
www.advmatinterfaces.de

2100646  (1 of 8) © 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

Research Article

Fibroblast Response to Nanocolumnar TiO2 Structures 
Grown by Oblique Angle Sputter Deposition

Uta Kapprell, Sabrina Friebe,* Susann Grüner, Christoph Grüner, Astrid Kupferer, 
Bernd Rauschenbach, and Stefan G. Mayr*

DOI: 10.1002/admi.202100646

stents, and fracture fixation devices.[12–15] 
The biocompatibility of Ti originates 
from the chemically passive oxide layer 
naturally forming on the Ti surface.[13] 
Previous research indicates that the sur-
face properties such as, composition, 
hydrophilicity, and texture of the oxide  
on the Ti affect the cellular response. 
The micro- and nanoscale surface mor-
phology has shown to be a highly-sensitive 
parameter that influences for instance 
cell adherence, proliferation, migration, 
gene expression, and differentiation.[16–23] 
Therefore, modifying the implant sur-
face on the micro- and nanometer scale 
appears to be a promising approach for 
improving the interaction between tissue 
and implant.[20,24–29]

Various deposition methods are known 
to fabricate such thin TiO2 films and com-

prise chemical (anodic oxidation, spray pyrolysis, chemical 
vapor deposition, etc.) or physical (DC or RF magnetron sput-
tering, ion-beam assisted sputtering, electron beam evapora-
tion) approaches. Sputtering is widely used in research and 
industry due to the low vacuum requirements. Combining 
sputtering with an oblique angle deposition (OAD) geometry 
allows tailoring self-assembled, 3D nano- and microstructures 
over large substrate areas.[30] OAD is a physical vapor deposition 
technique based on the inter-columnar shadowing effect, which 
emerges from tilting the substrate normal to highly oblique 
angles with respect to the incoming vapor.[31–33] This deposi-
tion geometry results in the formation of a highly porous thin 
film that consists of nano-sized columns inclined toward the 
incoming particle flux. Moreover, these columns are separated 
from each other so that the resulting thin film exhibits an open 
pore-structure. These nanostructures might be beneficial for 
cell adhesion. For instance, Dolatshahi-Pirouz et al. and Pennisi 
et al. have reported that nanostructured platinum surfaces have 
a profound impact on the proliferation of primary human fibro-
blasts, suggesting that nanostructured surfaces affect cellular 
responses.[34,35] Although being in the focus of considerable 
research activities, the interactions of cells and such nanostruc-
tured surfaces still remain incompletely understood.

In the present work, thin films composed of tilted TiO2 nano-
structures are fabricated by oblique angle ion-beam sputter 
deposition at room temperature. The columnar tilt angles, 
the distance between neighbored nanostructures, as well as, 
the roughness of the thin films were investigated with scan-
ning electron microscopy (SEM) and atomic force microscopy 

Cells are established to sense and respond to the properties, including nano- 
and microscale morphology, of the substrate they adhere to, which opens up 
the possibility to tailor bioactivity. With this background, the potential of tilted 
TiO2 nanostructures grown by oblique angle sputtering to affect fibroblasts with 
particular focus on inducing anisotropy in cell behavior is explored. By depos-
iting TiO2 at different oblique angles relative to the substrate normal, mor-
phologies, columnar tilt angle, roughness, and distances between neighbored 
nanocolumns can be adjusted. To assess bioactivity of the resulting structures, 
L929-mouse fibroblasts are seeded in vitro on TiO2 nanostructured substrates. 
Angle-dependent movement and velocity distributions of the cells on differently 
tilted columns and a smooth reference sample are studied. Cell proliferation 
rates and cell areas are additional factors which provide information about 
viability and the well-being of cells. It could be shown that the local topography 
of the surface has an influence on the directed movement of the cells.
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1. Introduction

Nanostructured TiO2 thin films have been in the focus of con-
siderable research activities, since those films are essential for 
a large number of applications such as, antireflective coatings, 
gas sensing, photo-catalysis, and antibacterial coatings.[1–11] In 
recent years, nanostructured TiO2 thin films have become of 
high interest for coatings of implants. Titanium and its alloys 
are typically used as materials for hard tissue replacements 
such as, bone screws and anchoring, hip joint replacements, 
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(AFM). Long-term phase contrast observations of the cellular 
response on the surface structure effects are in the focus of 
this study. Especially, the migration of L929 fibroblasts, their 
resulting angle-dependent movements and velocities as well as 
cell division rates and cell areas are studied on top of the tilted 
TiO2 nanostructured surfaces grown on Si-substrates, exempla-
rily for in vitro cell culture.

2. Results and Discussion

2.1. Characterization of the Nanostructured TiO2 Thin Films

Tilted TiO2 nanostructures are grown on natively oxidized 
Si(100)-substrates at room temperature and with varying 
angular positions θOAD of the sample holder. Figure  1 gives 
an overview of such nanostructured thin films. In general, the 
SEM top-view images reveal that for more oblique deposition 
geometry, the distance between neighbored nanostructures is 
increased, thereby reducing the bundling of the columns. This 
is caused by the shadowing effect, since the shadowing length 
is increased as the incoming particles reach the substrate 
under a flatter angle. Hence, more space is created between 
the columns so that the inter-columnar distance is enlarged. 
Moreover, the SEM side-view images show that the thin films 
consist of tilted columns oriented toward the incoming particle 

flux. Table  1 summarizes the obtained columnar tilt angles β 
depending on the angular positions θOAD of the sample holder.

Two observations can be made. First, all measured tilt angles 
are smaller than the incidence angles. This observation is well-
known and has been confirmed by a large number of experi-
ments, but the detailed dependence of both angles is still in 
the focus of research.[36–39] Second, the columnar tilt angles are 
merely enlarged for more oblique deposition geometry from 
β = 57° (θOAD ≈ 74°) to β = 61° (θOAD ≈ 86°). This is caused by 
the oblique deposition geometry, which forces the columns to 
grow toward the direction of the incoming particle flux. Thus, 
a more oblique incidence angle leads to an enlarged tilt angle 
of the columns. However, the large beam divergence and the 
high working pressures of approximately 10−2  Pa influence 
film growth, because the trajectories of the sputtered particles 
cannot be considered as parallel. Further, the sputtered parti-
cles have, compared to a particle beam created by evaporation, 
high kinetic energies when arriving at the substrate. This can 
be sufficient to initiate atomic mobilization processes at the 
substrates surface, resulting in an information loss concerning 
the incidence direction of the sputtered particle.[40] However, 
from the SEM images it can be assumed that the shadowing 
effect caused by the OAD geometry is still dominating, thereby 
facilitating the growth of tilted columnar structures on the sub-
strate surface.

From the SEM top views, inter-columnar distances of neigh-
bored columns are measured perpendicular (x-direction) 
and parallel (y-direction) to the projected tilt direction of the 
nanostructures (for illustration see Figure  1). The results are 
summarized in Table  1. The inter-columnar distances tend to 
increase slightly with more oblique deposition angles for both 
x- and y-direction. A closer inspection of Table 1 reveals that the 
inter-columnar distances are larger in y-direction compared to 
the x-direction. This can be understood by the shadowing effect 
that appears only in y-direction (along the incoming particle 
flux). In contrast, shadowing has no impact in x-direction so 
that the columns grow broadened in that direction, which can 
result in coalescence. To conclude, the shadowing effect has an 

Figure 1.  Side view and corresponding top view SEM images of tilted TiO2 nanostructures deposited for varying incidence angles θOAD on natively 
oxidized Si(100) substrates at room temperature. The columnar tilt angle (measured with respect to the substrate normal) is depicted by β. The white 
arrows indicate the direction of the incoming particle flux.

Table 1.  Tilt angles, inter-columnar distances, and RMS data for varying 
incidence angles.

θOAD [°] 74 80 82 86

Tilt angle β [°] 57 ± 1 58 ± 1 59 ± 1 61 ± 1

Intercolumnar distance

in x-direction [nm] 19 ± 4 21 ± 4 21 ± 6 22 ± 4

in y-direction [nm] 26 ± 6 30 ± 6 29 ± 6 29 ± 7

RMS [nm] 1.441 1.811 1.960 2.327
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impact on the local topography of the TiO2 thin film. Addition-
ally, this is also expected to result in an anisotropic rigidity of 
the substrate, which might have an effect on the cellular migra-
tion, as previous studies have already indicated.[16,41–43]

The topography of the nanostructured TiO2 thin films is fur-
ther analyzed by AFM measurements. Figure  2a depicts the 
(2D) AFM images exemplarily for a TiO2 thin film deposited at 
θOAD ≈ 82°. The image is acquired for a (2 × 2) µm2 area. The 
direction of the incoming particle flux is indicated by the black 
arrow. Darker regions represent areas with lower height values 
(with respect to the substrates normal) and indicate shadowed 
areas. Brighter regions display larger height values. Figure 2b,c 
depict the AFM height profiles of the TiO2 thin films depos-
ited at θOAD ≈ 86°, 82°, 80°, and 74°, respectively. Such profiles 
were measured perpendicular (x-direction) and parallel (y-direc-
tion) to the projected tilt direction of the nanostructures (see 
Figure 2a).

In general, a comparison of the height profiles reveals that for 
more oblique deposition geometry, the TiO2 thin films exhibit a 
roughened surface. This increased surface roughness, also speci-
fied in Table 1, is a consequence of the competitive growth pro-
cess among the developing columns. Caused by the oblique dep-
osition geometry, faster growing nano-sized columns will shadow 
slower growing columns so that the latter stop developing. In 
the progress of this evolutionary selection process among the 
developing columns, only the columns with the fastest vertical 
growth component (parallel to the substrate normal) will be suc-
cessful.[44] This process is intensified as the substrate is tilted to 

more oblique angles, leading to a reduction of the total number 
of growing columns per unit area, as well as, to an increase of 
the distance between neighboring columns in y-direction so 
that the surface roughness is enlarged. In addition, it should be 
mentioned, that the samples were analyzed by X-ray diffraction 
(XRD). It was found that all samples show anatase TiO2.

2.2. Cultivation of C3H-Mice Fibroblasts on the TiO2 Thin Films

The angle-dependent movements and velocities of L929 fibro-
blasts are studied in vitro exemplarily on tilted TiO2 nano-
structures with angular positions deposited at θOAD ≈ 82° and  
θOAD  ≈ 74° (deposited on fused silica substrates at room tem-
perature) and on smooth TiO2 substrates. These two angle-
dependent samples are chosen because of their surface 
topography; θOAD ≈ 74° shows a more even surface (and not that 
rough) compared to θOAD ≈ 82°. The surface topography of the 
smooth substrate is more homogeneous and much smoother 
than the tilted samples. Usage of culture inserts allowed the  
precise definition of the cell-covered substrate area from 
the cell-free substrate area (see Figure  3). As the inserts are 
removed, there is a well-defined boundary between cell-covered 
and cell-free substrate area, thus allowing the observation of 
cellular activity from a specified starting point after a defined 
incubation time. As can be observed from Figure 3, movements 
of single cells as well as collective migration can be observed 
during the entire observation time up to 28.5 h.

Figure 2.  AFM image showing the surface topography for a nanostructured Ti thin film deposited at θOAD ≈ 82° a). The black arrow indicates the 
direction of the incoming particle flux. AFM height profiles of nanostructured Ti thin films deposited at θOAD = 86°, 82°, 80°, and 74°, respectively, 
measured in b) x- and c) y-direction.

Figure 3.  Long-term light microscope observation images of L929 fibroblasts cultured on a nanostructured TiO2 thin film deposited at θOAD ≈ 82° 
shown at distinct observation times. The white arrow indicates the projected tilt direction of the nanostructures.
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Due to cell proliferation, the number of adherent cells 
significantly increases with incubation time. Even after 40 h 
after removing the culture insert, smaller and round moving 
cells, as well as, larger flat cells with filopodia are observ-
able, which allows the assumption of viable and adherent 
fibroblasts (not shown here). Observing only cells at the 
boundary, it is possible to identify leader cells that are fol-
lowed by several cells at the former culture insert boundary 
and start a collective movement, while other cells move 
alone. However, analyzing the cell migration depending on 
the local surface topography requires tracking of individual 
cell migration paths.
Figure  4 shows a summarized image of individual migra-

tion paths of several fibroblasts on a nanostructured sample. 
The initial cell boundary corresponds in its orientation to the 
former cell culture insert boundary and was oriented in a way, 
that a parallel and vertical cell boundary to the tilted TiO2 col-
umns could be observed. Cells have been tracked along and 
against the positive and negative x- and y-direction, respec-
tively, and these results are combined for the parallel and ver-
tical cell boundary direction (former insert boundary) to the tilt 
direction.

From the migration paths of individual cells, we determined 
the directional distribution, as well as, the velocity distribution 
in dependence of the directional movement, to characterize 
cell migration for different directions on the nanostructured 
TiO2 thin films in more detail. These results are depicted 
in Figure 5. Here, we clearly see that the cells on top of the 
deposited at θOAD ≈ 82° sample strongly prefer to move along 
the column tilt direction when they started from the vertical 
boundary (which is equal to top and bottom in Figure  4). 

Other directions of movement occur but are less present. Cells 
from the parallel boundary (which corresponds to right and 
left handside in Figure  4) move equally frequently in x- and 
y-directions. On the θOAD  ≈ 74° sample this behavior is not 
pronounced. The cell movement from the parallel boundary is 
similar to the deposited at θOAD ≈ 82° sample and complies the 
isotropic reference sample on a smooth TiO2 thin film. Cell 
movement from the vertical boundary is mainly pronounced 
in three directions, with evenly occurring frequencies. These 
frequencies are in the same range as for the reference sample 
without showing significant differences. Direction-dependent 
cell movement on the smooth TiO2 sample is evenly distrib-
uted. These results indicate that a targeted cell movement can 
be induced and is dependent of angle of inclination of the 
TiO2 columns.

Cell velocities on the smooth sample show no direction-
dependence, nor can any dependence be observed on the 
θOAD ≈ 74° sample. In contrast, cells on the sample deposited 
at θOAD ≈ 82° show a clear velocity loss along the column tilt. 
This corresponds to a velocity reduction of 40%. The absolute 
cell velocities are highest on the sample deposited at θOAD ≈ 74° 
and lowest on the sample deposited at θOAD ≈ 82° (see Table 2). 
These results suggest that a targeted cell movement is accom-
panied by low cell velocities.

A significant difference of the initial parallel to vertical ori-
ented cell boundary within the samples could not be found. 
Also, the cell boundary velocities hardly differ among each 
other, as shown in Figure 5.

Cell areas and cell division rates are an indicator for 
detecting whether cells are vital and are feeling comfortable on 
the substrate. For this purpose, we determined both parame-
ters for several cells, depicted in Figure 6. The mean values are 
included in Table  2. Cell area of L929 fibroblasts cultured on 
the sample deposited at θOAD ≈ 82° is significant smaller than 
on the sample deposited at θOAD  ≈ 74° and smooth samples. 
Average cell areas on the θOAD ≈ 74° sample and smooth sam-
ples do not differ from each other. Cells divide fastest on the 
θOAD ≈ 82° sample and slowest on the θOAD ≈ 74° sample. Nev-
ertheless, cell areas and cell division rates are in a normal range 
for this cell type. It is noticeable that very large cell areas were 
observed more often on the nanostructured samples with tilted 
columns. While largest cells on the smooth samples have areas 
of ≈5 µm2, cell areas up to 40 µm2 occurred about three times 
more often on the tilted column samples.

To conclude, the different inter-columnar distances in 
x- and y-direction on the nanostructured TiO2 thin films, as 
well as, their anisotropic rigidity significantly influence the 
migration paths of L929-mice fibroblasts. The nanostructures 
on the θOAD  ≈ 74° sample was not able to influence the cul-
tured fibroblasts, but so does the θOAD  ≈ 82° sample. In con-
trast to Motemani et  al., who cultured human mesenchymal 
stem cells on TiO2 nanostructures that have been fabricated 
by glancing angle sputter deposition, we see that under cer-
tain conditions a targeted cell movement is possible.[45] These 
results are consistent with Jiang et al., who have shown that the 
migration of mammalian cells can be directed by using asym-
metric micropatterned substrates.[19] Also, our experiments are 
performed with fibroblasts, so this could be a reason for the 
different cell responses reported by Motemani et  al. although 

Figure 4.  Light microscope image composed of four individual images 
for tracking the cellular migration paths of L929 fibroblasts in positive 
and negative x- and y- direction, respectively. The white arrow indicates 
the projected tilt direction of the nanostructures. Only fibroblasts that 
were directly located at the boundary between cell-covered and cell-free 
substrate area have been chosen for this analysis.
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the substrates show amazing similarities. In addition, other 
nanostructures such as, TiO2 nanotubes are of particular 

interest. These surfaces are also biocompatible and by targeted 
surface modification cell processes can be triggered as shown 
by Khrunyk et  al. They found that cell morphology, adhesion, 
proliferation, and osteogenic marker expression were affected 
by their amorphous and anatase nanotube substrates compared 
to a flat titanium substrate, providing strong evidence that 
nanostructured substrates are sufficient for inducing osteo-
genic differentiation.[23]

In summary, adhesion and proliferation of L929-fibroblasts 
confirms the biocompatibility of the investigated TiO2 nano-
structured thin films. A directed cell migration behavior 

Figure 5.  Direction and velocity distributions of single cells, as wells as cell boundary movement on nanostructured TiO2 thin films deposited at 
θOAD ≈ 82°, θOAD ≈ 74° and on smooth TiO2 over 28.5 h incubation time. Negative and positive x- and y-directions (depending on the cell boundary) are 
combined so that the cell boundary is parallel in x-direction (orange) and vertical in y-direction (blue) to the column tilt. Cells on the smooth samples 
have no tilted columns and are shown in pink.

Table 2.  Cell velocities, cell areas, and cell division rates on the distinct 
nanostructured and smooth TiO2 thin films.

θOAD [°] 82 74 Smooth

Velocities [µm min−1] 01.18 ± 0.41 01.81 ± 0.67 01.59 ± 0.43

Cell areas [µm2] 01.98 ± 0.64 03.07 ± 1.09 02.53 ± 0.68

Cell division rate [h] 16.76 ± 5.67 20.85 ± 7.01 17.21 ± 7.63
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could be detected for the θOAD  ≈ 82° sample. Especially, the 
combination of the biocompatibility and the large surface-
area of nanostructured TiO2 thin films could be of interest for 
medical applications. For instance, such highly porous surfaces 
can have an antibacterial effect and might be able to soak fluids 
such as, antibiotics efficiently to reduce the risk of infections 
upon implantation in the human body. Furthermore, pseudo-
podia of fibroblasts might grow in the space between those 
separated columns, thereby potentially improving the tissue-
implant interaction.[45,46]

3. Summary and Conclusion

TiO2 nanostructured thin films have been fabricated by ion 
beam sputtering OAD on natively oxidized and fused silica 
substrates at room temperature and for varying angles of 
the incoming particle flux. It has been observed that the 
columnar tilt angles and the roughness of the film are 
enlarged with more oblique deposition geometry. The inter-
columnar distances between neighbored nanostructures 
tend to increase slightly as the angle of the incoming par-
ticle flux is enlarged. Further, the inter-columnar distances 
are observed to be larger along the projected tilt direction of 
the nanostructures compared to those located perpendicular 
to the tilt direction of the nanostructures, which originates 
from the shadowing effect. Further, it could be demonstrated 
that fibroblasts adhere and proliferate in vitro on obliquely 
deposited TiO2 thin films. We found significant differences 
in the cellular migration pathways depending on the local 
surface topography. With higher inter-columnar distances 
between neighbored columns a directed movement pattern 
was observed. This directed cell migration is accompanied 
with a velocity slowdown. Cell areas and cell division rates 
indicate biocompatibility of the deposited nanostructured 
TiO2 thin films. Hence, such films might be promising can-
didates for medical applications such as, Ti-based implants 

by modifying and improving their production parameters. 
For future research, the ability to produce nanostructured 
thin films with predictable surface properties bears the 
potential to open a new pathway for understanding biolog-
ical interactions between implant surfaces and tissue.

4. Experimental Section
Fabrication and Characterization of Nanostructured TiO2 Thin Films: The 

TiO2 nanostructured thin films were grown by reactive ion-beam sputtering 
using a metallic Ti target (purity 99.99%), a constant Ar flux (6.5 sccm) 
sustaining the plasma in the ion beam source and a constant O2 flux 
(3  sccm) as process gas. The base pressure in the deposition chamber 
was 10−4 Pa, while the working pressure was constant at 2.5  ×  10−2 Pa. 
The deposition rate varied between 0.3 and 0.8 nm min−1 depending on 
the position of the sample holder with respect to the incoming particle 
flux. The film thickness (measured parallel to the substrate normal) was 
controlled by the deposition time. Natively oxidized, p-doped Si(100) 
pieces and fused silica pieces were used as substrates. The substrate 
area was roughly (1 × 1)  cm2. The distance between sample holder and 
Ti target was ≈15 cm. The Ti target was 15 cm in diameter and the beam 
size on the target was 10  cm. Consequently, the Ti atoms are emitted 
in an angular distribution typical for the sputtering process. Thus, the 
incoming particle flux on the substrate (or growing film) is characterized 
by this angular distribution. Cross-sectional images of the samples were 
obtained by cleaving the samples before investigation with SEM at 10 kV 
acceleration voltage. Here, secondary electrons were used. The tilt angles 
of the grown nanostructures (obtained from the cross-sectional SEM 
images) as well as, the distance between neighboring nanostructures 
(obtained from the top-view SEM images) were measured manually.

To study the roughness of the tilted titanium dioxide columns, an 
Icon AFM (Bruker) was used. Silicon OTESPA R.3 tips with a tip radius 
of 7 nm were used in tapping mode. In the tapping mode, the distance 
of the tip to the surface changes and thus the applied force does. 
Measurements were performed at constant amplitude and a resonance 
frequency of 300 kHz. An area of 2 µm x 2 µm was scanned in each case.

Cell Cultivation and Data Analysis of Cellular Velocities and Morphology 
on Nanostructured TiO2 Thin Films: L929 cells (derivative of Strain L)  
were purchased from ATCC. L929 cells were incubated in usual cell 
culture flasks and in complete cell culture medium (90% Roswell 

Figure 6.  Analyses of a) cell area and b) cell division rate for single cells on distinct TiO2 samples: TiO2 columns deposited at θOAD ≈ 82° and θOAD ≈ 
74° and on smooth TiO2 thin films. Dark red points in (a) show outliers. Statistical significances are shown (if applicable), where * and ** marked 
significances at different p-values for p ≤ 0.05 and p ≤ 0.01, respectively.
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Park Memorial Institute RPMI and 10% fetal calve serum) at 5% CO2 
atmosphere and 37  °C. Cells were passaged when they reached a 
confluency of 80%. Fibroblasts were counted with a hemocytometer 
and seeded with a concentration of 4.6 × 104  cells mL−1 per well of a 
culture insert (2 Well in µ-Dish, growth area of 0.22 cm2, Ibidi), which 
was placed onto smooth (reference sample) and nanostructured TiO2-
samples. Thereby, the culture inserts were oriented perpendicular 
to the projected tilt direction of the nanostructures. Total cell culture 
volume within one well was 50  µL. Prepared samples were cultured 
under the same culture conditions as single cells in normal culture 
flasks as described above. For long-term investigations, 5% antibiotic 
Gentamicin was added to the cell medium. Phase contrast images 
were recorded every 5 min for up to 40 h after seeding using a Leica 
DM IRB phase contrast microscope in a thermo box case and a 
10  x-objective. During the observation time, the temperature was kept 
constant at 37  °C and CO2 was inserted continuously to ensure a 5% 
CO2 atmosphere. In principle, longer observation was possible, but not 
recommended, because most of the cells moved out of focus. Therefore, 
results were only shown until 28.5 h after removing the cell culture 
insert. The traveled distance of the cells after removing the inserts was 
measured with video analysis and the modeling tool software Tracker.[47] 
Exemplary, 5 to 10 cells were tracked on each cell boundary and their 
ways were followed by marking their positions in the individual phase 
contrast images over time. Simultaneously, the movement of the cell 
boundary was analyzed. From these data, cell and boundary velocities 
were determined. In order to obtain direction and velocity distributions, 
the positive and negative x- and y-directions were combined into parallel 
and vertical directions along the column tilts. Each migration path of 
a single cell was color encoded. If a cell had undergone cell division 
during migration, the migration path of one of the new cells had been 
encoded in another color. These time stamps were used to determine 
the cell division rate. Cell areas were evaluated using Fiji. Here, the 
perimeter of the single cells was manually determined, the enclosed 
number of pixels was subsequently counted, and the cell area was 
calculated using the conversion factor from microscope and objective.
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