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Cells are sensitive to their underlying micro- and nano-topography, but the complex interplay is not
completely understood especially if sharp edges and ridges of stochastically modified surfaces interfere
with an attached cell body. Micro-topography offers cues that evoke a large range of cell responses e.g.
altered adhesion behavior and integrin expression resulting in disturbed cell functions. In this study, we
analyzed why osteoblastic cells mimic the underlying geometrical micro-pillar structure (5 � 5 � 5 mm,
spacing of 5 mm) with their actin cytoskeleton. Interestingly, we discovered an attempted caveolae-
mediated phagocytosis of each micro-pillar beneath the cells, which was accompanied by increased
intracellular reactive oxygen species (ROS) production and reduced intracellular ATP levels. This energy
consuming process hampered the cells in their function as osteoblasts at the interface. The raft-
dependent/caveolae-mediated phagocytic pathway is regulated by diverse cellular components
including caveolin-1 (Cav-1), cholesterol, actin cytoskeleton as well as actin-binding proteins like
annexin A2 (AnxA2). Our results show a new aspect of osteoblastematerial interaction and give insight
into how cells behave on extraordinary micro-structures. We conclude that stochastically structured
implants used in orthopedic surgery should avoid any topographical heights which induce phagocytosis
to prevent their successful ingrowth.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A permanent implant should establish a lifelong anchorage in
the surrounding bone; for this purpose it is essential to establish a
mechanically solid interface with complete fusion of the material's
surface and the native bone tissue. Successful orthopedic implant
osseointegration relies on the fast formation of bone tissue at the
implant surface, but inadequate bony fixation can lead to fibrous
tissue formation at the bone-implant interface. Improved fixation
and consequently successful ingrowth into the native bone can be
achieved by accelerating the onset and rate of immediate cell
attachment and proliferation [1].

Material surface topography is known to effect cellular pro-
cesses like adhesion, spreading, proliferation and production of
extracellular matrix (ECM) proteins, consequently cell behavior and
cell fate [1,2]. Osseointegration is enhanced on rougher surfaces
rather than on smooth ones, but it is also accompanied by changes
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in the cell physiology, such as the integrin expression [3,4]. The
complex connections of the cell-material interactions are not
completely understood despite increasing cell biological studies.
New implant design strategies pursue the development of new
bioactive surfaces evoking cellular responses which promote
osseointegration [1].

For the investigation of topography-induced cell changes, reg-
ular geometric micro-pillared structures were used as artificial
surfaces, extending thework of stochastic surfacemodels [4,5] with
the advantage of constant topography variables. Human MG-63
osteoblast-like cells have an integrin subunits profile similar to
primary human osteoblasts and have been considered applicable
for studying initial cell attachment to surfaces [6]. Interestingly,
MG-63 growing on micro-pillar structures showed an actin cyto-
skeleton which was clustered as local spots around the pillar edges
instead of the stress fiber arrangement normally found on planar
surfaces. This altered cell architecture resulted in a decreased
synthesis of the extra-cellular matrix (ECM) proteins collagen-I
(Col1) and bone sialo protein (BSP), accompanied by a reduced
b3-integrin expression, the adhesion receptor for BSP [2]. This in-
dicates that the given surface micro-topography strongly affects
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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with cell physiology. But the modes of action of this typical surface-
mimicry of the cell's actin of the underlying geometry were still
unexplained. Although the synthesis of ECM proteins was signifi-
cantly disturbed after 24 h, 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 [7].
Because osteoblasts are able to uptake nano- and micro-particles
[8,9] we argued that cells on micro-pillars (5�5�5 mm in size) try
to phagocytize these protruding fixed components on the titanium
surface by a caveolae-mediated phagocytosis.

Phagocytosis is a specific form of endocytosis involving the
actin-dependent internalization of large particles [10]. Caveolae are
50e80 nm diameter cholesterol- and sphingolipid-rich plasma
membrane invaginations considering a subdomain of plasma
membrane micro-domains which are called lipid rafts. In the cav-
eolae/lipid raft micro-domains, multiple signaling molecules have
been localized which are involved in various cellular processes
including phagocytosis [11,12] and the transduction of cell surface
signals [13].

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 actin-
binding proteins like annexin A2 (AnxA2) [12,14]. Cav-1 is the
major component of caveolae and, by binding to cholesterol, is
essential for the formation and stabilization of caveolar vesicles
[11]. This work shows an attempted caveolae-mediated phagocy-
tosis of the fixed titanium-coated micro-pillars (5 � 5 � 5 mm in
size) by osteoblast-like cells.

2. Materials and methods

2.1. Titanium surfaces

Periodically micro-textured samples (size 1 cm2) with regular
cubic pillar geometry on the surface having a dimension of
5�5�5 mm in width � length � height and 5 mm in spacing
(P�5�5) were used throughout the experiments. In addition
micro-pillars with the dimensions 1�1�1 mm in
width � length � height and 1 mm spacing (P � 1 � 1 � 1);
2�2�5 mm and 2 mm spacing (P�2�2�5) as well as 3�3�5 mm and
3 mm spacing (P�3�3�5) were used. As controls unstructured,
plane silicon wafers (Ref) were employed. The samples were
fabricated by deep reactive-ion etching (DRIE) (Center for Micro-
technologies ZFM, University of Technology Chemnitz, Germany)
on silicon wafers and coated with an additional 100 nm titanium
(Ti) layer, as reported before [5,7]. Stochastic rough titanium sur-
faces (corundum-blasted, TieCB) and polished titanium (TieP)
(disk ø 30 mm) with technical purity (grade 2; DOT GmbH Rostock,
Germany) were described by Lüthen et al. [4].

2.2. Osteoblast cell culture

The human osteoblast-like cell line MG-63 (American Type
Culture Collection ATCC®, CRL-1427) was used throughout the ex-
periments. 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, Hei-
delberg, Germany) were used. MG-63, SaOs-2 and U-2Os were
grown in Dulbecco's modified eagle medium (DMEM, Life Tech-
nologies GmbH, Darmstadt, Germany) with 10% fetal calf serum
(FCS) (Biochrom FCS Superior, Merck KGaA, Darmstadt, Germany)
and 1% gentamycin (Ratiopharm GmbH, Ulm, Germany) at 37 �C in
a humidified atmosphere with 5% CO2. hFOB were cultured in
Ham's F12 DMEM (Life Technologies GmbH) with 10% FCS
(Biochrom FCS Superior, Merck) and hOB were cultured in osteo-
blast growth medium (PromoCell GmbH) at 37 �C in a humidified
atmosphere with 5% CO2. In all experiments 7000 cells/cm2 were
seeded onto the samples placed in NUNC 4-well dishes (Thermo
Fisher Scientific, NUNC GmbH & Co. KG, Langenselbond, Germany)
or 6-well plates (Greiner Bio-One International GmbH, Krems-
münster, Austria). Before use, the titanium arrays were washed in
70% ethanol for 10 min and rinsed thrice in PBS (PAA Laboratories,
Pasching, Austria). For long-term cultivation, after 48 h a media
change was made. Filipin III (SigmaeAldrich, St Louis, MO, USA)
was used as caveolae/lipid raft-inhibitor. For this purpose, MG-
63 cells were incubated with 0.5 mg/ml Filipin III in DMEM for
15min at 37 �Cwith 5% CO2 after 24 h cultivation on the Ti surfaces.

For internalization experiments MG-63 cells were incubated
with melamine particles 6 mm 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. After-
wards the cells were incubated with the 6 mm particles with a
concentration of 105/ml for 24 h.

2.3. Real time-qPCR for mRNA expression analyses

Total RNA was isolated using a NucleoSpin®RNA II kit (Macher-
eyeNagel GmbH & Co KG, Düren, Germany) that includes the
elimination of any genomic DNA by DNase (MachereyeNagel)
treatment. The purity and quantity of the resulting RNA were
determined via measurement of the absorbance at 280 nm and
260 nmwith the Nano Drop 1000 (Thermo Scientific). 50 ng of total
RNA was used for first strand cDNA synthesis using Superscript®II
Reverse Transkriptase and Random Primers (Invitrogen AG, Carls-
bad, CA, USA). The real time quantitative polymerase chain reaction
(RT-qPCR) was performed using TaqMan® Universal PCR Master
Mix and TaqMan® gene expression assays for alkaline phosphatase
(ALP) (Hs00758162_m1), caveolin-1 (Cav-1) (Hs00971716_m1),
collagen type 1 (Col1) (Hs0016404_m1), fibronectin (FN)
(Hs00900054_m1), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Hs99999905_m1) and osteocalcin (OCN)
(Hs01587813_g1) (all Applied Biosystems by Life Technologies
GmbH, Darmstadt, Germany) following the manufacturer's in-
structions. TaqMan® PCR assay for each target gene was performed
in triplicates of 4 independent experiments. The PCR was per-
formed 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 (D Ct) and then relative to the references (DD Ct).

2.4. Western-blotting and densitometric analysis

Immunoblots were performed from total lysates of MG-63 cells,
whichwere cultivated on the Ti arrays for 24 h. The BioPlex cell lysis
kit (Bio-Rad Laboratories GmbH, Munich, Germany) was used for
the cell lysis. Protein quantification was performed using the
Bradford method (Bio-Rad Laboratories GmbH). Total cellular pro-
tein was separated by SDS-PAGE (Bio-Rad Laboratories GmbH) and
afterwards transblotted to PVDF membranes (Roche Diagnostics
GmbH, Mannheim, Germany). Analyses were done for rabbit
monoclonal anti-annexin A2 (1:1000), rabbit polyclonal anti-
caveolin-1 (1:1000) (New England Biolabs GmbH, Frankfurt/Main,
Germany), rabbit polyclonal anti-CD68 (1:300) (Proteintech Group
Inc., Chicago, IL, USA), rabbit monoclonal anti-Tyr14 phosphory-
lated caveolin-1(1:1000) (BD Biosciences, Franklin Lakes, NJ, USA)
and mouse polyclonal anti-GAPDH (1:1000) (Santa Cruz Bio-
technologies Inc., Dallas, TX, USA). The membranes were incubated
with the appropriate primary antibody over night at 4 �C followed
by a horseradish peroxidase (HRP)-conjugated secondary antibody
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(New England Biolabs GmbH). Primary antibody binding was
detected by using a fast chemiluminescent substrate for HRP
(Femto Dura West Signal, Thermo Scientific).

For each protein detected 4 independent experiments were
performed. 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 stain free with total
protein loading were used as an endogenous control.

2.5. Immunofluorescence staining

Osteoblastic cells were cultured on the Ti arrays for 24 h, washed
three times with PBS and then fixed with 4% paraformaldehyde
(PFA) (10 min; room temperature, RT) (SigmaeAldrich). After
washing thrice with PBS, the cells were permeabilized with 0.1%
Triton X-100 (10 min, RT) (Merck), washed again three times with
PBS and blocked with 2% bovine serum albumin (BSA) (Sigma-
eAldrich) in PBS (30min, RT). For actin filament staining, cells were
incubated with phalloidine coupled with tetramethyl-rhodamine
(TRITC) (5 mg/ml in PBS) (SigmaeAldrich). The following primary
antibodies (diluted in PBS) were used for the immunolabeling at RT
for 1 h: monoclonal rabbit anti-annexin A2 (1:15), polyclonal rabbit
anti-caveolin-1 (New England Biolabs GmbH) (1:400), polyclonal
rabbit anti-CD68 (Proteintech Europe Inc.) (1:25), activated integrin
monoclonal mouse anti-CD29 9EG7 (BD Biosciences) (1:100) and
monoclonal rabbit anti-Tyr14 phosphorylated caveolin-1 (1:50).
Secondary antibody anti-rabbit-IgG-AF488 or anti-mouse-IgG-
AF488 (Life Technologies, diluted 1:200 in PBS) was applied for
30 min at RT. For cells treated with 6 mm particles marked with the
green fluorescence dye FITC, anti-rabbit-IgG-AF594 (Invitrogen AG,
diluted 1:200 in PBS) was used as secondary antibody. Cholesterol
stainingwas performedwith 2.5 mg/ml filipin III in PBS for 15min at
RT. Nuclei were stained with a 1 mg/ml 40,6-diamidino-2-
phenylindole (DAPI) solution (SigmaeAldrich) for 15 min at RT.
The samples were embedded with fluoroshield mounting media
(SigmaeAldrich).

2.6. Cholesterol quantification

MG-63 cells were cultivated for 24 h on the Ti arrays. After
washing with PBS, the cells were trypsinized and suspended in PBS
with Ca2þ/Mg2þ to stop the trypsinization reaction. A centrifuga-
tion at 400 g for 5 minwas performed and the cells were washed in
PBS and fixated with 4% PFA (10 min, RT), again washed with PBS
and incubated with 100 mg/ml filipin III in PBS (30 min, RT). A
centrifugation at 400 g for 5 min was performed after every step.
Fluorescence was measured in triplicates of 5 independent exper-
iments in a black 96-well plate (Greiner Bio-One International
GmbH) by Tecan Infinity 200 (Tecan Group Ltd., M€annedorf,
Switzerland) with lex ¼ 360 nm and lem ¼ 480 nm.

2.7. 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, Cam-
bridge, MA, USA) and adenosine diphosphate (ADP) with ADP
colorimetric/fluorometric assay kit (Abcam). Measurements were
performed using the fluorometric assay following the manufac-
turer's instructions. Fluorescence was measured in triplicates in a
black 96-well plate by Tecan Infinity 200 (6 independent experi-
ments for the micro-pillared surfaces, 4 independent experiments
for TieP and TieCB disks as well as for the particle-treated cells)
with 5 � 104 cells for the Ti arrays and with 1.5 � 105 for the 6 mm
particle treatment as well as the polished (TieP) and corundum-
blasted titanium (TieCB) disks for each triplicate. Therefore 3
technical Ti array replicates were pooled.

2.8. Mitochondrial activity

The potential-sensitive fluorescence dye JC-1 (5,50,6,60-tetra-
chloro-1,10,3,30-tetraethylbenzimidazolyl-carbocyanine iodide)
(Life Technologies GmbH) was used to measure the activity of
mitochondria [15]. The dye was dissolved to a stock concentration
of 2.5 mg/ml in DMSO. MG-63 cells were cultivated for 24 h on the
Ti arrays and then stained with 10 mg/ml JC-1 in DMEM for
15 min at 37 �C in a humidified atmosphere with 5% CO2. After-
wards the cells were rinsed twice with PBS and the fluorescence
was immediately acquired with the inverted laser scanning mi-
croscope LSM 780 (Carl Zeiss AG) using a 20� (EC Plan-Neofluar)
objective (Carl Zeiss AG). Therefore the Ti arrays were placed into
an IBIDI m-Dish35 mm, high (Ibidi LCC,Martinsried, Germany) with the
adherent cells towards the bottom of the dish containing 2 ml of
PBS. Green fluorescence was observed through the bandpass of
493e578 nm and red fluorescence through 568e712 nm. Red/
green fluorescence was measured with the ZEN 2011 (black
version) software (Carl Zeiss AG) by collecting the individual green
and red fluorescence of 150 cells at each surface of 2 independent
experiments.

2.9. Reactive oxygen species (ROS) determination

Intracellular ROS generation was assessed by using 20,7’-
dichlorofluorescein diacetate (DCF-DA) (DCF-DA cellular ROS
detection assay kit, Abcam). MG-63 cells were cultivated for 24 h on
the Ti surfaces. After washing with PBS, the cells were trypsinized
and resuspended in PBS with Ca2þ/Mg2þ (PAA Laboratories). A
centrifugation at 400 g 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 mM DCF-DA so-
lution and incubated for 30min at 37 �C in the dark. Positive control
was treated with 50 mM tert-butyl hydrogen peroxide for 1 h before
staining. ROS in the cells cause oxidation of DCF-DA, yielding the
fluorescent product 20,7’-dichlorofluorescein (DCF). The DCF fluo-
rescence 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.

ROS composition enzymes were quantified as follows: MG-
63 cells were cultivated for 24 h on the Ti arrays. The total protein
lysis was performed as described for the immunoblots. Protein
concentrations were measured using the Bradford method. For the
quantification of the ROS composition enzymes Catalase (Cat), Su-
peroxide dismutase (SOD) 1 and SOD2, Peroxiredoxin 2 (PRX2) and
Thioredoxin (TRX1) the magnetic bead luminex kit Human
Oxidative Stress Magnetic Bead Panel (H0XSTMAG-18K) (Merck
KGaA) and the BioPlex 200 system (Bio-Rad Laboratories GmbH)
was used following the manufactures' instructions.

2.10. Confocal laser scanning microscopy

The image acquisitions of fixed and vital cells were performed
on an inverted confocal laser scanning microscope LSM 780 (Carl
Zeiss AG, Oberkochen, Germany). 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 mm). Experiments were repeated three times and
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images were taken from representative cells.

2.11. Scanning electron microscopy

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, Taunusstein, Germany) and then
samples were sputtered with gold for 100 s (layer ca 20 nm) (SCD
004, BAL-TEC, Wetzlar, Germany). Scanning electron microscopy
(SEM) observations were performed with a DSM 960A (Carl Zeiss
AG) and a MerlinVP microscope (Carl Zeiss AG).

2.12. Statistical analysis

Statistical analyses were carried out with GraphPad Prism5
software (GraphPad Software Inc., La Jolla, CA, USA). Results are
presented in box plots with medians, quartiles and an interquartile
range (IQR) ± 1.5 � IQR. Data analyses were performed using the
ManneWhitney U test. P-values < 0.05 were considered to indicate
significant differences.

3. Results and discussion

3.1. Cell phenotype and function on micro-pillared topography

Actin is the essential element of the cytoskeleton, known to
have a primal role in diverse cellular processes controlling the
functional andmorphological behaviors of cells [16]. Changes in the
actin cytoskeleton, overall cell morphology, and the cell nucleus
dependent on the growth of MG-63 osteoblasts after 24 h on the
micro-pillared topography (dimension 5 � 5 � 5 mm, P � 5 � 5) are
shown in Fig. 1. The MG-63 osteoblasts exhibited an elongated
phenotype on the pillar structures [5,7]. 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 samples (Ref),
where the MG-63 cells showed a randomly oriented, flattened
phenotype and attachment with the entire cell body to the surface.
Confocal microscopy with three dimensional (3D) z-stack genera-
tion 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 and to
understand the overall cell structures not limited to one horizontal
plain of themicro-topography, e.g. the top of the pillars. Thus a false
interpretation due to different observation levels (confocal princi-
ple) could be avoided. The micro-pillars drastically altered the actin
cytoskeleton organization of MG-63 cells (Fig. 1a), resulting in
clustered and short filaments on the pillar top, as already shown by
our group [5,7]. The question remained why the cells rearrange the
cytoskeleton in this manner although the actin stress fibers could
span from one pillar to the next.

Already on the mRNA level the expression 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 in MG-63 os-
teoblasts cultured for 24 h on the micro-pillars (Fig. 1b). On the
protein level Col1 and FN was shown to be impaired in MG-63
osteoblasts after 24 h on micro-pillared textures already in
Refs. [2,7].

Microscopic analysis revealed a nucleus deformation when
growing on the micro-pillars (Fig. 1c) as observed by Badique et al.
[17] with dimension ranging from 2 to 20 mm for pillar diameter
and distances. The nucleus embedded the pillars, leading to a less
rounded shape. 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 [18]. However, Badique et al. [17] 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 nuclei caused by growth on micro-
pillars.

3.2. Attempted phagocytosis e existence of caveolae

Phagocytosis can be mediated via caveolae; therefore we
determined the existence of caveolae. The two major caveolae
components Cav-1 and cholesterol were localized by immunoflu-
orescence labeling or by interaction with the fluorophore filipin III,
respectively (Figs. 2 and 3). Cav-1 displayed a dot-like localization
on the micro-pillar plateaus after 24 h of cultivation (Fig. 2a).
Tyrosine 14 of caveolin-1 undergoes regulated phosphorylation
(pCav-1) presumed by Src family kinases and it is involved in sta-
bilizing the focal adhesion kinase (FAK) at focal adhesion sites (FA)
[19]. Several components involved in focal adhesion assembly are
also important for phagocytosis and resulting actin reorganization
[10]. After 24 h cultivation pCav-1 was augmented at the pillar
edges and pillar walls, whereas it was regularly distributed on the
reference (Fig. 2a). Protein expression analysis of Cav-1 by western
blot revealed a trend towards a decrease of Cav-1 after 24 h on the
micro-pillars but an enhanced signal in pCav-1 indicating an
elevated phosphorylation state of Cav-1 after 24 h (Fig. 2c). Perhaps
in compensation, the Cav-1 mRNA expression was significantly
elevated (Fig. 2b). Cav-1 phosphorylation has been linked to cav-
eolar endocytosis [11]. Cholesterol as second major caveolae
component also displayed a dot-like formation on the micro-pillar
plateaus (Fig. 3). The dot-like locations of Cav-1 (Fig. 2a) and
cholesterol (Fig. 3a) imply the local existence of caveolae/lipid rafts,
which was not seen on the planar surfaces. To prove the existence
of caveolae formation on top of the micro-pillars, cells were treated
with the caveolae/lipid raft inhibitor Filipin III (which stains
cholesterol, but also acts as inhibitor; in the latter case the cells
were incubated with Filipin III before fixation and staining) [13].
The dot-like cholesterol formation on top of the micro-pillars
started to disappear; this was accompanied by the disruption of
the caveolae/lipid rafts (Fig. 3a). Thus, the dot-like Cav-1 and
cholesterol enrichments on top of the pillars revealed caveolae
formation. Variation of the pillar sizes (length �
width � height � spacing: 1 � 1 � 1 � 1 mm; 2 � 2 � 5 � 2 mm;
3 � 3 � 5 � 3 mm) showed as well a dot-like Cav-1 clustering
around and on the pillars after 24 h by MG-63 cells (Fig. 4).

Clustering of lipid rafts/caveolae helps establish polarized plat-
forms necessary for cell adhesion and migration [11]. On the top of
the pillars the membrane curvature is positive, which is unfavor-
able for the accumulation of adhesion molecules in FAs. In addition
the membrane experiences strong electrostatic interactions at the
pillar plateaus leading to increased membrane tension [20,21]. The
normal size of caveolae is about 50e80 nm [11,12]. Bigger caveolae
structures emerged on the pillar plateaus (Fig. 2a) and this indi-
cated a formation of multi-caveolar structures, whichmight allow a
greater expansion of the cell surface by coalescence of several small
caveolae [11]. Caveolae are reported to act as mechanotransducers
in regions with tension generation like the pillar topography
[18,22]. As a response to increased surface tension, cholesterol
accumulated and increased the thickness as well as stiffness of the
membrane lipid bilayers on the pillar plateaus. Accordingly, cav-
eolae incurrence is important for cell adhesion on the micro-
pillared topography with reduced adhesion sites. But this does
not explain why the actin cytoskeleton was constantly fortified as



Fig. 1. Morphology and function of MG-63 cells on planar (Ref) and micro-pillared (P � 5 � 5) topography after 24 h. (A) First row: SEM-images (left and middle: 1000�
magnification, bar 20 mm; right: 5000� magnification, bar 4 mm, P � 5 � 5 30� twisted, SEM DSM 910); second row: actin cytoskeleton (left and middle bar 20 mm, right 5 mm). (B)
Relative mRNA expression of the osteoblastic marker proteins alkaline phosphatase (ALP), collagen type-I (Col1), fibronectin (FN) and osteocalcin (OCN) (Ref values normalized on 1,
n ¼ 4, *: P < 0.05). (C) DAPI nuclei staining with xz- and yz-planes. Note that all immunofluorescence images are 3D confocal z-stacks.
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short filaments on the pillars and the pillar edges.
Caveolae are known to be semi-permanent and stable mem-

brane structures, so the short actin-filaments on the pillar plateaus
should be nonrelevant to keeping the caveolae in a dispersed state
[14]. After adhesion and caveolae formation the cells could develop
actin stress fibers for stabilization and thus there is no more ne-
cessity for the caveolae to act as membrane tension regulators.
Actin stress-fiber formation is regulated by membrane cholesterol
through processes that require the small GTPase Rho, the kinases
ROCK and Src and 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 [23].
In our experiments a decline of cholesterol in MG-63 osteoblasts on
the micro-pillars (Fig. 3b) could be observed by relative quantifi-
cation of cellular cholesterol content via Filipin III. Increased Cav-1
phosphorylation (Fig. 2c) was also observed but no actin stress fiber
formation. So the cells must underlie another cellular response
because normally the regulation of synthesis, influx and efflux
keeps cellular cholesterol precisely controlled [24].

Long-term studies over 96 h revealed MG-63 cells reaching to
the bottom of the micro-pillared topography and embedding the
micro-pillars, visualized by SEM (Fig. 5a). After 96 h on the micro-
pillars, the osteoblasts indicated no actin stress fiber formation
spanning through the cell and still Cav-1 clustering on the pillar
plateaus (Fig. 5b). The actin cytoskeleton started to engulf the pillar
walls and the dot-like Cav-1 clusters moved to the pillar edges
(Fig. 5b), hinting at phagocytosis of the micro-pillars by the for-
mation of an actin cytoskeleton and Cav-1 coat around the micro-
pillars.

Caveolae formation on the pillar plateaus was not exclusively
observed in the MG-63 osteoblasts but also in the human
osteoblast-like cells SaOs-2 and U-2Os as well as in primary human
osteoblasts and fetal osteoblasts (Fig. 6).

3.3. Particle uptake

Caveolae/lipid rafts are associated with the phagocytosis of
micron-sized titanium particles [25]. Based on the hypothesis that
MG-63 cells attempt to phagocytize themicro-pillars, wewanted to
clarify if they are also able to internalize particles of the size of our
micro-pillars. The immunofluorescence and SEM images in Fig. 7
showed that the MG-63 cells internalize particles 6 mm in size af-
ter 24 h of cultivation. Fig. 7a revealed a complete engulfment of the
6 mm particles with actin by the MG-63 osteoblasts. For verification
of the internalization, the immunofluorescence of the x-z and y-z
axis as well as 3D z-stack pictures were listed. Not only the actin
cytoskeleton but also Cav-1 surrounded the whole particle. These
formed caveolin coats around the internalized particle allows us to



Fig. 2. Caveolin-1 (Cav-1) expression of MG-63 cells on the pillared (P � 5 � 5) and planar (Ref) surfaces after 24 h. (A) First row: Cav-1; second row: tyrosin14-phosphorylated Cav-
1 (pCav-1) immunofluorescence (left and middle bar 20 mm, right 5 mm). (B) Relative Cav-1 mRNA expression determined by RT-qPCR (n ¼ 4, *: P < 0.05). (C) Relative protein
expression of Cav-1 and pCav-1 measured by western blot (left representative western blots, right densitometric analyses, for pCav-1 n ¼ 6 and for Cav-1 n ¼ 4, *: P < 0.05). Note
that Cav-1 formed dot-like clusters on the pillar plateaus (arrow) whereas pCav-1 was located at the pillar edges.
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assume that the 6 mm particle uptake is a caveolae/raft mediated
internalization process. The experiments demonstrated an uptake
of several 6 mm particles by the osteoblast-like cells, but after
internalization, all particles were concentrated and not freely
distributed inside the cells (Fig.1a and b in Ref. [26]). In this way the
cells may reduce the surface-volume ratio of the internalized car-
gos, which they cannot do with the fixed micro-pillars. Therefore
the attempted uptake of the micro-pillars endured longer than
24 h.

Short interfering RNA (siRNA) mediated knockdown of Cav-1
revealed a reduced particle phagocytosis by MG-63 cells, but no
complete inhibition of the phagocytosis (Fig. 2 in Ref. [26]), as was
reported in the past [12]. The actin cytoskeleton after Cav-1
attenuation was arranged in short filaments around non-
internalized particles, which were washed away during the prep-
aration. The cells attempted to phagocytize these particles as well
but they were not able to finish the process after the Cav-1 atten-
uation and 24 h of incubation with 6 mm particles. The MG-63 os-
teoblasts with siRNA mediated Cav-1 knockdown grown on the
micro-pillars indicated the same rearrangement of the actin cyto-
skeleton as seen in control cells (Fig. 3 in Ref. [26]). In consequence,
the altered actin organization on the micro-pillars is independent
of Cav-1 itself.

Only particles <15 mm are reported to be phagocytized by os-
teoblasts [8]; bigger structures remain trapped at the surface and
are subjects of so-called “frustrated” phagocytosis [27]. Despite the
fact that our micro-pillars have a much smaller diameter then
15 mm, they also induce a trapped “frustrated” phagocytosis or at
least before 96 h of cultivation.

Dalby et al. [28] documented an attempted phagocytosis of
columns in the nano-range by fibroblasts, which used the filopodia
to explore the underlying topography. These fibroblasts had
phenotypic similarities to the osteoblasts on the micro-pillars with
regard to disrupted actin cytoskeleton, decreased spreading and
changes in morphology, including filopodia development to probe
the surface topography (see Movie 1 in Ref. [26]). But the observed
nano-column endocytosis was via a clathrin-mediated phagocy-
tosis, an internalization process considered used for small cargos
[28]. The role of clathrin-mediated phagocytosis in the micro-pillar
uptake was investigated and excluded via clathrin immunofluo-
rescence. Clathrin localization revealed no alteration on the 5 mm
sized micro-pillars (data not shown). Furthermore Teo et al. [22]



Fig. 3. Cholesterol staining and quantification of MG-63 osteoblasts after 24 h on planar (Ref) and micro-pillared (P�5�5) topographies. (A) First row: cholesterol; second row:
cholesterol after pretreatment with filipin III inducing raft/caveolae inhibition (arrow marked the abated dot-like cholesterol formation on the pillar plateaus), (left and middle bar
20 mm, right 5 mm). (B) Relative cholesterol quantification by measurement of filipin III fluorescence (mean value of Ref normalized on 1, n ¼ 5, *: P < 0.05).

Fig. 4. Caveolin-1 (Cav-1) localization in MG-63 osteoblasts after 24 h on planar surface (Ref) and smaller micro-pillars with the dimensions (width � length � height and spacing)
1 mm�1 mm�1 mm and 1 mm (P�1�1�1); 2 mm�2 mm�5 mm and 2 mm (P�2�2�5); 3 mm�3 mm�5 mm and 3 mm (P�3�3�5) (bar: 20 mm upper row, 5 mm for 5� zoom).
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Fig. 5. Cell morphology and caveolin-1 (Cav-1) as well as actin cytoskeleton organization of MG-63 osteoblasts after 96 h of cultivation on planar (Ref) and micro-pillared (P�5�5)
surfaces. (A) SEM images (1000� magnification, bars 10 mm, P�5�5 30� twisted, MerlinVP microscope). (B) Cav-1 (green) and actin cytoskeleton (red) immunofluorescence (bar:
20 mm and for 5� zoom 5 mm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reported a phagocytosis of 2 mm poly(methyl methacrylate) pillars
by human mesenchymal stem cells, the precursor cells of osteo-
blasts. MG-63 cells are also able to phagocytize particles of various
compositions (e.g. titanium, titanium-aluminum-vanadium alloy,
cobalt-chrome and ultrahigh molecular weight polyethylene), all
leading to a decreased osteoblastic function including reduced Col1
Fig. 6. Caveolin-1 (green) and actin cytoskeleton (red) organization of human primary oste
after 24 h on the micro-pillars P � 5 � 5 (bar: first row 20 mm and second row 5 mm). (For int
web version of this article.)
expression, disorganized actin cytoskeleton, and diminished cell
spreading and proliferation [8,29e31]. Particle internalization
illustrated the local concentration of the internalized cargos by the
MG-63 osteoblasts, perhaps in order to decrease the volume-
surface ratio of the stored particles inside the cells. This is impos-
sible for the regularly arranged, fixed micro-pillars and may cause
oblasts (hOB), human fetal osteoblasts (hFOB), U-2Os and SaOs-2 osteoblast-like cells
erpretation of the references to colour in this figure legend, the reader is referred to the



Fig. 7. Particle internalization as well as ATP/ADP quantification after 6 mm melamine FITC-labeled particles treatment of MG-63 osteoblasts for 24 h. (A) Left caveolin-1 (Cav-1,
green) and right actin cytoskeleton (red) immunofluorescence with xz-, yz-planes, bars 5 mm. (B) SEM images (5000� magnification, bar 4 mm, DSM 910). (C) Intracellular ATP and
ADP quantification (n ¼ 4, *: P < 0.05). Note that the particles were engulfed with a Cav-1 and actin coat.
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the termination or deceleration of the uptake process. The inter-
nalization of themicro-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. This might be the reason for the uncompletedmicro-
pillar internalization after 4 days.
3.4. Attempted phagocytosis e ATP and ROS

Phagocytosis is known to be a high energy-consuming process,
therefore we analyzed the amounts of adenosine triphosphate
(ATP) and adenosine diphosphate (ADP) in cells grown on the
micro-pillars (Fig. 8) as well as stimulated with 6 mm particles as
phagocytosis-triggers. Both showed significant decreases in their
cellular ATP and no changes in their ADP levels compared to un-
treated cells or cells on the planar surface (Ref) (Figs. 7c and 8a).
Accordingly, while growing on the micro-pillar topography the
osteoblast were metabolizing more ATP compared with cells
growing on the planar surface. The same effect was visible after
treatment with a phagocytic trigger. Because phagocytosis is an
ATP-consuming process in various cell types, including mouse
macrophages and rat pheochromocytoma cells, their cellular ATP
levels decrease and reactive oxygen species (ROS) production in-
creases, e.g. in response to mobile particles [32,33].

The cells' process of converting energy into ATP is called
oxidative phosphorylation and involves the transport of electrons
through a series of protein complexes in the mitochondria; this
causes the greatest amount of ROS production [34]. On micro-
pillared surfaces MG-63 osteoblasts exhibited elevated ROS levels
compared to the cells on the planar samples (Fig. 8b) and in
accordance with this an increased mitochondrial activity (Fig. 8c).
Internalization of particles is also associated with increased ROS,
but under most physiological conditions generated ROS are rapidly
eliminated by antioxidant enzymes, e.g. Catalase and Superoxid
Dismutase [33]. Catalase showed significantly increased protein
expression in MG-63 cells grown for 24 h on the micro-pillars
(Fig. 8d). Superoxide Dismutase 2 (SOD2) as well as Peroxiredoxin
2 (PRX2) displayed tendential elevations. Cells stabilize their en-
ergy charge by adjusting the rate of cellular ATP synthesis to the
state of energy demand, but if a process requires high energy, other
energy expenditures must be abated [35]. Altogether we assume a
high energy requirement for the cell's attempted process of
phagocytosis on every single pillar in a fixed position.
3.5. Attempted phagocytosis e phagocytic and raft proteins, b1-
integrin and actin

CD68, a lysosome-associated membrane glycoprotein (LAMP)
family member, was found in vesicles of phagocytized particles in
osteoblastic cells [29]. As a result, this protein is localized in regions
of phagocytic activity [36]. Immunofluorescence staining showed
an enrichment of CD68 on the pillar plateaus of the micro-
structured surface (Fig. 9a) as well as around internalized parti-
cles 6 mm in size (Fig. 4 in Ref. [26]). Enrichment of CD68 at the
pillar plateaus is further evidence of the attempt of micro-pillar
phagocytosis by the MG-63 cells. But experiments of CD68 pro-
tein expression (Fig. 9a) showed a slight decrease of the amount of
CD68 protein in cells on micro-pillars. CD68 plays a role in the



Fig. 8. ATP/ADP level, reactive oxygen species (ROS), mitochondrial activity and ROS composition enzymes in MG-63 osteoblasts after 24 h on planar (Ref) and micro-pillared
(P � 5 � 5) surfaces. (A) Intracellular ATP and ADP quantification (n ¼ 6 for ATP, n ¼ 4 for ADP, **: P < 0.01). (B) ROS determination (treatment with tert-butyl hydrogen
peroxide served as positive control, measurement of 20 ,7’-dichlorofluorescin fluorescence (DCF), mean value of Ref normalized on 1, n ¼ 4, *: P < 0.05, **: P < 0.01). (C) Mitochondrial
activity measured by calculating the red/green fluorescence ratio of the mitochondrial membrane potential dye JC-1 (left: n ¼ 2 with �a 150 cells, ***: P < 0.001, right: images of the
stained mitochondria). (D) Expression of ROS composition enzymes Catalase (Cat), Peroxiredoxin 2 (PRX2), Superoxide Dismutase 1 and 2 (SOD1 and SOD2) as well as Thioredoxin 1
(TRX1). Protein quantification was performed with magnetic bead luminex assay (n ¼ 8, *: P < 0.05, MFI: mean fluorescence intensity).
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delivery of lipids to their proper compartments [36]. We assume
that the reduced cellular cholesterol level may resulted by reduced
lipid delivery processes accompanied by the high energy-
consuming process of the micro-pillar phagocytosis.

AnxA2 is reported to stabilize caveolae but also to bind and
recruit actin to the micro-domains [37]. Western blot experiments
revealed significantly elevated AnxA2 protein amounts in the os-
teoblasts on the micro-structured surfaces after 24 h (Fig. 9b). In
contrast, immunofluorescence labeling displayed an accumulation
of AnxA2 in cells after 3 h on the pillar plateaus but no changes of
AnxA2 localization after 24 h in cells on the pillars compared to
those on planar references. This might be caused by AnxA2 prop-
erties to induce larger cholesterol cluster formation and stabilize
caveolae during their formation [37] and after 24 h the caveolae
were already formed and needed no further stabilization. AnxA2 is
associated with the organization of lipid rafts at sides of actin
recruitment [38]. Therefore membrane rafts, as well as caveolae as
a special form of lipid rafts, contain proteins and lipids that are
involved in the regulation of actin rearrangements at these sides.
Plasma membrane reorganization works in concert with the un-
derlying actin cytoskeleton to mediate morphological changes [39].
Actin is also necessary for the attempt to phagocytize [27], and its
remodeling is especially sensitive to signals that are generated at
the membrane-cytoplasm interphase [40]. Internalization signals
cause local tyrosine phosphorylation of proteins leading to a
complex series of changes in the caveolae and the actin cytoskel-
eton, starting with the disassembly of filamentous actin and fol-
lowed by the recruitment of actin as patches to the cytosolic surface
of the caveolae [12], such as the short clustered filaments observed
on the pillar plateaus. Regulation of actin-mediated phagocytosis



Fig. 9. Analysis of the endocytic protein CD68 and the caveolae-localized protein AnxA2 as well as b1-integrin in MG-63 cells on planar (Ref) and micro-pillared (P � 5 � 5)
topographies after 24 h. (A) Left: CD68 protein quantification by western blot and densitometric analysis (Ref values normalized on 1, n ¼ 4). Right: CD68 immunofluorescence (left
and middle bar 20 mm and right 5 mm). (B) Left: AnxA2 protein quantification by western blot and densitometric analysis (Ref values normalized on 1, n ¼ 4). Right: AnxA2
immunofluorescence after 3 and 24 h (bars: 20 mm and for 5� zoom 5 mm). (C) CD29 9EG7 (activated b1-integrin) immunofluorescence (zoom region: white square, pillar plateaus:
dashed lines at 5� and 10� zoom, bars: 20 mm for 1� zoom, 5 mm for 5� zoom, 2 mm for 10� zoom). Note that activated b1-integrin was concentrated at the pillar plateaus.
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depends upon Cav-1 and partly by its posttranslational modifica-
tions [39], so internalization triggered Cav-1 tyrosine phosphory-
lation [11,12]; this was found to be increased in osteoblasts growing
on micro-pillared textures (Fig. 2c).

Cell adhesion to the ECM is mediated by integrins in FAs. FAs
consist of a complex network of the transmembrane integrins and
cytoplasmic proteins linking the ECM to the actin cytoskeleton. The
b1-integrin subtype can form heterodimers with various a-integrin
subunits and is the predominant receptor involved in osteoblast
adhesion [41]. Activated b1-integrin immunolabeling indicated
clusters of activated b1-integrin on top of the pillars (Fig. 9c).
Clustering of activated b1-integrin might result in elevated adhe-
sion strength [16,30] on the reduced surface area, which in the case
of the micro-pillared topography were only represented by the
micro-pillar plateaus. Furthermore, Cav-1 phosphorylation is
mediated via integrin activated tyrosine kinase Src [19,39]. pCav-1,
which is required for phagocytosis and is involved in FA turnover,
was localized around the pillars (Fig. 2a) [11]. In addition, integrins
are known to mediate phagocytosis over a wide range, from uptake
of big particles to the capture of smaller cargos like 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 com-
ponents like the b1-integrin. Phagocytosis and adhesion rely on the
same integrin-mediated regulatory and signaling mechanism [42].
Integrin-mediated FAK activation is further required for the
reorganization of the actin cytoskeleton and for microtubule sta-
bilization [43]. Tubulin organization inMG-63 cells is not altered by
the micro-pillared topography (Fig. 5 in Ref. [26]), but the clustered
activated integrinmay affect the actin organization regarding actin-
driven phagocytosis [42].

3.6. Attempted phagocytosis e rough stochastic surfaces

On commercially available corundum-blasted rough titanium
(TieCB) surfaces [4], characterized by sharp edges and ridges
(Fig. 10), osteoblasts adhered only at the elevations (Fig. 10a) and
exhibited an irregularly distributed actin cytoskeleton (Fig. 10b),
clusters of b1-integrin in the region of edges and a reduced
mineralization rate, and hence decreased osteoblast function after
the first 24 h of incubation [4]. Cav-1 was also predominantly
localized in the region of the edges (Fig. 10b), like the hole eleva-
tions and pits created by the blasting process [4]. Cellular ATP and
ROS determination of MG-63 osteoblast-like cells on TieCB
compared with planar, polished titanium surfaces (TieP) after 24 h
of cultivation showed, analogous to the micro-pillared topogra-
phies, a reduced cellular ATP content (Fig. 10c) and elevated ROS
levels (Fig. 10d). But the determination of the ADP content revealed
a tendential decrease in the ADP levels (Fig. 10c). The cell behavior
on TieCB is similar to that on the micro-pillared surfaces as well as
after treatment with micro-particles. All of this allows us to assume
that the osteoblasts try to internalize the rough surface structures



Fig. 10. Influence of the stochastically structured surface TieCB (corundum-blasted) vs. TieP (polished) on MG-63 cell morphology, reactive oxygen species (ROS) production and
energy consumption after 24 h (A) SEM images (1000�magnification, bars 10 mm, P � 5 � 5 30� twisted, MerlinVP microscope). (B) Caveolin-1 (Cav-1; green) and actin cytoskeleton
(red) immunofluorescence (bar 20 mm) with 5� zoom of the lined regions (bar 5 mm). (C) Intracellular ATP and ADP quantification (n ¼ 4, *: P < 0.05). (D) ROS determination
(treatment with tert-butyl hydrogen peroxide served as positive control, measurement of 20 ,70-dichlorofluorescein fluorescence, mean value of TieP normalized on 1, n ¼ 4, #:
P ¼ 0.0571; **: P < 0.01). Note the Cav-1 clustering at surface elevations and the similar cell behavior such as on the micro-pillar or treated with 6 mm particles. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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to ensure the maximum ECM contact with the whole cell body and
thus maintain osteoblastic function. Because osteoblasts are
attachment-dependent cells, the preservation of their osteoblastic
function is determined by cellematrix interactions and the cell's
attempt to have maximum contact with the underlying surface
[8,43]. MG-63 and the other osteoblasts investigatedmight attempt
to phagocytize the micro-pillars as well for this reason.

Micro-roughness of bone-replacing implants is a controversial
factor. Some studies reported positive influences on the osteoblast
function and differentiation [44] and others lower cell spreading
and osteoblast marker activity [1,3]. Roughening of Ti is used for
commercial implants because it provides more surface sides for
osseointegration and thus a better mechanical bone fixation [1].
Anselme et al. [3] reported that human osteoblasts prefer surfaces
with moderate micro-roughness but with a low level of repeat-
ability concerning their orientation, adhesion and proliferation.
According to the knowledge gathered in this study, surfaces that
offer the osteoblastic cells insufficient ECM interaction area and in
consequence induce internalization processes lead to a decrease in
the cells' osteoblastic function. These osteoblasts exhibit impaired
biomaterial interaction in the first phase of osseointegration, which
would lead to a decrease in acceptance and success of an implant
[1].

Micro-pillar topographies, ineligible as implant design, allow
modulation of cytoskeletal arrangements; they affect adhesion and
proliferation as well as induce differentiation of osteoblasts
[2,5,17,22]. 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 cyto-
skeleton around the elevations leading to the reduced cell function.
Thus we suggest that stochastically structured implants used in
orthopedic surgery should avoid any topographical heights
inducing phagocytosis to prevent their successful ingrowth.
4. Conclusion

This study describes for the first time the attempted caveolae-
mediated phagocytosis of fixed, titanium coated micro-pillars by
human MG-63 osteoblastic cells and explains the local actin re-
arrangement in a way which mimics the underlying Ti surface.
This attempt to phagocytize the cubic elevations of the Ti surface
costs the cells internal energy as indicated by the ATP loss as well as
induces an increase of intracellular radicals (ROS). 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 con-
tact areawithoutmicron-sized elevations like spikes or sharp edges
that induce internalization by the osteoblastic cells and conse-
quently impair their osteoblastic function and (ii) enough surface
sides or area to provide a goodmechanical fixation of the implant in
the native bone, possibly via macro-roughness in dimensions
greater than one cell.
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