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Topographical features on the nanometer scale are known to inﬂuence cellular behavior. The response of
speciﬁc cell types to various types of surface structures is currently still being investigated. Alumina
ceramics play an important role as biomaterials, e.g., in medical and dental applications. In this study, we
investigated the inﬂuence of nanoscale surface features with low aspect ratio (< 0.1) on the response of
osteoblast-like MG-63 cells. To this end, low-energy ion irradiation was employed to produce shallow
nanoscale ripple patterns on Al2O3(0001) surfaces with lateral periodicities of 24 nm and 179 nm and
heights of only 0.7 and 11.5 nm, respectively. The nanopatterning was found to increase the proliferation
of MG-63 cells and may lead to pseudopodia alignment along the ripples. Furthermore, focal adhesion
behavior and cell morphology were analyzed. We found that MG-63 cells are able to recognize surface
nanopatterns with extremely low vertical variations of less than 1 nm. In conclusion, it is shown that
surface topography in the sub-nm range signiﬁcantly inﬂuences the response of osteoblast-like cells.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
High performance oxide ceramic materials play an important
role in implantology because of their excellent tribological and
mechanical properties when used as articulating components, e.g.,
for hip and knee arthroplasty [1,2]. However, oxide ceramic surfaces do not promote bone bonding due to their bioinertness and
aseptic long-term failure can be the consequence [2,3]. It is well
known that the microenvironment of cells plays a pivotal role in the
creation of tissue [4]. Speciﬁcally, biophysical cues including
topography, chemistry, and mechanical properties of the biomaterial surface inﬂuence initial cellular behavior. Thus, several efforts
have been made to enhance osseointegration of implants by
modifying biomaterial surfaces. Surface hydroxylation elicits
signiﬁcantly better proliferation, adhesion and differentiation of
osteoblast-like cells providing one possibility to activate bioinert
ceramic surfaces [5]. In addition, hydroxyapatite (HA) coatings
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demonstrated to improve bone response by reducing the long-term
healing period [6]. However, problems have been recognized for HA
coatings after implantation, e.g., delamination or dissolution of the
coating as a consequence of the weak bonding strength (< 20 MPa)
or no further interaction improvement after the healing phase [6,7].
Improvements have been made by coating titanium alloys with
strontium-substituted hardystonite (Sr-HT) with better physical
stability and bonding strength [6]. Recently strontium containing
titanium coatings have also shown improved bone ongrowth [8].
Also electrochemically anodized alumina harboring pores of
distinct diameters and depths has been studied for tissue engineering applications [9,10].
In this study, we investigated the possibility to guide cell
behavior on alumina surfaces by nanoscale surface topography.
Microstructured surfaces and their inﬂuence on cell behavior such
as cell patterning or derived cell functions have been studied for
many years [11e13]. However, several cell features such as ﬁlopodia
tips (80e160 nm) [14], collagen ﬁbrils (about 90e500 nm) or proteins of the focal adhesion complex (about 90e500 nm) have
nanoscale dimensions [15]. Therefore, also nanoscale surface topographies have received increasing interest, having an inﬂuence
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on adhesion, proliferation, and differentiation [11,16]. Different
types of nanostructures have been investigated so far, including
anisotropic grooves and ridges, isotropic nanodot arrangements,
grains, pits, pillars, and disordered pit arrays [15,17e26]. Titania
and alumina surfaces structured with 46e60 nm diameter nanodots or nanoscale grains show better proliferation of osteoblast-like
cells and an increase of focal adhesions [17e19]. Grooves and ridges
were found to induce contact guided cell alignment for osteoblastlike cells which aligned parallel to the direction of the grooves
[15,27]. Nanopillars and nanopores with diameters of 200 nm on
polystyrene surfaces showed better proliferation and osteogenic
differentiation than ﬂat polystyrene surfaces [28]. Nanoporous
alumina with pores of 85 nm in diameter stimulated the cell
viability of osteoblast-like MG-63 cells after 4 days [9]. This effect
was stable up to 25 days. However, for polymethylmethacrylate
(PMMA) substrates, also the degree of disorder in arrays of 120 nm
diameter/100 nm depth nanopits was shown to have a profound
inﬂuence on differentiation of human osteoprogenitor cells [24].
Cell behavior is not only dependent on chemical and topographical
surface modiﬁcations, but also on the cell type as shown in previous
studies [20,29].
In the present in-vitro study, we determined the proliferation
and morphology of cells on alumina surfaces with shallow anisotropic nanopatterns. Since osseointegration is attended by osteoblasts, the osteoblast-like cell line MG-63 was used in our
experiments. Ultra-ﬂat single-crystalline Al2O3(0001) substrates
were irradiated with low-energy noble gas ions to induce the selforganized formation of periodic ripple patterns. The cell response is
therefore only elicited by the modiﬁed surface topography. The
resulting ripple patterns have lateral periodicities of 24 nm and
179 nm and heights of only ~ 0.7 nm and ~ 11.5 nm, respectively,
and are thus much smaller in height than structures used in comparable studies. Interestingly, a signiﬁcant inﬂuence on the
response of osteoblast-like cells is observed even for patterns with
sub-nanometer height.
2. Materials and methods
2.1. Fabrication and characterization of nanopatterned alumina
surfaces
Single-crystalline Al2O3(0001) wafers (Crys Tec, Berlin, Germany) were used in two sizes: discs with 6 mm diameter and
square samples with an edge length of 10 mm. Both sample types
had a thickness of 0.5 mm and were delivered as epitaxy-ready
substrates polished on one side. A root-mean-square (RMS)
roughness of the polished surfaces of 0.197 nm was determined by
the producer from atomic force microscopy (AFM) images
(1  1 mm2).
Noble gas ion irradiation of the alumina surfaces was used to
induce the self-organized formation of periodic nanoscale ripple
patterns with low aspect ratio. Ion irradiation was performed as
described previously under 50 incidence with respect to the surface normal using a Kaufman ion source (Arþ irradiation, 0.5 keV)
and a low-energy ion implanter (Xeþ irradiation, 35 keV) [30,31].
The azimuthal angle was chosen at random since for irradiations at
room temperature, no inﬂuence of the crystal structure of the
Al2O3(0001) surface on the developing ripple pattern was observed,
in agreement with experiments on other oxide surfaces [32]. Due to
the different ion energies, nanopatterns with strongly differing
periodicities were obtained. The irradiation parameters are given in
Table 1. The irradiated samples were analyzed by AFM using a
Bruker MultiMode 8 scanning probe microscope operated in Tapping Mode and PPP-NCLR cantilevers from Nanosensors (typical tip
radius < 7 nm). Quantitative evaluation of the AFM images was
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Table 1
Irradiation conditions and resulting pattern properties for the two sample sets. In
both cases, irradiation was performed at room temperature and at an incident angle
of 50 with respect to the surface normal. Values represent mean ± standard deviation obtained from 6 samples treated identically.
Ion
Energy (keV)
Fluence (cm2)
Periodicity (nm)
Height (nm)
Aspect ratio
RMS roughness (nm)
Roughness factor

Arþ
0.5
1  1018
24 ± 4
0.7 ± 0.1
0.03 ± 0.01
0.45 ± 0.15
1.007 ± 0.005

Xeþ
35
2  1017
179 ± 5
11.5 ± 3.2
0.06 ± 0.02
6.26 ± 2.64
1.031 ± 0.023

performed using Gwyddion open-source software [33]. The height
and periodicity of the ripples were determined from the 1D height
difference correlation function calculated parallel to the wave
vector of the ripple patterns, i.e., in fast scan direction [34]. RMS
roughness values were calculated from AFM images of 2  2 mm2
(Arþ irradiation) and 4  4 mm2 (Xeþ irradiation) area, respectively,
i.e., for lateral scales much larger than the correlation lengths of the
surfaces.
The crystallinity of the irradiated surfaces was assessed by lowenergy electron diffraction (LEED) using an Omicron Spectra LEED
system at an electron energy of 250 eV and an incident angle close
to 0 with respect to the surface normal.

2.2. Cell culture
For the experiments the human osteosarcoma cell line MG-63
(SigmaeAldrich, St. Louis, MS, USA) passages 6 to 30 were
cultured in 75 cm2 culture ﬂasks in medium (DMEM Low Glucose,
PAA, Coelbe, Germany) adding 10% FCS (Fetal Calf Serum, PAN
Biotech, Aidenbach, Germany) and 2 mM L-glutamine/1% penicillinstreptomycin (PAA Laboratories, Piscataway, USA) at 37  C in an
atmosphere of 5% CO2. Cells were harvested when they reached
about 90% conﬂuence.

2.3. Cell proliferation
Cell proliferation was measured by CellTiter-Blue Cell Viability
Assay (Promega, Mannheim, Germany) after 3, 5, and 7 days. Firstly,
samples were thermally treated at 500  C for 5 h to remove organic
residues and surface contaminations. This process was followed by
dry heat sterilization at 200  C for 2 h. MG-63 cells were seeded at a
concentration of 8000 cells/cm2 in a 24-well plate on different
sample surfaces (10  10 mm2): polished sapphire surfaces and
ripple patterns with 24 nm and 179 nm periodicity as well as ﬂat
polystyrene surfaces as control. Six independent samples of each
surface as well as six control wells were tested. The assay was
repeated twice. After incubation of 3, 5, and 7 days the samples
were transferred to a new 24-well culture plate containing 1 ml of
new medium. Subsequently, the reagent CellTiter-Blue was added
in a ratio of 1:5 to each sample in medium under dark conditions.
The well plate was incubated for 2 h. Metabolically active cells
convert resazurin to resoruﬁn in a reduction reaction. Resoruﬁn
ﬂuorescence is excited at 560 nm and emits at 590 nm. This signal
was measured using a Tecan Reader (Inﬁnite 200 PRO series, TECAN
€nnedorf, Switzerland). Unpaired t-test was performed to
Group, Ma
calculate statistical signiﬁcances (Prism, GraphPad Software, La
Jolla, CA, USA).
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2.4. Immunostaining
To test focal adhesion, expression of vinculin and beta-integrin
was visualized by immunocytochemical double staining. MG-63
cells were seeded at a concentration of 3000 cells/cm2 or 1000
cells/cm2 in 24-well plates and incubated for 5 and 7 days,
respectively. Each of the three sample surfaces was tested three
times independently. After incubation, cells were rinsed once in
cold PBS and ﬁxed with methanol (20  C, 15 min). All following
steps were performed at room temperature and after the ﬁrst
antibody staining in the dark. The ﬁxed cells were air-dried for
10 min and washed twice with washing solution (PBS/0.5% bovine
serum albumin (BSA-A8022-50G, SigmaeAldrich, St. Louis, MS,
USA), used for all antibody dilutions). Blocking and membrane
permeabilization was carried out simultaneously with blocking
solution (PBS/1% BSA/0.1% Triton  100 (SigmaeAldrich, St. Louis,
MS, USA)) for 30 min. Vinculin staining was performed by incubations with anti-vinculin antibody (1:5000, VIIF9, mouse
monoclonal, MAB 3574, Lot. 2219342, Merck Millipore, Darmstadt,
Germany) for 45 min followed by three washing steps. Subsequently, the samples were incubated for 40 min with secondary
antibody Alexa Fluor 555 (1:2000, donkey-anti-mouse IgG (H þ L)
2 mg/ml, Lot. 737680, Invitrogen Life Technologies, Carlsbad, CA,
USA) and rinsed three times. Afterwards, integrin beta 3A was
stained by a 45 min incubation with anti-integrin antibody (1:200,
rabbit monoclonal [CD61], clone EPR2417Y, 04-1060, Lot. 2390985,
Merck Millipore, Darmstadt, Germany). Samples were washed
three times, incubated with the secondary antibody Alexa Fluor
488 (1:2000, goat-anti-rabbit IgG (H þ L) 2 mg/ml, Lot. 792519,
Invitrogen Life Technologies, Carlsbad, CA, USA), and rinsed three
times. After 1 additional PBS wash cell nuclei were stained for 2 min
with DAPI (1:10000 in PBS, 40 ,6-Diamidino-2-Phenylindole, Dihydrochloride, Invitrogen Life Technologies, Carlsbad, CA, USA). The
cells were again washed with PBS two times. The localization and
distribution of focal adhesion were evaluated by light-opticalmicroscopy (Axio Imager, M2m, Zeiss, Wetzlar, Germany) with
ﬂuorescence (HXP 120 Kubler Codix, Zeiss, Wetzlar, Germany).
Images were processed and pseudopodia lengths were measured
by Axiovision 4.8.2 software.
2.5. Scanning electron microscopy (SEM)
To analyze the morphology of the MG-63 cells on the different
surfaces and compare the orientation of MG-63 cells' pseudopodia
SEM was used. MG-63 cells were seeded on the three different
surfaces at a concentration of 5000 cells/cm2 on 6 mm-diameter
samples. After 3 days of incubation cells were ﬁxed to the specimens with 3% glutaraldehyde for at least 24 h, with sodium phosphate buffer (0.1 M, Merck, Darmstadt, Germany), dehydrated in an
ascending ethanol series and dried with HMDS (hexamethyldisilazane). Prior to SEM imaging, a 5 nm gold ﬁlm was deposited on
the insulating alumina surfaces using Leica EM SCD500 high vacuum sputter coater to avoid sample charging.
3. Results

dimensions and in particular the pattern periodicity scale almost
linearly with the ion energy which allows the fabrication of
nanopatterns with tailored dimensions [36]. Accordingly, the
different ion energies used in the present experiments lead to
patterns with strongly differing periodicities and heights as can be
seen in the one-dimensional proﬁles shown in Fig. 1c,d. The proﬁles
furthermore reveal the quasi-sinusoidal shape and the very low
aspect ratio of the patterns. In addition, a certain disorder in height
is observed which is a general feature of ion-induced nanopatterns
and results from large-scale kinetic roughening [37]. In Fig. 1e,f, the
1D height difference correlation functions G calculated from the
AFM images in Fig. 1a,b along the horizontal (fast-scan) direction
are given. The well-deﬁned periodicities of the patterns result in
prominent intensity oscillations, with the position of the ﬁrst local
minimum corresponding to the pattern periodicity l [34]. Similarly,
the intensity of the ﬁrst local maximum of the height difference
correlation function gives the square of the ripple height h [34]. The
so-determined pattern dimensions and the resulting aspect ratios
are given in Table 1, together with the values of the RMS roughness
and the roughness factor, i.e., the ratio between the effective surface
areas of the patterned and a completely ﬂat surface. Ion irradiation
with 0.5 keV Arþ lead to the formation of ripple patterns with
24 nm average periodicity and 0.7 nm average height. This corresponds to an aspect ratio of ~ 0.03. The patterns obtained by 35 keV
Xeþ irradiation have an average periodicity and height of 179 nm
and 11.5 nm, respectively, corresponding to an aspect ratio of ~ 0.06.
The crystal structure of the irradiated surfaces was assessed by
LEED. As can be seen in the LEED images given in the insets of
Fig. 1a,b, clear diffraction patterns are observed for both surfaces.
This indicates that the Al2O3(0001) surface remains crystalline
during irradiation with no amorphization taking place. The
broadening of the diffraction spots observed for the surface irradiated at 35 keV can be attributed to the increased surface roughness, while the obvious reduction in intensity may result from
irradiation-induced lattice defects in the near-surface region.
3.2. Cell proliferation on nanopatterned Al2O3 surfaces
Cell proliferation of the osteosarcoma cell line MG-63 on ﬂat and
the nanopatterned surfaces was investigated. For this purpose, the
CellTiter-Blue Cell Viability Assay was used to assess metabolic
activity after 3, 5, and 7 days. An increase in ﬂuorescence correlates
with cellular growth and this assay is therefore applied to estimate
cell proliferation [38]. We used tissue culture plastic (TCP) as a
positive control because it is a well assessed substrate for cell culture and proliferation. By contrast, polished alumina served as a
negative control expected to show lower cell viability. Notably, MG63 cells grew on all surfaces (Fig. 2), however, compared to the TCP
substrate nanopatterned alumina surfaces (24 nm and 179 nm
periodicity) produced an increased mean ﬂuorescence after 7 days.
Comparing with the polished sample, nanostructures accelerate
the cell proliferation already after 3 and stronger after 7 days.
Particularly, the 179 nm pattern showed a signiﬁcantly higher cell
viability after day 3 and 7 (p < 0.001) compared to the polished
sample suggesting nanopattern-induced enhancement of cell
proliferation.

3.1. Characterization of the nanopatterned surfaces
3.3. Immunostaining
The nanopatterned Al2O3 surfaces were quantitatively characterized by AFM. Samples were irradiated with 0.5 keV Arþ and
35 keV Xeþ, respectively. Periodic wave-like patterns are observed
on both surfaces (Fig. 1). During oblique low-energy ion irradiation
such patterns form self-organized on all kinds of surfaces due to the
interplay between curvature-dependent surface erosion, diffusional smoothing, and mass-redistribution [35]. The pattern

Proper attachment of the MG-63 cells can be veriﬁed by
detection of components of the focal adhesion complexes, e.g.,
vinculin, an adapter protein and the transmembrane receptor
integrin beta 3A. Five and seven days after seeding vinculin and
integrin could be detected on all three surfaces and the MG-63 cells
maintained a ﬁbroblast-like morphology (Fig. 3). Integrin is

I. Wittenbrink et al. / Biomaterials 62 (2015) 58e65

61

Fig. 1. AFM images of nanopatterned Al2O3 surfaces with 24 nm (a) and 179 nm periodicity (b), corresponding proﬁles (c,d) taken along the black lines in (a,b), and 1D height
difference correlation functions (e,f). The height scales in (a) and (b) are 3.5 nm and 30 nm, respectively, and the insets depict the corresponding LEED images. The vertical and
horizontal arrows in (e) and (f) indicate the values of the ripple periodicity l and the squared ripple height h2, respectively.

predominantly expressed in the periphery and in the extensions of
the cells on all tested Al2O3 surfaces while vinculin is less expressed
and mainly close to the nucleus. It can be seen that the MG-63 cells
built very long integrin positive extensions on the nanopatterned
surfaces compared to the polished sapphire (Fig. 3). In addition, the
cellular
morphology
appears
polarized
indicating
the

nanostructures affect pseudopodia extension, and possibly oriented cell migration. To evaluate the effect on cellular morphology
we performed a software-aided image analysis in order to measure
the extension length of long pseudopodia (Fig. 4). A signiﬁcant
increase in extension length is observed on both nanopatterned
substrates. This observation has been conﬁrmed using additional
hematoxylin staining (see Supplementary Material Fig. S1).
3.4. Scanning electron microscopy
To illustrate the cell morphology phenotype in more detail we
turned to SEM. Images taken three days after seeding show
noticeable differences of pseudopodial extensions between the
nanopatterned alumina surfaces and the polished sapphire. Typical
morphology of polygonal ﬂat cells and cell pseudopodia that extend
to long distances are seen on all surfaces (Fig. 5). Due to the limited
resolution and depth of ﬁeld of the SEM, the very shallow ripple
pattern with 24 nm periodicity cannot be identiﬁed in the SEM
image in Fig. 5b. In the SEM images of the pattern with 179 nm
periodicity, however, preferential orientation of pseudopodia along
the ripples is evident (Fig. 5c,d).

Fig. 2. Response of osteoblast-like cells to nanopatterns. Cell viability monitored by
CellTiter-Blue ﬂuorescence of MG-63 cells cultured on TCP, polished sapphire and
nanopatterns with 24 nm and 179 nm periodicity after 3, 5, and 7 days. Bars represent
mean ± standard deviation of sixplicates from one representative experiment. Signiﬁcances of alumina samples were calculated using student's t-test and are shown by
**p < 0.01 and ***p < 0.001.

4. Discussion
Alumina exhibits a high wear resistance and excellent mechanical properties. Therefore, it is a desirable material for dental
and orthopedic prostheses. However, due to its bioinert behavior it
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Fig. 3. Fluorescence microscopy of immunocytochemistry visualizing focal adhesion complexes of one representative experiment. MG-63 cells were seeded on polished sapphire
(a,b), 24 nm ripple patterns (c,d), and 179 nm ripple patterns (e,f), ﬁxed and immunostained for integrin beta 3A (green) and vinculin (red). Images were taken after 5 (left column)
and 7 days of incubation (right column). Overlays with nuclei DAPI stain are shown in blue. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

is not favorable for applications such as bone substitutes with direct
contact to bone because of its disability of bonding with surrounding tissues. Thus, the motivation of this study was to investigate a possible bioactive response of bone cells to nanostructures

Fig. 4. The length of pseudopodia extensions. Free pseudopodia were measured from
the center of the cell assigned by the nucleus to the distal ends of pseudopodia as
visualized by integrin staining (Fig. 3). 23-46 extensions were measured and averaged
from 3 samples per condition. Bars represent means with standard deviations as error
bars. Signiﬁcances were calculated using student's t-test and are shown by *p < 0.05;
**p < 0.01; and ***p < 0.001.

on bioinert alumina surfaces.
Several chemical and morphological surface modiﬁcations have
aspired to elicit cell reactions that can lead to a better osseointegration in vivo. Morphological changes like cell-spreading as well
as cell-alignment as reaction to controlled topographical cues have
been observed for different cell types and substrates
[15,22,27,29,39,40]. Recent studies reported topographical structures with dimensions at the micro- and nanoscale to affect not
only cell morphology but also proteins and extracellular matrix
(ECM) components as examples for inﬂuencing cells on the molecular level [23,29,41,42]. For instance, human plasma ﬁbrinogen
on silicon wafers adsorbed in a stretched conformation along ripples with a periodicity of 68 nm while it assumed a globular shape
on patterns with higher periodicity (146 nm) [41].
In this work, we investigated the inﬂuence of nanoscale topographical features with low aspect ratios on proliferation, focal
adhesion properties, and morphology of osteoblast-like cells. The
results of cell proliferation experiments on nanorippled alumina
surfaces revealed a signiﬁcant increase of cell proliferation for a
pattern periodicity of 179 nm after 3 and 7 days compared to the
polished control sapphire (Fig. 2). In comparison, nanoporous
alumina fabricated by anodization in oxalic acid forming pores of
85 nm in diameter yielded accelerated MG-63 proliferation after 4
days [9]. Pore sizes of 79 nm (no information concerning pore
depth) resulted in enhanced proliferation of murine marrow
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Fig. 5. Nanostructures inﬂuence the orientation of pseudopodia. SEM images of pseudopodia of MG-63 cells seeded on (a) polished alumina and (b,c) ripple patterns with (b) 24 nm
and (c) 179 nm periodicity, respectively. A higher magniﬁcation of (c) is shown in (d). The images were taken after 3 days of incubation. Scale bars are 2 mm.

stromal cells after 4 and 7 days compared to amorphous Al2O3 [43].
Even smaller pore diameters were examined by Chung et al. where
nanoporous alumina with a pore diameter of 30 nm showed better
proliferation of epithelial cells than those with 40e45 nm in
diameter (pore depth 500 nm) [42]. The authors examined varying
pore depths between 0 and 300 nm and found increasing proliferation for 50 and 90 nm depths. They reasoned that the cytoplasm
does not reach the bottom of the pores when these are deeper [42].
Altered cell proliferation was also found for nanostructured pillars
and pores on nanoengineered polystyrene (compared to ﬂat polystyrene) after 1, 3, and 5 days [28]. As another morphological
feature, vertical nanotubes on bioinert TiO2 showed enhanced
proliferation for 15 nm tube diameter, while a decrease in proliferation was found for larger diameters [44]. Apparently, nanostructures have a pronounced effect on cell proliferation,
independent of the material properties.
In general, the enhanced cell proliferation could result from an
increased effective surface area. However, due to the very low
aspect ratio of the nanopatterns used in the present study, the
observed increase in the effective surface area was only 1% and 3%
for a periodicity of 24 nm and 179 nm, respectively (Table 1).
Therefore, we do not believe that our experimental observations
result from an increased effective surface area.
Dolatshahi-Pirouz et al. observed that the topography of
tantalum surfaces has a strong inﬂuence on ﬁbronectin uptake and
the availability of its cell-binding domains which was accompanied
by an increased formation of vinculin focal adhesion spots of
seeded mesenchymal stem cells [23]. The surfaces used in their
study had similar RMS roughness values as the ones used here and
showed enhanced proliferation of mesenchymal stem cells.
Therefore, it appears likely that the increase of cell proliferation
observed in our experiments also results from an altered amount or
conformation of ECM molecules adsorbed to the ripple patterns.
In contrast to our results, Park et al. observed that a smaller
nanotube diameter lead to an increased proliferation rate [44].
Since the lateral dimensions and surface properties were

comparable to the ones used in our study, it can be reasoned that
the pattern properties, e.g., anisotropy and aspect ratio, and the cell
type have an inﬂuence on the observed cellular response as well. In
particular, the nanopatterns used here are unique in the sense that
they have a quasi-sinusoidal shape with very low aspect ratio but at
the same time introduce a strong anisotropy to the surface. This
anisotropy seems to play an important role in our experiments as
we found the pseudopodia of the cells to align along the ripple
pattern (Fig. 5c,d), which was not the case for the nanotube surfaces
[44].
For human corneal epithelial cells on patterned silicon wafers it
was reported that for cell alignment the depth of the grooves was
more important than the width [45]. Therefore, the absolute height
of the ripple patterns may be more important for cellular response
than the periodicity or the aspect ratio.
Ripple patterns with 20 nm periodicity on titanium alloys were
reported to lead to increased cell spreading of rat mesenchymal
stem cells [46]. Therefore, we employed hematoxylin staining,
immunostaining, and SEM to evaluate the morphology of the
osteoblast-like cells on the different nanopatterns. The MG-63 cells
were well-spread on all surfaces and had signiﬁcantly longer extensions, both on the 24 nm and the 179 nm patterns compared to
the polished control (see Fig. 4 and Supplementary Material
Fig. S1). Here, it is particularly noteworthy that the longest extensions are observed for the pattern with 24 nm periodicity which has
an average ripple height of less than 1 nm. This ﬁnding implies that
even surface features with sub-nanometer height may inﬂuence
cellular response.
A number of studies reported contact guidance of cells cultured
on anisotropic micro- and nanopatterns. Ismail et al. observed cell
guidance of MG-63 cells on pure titanium and diamond-like carbon
structured with grooves having widths between 2 and 10 mm and
depths of 1.5e2 mm [47]. Also nanoscale grooves on glass surfaces
with a pitch of 500 nm and depth ranging from 70 to 100 nm were
observed to induce contact guidance of ﬁbroblasts [48]. On silicon
wafers, anisotropic grooves and ridges with a constant depth of
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300 nm and distances between 150 and 500 nm were found to
show parallel alignment of MG-63 cells after 4 and 24 h for 60e80%
of the cells with no signiﬁcant inﬂuence of the width of the ridges
[15]. In other studies, cell alignment was found to depend on
groove depth and pitch [27,45]. Tocce et al. reported cell alignment
of human corneal epithelial cells parallel or perpendicular to highaspect ratio ripple patterns on silicon for periodicities of 90 and
140 nm and depths of 180e200 nm dependent on the cell culture
medium [39]. However, noticeable alignment of the osteoblastlike-cells parallel or perpendicular to the ripple patterns could
not be seen in our experiments. This is most likely due to the low
aspect ratio of the patterns used here. Nevertheless, also the
chemical composition of the substrate could play a role as none of
the mentioned studies investigated alumina surfaces.
Guidance of lamellipodia and pseudopodia was reported for
nanogrooves with 330 nm width which descended into the grooves
[45]. The SEM images shown in Fig. 5c,d reveal a preferential
alignment of the MG-63 pseudopodia along the ripples with
179 nm periodicity. On the 24 nm pattern, however, pseudopodia of
the osteoblast-like cells seemed to extend radially from the cells
without any inﬂuence of the pattern anisotropy (Fig. 5b). The fact
that pseudopodia tips are about 80e160 nm [14] suggests that
pseudopodia are more sensitive to patterns with larger dimensions
such as in the case of the 179 nm pattern while they are able to
bridge smaller structures as observed for a pattern periodicity of
24 nm.
Immunostaining has been performed to detect adhesion points.
Vinculin as a focal adhesion linking protein and integrin as a
transmembrane protein which is responsible for signaling and
adhesion to the ECM and to other cells were chosen to show
adhesion to the substrate. The proteins could be detected on all
three investigated surfaces (polished, 24 nm periodicity, and
179 nm periodicity) without any difference or preference. Pan et al.
reported noticeable nanostructure-induced effects on focal adhesion by staining vinculin after 3 days [17]. The authors found that
MG-63 cells formed focal adhesions mostly on nanodots with diameters of 50 nm [17]. Another study found that F-actin of MG-63
cells stretched parallel to grooves with dimensions between 90 and
500 nm and had vinculin spots on these ﬁlaments [15]. Similar
results have been reported for epithelial cells and ﬁbroblasts
[45,48]. The immunostaining images in Fig. 3 show very long extensions for the MG-63 cells on both nanopatterned alumina surfaces compared to the polished control. This is supported by the
SEM and hematoxylin staining images (Fig. 5 and Supplementary
Material Fig. S1, respectively).
In this study only the inﬂuence of nanoscale surface topography
on cellular response was examined. We ensured equal chemical
conditions by treating all surfaces in the same way and by using
noble gas ions for ion irradiation which do not undergo chemical
reactions with the substrate material. Nevertheless, surface
chemistry is an important cue arousing cell reactions as well. It has
been reported that hydroxylation of bioinert alumina leads to
better proliferation, better cell adhesion and induced gene
expression of osteocalcin [5]. Further studies reported about other
chemical surface modiﬁcations with noticeable effects on different
cells [7,49]. These recent investigations suggest that the interplay
between surface chemistry and topography is important to mediate
variable cell reactions. Therefore, the combination of chemical and
topographical nanopatterns may result in even more diverse cell
reactions and thus ultimately enable the control of cellular
response to implant surfaces.
5. Conclusion
The present study revealed that cellular response is strongly

inﬂuenced by nanoscale surface features with low aspect ratios <
0.1. Periodic ripple patterns with a periodicity of 179 nm are able to
induce enhanced proliferation of the osteoblast-like cell line MG63. Improved osteoblast proliferation in the ﬁrst days should
result in a faster and improved osseointegration in vivo. Although
nanoripples with 24 nm periodicity did not yield signiﬁcant
enhancement in proliferation, MG-63 cells cultured on those substrates exhibit longer extensions. This is particularly noteworthy as
it demonstrates that cells are able to react to surface features with
heights below 1 nm. Cell alignment could be seen neither for the
179 nm nor for the 24 nm patterns. However, pseudopodia were
found to align along the ripple pattern with 179 nm periodicity.
Thus, this study demonstrates that controlling the surface topography of implant materials at the nanoscale is an important step in
tailoring the biological response. However, further biological experiments combining different nanostructures, substrate materials,
and surface chemistries are necessary to fully understand the inﬂuence of surface topography on the cell response.
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