the mineralization of the bone ECM, and its gene expression was reduced on the 

micro-pillared topography, but unaffected after the coating with PPAAm. This leads to the assumption 

that the reduced ALP gene expression on the micro-pillared topography is not caused by lessened cell-

surface interaction and more by the phagocytic process. If a process requires high energy demands, such 

as phagocytosis, other energy expenditures must be abated [73], e.g. the expression of proteins, such as 

ALP, which are redundant in case the cells produce less ECM or occupied with establishing sufficient 

cell-ECM contact.   

Especially considering, that high energy demands are placed on osteoblasts not only during phagocytosis, 

but also at the production of the ECM, by expressing and secreting ECM proteins [136].  
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Unfortunately, the PPAAm coating exhibits autofluorescence, especially in the green channel. This would 

interfere with quantitative immunofluorescence analysis on these structures; therefore the mitochondrial 

activity could not be measured. Additionally, the PPAAm coating does not allow the trypsinization of the 

cells in a vital state from the micro-pillared surfaces due to its high cell-attractive characteristics. MG-63 

cells on PPAAm were 1.5 times more resistant to a shear stress compared to cells on uncoated titanium 

[137]. For that reason, the cellular cholesterol amount, intracellular ADP and ATP amount and ROS 

generation could not be investigated. 

 

4.7 Stochastic rough surfaces and commercial implant designs  

 

Roughening of Ti is used for commercial implant surface modification. The rough implant topography can 

increase the contact surface with the bone by providing more surface sites for osseointegration, thus a 

better biomechanical interlocking between bone and implant [3;19;39;138].   

One standard method for roughening the Ti surface is by blasting the Ti surface with corundum particles 

(Ti-CB) thereby creating irregularly distributed sharp edges and elevation, having a roughness value (Ra: 

mean of the peak-to-valley measurements of a surface) of Ra = 6 µm [8;139].   

Previous studies reported a reduced mineralization rate in osteoblasts on Ti-CB, hence a decreased 

osteoblast function, after the first 24 h of cultivation. In addition, the actin cytoskeleton was rearranged in 

short filament clusters, as well as the β1-integrin and the focal adhesions adapter protein vinculin were 

found in clusters at the region of sharp edges and elevation [7;8].   

Osteoblasts at Ti-CB surfaces adhered only at the elevations, and therefore the cell morphology was 

similar to the MG-63 osteoblasts cultured on the micro-pillar topography, as well as their actin 

cytoskeleton distribution, β1-integrin and vinculin clustering at the elevations [9].   

Cav-1 localization analysis in MG-63 osteoblasts on Ti-CB revealed an accumulation of Cav-1 in the 

regions of the irregularly distributed actin cytoskeleton on the elevations. Furthermore, the MG-63 

osteoblast exhibited an increased ATP turnover and ROS generation after 24 h on the Ti-CB surfaces. 

These responses were also observed for the osteoblasts on the micro-pillared topography as well as after 

treatment with micro-particles as phagocytosis trigger. Finally leading to the conclusion, that osteoblastic 

cells might not only attempt to phagocytize the geometric micro-pillars but also the elevations on 

stochastic rough surfaces to ensure the highest cell-ECM contact to maintain the osteoblastic function 

[106;107].   
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Micro-roughness of bone-replacing implants is a controversial factor and the mechanisms effecting cell 

behavior on micro-rough topographies remain still unclear. One possible reason is the lack of systematic 

studies investigating the changed physicochemical properties, e.g. surface energy or surface chemistry, 

dependent on the different micro-roughness structures or modifications. Also problematically is a 

consistent definition of the surface roughness of the many various rough topographies. The most widely 

used parameter to characterize the roughness is the Ra value, which determines the average peak-to-valley-

height. But this value does not consider the type of topography, such as the spacing between the 

irregularities, or the different shapes, e.g. ridges, holes, pores, curvature of valleys and especially the 

sharpness of the peaks. Therefore, the comparison of the various data is difficult [3].  

Some studies reported positive influences by micro-roughness on osteoblasts, such as exhibiting a more 

differentiated phenotype by increased alkaline phosphatase activity and osteocalcin expression [23;30]. In 

addition, micro-roughness was reported to generate an osteogenic micro-environment through higher 

production of prostaglandin E2 as well as transforming growth factor β1 and an enhanced production of 

natural physiological resembling bone matrix in combination with reduced osteoclast activity [3;140].  

However, others had reported negative effects of the surface micro-roughness on osteoblasts, such as 

lower cell numbers, diminished cell spreading and proliferation as well as reduced expression of the 

osteoblast marker alkaline phosphatase [134;140-142].
 
Cells growing on rough surfaces showed changes 

in their cell physiology, such as the integrin expression [7;34] and formation of vinculin-containing focal 

adhesion sites [139]. Nebe et al. [112;139] revealed not only a topography-induced integrin and vinculin 

expression in osteoblasts, but also showed that the underlying topography affect the actin cytoskeleton at 

various stochastic rough surfaces, e.g. machined, vacuum plasma sprayed, blasted with glass spheres or 

corundum particles, all are commercially used as implant surface modifications.   

After all, osseointegration is reported to be enhanced on rougher surfaces rather than on smooth ones, 

because it offers a higher surface area and therefore more sites for bone fixation [140].  

Implants, containing a micro-rough surface, have the disadvantage of releasing wear debris particles with 

an average size of 1 µm. In consequence, these wear debris have a phagocytosable size and have the 

potential to elicit an inflammatory response, as well as weaken the surrounding osteoblasts in their 

function [48;143;144].   

In vivo studies documented attenuated osteoblast function and integration strength due to co-cultivation 

with titanium particles. Inhibition of osteoblastic cell function by phagocytosis of wear debris or 

topography-features reduces bone formation and decreases osseointegration [106-108].  

Anselme et al. [145]
 
reported that human osteoblasts prefer surfaces with moderate micro-roughness but 

with a low level of repeatability concerning their orientation, adhesion and proliferation.  
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According to the knowledge gathered in this thesis, surfaces that offer the osteoblastic cells insufficient 

ECM interaction area, and consequently induce internalization processes, lead to a decrease in the cells’ 

osteoblastic function. These osteoblasts exhibit impaired biomaterial interaction during the first phase of 

osseointegration, which would lead to a decrease in acceptance and success of an implant [3;19;39;140]. 

Thus the commonly used stochastically structured implants, used in orthopedic surgery, should avoid any 

topographical heights inducing phagocytosis preventing the successful ingrowth. 

Micro-pillar topographies, ineligible as implant design, allow modulation of cytoskeletal arrangements. 

They affect adhesion, proliferation, as well as induce differentiation of osteoblasts [9;90;102;105]. This 

topography may provide another way of eliciting responses that could be exploited for research tools and 

medical materials. Due to this geometrical arrangement of surface features, we could reveal the reason 

why cells organize their actin cytoskeleton around the elevations leading to the reduced cell function.   

The discovered phagocytosis of the surface-fixed micro-pillars might be advantageous for implant designs 

in the area of drug delivery, i.e. pillars composed of a degradable material that engulfs a drug reservoir. 

This drug would be internalized by the cells after the initial adhesion to the implant surface and could then 

boost the bone formation (e.g. 1,25-dihydroxyvitamin D3) or release an antibiotic to fight bacterial 

infection [3].   

A study by Unadkat et al. used mathematical algorithms to design randomized libraries of micron-sized 

surface topographies for high-throughput screening of cell-topography interactions. They found novel 

surface topographies that were able to induce osteogenic differentiation of mesenchymal stem cells. In 

addition, they could correlate topographical parameters to cellular responses, e.g. that nodules or spheroids 

enhance osteogenic differentiation [146]. Consequently, certain micron-sized surface topographies could 

be used as bioactive surface topographies but these contain no sharp edges or rectangular structures such 

as the micro-pillars.   

Only disordered and nano-sized geometric topographies have been reported to benefit the implant 

ingrowth [100;105]. Hence implant designs containing pillars in nano-size range might be advantageous, 

contrary to micron-size, for attenuating the osteoblast function and osteointegration. Nano-sized features 

might offer the increased surface area, as well as adhesion sides required for bone interlocking. But the 

smaller surface features might lead to less phagocytic efforts, so then less stressed cells.   

Within the context of the development of new bioactive implant designs, the artificial micro-structured 

pillar topography used here, highlights the importance of the cell-material contact area for the osteoblasts 

in maintaining their specific osteoblastic function and how this contact can manipulate the cell reactions. 

Besides, the geometric micro-pillared structure was proven to serve as artificial topography in the analysis 

of topography-induced cell responses by standardizing the order and diameters of the micro-topography. 
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5. Summary  

 

In cell-biomaterial interaction, knowledge of the dependence of cell behavior on topographical features is 

relevant for designing implant surfaces. Cells are sensitive to their underlying topography and especially 

micro-topography offers cues that evoke large ranges of cell responses, but the complex interplay is not 

completely understood. The overall question of this thesis was why cells organize their actin cytoskeleton 

in a mimicry fashion on the geometric micro-pillar topographies?   

The performed experiments discovered an attempted caveolae-mediated phagocytosis of the surface-fixed 

micro-pillars (1x1x1 µm up to 5x5x5 µm) by human MG-63 osteoblastic cells, which explained the local 

actin rearrangement. This attempt to phagocytize the cubic elevations of the Ti surface results in higher 

energy requirements for the cells, as indicated by enhanced ATP metabolization and mitochondrial 

activity, leading to increased intracellular reactive oxygen species (ROS) generation and finally to 

impaired osteoblast function, characterized by a decreased expression of osteoblast marker proteins such 

as collagen, fibronectin, osteocalcin or alkaline phosphatase. Similar cell responses regarding the actin 

cytoskeleton, energy metabolisms and osteoblast function were also observed for the osteoblasts treated 

with micro-particles as phagocytosis trigger.  Osteoblasts growing on stochastic rough Ti surfaces, 

modified by corundum blasting and commercially used as implant surfaces, showed analogous cell 

responses regarding the ATP metabolism, ROS production as well as Cav-1 and actin organization. These 

results indicate as well a phagocytosis of the elevated surface structures, such as edges, ridges or spikes. 

Osteoblasts, as attachment dependent cells, try to establish the highest surface-cell contact to maintain 

their osteoblast specific function. Therefore, they attempt to internalize the micro-rough, as well as micro-

pillared topography features. Coating of the micro-pillared topography with the cell-adhesive layer 

PPAAm resulted in an accelerated micro-pillar uptake by the osteoblasts and a less impaired osteoblast 

specific cell function.   

Within the context of the development of new bioactive implant designs, the artificial micro-structured 

pillar topography used here highlights the importance of the cell-material contact area for the osteoblasts 

in maintaining their specific osteoblastic function and how this contact can manipulate the cell reactions. 

Altogether, bone-replacing implant biomaterials should provide (i) sufficient contact area without micron-

sized elevations, that induce internalization processes by the osteoblastic cells and consequently impair 

their osteoblastic function and (ii) enough surface sides or area to provide a good mechanical fixation of 

the implant in the native bone, possibly via macro-roughness in dimensions greater than one cell. 
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Zusammenfassung 

 

Ausführliche Erkenntnisse über die Zellphysiologie an Biomaterialgrenzflächen sind bedeutend für die 

Weiterentwicklung von Implantaten. Biomaterialoberflächen, insbesondere deren Mikro-Topographie, 

beeinflussen viele zellbiologische Prozesse, deren komplexe Zusammenhänge immer noch nicht 

vollständig aufgeklärt wurden. Die vorliegende Arbeit befasste sich mit der Aufklärung des Phänomens, 

dass Mikro-Pfostentopographien eine Umorganisation des Aktinzytoskeletts in humanen Osteoblasten 

bewirken. Es konnte gezeigt werden, dass humane MG-63 Osteoblasten an der Oberfläche-fixierte Mikro-

Pfosten (1x1x1 µm bis 5x5x5 µm) durch Caveolae-vermittelte Phagozytose internalisieren. Diese 

Phagozytose bewirkte die lokale Umorganisation des Aktinzytoskeletts und induzierte einen gesteigerten 

Energieverbrauch (gekennzeichnet durch erhöhte ATP-Metabolisierung und mitochondrialer Aktivität 

sowie der Bildung reaktiver Sauerstoffspezies(ROS)). Dies wiederum resultierte in einer beeinträchtigten 

Expression von Proteinen, welche spezifisch für die Osteoblastfunktion sind, wie u.a. Collagen, 

Fibronektin, Osteocalcin oder Alkalische Phosphatase. Ähnliche zelluläre Reaktionen bezüglich des 

Aktinzytoskeletts, des Energiestoffwechsels und der Osteoblastenfunktion wurden bei Mikro-Partikel-

phagozytierenden Osteoblasten gefunden. Auch auf rauem, stochastisch strukturiertem Titan, modifiziert 

mittels Korundstrahlen, waren analoge Zellantworten hinsichtlich der ATP-Metabolisierung, ROS-

Produktion sowie Cav-1und Aktinzytoskelettorganisation zu beobachten. Diese Ergebnisse weisen ebenso 

auf eine Phagozytose der Oberflächentopographie aus spezifischen Kanten, Graten und Spitzen bestehend 

dieser bereits kommerziell verwendeten Implantatoberflächen hin. Osteoblasten sind adhärente Zellen. Für 

die Aufrechterhaltung ihrer Osteoblastenfunktion sind sie bestrebt, den größtmöglichen Zell-Kontakt zur 

Materialoberfläche herzustellen, weshalb sie versuchen, sowohl die Erhöhungen der rauen Mikro-

Strukturierung, als auch die geometrischen Mikro-Pfosten zu internalisieren. Eine Beschichtung der 

Mikro-Pfosten mit dem zelladhäsiven Plasmapolymer PPAAm begünstigt die Zelladhäsion sowie -

ausbreitung und führte dadurch zu einer verbesserter Osteoblastenfunktion. Die gezeigten Zellreaktionen 

auf den verwendeten, artifiziellen Mikro-Pfostentopographien unterstreichen die Bedeutung der Zell-

Material-Kontaktfläche für die Erhaltung der Osteoblastenfunktion. Zusammenfassend führen diese 

Ergebnisse zu folgenden Ansprüchen an ein Knochenersatz-Implantat: (i) ausreichend Kontaktfläche für 

die Zellen ohne Erhöhungen wie Spitzen oder scharfe Kanten im Mikrometer-Bereich, um 

Internalisierungsprozesse und folglich zu eine Beeinträchtigung der Osteoblastenfunktion zu verhindern, 

sowie (ii) die Gestaltung einer Makro-Rauheit in größeren Dimensionen als die der Zellen, um eine gute 

mechanische Fixierung des Implantates im Knochen zu gewährleisten. 
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