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Abstract The adhesion and contact guidance of human
primary osteogenic sarcoma cells (Saos-2) were character-
ized on smooth, microstructured (MST) and micro- and
nano-structured (MNST) polypropylene (PP) and on the
same samples with a silicon-doped carbon nitride (C3N4-Si)
coating. Injection molding was used to pattern the PP sur-
faces and the coating was obtained by using ultra-short
pulsed laser deposition (USPLD). Surfaces were charac-
terized using atomic force microscopy and surface energy
components were calculated according to the Owens-Wendt
model. The results showed C3;N,-Si coated surfaces to be
significantly more hydrophilic than uncoated ones. In
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addition, there were 86% more cells in the smooth C3N,-Si
coated PP compared to smooth uncoated PP and 551%/
476% more cells with MST/MNST C;N,-Si coated PP than
could be obtained with MST/MNST uncoated PP. Thus the
adhesion, spreading and contact guidance of osteoblast-like
cells was effectively improved by combining surface tex-
turing and deposition of osteocompatible C3N,4-Si coating.

1 Introduction

The interactions between cells and implants are affected by
the surface properties of the implant material. Therefore,
several approaches have been introduced to achieve surface
modifications to improve cell-biomaterial interactions. The
attachment, morphology, proliferation, and function of
cells that grow on the surface of the implant are influenced
by the size and the shape of the surface features [1-3]. The
ability to control cell orientation and morphology through
topographical patterning, now referred to as contact guid-
ance, was first observed in the early 1900s [4]. Surface
texturing can be achieved in different ways, i.e., by pro-
ducing surface textures based either on roughness or
topography. Surface roughness denotes a random pattern of
features usually much smaller than the cell, whereas
topography refers to patterns of features placed deliberately
on the surface [5]. Many studies have focused on the sur-
faces textured by various etching and laser micromachining
techniques to study the effects of surface topography on
cell behaviour [1, 6, 7].

Several different materials have been used as substrates
e.g., silicon [7-9], glass [10, 11], and polymers [12-14].
Polymeric substrate materials permit the creation of com-
plex three dimensional shapes the manufacturing of which
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with traditional silicon microfabrication techniques would
be extremely difficult. In addition the low cost and chem-
ical availability of polymers are advantageous. Previous
studies have focused on certain polymers i.e., polystyrene,
poly(methylmethacrylate), poly(dimethylsiloxane), and
polycarbonate [6], mainly textured using lithographic [15]
and soft lithographic [16] techniques.

In the past decade, several methods have been intro-
duced to create polymer surfaces with micro- and nano-
scale features [17]. The preparation of structured surfaces
with special surface properties such as superhydrophobicity
has been a driving force in these studies. One major limi-
tation of most of the methods is the difficulty to control the
dimensions of the structures, particularly at the microscale.
A new method has been introduced recently where the
structural dimensions at the micro- and nano-scales can be
simultaneously adjusted. A micro-sized working robot
technique and electrochemical treatment of aluminium
have been used to make mould inserts which have micro-,
nano- or micro-nano dual structures. The molds are used to
transfer the structures to plastic surfaces by injection
molding. The method is suitable for mass production of
surfaces with hierarchical structures [17-20].

Wettability is an important property for an implant
material since it plays a crucial role in cell attachment and
spreading [21, 22]. If one can enhance the surface wetta-
bility, this will increase the surface energy, which is
desirable for cell attachment and spreading [Myllymaa
et al. unpublished study, 23-25]. The wettability of a solid
surface depends on two factors—the surface structure and
the surface chemistry. In this study, the contact angles of
polypropylene (PP) substrates were decreased by using the
Coldab™ ultra-short pulsed laser deposition technique
(USPLD) (Picodeon Ltd, Helsinki, Finland) [26]. This
technique can be used to produce hybrid thin film coatings
in a very well controlled and reproducible manner. Its other
advantages are the strong adhesion between coating and
substrate material and the possibility to achieve smooth
coatings without any additional post treatments.

A novel extremely hard material, carbon nitride (C5Ny),
was theoretically predicted by Liu and Cohen in 1989 [27].
Subsequently, significant efforts were made to verify the
bio- and hemocompatible nature of this hard and wear
resistance novel material [28-33]. However, the fabrication
of CN, coatings represents a major challenge, even though
refinements in the adjustment of the structural, optical, and
electronic characteristic are possible. CN, films have been
prepared by ion beam deposition [34], reactive magnetron
sputtering [35], dual ion beam sputtering [36], plasma-
enhanced chemical vapor deposition [37], and ion
implantation [38]. Franco et al. demonstrated how the
different experimental parameters of pulsed laser deposi-
tion methods (nitrogen pressure, laser fluence, residual
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atmosphere) can affect the behaviour of the carbon nitride
film and noted that the main process parameter determining
the nitrogen content of the carbon nitride films is the
pressure of the N, atmosphere [39].

The surface tension of the carbon films can be modified
by incorporating other elements into the carbon matrix to
modify the bonding structure. Zhao et al. and Wan et al.
demonstrated that silicon-diamond-like carbon (Si-DLC)
films with higher Si contents tended to be more hydrophilic
and possessed a higher polar component of surface free
energy [40, 41]. It has also been suggested that an elevated
Si concentration can increase the adsorption of ions onto
doped DLC surfaces and that the adsorbed ions cause the
surfaces to become more hydrophilic [42]. In our pre-
liminary experiments, we also found C3Ny4-Si film were
more hydrophilic compared to pure C3;N; one. Other
reports have demonstrated the osteocompatibility [43] and
hemocompatiblity [44] of Si-DLC films. Si-doped DLC
films have also performed better than their pure DLC
counterparts in inhibiting bacterial adhesion [40, 45].

The hypothesis tested in this article was that it would be
possible to modify adhesion, spreading and contact guid-
ance of osteoblast-like cells by combining microstructuring
(MST) and micro- and nano-structuring (MNST) by
injection molding with C3Ny4-Si applied by USPLD to PP
surfaces. We predicted that the C;N4-Si coating would
significantly reduce the contact angle of PP surfaces and
thus enhance the cell adhesion. We also hypothesized that
the increased surface texturing would increase the cell
spreading in addition to influencing contact guidance of
cells. To test these hypotheses Saos-2 cells were examined
in an environmental scanning electron microscope (ESEM)
and with MTT assays after a 48 h incubation period.

2 Materials and methods
2.1 Sample fabrication

Electropolished aluminium foils (0.25 mm thick, Pura-
tronic, 99.997%, Alfa Aesar GmbH, Karlsruhe, Germany)
were structured with a micro-sized working robot
(RP-1AH) made by Mitsubishi Electric Co. (Tokyo, Japan)
and equipped with a feedback unit from Delta Enterprise
Ltd (Espoo, Finland). Tungsten carbide based tooling tips
were supplied by Gritech Ltd (Joensuu, Finland). An
anodization process was used to create nanopatterning on
the aluminium foils. A more detailed description of micro-
and dual-structuring procedures has been reported else-
where [17-20].

Polypropylene (PP homopolymer, HD 120 MO, Borealis,
Porvoo, Finland) sample disks (diameter 25 mm) were
injection molded with a DSM (Geleen, The Netherlands)
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Midi 2000 extruder — microinjection-molding device. The
size of the structured area was 10 x 10 mm” as centered.
MST samples contained 20 pm high micropillars of diam-
eter of 20 pm. The distance between pillars was also 20 um.
MNST samples had the same microstructure as the MST
samples but there was also nanostructuring all over the
structured area. The characterization of the structured PP
surfaces was undertaken with a Hitachi S4800 FE-SEM
instrument (Hitachi High-Technologies Europe GmbH,
Krefeld, Germany). Figure 1 shows the SEM images of the
structured PP surfaces.

2.2 Laser deposition

The deposition of C3N4-Si coatings on PP disc samples was
achieved by using ultra-short pulsed laser deposition. Just
before deposition, the sample surfaces were gently cleaned
using Ar* ion sputtering (SAM-7KV, Minsk, Belarus). For

Fig. 1 SEM images of micro-
and nano-structures. The view
of a micro-pillar (a) shows
nanostructuring on top of the
pillar (b-c). The nanostructure
covers the sides of the
micropillars (d) as well as the
plateau between the pillars (e)

USPLD, we used a new type of mode-locked fiber laser
(Corelase Ltd, Tampere, Finland) and the Coldab™
deposition technology developed by Picodeon Ltd
(Helsinki, Finland) to achieve optimal laser parameters in
USPLD [26]. The maximum average power was 20 W at
4 MHz which resulted in a 5 pJ pulse energy. The pulse
length was 20 ps. A high purity sintered target of C3N, and
Si (10 wt%) was used for deposition. The deposition
parameters were adjusted to obtain stable plasma so as to
deposit about a 200 nm thick layer. The main aim of
depositing C53N4-Si was to convert the contact angle of PP
surface from being hydrophobic to hydrophilic.

2.3 Samples pretreatment
Samples were cut using a custom-made device with par-

allel stainless steel blades. Each piece (10 x 10 mm?)
consisted of a single sample texturing and coating material.

10 um
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After deposition, the samples were sonicated for a few
minutes in 7X detergent (OneMed Ltd, Vantaa, Finland)
and rinsed many times in de-ionized water. Then the
samples were sonicated for a few minutes in ethanol and
rinsed many times in sterile water before cells were added.

2.4 Atomic force microscope (AFM) characterization
of the surface

Surface roughnesses were measured using a PSTA XE-100
(Park Systems Corp., Suwon, Korea) atomic force micro-
scope which enables accurate imaging in nanoscale. Acta-10
(ST Instruments B.V., LE Groot-Ammers, The Netherlands)
aluminium-coated silicon cantilevers were used in a non-
contact mode. AFM characterization was realized for
smooth PP samples and for smooth coated samples to clarify
that the coating actually has not an influence on the surface
roughness. The nanostructured area upon the micropillars
was measured for uncoated and coated MNST samples to
clarify whether the sputter cleaning and coating process can
influence the nanostructures. Average surface roughness
(R,) and peak-to-valley roughness (R,,) measurements were
randomly taken at three different locations on six samples
per group. The scan size was 2 x 2 pm?. The scan rate was
kept below 0.25 Hz while the Z voltage gain varied between
1 and 3. The roughness data were analyzed from the images
using the instrument software.

2.5 Contact angle and surface energy measurements

Contact angles were obtained using the sessile drop (15 pl)
method with a custom made apparatus based on an optical
microscope SZ-PT Olympus equipped with a digital cam-
era Olympus Camedia C-3030ZOOM (Olympus Corp.,
Tokyo, Japan). Before the measurements were made, the
sample surfaces were treated by ultrasonic cleaning in
ethanol for 2 min, then rinsed by ultrasonic cleaning in
purified water for 2 min, and finally dried. The contact
angles for two liquids, water and diiodomethane were
measured within 5 s after placing the drop under constant
conditions (22°C temperature and 45% relative humidity)
on the surface. The spreading pressure was not taken into
account. The drop image was stored in a digital camera,
and image analysis software GIMP (www.gimp.org) was
used to determine the contact angle from the shape
geometry of the drop. For each liquid, five sessile drops for
each sample were analyzed, for left and right sides, and
finally the average contact angle was calculated.

The surface energies of the different samples were cal-
culated using the Owens—Wendt theoretical model [46].
The dispersive 72 and polar y5 components of the samples
surface energy were estimated using the geometrical
equation,
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(1+cos 0y = 2((490)'"* + 051)"") (1)

where the superscript D labels the dispersive component
and P the polar component of the surface tension and the
subscripts S and L stand for solid and liquid, respectively.
The dispersive component is related to van der Waals and
other non-site specific interactions between the solid sur-
face and the liquid used for the analysis. Hydrogen
bonding, dipole—dipole, dipole-induced dipole and other
site-specific interactions refers to the polar component. The
known surface energy parameters of these liquids used in
calculations are y; = 72.8 mJ/m?, 7P =218 mJ/m? and
7 =51.0 mJ/m* for water and y, = 50.8 mJ/m®, )P =
50.8 mJ/m” and yi = 0.0 mJ/m® for diiodomethane [47].
The total surface energy ys is the sum of its dispersive and
polar components.

2.6 Cell culture

Human osteogenic sarcoma cells (Saos-2) were cultured in
Dulbecco’s Modified Eagle’s medium (DMEM, Euroclone,
Pero, Italy) containing 10% fetal calf serum (FCS, PAA,
Linz, Austria), 2 mM L-glutamine (Sigma-Aldrich, St.
Louis, MO, USA), 200 IU/ml of penicillin (Euroclone,
Pero, Italy), 200 pg/ml of streptomycin (Euroclone),
2.5 pg/ml of fungizone (Sigma) and 50 pg/ml of ascorbic
acid (Sigma). The cells were seeded on top of different
samples (10 x 10 mmz) by adding a medium, which
contained 1.0 x 10> cells/ml to each sample cultured in
separate cell culture plates (Greiner Bio-One, Frickenhau-
sen, Germany). The cells were cultured for 48 h at 37°C in
a 5% CO, atmosphere. Six samples of each material were
used per experiment and testing was repeated twice.

2.7 SEM analysis of cultured cells

After cultivation for 48 h, the cells were fixed with 2.5%
w/v glutaraldehyde (Sigma) in sodium cacodylate buffer
(pH 7.4), and dehydrated with ethanol gradient and hex-
amethyldisilazane (Sigma). The specimens were covered
with gold by sputtering (Sputter Coater E 5100, Polaron
Equipment Ltd, England), and examined in a scanning
electron microscope XL30 ESEM TMP (FEI Company/
Oy Philips Ab, Brno, Czech Republic) at an accelerating
voltage of 15-20 kV.

2.8 Cell number assay

The cellular contents attached to various surfaces were
determined with the MTT colorimetric assay. At the end of
the culture period of 48 h, the medium was changed to
fresh medium, 0.5 mg/ml of MTT (Sigma) was added, and
the medium was removed after incubation for 2 h. The
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wells were washed with phosphate buffer, formazan salts
were dissolved with 1000 pl of dimethylsulphoxide
(DMSO)/ethanol (1:1), and the absorbance was measured
at 595 nm with an ELISA reader. The number of cells was
determined using a standard curve normalized to the
number of osteoblast-like cells.

2.9 Statistical analysis

One-way ANOVA (SPSS 16.0 software) variance analysis
followed by Tukey Post-Hoc Tests was applied to deter-
mine the statistical significance of the differences observed
between groups. P < 0.05 was considered as significant.
Data were expressed as mean =+ standard deviation.

3 Results

3.1 Surface roughness and topographical
characterization

The surface morphology of smooth and MNST PP samples
was studied by AFM. The measured average surface
roughness (R,) and peak-to-valley roughness (R,,) values
indicated that the surfaces of injection molded PP were
very planar and that the deposition of C3Ny-Si film had not
changed the surface morphology. At the top of the pillar,
the uncoated MNST samples clearly displayed nanoscale
rough characteristics (Fig. 2a) as already observed by SEM
(Fig. 1c). However, in the C3N4-Si coated MNST samples,
the nanostructuring at the top of the pillars was partly
flattened (Fig. 2b and Table 1). This is probably due to the
plasma cleaning procedure used prior to deposition to
remove possible surface contamination and water as a way
to guarantee good adhesion for the coating.

3.2 Contact angle and surface energy components

Table 2 gives the contact angles obtained by the sessile
drop method on the different surfaces. The different com-
ponents of surface energy are illustrated in Fig. 3. With
uncoated samples and with both liquids (water and

Fig. 2 AFM images of surfaces
of micro- and nano-structured
(MNST) samples on top of the
micro-pillar. Nanostructures are
clearly visible in the uncoated
MNST sample (a), whereas the
surface is partly flattened in the
coated MNST material (b)

Table 1 Surface roughness values, average surface roughness (R,)
and peak-to-valley roughness (R,,), of tested materials determined
using AFM

Material Ry, (nm) R, (nm)
Smooth, uncoated” 21+ 4 4+1
Smooth, coated” 19+ 4 4+1
MNST?, uncoated* 66 + 27 16 + 7
MNST?, coated 30 £ 17 745

4 MNST micro-and nano-structured

* denotes significant difference (P < 0.01) compared to all sample
groups

# denotes significant difference (P < 0.01) compared to micro- and
nano-structured, uncoated sample group

diiodomethane) the contact angles increased in order to
smooth, MST and MNST. The contact angles of coated
samples were notably lower than their uncoated counter-
parts (Table 2 and Fig. 4).

3.3 Scanning electron microscopical observations
The cells on smooth uncoated PP surface became attached

mainly as single cells, and they remained rounded in shape,
suggesting that only a minimal number of focal adhesions

Table 2 Contact angles of tested samples determined by sessile drop
method

Sample  Contact angle, 6 (°)

Uncoated Coated

0% 0 0% 04
Smooth 97.1 £ 1.7 547 +11 630+£15 396+24
MST* 136.1 19 643 +13 69.1+09 443+15
MNST® 1462+ 16 725416 535+14 306+ 14

There is a significant difference (P < 0.01) in contact angles between
all materials

# MST microstructured
® MNST micro-and nano-structured
4 diiodomethane

w

water

(b)

@ Springer



2342

J Mater Sci: Mater Med (2009) 20:2337-2347

B Total surface energy

& 60} [ Dispersive component

% | Polar component

E

> 40

2

0]

c

o)

8 2

@

lt 2.
: — I
(7]

; |

Smooth MST MNST Smooth MST MNST
uncoated  uncoated  uncoated coated coated coated

Fig. 3 Total surface free energy (ys) and its’ dispersive (y?) and
polar (yg ) components for smooth, microstructured (MST) and micro-
and nano-structured (MNST) samples with and without C3N4-Si
coating calculated using the Owens—Wendt approach [46]. Error bars
indicate standard deviations

had been formed (Fig. 5a, e, i). Coating of smooth surface
with C3N,—Si clearly enhanced the attachment properties
of cells. The cells appeared to be mainly in contact with
each other and their morphology had switched to being
flattened and spread out (Fig. 5b, f, j). In the same way as
the smooth, uncoated PP, the uncoated MNST was not an

Smooth
coated

Smooth
uncoated

Fig. 4 A water droplet on the a uncoated and b Coldab™ (Picodeon

Ltd) coated micro- and nano-structured PP surfaces. Note the
difference in droplet shapes. Only the rectangular patterned areas
were used for cell studies

ideal surface for osteoblast-like cells attachment. However,
one major difference was that the osteoblast-like cells
tended to grow in cell clusters with an apparent three-
dimensional structure (Fig. 5c, g, k). The coating of MNST
also promoted a higher number of cells attached on the
surface 48 h after cell seeding (Fig. 5d, h, 1). The differ-
ences in the coated MNST and MST surfaces can be seen
in Fig. 6. The cells mainly used the plateau between the
micropillars for attachment on the MST surfaces (Fig. 6b),
in contrast to the situation with the MNST surfaces where
osteoblast-like cells were attached on top of the pillars and
formed cellular extensions to the edges of the neighbouring
nanostructured pillars (Fig. 6a).

MNST
coated

Fig. 5 SEM images of Saos-2 cells after 48 h culture period grown on smooth uncoated (a, e, i), smooth coated (b, f, j), micro- and nano-
structured (MNST) uncoated (c, g, k), and MNST coated (d, h, 1) samples at three different magnifications
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Fig. 6 SEM images of Saos-2 cells after 48 h culture period grown
on micro- and nano-structured (MNST) coated (a) and microstruc-
tured (MST) coated sample (b)

Il Coated [] Uncoated

N [ . ]
E *
O 30000 ¢ * *
L2}
©
O 60000
Y
1)
© 40000
Re]
£
S 20000
P
MNST MST Smooth

Fig. 7 The number of Saos-2 cells at 48 h from seeding on coated
and uncoated micro- and nano-structured (MNST), microstructured
(MST) and smooth surfaces. The presence of viable cells was
spectrophotometrically assessed by the MTT assay and a standard
curve normalized to the number of osteoblast-like cells. * denotes
significant difference P < 0.01. Error bars indicate standard deviation

3.4 Cell number analysis

The MTT assay used in this study relates to the number
cells attached on the surfaces 48 h after the cell seeding
(Fig. 7). Since the properties of the examined surfaces
differ greatly, the factors determining the final cell number
at the end of experiment clearly involved the extent of
original cell attachment and their proliferation rate. It was
noticed that the number of attached cells on C3N,4-Si coated
MST and MNST samples was significantly greater than on
the uncoated samples (P < 0.01). The highest cell number
was observed on C3Ny-Si coated MNST sample, though it
was not statistically different from that on the C3Ny4-Si
coated MST sample. No significant differences among the
uncoated smooth and structured samples were observed.

4 Discussion

In the present study, we examined the effects of the com-
bination of surface texturing and thin film deposition on the
adhesion, spreading and contact guidance of Saos-2 cells.
C3Ny-Si coated MST and MNST surfaces proved to pos-
sess very favourable combinations of these surface prop-
erties in comparison to the uncoated or unstructured ones in
terms of biological performance, i.e., cell adhesion, the
number of cells attached (even 500% increase) and contact
guidance. The results of this study revealed that the higher
surface energy was a very important variable, but not alone
sufficient to promote a marked increase in osteoblast-like
cells responses to substrates without surface texturing.
Surface topography and surface free energy are two
important factors that regulate cell responses to biomate-
rials. Increased wettability with higher surface energy has
been shown to enhance interaction between an implant
surface and osteoblasts [23, 24]. When implants with
increased hydrophilicity are implanted in bone, the rate and
extent of bone formation are increased, supporting the
hypothesis that surface energy does promote bone cell
maturation and differentiation [48]. In our study, we used
highly hydrophobic PP substrates which were structured in
micro- and nano-scale. In hydrophobic materials, pattern-
ing increases the hydrophobic nature of material. PP was
chosen as a model material due to its favourable processing
characteristics to be modified by the injection molding
technique, a process that can be used to fabricate topo-
graphically patterned substrates with rounded micro- and
nano-structures for many thermoplastic polymer biomate-
rials. Half of the substrates were coated with biocompatible
C3Ny-Si thin films to make the surface properties more
hydrophilic. In principle, if the coating would completely
seal the substrate surface, then the sample properties would
predominantly reflect those of the coating material. The
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USPLD technique enables the manufacture of coatings,
which are equally smooth, an important parameter when
considering the wettability properties of surfaces in terms
of cell adhesion and spreading. In this study, we managed
to reduce the contact angles of PP surfaces drastically.
Before deposition of C3N,4-Si coating, the substrates were
gently cleaned with an ion beam. This cleaning process
partly destroyed the nanoscale structuring (Fig. 2b) and
thus the effect on osteoblast-like cells behavior is not as
clear as the case might be. However, the nanostructuring
still existed in a large area of the samples. This is reflected
in the contact angle values which were smallest for the
coated MNST samples (Table 2) and from the different
behavior of osteoblast-like cells in coated MNST and MST
samples (Fig. 6). The contact angles of coated MST sam-
ples were larger than the contact angles of the coated
smooth samples. This is due to the fact that even fairly thin
coating deposited using the Coldab™ method was unable
to fully cover the surface of micro-pillars with high aspect
ratios. In the future, it may be possible to optimize these
features by changing texturing features, the ion beam
cleaning procedure or some aspects of the coating process.
CN; films have shown promising properties when tested
with osteoblasts [28, 49, 50], endothelial cells [30, 51],
macrophages and fibroblasts [52], and furthermore these
films have proven hemocompatiblity [30, 33]. However,
considerable attention has recently been focused on the
biocompatibility of DLC and its hybrids, but it is difficult
to find any reports on the biocompatibility of CN, coatings
with dopants, especially of the stoichiometric C3N, studied
here. It is known that CN, has similar structural charac-
teristics to DLC and its favourable mechanical and tribo-
logical properties are comparable to that of DLC. In
addition, it is likely that the presence of nitrogen has a
positive effect on biocompatibility [53, 54]. Okpalugo
et al. demonstrated that the number of attached endothelial
cells was highest on Si-DLC, followed by the N-DLC and
undoped DLC. They also reported that in addition to the
wettability, the semiconductive properties and the reduced
stress of the films can evoke interactions with human
microvascular endothelial cells [53]. The enhanced adhe-
sion and spreading of osteoblast-like cells on C3Ny4-Si
coated surfaces is not just simply related to improved
wettability but may also be related to changes in the
material’s micro and atomic structural properties induced
by the presence of atomic nitrogen and silicon, e.g., changes
in the electronic properties. Detailed features of C5;Ny4-Si
and other carbon nitride composites related to cell adhesion
and profileration will be studied in forthcoming articles.
There are a large number of papers which have exam-
ined the micro-and nano-sized patterning effects on cell
alignment [9, 55], morphology [6, 56], proliferation [57-
59] as well as gene expression and differentiation [60, 61]
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but nonetheless we have limited understanding of the
mechanisms accounting for the substrate topography and
the mechanical cell signaling that it creates. Flemming
et al. and Martinez et al. have summarized the substrate
topographical effects on cell behavior. These studies
mainly concentrated on to the microgrooves, and revealed
that cells aligned along the long axis of the grooves, while
actin and other cytoskeletal elements were organized in an
orientation parallel to the grooves [6, 62]. Interactions
between cells and other features, such as pillars and wells,
have been more rarely studied. Rea et al. demonstrated that
cell alignment was also seen along pillars and wells when
culturing MG-63 and Saos-2 cells on bioactive composites
filled with high-density polyethylene substrates [57]. They
also noted like Green et al. that pillar formations increased
cell proliferation and density in comparison to surfaces
patterned with wells [57, 58]. Mata et al. reported that
posts which were 10 pm-in-diameter exhibited a greater
cell number than did smooth or 5, 20, and 40 pm-in-
diameter posts when human connective tissue progenitor
cells were cultured on PDMS surfaces [63]. On the other
hand, textures in the size range of 0.5-2 pm-in-diameter
were reported to be most effective in promoting UMR
osteoblast-like cell adhesion to chlorotrifluoroethylene
(Aclar) substrates precoated with highly purified bovine
serum albumin [64]. Pillar arrays have also been claimed to
influence astroglial cell attachment, growth and morphol-
ogy [65]. A continuous edge of surface feature was not a
prerequisite for guided cell migration in fibroblasts and
epithelial cells [66] as well as osteoblastic cells [67].
Microscale pillars have also shown to influence both cell
alignment and the cellular microenvironment and thus be
of potential importance in the field of bone regeneration
[67]. In the present study, we fabricated 20 pm-in-diameter
and 20 um-high with rounded tops. On the smooth PP
surfaces, the osteoblast-like cells grew mostly as single
rounded cells, while on C3N4-Si coated material, the cells
adopted a broad flattened shape and adhered well to the
surface. The flat shape of the cells on the coated surfaces
suggests that these cells had formed more numerous focal
adhesions than the cells grown on uncoated materials. Cells
on the structured C3Ny4-Si coated surfaces tended to became
attached next to the pillars and spread between them while
directing their processes from pillar to pillar towards other
cells. The morphology of Saos-2 cells was also more
elongated than on C3N4-Si coated smooth surfaces, with
the cells displaying classical aspects of polygonal spread-
ing. Interestingly, on the coated MNST surface, the
osteoblast-like cells preferred to attach to the top of the
pillars and formed cellular extensions to the edges of the
neighbouring nanostructured pillars (Fig. 6a). In contrast,
on the coated MST surfaces, cells mainly used the bottom
area between the micropillars for attachment due to the
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lack of a nanostructured adhering surface (Fig. 6b). On
uncoated MNST surfaces, the cells adopted a cluster-type
3-dimensional growth pattern (Fig. 5c, g, k). This property
could be useful for expansion of some other types of cells,
such as chondrocytes, as soon as a compromise between
the morphology and cell growth can be found. Further-
more, both microtexturing and micro-and nano-texturing in
C3N,-Si coated surfaces led to about 200% increase in cell
number/area compared to the C3Ny4-Si coated smooth sur-
faces. Overall the surfaces structured with micro-pillars
with nanotexturing all over the area were best for cellular
accumulation. Puckett et al. demonstrated that narrowing
the width of the nano-rough regions (from 80 pm to
22 pm) on the patterned Ti surfaces resulted in a decreased
number of osteoblasts adhering to these areas, and also
evoked changes in the osteoblast morphology [56]. Since
the size of an osteoblast is around 20-30 pm-in-diameter,
too small regions makes it difficult for these cells to
became attached and extend cellular processes. With the
injection molding technique, the area of micro- and nano-
structuring can be easily modified. One other advantage of
this technique is also the rounded shape in the top of the
feature. Since it is well-known that features with sharp
edges are not common in the body and also rounded fea-
tures have reported to influence cell alignment [68].

In our study, there were 86% more cells in the smooth
C5Ny4-Si coated PP compared to smooth uncoated PP and
551%/476% more cells with MST/MNST C3N4-Si coated
PP than could be obtained with MST/MNST uncoated PP.
This result is accordance with the reports of Khang et al.
and Feng et al. i.e.,, the greater surface roughness and
higher surface energy resulted in greater numbers of
adhering osteoblasts on Ti surfaces [24, 69]. Also Zhao
et al. demonstrated that the combination of high surface
energy and topography had a synergistic effect to promote
osteocalcin production in the cells on the Ti surfaces [70].
We also detected a synergistic effect of high surface energy
and microtexturing or micro- and nano-texturing which
enhanced the interactions between the osteoblast-like cells
and potential implant material.

5 Conclusion

The combination of injection molding and ultra-short
pulsed laser deposition techniques has proven to be a useful
tool for fabricating micro- and nano-structured surfaces
with which to study cell-substrate interactions. This study
also examined the effect of surface energy and surface
texturing on osteoblast-like cells adhesion and spreading
with smooth, MST and MNST PP surfaces. The hydro-
philic nature of PP samples was achieved by applying a

biocompatible C3N4-Si coating. Overall, the results of the
presented study showed that micro- and nano-texturing
combined with high surface energy achieved by a proper
coating significantly improved the adhesion, spreading, and
contact guidance of osteoblast-like cells in vitro.
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