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ABSTRACT The interaction between dental pulp derived mesenchymal stem cells (DP-MSCs) and three
different tantalum nanotopographies with and without a fibronectin coating is examined: sputter-coated

tantalum surfaces with low surface roughness <0.2 nm, hut-nanostructured surfaces with a height of 2.9 = 0.6

nm and a width of 35 == 8 nm, and dome structures with a height of 13 == 2 nm and a width of 52 = 14 nm. Using

ellipsometry, the adsorption and the availability of fibronectin cell-binding domains on the tantalum surfaces

were examined, as well as cellular attachment, proliferation, and vinculin focal adhesion spot assembly on the

respective surfaces. The results showed the highest fibronectin mass uptake on the hut structures, with a slightly

higher availability of cell-binding domains and the most pronounced formation of vinculin focal adhesion spots as

compared to the other surfaces. The proliferation of DP-MSCs was found to be significantly higher on dome and

hut surfaces coated with fibronectin compared to the uncoated flat tantalum surfaces. Consequently, the results

presented in this study indicate that fibronectin-coated nanotopographies with a vertical dimension of less than

5 nm influence cell adhesion. This rather interesting behavior is argued to originate from the more available

fibronectin cell-binding domains observed on the hut structures.
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iomaterials play an important role in

bioengineering applications such as

regenerative medicine, tissue engi-
neering, biosensing, and in orthopedics.'
For orthopedic implants, an early bone for-
mation and strong binding between bone
and implant are important for the long-term
success of the implant.’ The ability of osteo-
genic cells to adhere, proliferate, and differ-
entiate on the biomaterial surface is crucial
for the formation of new bone tissue and
the subsequent osseointegration of the
implant.

Since bone is a hierarchically composed
material,” osteogenic cells encounter topo-
graphical features with different sizes in
their natural environment, from macrofea-
tures such as the bone structure to micro-
and nanoscale features such as the shape of
cells, fiber networks, mineral crystallites,*>
and interconnecting pores.>*® Therefore,
the design of topographical implant sur-
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faces holds promise to be part of the fabri-
cation of the next generation of superior
medical implants.>*~° The majority of cell
studies performed on topographically al-
tered surfaces have mainly focused on litho-
graphically produced micrometer scale
(>1000 nm) and submicrometer scale struc-
tures (100—1000 nm).” 22 The results indi-
cate that the surface topography may
influence cell adhesion, 31418 cell
morphology,®'%'%2? mineralization, and
gene expression.'>'”2" Recently, several re-
ports have likewise shown that nanoscale
surface features (<100 nm) can affect focal
contact assembly on a surface,®** 26 cell
adhesion,?” 2 and proliferation.>® How-
ever, only a few studies exist in which the
cellular response on surface topographies
with vertical dimensions =10 nm is
investigated.'3? For example, it has been
shown that osteoblast cells are sensitive to
topographic features with a surface feature
height as small as 5 nm.?? Since fibronectin
(Fn) is able to specifically interact with cells
through a arginine-glycine-aspartic acid
(RGD) sequence, the performance of bio-
materials can also be vastly improved by a
Fn coating.>*~*° Accordingly, one might
anticipate that Fn-coated nanostructured
materials could further enhance the posi-
tive effects that accompany nanostructured
surfaces. Despite the numerous studies
that explore the interaction between cells
and Fn-coated biomaterials,>>~*° we only
know of one study that has examined cellu-
lar responses to materials with a well-
defined nanotopography coated with Fn.*'
Motivated by the few reported studies
on cell interactions on Fn-coated nanostruc-
tured materials and surface structures with
dimensions below 10 nm, we decided to ex-
amine the interaction between dental pulp
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Figure 1. Representative Atomic Force Microscopy (AFM) images of
the tantalum surfaces employed in the cell experiments. The z-range
value appears as the largest number in the gray scale bars. (a) Tanta-
lum surface used as the flat reference [F], (B) huts [H], and (C) domes [D].

derived mesenchymal stem cells (DP-MSCs) and Fn-
coated surface features with a vertical height below 5
nm. Nanostructured Ge—Si surfaces with geodesic
hemispheres typically denoted as domes in the litera-
ture*? with side plane slopes at 25.2° ({113} facet) and
26.6° ({102} facet) or small triangular prisms with an av-
erage height below 5 nm and a slope at 10.9° ({105
facet}), referred to as huts,** were fabricated by explor-
ing the molecular beam epitaxy (MBE) deposition tech-
nique as has been done in previous studies.*> %> The
respective surfaces were afterward coated with a thin
tantalum layer, a material often used in orthopedic im-
plants.*® The Fn adsorption and the availability of the
cell-binding domains on the respective nanostructured
tantalum surfaces were determined by ellipsometry.
DP-MSCs were subsequently cultured on substrates
with and without a Fn coating to evaluate the effect of
Fn-coated nanoscale surface features on the prolifera-
tion, cytoskeletal organization, and the assembly of vin-
culin focal adhesion spots in the cells.

RESULTS

Characterization of the Tantalum Surfaces. The AFM im-
ages of the tantalum reference surface are presented
in Figure 1A along with the nanostructured tantalum
surfaces denoted as huts (Figure 1B) and domes (Fig-
ure 1C). The hut surface consisted of very delicate sur-
face features with dimensions of 2.9 = 0.6 nm in height,
35 = 8 nm in width, and 84 = 20 nm in length, while
the domes were more variable in size with dimensions
of 13 = 2 nmin height, 52 = 14 nm in width, and 121 =
37 nm in length. On the flat reference, no distinct struc-
tures were recognized (Figure 1A). The root-mean
square (rms) roughness values*” were quantified as
0.151 = 0.012, 0.80 = 0.05, and 4.45 £ 0.06 nm on flat,

TABLE 1. Different Surface Parameters Found with Atomic
Force Microscopy”

height width length rms value roughness
surface [nm] [nm] [nm] [nm] factor (R)
flat b b b 0.151 £ 0.012  1.002 = 0.002
hut 2906 358 8420 0.80*+0.05 1.007 = 0.004
dome 13*+3 5214 121*+37 445=*0.06 1.030 = 0.004

“The roughness factor (R) is defined as the surface area compared to a completely
flat surface, R = Agutace/ At surace- “Not applicable.
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hut and dome surfaces respectively (Table 1).
The roughness factor values (1.002—1.007)
show that the surface area increase compared
to that of an atomically flat surface was quite
small on the respective surfaces and therefore
would not result in significantly more avail-
able surface adsorption sites when the sur-
faces are compared to one another. Even
though the values presented in Table 1 are
in the same range as the ones determined by
Riedel et al.,*® they might be underestimated
due to both the finite resolution of the AFM
instrument and tip convolution effects.® In addition to
the morphology analysis by AFM, we also employed
XPS to characterize the respective surface chemistries
(Table 2). Besides the presence of tantalum and oxygen,
traces of carbon were also observed on all samples.
The presence of carbon originates from surface con-
tamination caused by exposure to air after the sputter-
ing step. Hydrocarbon is unavoidable and will always be
present on these types of surfaces. Within the uncer-
tainties, we did not find any differences in the chemi-
cal compositions of the respective surfaces (Table 2).
Moreover, the O/Ta ratio was similar on the respective
surfaces and ranged from 2.30 to 2.46, which is close to
the stoichiometry of Ta,Os. Since all the surfaces were
hydrophilic as well after 25—30 min UV treatment, this
means that any observed differences in both protein
adsorption and cell attachment/proliferation on the re-
spective surfaces would, in fact, be due to different sur-
face morphologies.

Fibronectin Adsorption Results. Fibronectin (Fn) adsorp-
tion on the flat reference, hut, and dome surfaces was
followed in real time by ellipsometry.**~>' Each adsorp-
tion experiment was stopped after 60 min, and the ob-
tained saturated surface mass densities (I'eiipsometry) from
the respective surfaces are listed in Table 3. On the hut
surfaces, the Fn adsorption was 378 + 10 ng/cm?, sig-
nificantly higher than Fn surface mass densities deter-
mined on either the dome or the flat reference surface.
Since the roughness factor was almost the same on
the hut and flat reference surface, the enhanced sur-
face mass uptake observed on the hut surface is caused
by nontrivial adsorption effects beyond a simple sur-
face area increase.?®3%°2 No surface mass density differ-
ence was observed between dome and flat reference
surface (the Fn surface mass density attained the value
294 *+ 19 ng/cm? on the flat reference and 295 + 17 ng/

TABLE 2. XPS Surface Analysis of the Respective Surfaces
(Values Are Shown as Mean = Standard Error of the
Mean)

surface Tag Gy 0y 045/Tagg

flat 258 £0.2 15115 59312 230 £0.05
hut 250 1.1 13.6 = 0.6 61410 246 £0.12
dome 255+ 0.1 143 = 0.6 60.2 = 0.6 2.36 + 0.03
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TABLE 3. Fibronectin Surface Mass Density (Icjiipsometry) and
the Number of Antibodies Per Protein Obtained by
Ellipsometry (Values Are Shown as Mean = Standard Error
of the Mean)

surface T etipsometry [ng/cm?] antibodies per protein
flat 294 =19 0.64 = 0.03

hut 378 = 10° 0.793 = 0.012°
dome 295 =17 0.73 = 0.04

“Represents statistical difference of p << 0.01 compared to the reference tantalum
(F) and dome surface (D). “Represents statistical difference of p < 0.01compared to
the reference tantalum surface (F).

cm? on the dome surface). The availability of the cell-
binding domains on Fn was assayed with ellipsometry
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Figure 2. Total number of cells attached to the different sur-
faces after day 1 and day 7. The number of cells counted per sur-
face has been normalized with respect to the amount of cells
that attached to the reference tantalum surface without fi-
bronectin (—Fn). Values are shown as mean = standard error of
the mean from 5 data points (n = 5). At day 1, the differences in
the number of cells on the different samples were not statisti-
cally different. The symbol * represents statistical difference of
p < 0.05 compared to the uncoated (—Fn) surface with huts (H)
after day 7; ** represents statistical difference of p < 0.05 com-
pared to the uncoated (—Fn) reference surface (F) and the un-
coated (—Fn) surface with huts (H) after day 7; *** represents sta-
tistical difference of p < 0.05 compared to the uncoated (—Fn)
reference surface (F), the uncoated (—Fn) surface with huts (H),
the uncoated (—Fn) surface with domes (D), and the coated
(+Fn) reference surface (F) after day 7.

Number of cells per surface
(% uncoated F)

I +Fn

by using a special monoclonal antibody*® which recog-
nizes the cell-binding domains on Fn (Table 3). The in-
dividual Fn proteins on the hut surfaces were found to
bind 0.79 =+ 0.01 antibodies per Fn molecule, which was
significantly higher than on the flat reference surface
(0.64 = 0.03). On the other hand, 0.73 = 0.04 antibod-
ies bound to the Fn-coated dome surface, which is not
statistically different compared to the result obtained
on the flat reference surface and the hut surface. The
differences found in Table 3 among the different sur-
face types can solely be attributed to morphological dif-
ferences given that the surface chemistry was similar
on the flat, hut, and dome surfaces. The amount of non-
specific antibody binding on the respective surfaces
was also followed with the ellipsometry technique,
showing a nonspecific binding, which was less than
5% and significantly lower than the difference between
the antibody results on the hut surface and the flat ref-
erence surface (19%) and thus not the main reason for
these differences.

Even though these nonspecific binding values might
be overestimated due to BSA contaminants in the fi-
bronectin solution, this does not change the interpreta-
tion of the antibody results because the BSA contami-
nants would result in an even lower nonspecific binding
(<5%).

Cell Proliferation and Attachment. Attachment and prolif-
eration of DP-MSCs as quantified after 1 day and 7 days
on the flat reference, hut, and dome surfaces with or
without an initial Fn coating are depicted in Figure 2.
No significant differences in attachment were observed
between the different surfaces after 1 day, and most im-
portantly, it was found that the Fn coating itself did
not have any effect on the cell attachment.

For the uncoated surfaces after a period of 7
days, a statistically different number of cells per sur-
face were only observed between the uncoated
dome and hut surface (Figure 2). On the Fn-coated
surfaces, a significantly higher proliferation was ob-
served on the hut and dome surfaces as compared to
their uncoated counterparts, while no significant dif-
ference was observed between the Fn-coated and
uncoated flat reference surface. Furthermore, the
coated dome surfaces were found to have a signifi-
cantly higher proliferation as compared to the Fn-
coated reference surface as well as all the uncoated
ones.

Cytoskeleton Organization and Quantification of Focal
Adhesion Points. The cytoskeleton organization on the
respective surfaces was investigated with an fluores-
cence triple staining of the actin (cytoskeleton), vin-
culin (focal adhesion protein), and cell nucleus (see
Figure 3). As is depicted in Figure 3, cells were well-
spread with many contracted and well-defined ac-
tin stress fibers on all surfaces. Assessment of the for-
mation of focal contacts between the cells and the
respective surfaces was performed by examining the
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assembly of vinculin proteins into dot-shaped struc-
tures in the respective cells by using ImagelJ (Figure
3). By comparing the images in Figure 3 qualitatively
with one another, it is evident that more vinculin fo-
cal contacts are formed on the Fn-coated flat refer-
ence and hut surfaces as compared to their un-
coated counterparts, while no obvious differences
were observed between the coated and uncoated
dome surfaces. Moreover, in general, a higher num-
ber of vinculin spots were observed on the coated
hut surface as compared to the coated flat reference
and dome surfaces (Figure 3). From a more detailed
investigation of the cell border, a significantly higher
number of filopodia extensions were seen on all of
the Fn-coated surfaces as compared to the uncoated
ones (Figure 4). By comparing the number of filipo-
dia per cell among the coated surfaces, no signifi-
cant difference was observed between flat and dome
surfaces, while a significant higher number of filopo-
dia per cell were observed on the hut surface as
compared to flat and dome surfaces.

DISCUSSION

Several studies have shown that nanostructured
surfaces are able to influence cell behavior.* ¢ How-
ever, more detailed studies of the cellular responses
on nanostructured surfaces with dimensions below
10 nm remain to be further elucidated as nanofea-
tures in this range are postulated to play an impor-
tant role in directing the process of bone formation
and regeneration.?* In the present study, we have
shown that osteogenic cells interact stronger with fi-
bronectin (Fn)-coated nanostructured hut surfaces
with vertical dimensions below 5 nm as compared to
a flat reference surface.

The formation of the Fn coatings on the respec-
tive surfaces was followed with ellipsometry (see
Table 3), showing a significantly higher Fn surface
mass density on the hut surface as compared to the
flat reference and dome surface, while no differences
were observed between the flat and dome surfaces.

Accordingly, the ellipsometry results indicate
that the conformation/orientation of the individual
Fn molecules is different on the hut surface as com-
pared to the dome and flat reference surfaces. The
higher Fn surface mass density found on the hut sur-
face was also accompanied by more antibodies
specifically binding to the cell-binding domains on
Fn as compared to the other surface types. Since it
has been shown in several recent reports that the
surface topography can change the conformation of
proteins in a different way as compared to a flat ref-
erence surface,??394133>% it is reasonable to as-
sume that the Fn molecules bind in a different con-
formation/orientation on the hut surface with more
available cell-binding domains. This type of reason-
ing is supported by a recent study,?® where germa-

Www.acsnano.org

Surfaces with huts Reference tantalum surfaces

Surfaces with domes

Figure 3. Actin (red), vinculin (green), and cell nucleus (blue) fluo-
rescence images of the cells after 24 h of culture. (A) On the refer-
ence uncoated (—Fn) tantalum surface, only few vinculin focal ad-
hesion spots were found, in general, while the actin cytoskeleton
was seen to be well-organized with many stress fibers. (B) On the
fibronectin-coated (+Fn) reference, tantalum surface focal adhe-
sion spots were clearly seen together with well-developed actin
stress fibers. (C) Despite of a well-organized actin cytoskeleton on
the uncoated (—Fn) surface with huts, only few and very faint vin-
culin focal adhesion spots were seen as compared to (D) the
fibronectin-coated (+Fn) surface with huts. (E,F) Vinculin focal ad-
hesion spots together with a well-developed actin cytoskeleton
were observed on both the uncoated (—Fn) and the coated (+Fn)
surface with domes; however, there were no differences among
these two surfaces in the assembly of vinculin into focal spots.

nium nanopyramids acted as preferential adsorp-
tion sites for proteins such as BSA and bovine
v-globulin (bgg), resulting in both a larger protein
surface mass uptake as well as an impaired bgg func-
tionality as compared to the flat reference surface.
However, the increased protein adsorption was more
pronounced in ref 29 compared to what we ob-
serve in this study for Fn, with a nearly 2—3-fold in-
creased adsorption on the nanostructured germa-
nium surface.”®

Other reports have shown that the number of anti-
bodies binding to adsorbed Fn decreases as the sur-
face roughness increases.*’>* For instance in ref 54, the
Fn surface mass uptake increased concurrently with sur-
face roughness and was followed by a decrease in the
number of monoclonal antibodies binding to the Fn

VOL. 4 = NO.5 = 2874-2882 = 2010 ”@LNIJ%{\)\‘

2877



2878

[F
1 =i
3
& 301
3
g
o 204
= * -
‘c ol Frnen
8 | T
= 10
> T
Z
0 T

-Fn 1

Figure 4. Mean number of filopodia per cell on the differ-
ent surfaces after the surfaces were seeded with cells for
1 day. Values are shown as mean = standard error of
the mean from 30 data points (n = 30). The symbol * rep-
resents statistical difference of p < 0.0005 compared to
the uncoated (—Fn) reference tantalum surface (F); **
represents statistical difference of p < 0.05 compared to
the uncoated (—Fn) surface with domes (D); *** repre-
sents statistical difference of p < 0.0001 compared to the
uncoated (—Fn) surface with huts (H); **** represents sta-
tistical difference of p < 0.0001 compared to the coated
(+Fn) reference tantalum surface (F), the coated (+Fn)
surface with domes (D), as well as all the uncoated (—Fn)
surfaces; ***** represents statistical difference of p <
0.0001 compared to the uncoated (—Fn) reference tanta-
lum surface (F) and the uncoated (—Fn) surface with huts
(H); ****** represents statistical difference of p < 0.001
compared to the uncoated (—Fn) surface with domes (D).

+Fn

proteins opposite to what is observed from the ellip-
sometry results shown in Table 3.

To examine whether the higher cell-binding do-
main availability on the Fn molecules on the hut sur-
face is reflected in cell surface interactions, cell pro-
liferation/attachment studies were carried out. The
proliferation/attachment assays showed that the
cells were more proliferative on the Fn-coated hut
surface as compared to the Fn-coated flat reference
surface. This is in accordance with a more active Fn
coating on the hut surface since Fn through its two
cell-binding domains can direct intracellular signal-
ing events such as mineralization, cell proliferation,
attachment, and spreading.?*~° A recent study®’'
also revealed a correlation between Fn adsorption
on nanostructured surfaces and the subsequent pro-
liferation of cells. Here*' it was shown that the indi-
vidual Fn proteins were less active on nanostruc-
tured silica surfaces and able to inhibit human
endothelial cell proliferation.

Turning to the dome nanostructured surface, a
significant difference between the uncoated and
coated dome and flat reference surfaces is likewise
observed despite a similar Fn coating prior to the cell
seeding on these surfaces. It is therefore more likely
that a synergistic effect between the surface topog-
raphy on the dome surfaces and the Fn coating is re-
sponsible for the cell proliferation behavior ob-
served on the dome surface, or alternatively, the
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cells remodel the Fn coating shortly after attaching
to the dome surface, leading to more available RGD
sequences for cell-guiding purposes.

The proliferation studies were followed up by an
investigation of the cell cytoskeleton and assembly
of vinculin proteins into focal adhesion spots be-
cause the cytoskeleton organization and the forma-
tion of focal adhesion contacts is the starting point
of a chain of signaling events that could lead to cell
proliferation, differentiation, motility, and, in the
end, tissue healing.’> °° These signaling events are
initiated by the activation of an important G-protein,
Rho, which leads to actin contraction resulting in in-
tegrin clustering and the formation of vinculin adhe-
sion spots.>>>6°8

The number of vinculin focal adhesion spots was
largest in the cells attached on the Fn-coated hut
surface, and by examining the images in Figure 3
qualitatively, a more intense fluorescence intensity
from the individual spots is seen, as well. The results
indicate that the integrin clustering was more pro-
nounced on the Fn-coated hut surface as compared
to the Fn-coated flat reference surface, in accor-
dance with the larger proliferation observed on the
coated hut surface. However, these results are some-
what puzzling since they do not correspond well
with the even higher cell proliferation observed on
the dome surface.

The fluorescence images also showed that the
number of filopodia per cell increase on all surfaces
after the surfaces are coated with Fn, where the
highest number of filopodia per cell was found on
the Fn-coated hut surface. Gustafson and co-workers
were the first to discover filopodia in cells, and since
then, filopodia®' have been widely recognized as
one of the main sensory kits in cells. Filopodia have
been associated with both chemical and topographi-
cal sensing of heterogeneous surfaces.?>>33'

For instance, in refs 22 and 23, Dalby et al. noticed
that fibroblast cells are able to sense nanocolumns
(100 nm diameter, 160 nm high)?? as well as 13 nm
high polymer demixed islands.?® In addition, it has also
been shown that fibroblast filopodia are able to sense
and interact with 10 nm high surface nanofeatures,
which to our knowledge is the smallest dimension that
has been registered to affect cell sensing on a surface so
far.! We, therefore, tentatively suggest that a similar to-
pographical sensing might occur on the Fn-coated hut
surface compared to the coated flat reference and
dome surface, which is an interesting observation since
the hut surface consist of very delicate nanostructures
with a surface feature height of only 2.9 = 0.6 nm.

CONCLUSION

We have shown that nanostructured surfaces
with a root mean square (rms) roughness value less
than 1 nm and surface nanostructures with an aver-

www.acsnano.org



age height <5 nm are able to influence the adsorp-
tion of Fn and direct cell surface interactions such as
cell proliferation, focal contact assembly, and filopo-
dia expression. To our best knowledge, a rms value
of 1.05 = 0.21 nm and nanostructures with a surface
feature height of approximately 5 nm are the small-
est surface topographical parameters that have been
shown to influence cell/surface interactions thus

METHODS

Proteins and Antibodies. Fibronectin (Fn) extracted from bovine
plasma was purchased from Sigma-Aldrich (Broendby, Den-
mark) and coated on the respective tantalum surfaces by spon-
taneous adsorption from solution. The cell-binding properties of
the individual Fn molecules on the surfaces were determined us-
ing a bovine IgG monoclonal anti-fibronectin (BioPorto Diagnos-
tics A/S, Gentofte, Denmark) directed against an epitope located
on the two 120 kDa cell-binding domains on fibronectin.*® Non-
specific binding by IgG monoclonal anti-fibronectin was tested
using rabbit IgG polyclonal BSA antibodies (Sigma-Aldrich,
Broendby, Denmark). Fn and antibody stocks were stored at
—50 °C before being dissolved in a 10 mM Tris buffer to a fi-
bronectin concentration of 100 g/mL and an antibody concen-
tration at 50 pg/mL with 1 mM CaCl and 100 mM NaCl ad-
justed with HCl and NaOH to a pH value around 7.4 at 37 °C.

Ellipsometry. Ellipsometry is a well-established technique that
has been applied for the past decades to study interfacial pro-
tein adsorption.**>° It allows in situ studies at the solid—liquid in-
terface with a time resolution down to milliseconds and a pro-
tein layer thickness resolution around 0.1 nm.**°° The
measurements were carried out in a static liquid cell with an ELX-
02C ellipsometer (DRE GmbH, Ratzeburg, Germany) with a single
wavelength, N = 632.8 nm He—Ne laser at a fixed angle of inci-
dence at 70°. The detection principle behind the ellipsometry
technique relies on changes in the polarization of elliptically po-
larized light reflected from an interface. These changes are moni-
tored by measuring the changes in the ellipsometric angles (A,
U5) during adsorption and are subsequently converted to a thick-
ness value for the protein film. From the measured thickness, d,
it is possible to determine the surface mass density of the ad-
sorbed protein film by de Feijters formula®’

n ]
rotein buffer
= g2 ouler

r dn/dc

m

ellipsometry

where dn/dc s the refractive index increment for a given concen-
tration change, Nprotein aNd Npytrer are the refractive index of the
protein and buffer, respectively. The dn/dc value for proteins is
typically 0.18 cm*/g,>® and the refractive indexes used for the
protein layer and the buffer in this study were npein = 1.46 and
Nputrer = 1.335, respectively.”® Before each measurement, the
samples were ozone-cleaned with UV light (Bioforce Nano-
sciences, Ames, |A) for 30 min.

Cell Culture. Human dental pulp derived mesenchymal stem
cells (DP-MSCs) were obtained from an ectopically fully devel-
oped third molar tooth of a healthy young adult male age 21 us-
ing a protocol approved by The Central Denmark Region Com-
mittee on Biomedical Research Ethics. Immediately following
surgical removal of the molar tooth, the pulp was retrieved and
incubated for 30 min at 37 °C in minimum essential medium
(MEM; Gibco, Taastrup, Denmark) containing 3 mg/mL collage-
nase type | (Worthington Biochem, Freehold, NJ) and 2.4
units/mL Dispase Il (Roche Diagnostics, Mannheim, Germany).
The DP-MSCs liberated from the pulp were passed through a 100
wm strainer (BD Biosciences, Discovery Labware, Bedford, MA).
The obtained DP-MSCs were grown in 75 cm? culture flasks (Cos-
tar, Cambridge, MA) in MEM supplemented with 10% fetal bo-
vine serum (FBS) (PAA Laboratories, Linz, Austria) and antibiot-
ics (25.000 1U/mL penicillin and 25 mg/mL streptomycin,
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far.3? In summary, the results presented here illus-
trate the importance of a detailed surface character-
ization at the nanoscale since surface nanostruc-
tures with vertical dimensions of a few nanometers
as those present on the hut surface may have a sig-
nificant influence on cellular behavior when coated
with Fn, a cell anchoring protein which is present in
the majority of cell culture mediums.

DuraScan Medical Products AS, Odense, Denmark) at 37 °C. Me-
dium was changed twice per week. Upon reaching approxi-
mately 90% confluency, the DP-MSCs were harvested using
0.25% trypsin (MEM; Gibco, Taastrup, Denmark) and 0.1% EDTA
(Invitrogen, Taastrup, Denmark) in PBS at pH 7.4. In total, five tan-
talum surfaces of each surface type were placed in either 1 mL
of 100 wg/mL Tris fibronectin solution in order to coat the re-
spective surface with fibronectin or 1 mL of pure Tris buffer at
room temperature (uncoated surfaces). After 60 min, the wells
were washed in medium containing MEM and supplemented
with 10% fetal bovine serum (FBS) (PAA Laboratories, Linz, Aus-
tria) and antibiotics (25 000 IU/mL penicillin and 25 mg/mL strep-
tomycin, DuraScan Medical Products AS, Odense, Denmark) to
avoid transference of free fibronectin to the incubation wells.
The surfaces were placed in 6-well plates (Costar, Cambridge,
MA) filled with medium to avoid drying, and the DP-MSCs were
seeded at a density of 10 000 per cm? surface and allowed to at-
tach for 1 day or proliferate for 7 days. Afterward, cells were
counted on each surface by harvesting cells from the culture sur-
face by trypsinations and hereafter resuspending the cells in
PBS. Cell concentrations were determined with a 100 wm deep
Burker-Turk hemocytometer (BT, Brand, Wertheim, Germany).
Counts were performed using a light microscope (Olympus,
Ballerup, Denmark) set at 200X magnification and phase con-
trast magnification and phase contrast. Cell count data were cal-
culated as cells per surface cm?.

Fluorescence Staining. Fluorescence staining of the actin (cyto-
skeleton), vinculin (focal adhesion protein), and cell nucleus was
performed with a triple staining kit from Chemicon (Chemicon
International, Temecula, CA). Throughout the staining proce-
dure, PBS (pH 7.4 at 25 °C) (Sigma-Aldrich, Broendby, Denmark)
was used as washing buffer. Cells were washed twice, permeabi-
lized with 0.1% Triton X-100 (Sigma-Aldrich, Broendby, DK), and
washed twice again with PBS buffer. The cells were then incu-
bated for 30 min at room temperature with a 1% bovine serum
albumin blocking agent and washed twice with PBS buffer.
Mouse monoclonal anti-vinculin 1.25 wg/mL was added to the
cells and incubated for 60 min at 37 °C and washed three times
in PBS. Fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse 1gG (10 pwg/mL) from Chemicon (Chemicon International,
Temecula, CA) and tetramethyl rhodamine isothiocyanate
(TRITC)-conjugated phalloidin (37.5 ng/mL) were added to the
surfaces and incubated for 60 min at room temperature. Cells
were hereafter washed three times with PBS and finally incu-
bated for 5 min at room temperature with 0.1 pg/mL 4,6-
diamidino-2-phenylindole (DAPI) and washed three times.
Stained cells were kept in PBS at 4 °C. The fluorescence stained
cells were subsequently analyzed with a Leica DM 6000B micro-
scope, and 20— 25 pictures at 400X magnification were acquired
at random on each surface. Subsequently, the contrast and
brightness of the respective images were slightly changed to en-
hance the sharpness of the individual images using ImageJ (free-
ware from www.rsbweb.nih.gov). Around 30 cells were selected
randomly for the quantification of the number of filipodia. Cells
that were clustered together were omitted in the analysis of the
filopodia expression in the respective cells. The total number of
filopodia per cell was then counted by eye.

Surface Preparation and Characterization. The nanostructured sur-
faces were produced by Si/Ge molecular beam epitaxy (MBE). In
brief, a 4 in. (100) silicon wafer with a resistivity of 1—30 )-cm
and thickness of 300 wm (Si-Mat, Landsberg, Germany) was
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cleaned by annealing cycles (500—825 °C) combined with a 600
A Si buffer layer to relieve stress that could in the worst case re-
sult in lattice dislocations. The Si growth was followed by alter-
nating deposition of Si and Ge in an MBE chamber at a pressure
of 3 X 107'% mbar. This type of alternating growth leads to
stress-relieved self-assembly of delicate surface nanoprotru-
sions, due to the lattice misfit between the Ge and Si layers (Ge
lattice constant is 4% larger).52~¢* Previous studies have shown
that the surface feature spacing, characteristic widths, and sur-
face feature type (hut, pyramid, and dome), in fact, can be con-
trolled by a series of Si and Ge depositions.*>*362~¢* For in-
stance, alternating deposition of Si and Ge favors the growth of
triangular-shaped hut structures, while deposition of more Ge fa-
vors the growth of dome structures.*>** In this particular study,
the hut structures were grown by deposition of 8 A Ge followed
by 2 A Si and four steps of (2 A Ge + 2 A Si) at 560 °C. The domes
were grown by depositing 36 A Ge (560 °C) followed by 15 A Si
(300 °C). Finally, both the hut and dome surfaces were cooled to
300 °C and an additional thin (20 A) Si layer was deposited on
the surface. The tantalum coating was carried out by depositing
a 2 nm chromium wetting layer followed by a 20 nm thick tanta-
lum layer. The flat reference tantalum surfaces were produced
by sputter depositing a Si wafer with a 100 nm thick tantalum
layer (target from Cerac, WI; purity 99.95%). All of the tantalum
sputter depositions were carried out at room temperature with
an argon pressure of 2 X 1073 mbar.

The surface morphology and roughness of the thin films
were analyzed by atomic force microscopy using a commercial
Nanoscope llIA Multimode SPM (Veeco instruments, Santa Bar-
bara, C). AFM images were acquired in noncontact tapping mode
at scan frequencies of 1—2 Hz under ambient conditions apply-
ing a silicon cantilever (NSGO1, NT-MDT, Moscow, Russia) with a
typical resonance frequency around 150 kHz, a spring constant
of 5.5 N/m, and a tip radius below 10 nm. The AFM images, all
512 X 512 pixels, were quadratic with linear dimensions of 1 and
5.5 wm. The root mean square roughness value as defined in
ref 47 as well as the mean length, width, and height of the sur-
face nanostructures was determined by analyzing the AFM im-
ages with the Scanning Probe Image Processor (Image Metrol-
ogy A/S, www.imagemet.com) software. It should be
remembered that the finite width of the AFM tip apex may cause
a tip convolution, resulting in broadening effects of the surface
structure width. The wetting behavior of the surfaces was deter-
mined by measuring the contact angle by the sessile drop
method, after the substrates were standard treated with UV
light/ozone for 25—30 min (Bioforce, Ames, IA) using the con-
tact angle instrument model DSA100 (Kruss, Borssteler Chaus-
see, Hamburg). Both the Ha and Au coatings were found to be
highly hydrophilic after UV treatment with a contact angle be-
low 10°. We used XPS to characterize the surface chemistries of
the respective surfaces with a Kratos Axis Ultra®® instrument
equipped with a monochromated Al Ka X-ray source (hv =
1486.6 €V) operating at 15 kV and 15 mA (150 W). A hybrid lens
mode was employed during analysis (electrostatic and mag-
netic), with an analysis area of approximately 300 wm X 700
wm. Wide energy survey scans were obtained over the range of
0—1400 eV (corresponding to binding energy) at a pass energy
of 160 eV and used to determine the surface elemental compo-
sition. The intensity of the individual XPS peaks corresponding to
the individual elements present on the surfaces was converted
into atomic concentrations with the sensitivity factors proposed
by the Vision 2 software package supplied with the Kratos Axis
UltraP'P spectrometer.

Statistical Analysis. Data are expressed as mean = standard er-
ror of mean. Differences between groups were investigated with
the two-tailed t-test for unpaired samples or the Man-U-Whitney
test when the collected data did not follow a Gaussian distribu-
tion. Differences were considered significant when p < 0.05. The
statistical analysis presented in the paper was carried out with
Graphpad-Instat 3.0 (GraphPad software, Inc., La Jolla, CA).
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