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Abstract New apatite (AP)/nanodiamond (ND) coating
has been developed to improve physical and biological
properties of stainless steel (SS) versus single AP coating.
Homogeneously electrodeposited AP-ND layer demon-
strates increased mechanical strength, interlayer cohesion
and ductility. In the absence of serum, osteoblast-like
MG63 cells attach well but poorly spread on both AP and
AP-ND substrata. Pre-adsorption with serum or fibronectin
(FN) improves the cellular interaction—an effect that is
better pronounced on the AP-ND coating. In single protein
adsorption study fluorescein isothiocyanate-labeled FN
(FITC-FN) shows enhanced deposition on the AP-ND
layer consistent with the significantly improved cell adhe-
sion, spreading and focal adhesions formation (in com-
parison to SS and AP), particularly at low FN adsorption
concentrations (1 pg/ml). Higher FN concentrations
(20 pg/ml) abolish this difference suggesting that the pro-
moted cellular interaction of serum (where FN is low) is
caused by the greater affinity for FN. Moreover, it is found
that MG63 cells tend to rearrange both adsorbed and
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secreted FN on the AP-ND layer suggesting facilitated FN
matrix formation.

1 Introduction

Biomimetic hydroxyapatite (HA) is highly biocompatible
inorganic material from the apatite (AP) family which
osseointegrates well due to its chemical resemblance to
mammalian bone and teeth [1-3]. On the other hand, HA is
known to be capable of adsorbing many proteins and to
interact well with osteoblast precursor cells, therefore it is
frequently used as a coating for metal implants because it is
shown to promote faster bone adaptation, reduced healing
time and enhanced bone apposition [4, 5]. However, the
benefits of HA coatings are constrained by the low strength
of adhesion to the implant surface and by the limited
cohesion within the layer [6, 7]. It was suggested that the
addition of a second minor phase could favor the
mechanical and biological properties of such coatings [6,
7]. Therefore, a novel AP-ND coating has been developed
to improve the biocompatibility of SS or other materials
considered for osseoimplantation. This paper describes
some details of its biological performance.

The successful interaction of foreign materials with cells
depends on the proper adsorption of adhesive proteins from
the surrounding medium, which is rapidly followed by cell
adhesion and spreading [8]. Among these proteins it seems
that FN and vitronectin play critical role as they exist in
soluble form in most biological fluids [9]. FN is typically
found in the extracellular matrix (ECM) fibrils which are
involved in several fundamental biological functions
including cell adhesion, migration, growth and differenti-
ation [10-12], as well as ECM organization [13—15]. FN is
one of the earliest proteins laid down during bone matrix
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formation [16] and its accumulation in the areas of skele-
togenesis suggests involvement in the early stages of bone
formation [13, 14]; it plays a critical role in osteoblasts
differentiation and survival [15]. Several studies have
shown that FN is required for the assembly of multiple
ECM proteins, including collagen [17], fibrinogen [18] and
trombospondin [19], and for the recruitment of growth
factors [20]. Conversely, plasma FN supports the initial
cellular interaction with biomaterials [16, 21]. Cell adhe-
sion to FN depends on the interaction with integrins [22]—
a family of transmembrane glycoproteins consisting of o
and f subunits. FN is recognized by at least 8 integrin
heterodimers [23] but the main FN receptor is asf; [24].
Upon binding to the ligand, integrins clusterize in focal
adhesion complexes and together with other adhesive and
signaling molecules form a critical linkage with the cyto-
skeleton [22, 25, 26]. Therefore, the proper development of
focal adhesion complexes may characterize the effective-
ness of cell-material interaction.

The electrodeposited AP-ND layer demonstrated
increased mechanical strength, interlayer cohesion and
ductility. For a comprehensive characterization of bio-
compatibility, AP-ND coatings were seeded with osteo-
blast-like MG63 cells and their interaction was compared
with plain SS and single AP coating under short term
culture conditions. Osteoblasts are the principal cells in the
bone matrix and their successful interaction with given
material provides insight to its osseointegration [27]. We
studied cell adhesion to plain SS, AP and AP-ND surfaces,
as well as after serum or FN pre-adsorption following the
overall cell morphology and the organization of focal
adhesion complexes, further quantifying cell adhesion and
spreading. A pronounced effect of FN was observed and
the results were corroborated with the observed increased
quantities of FITC-FN adsorption and the allowance of
adhering cells to better organize FN matrix on the AP-ND
coating.

2 Materials and methods
2.1 Samples preparation

Coatings were prepared by cathodic electrodeposition
(ED) on mirror-polished austenitic SS substrates (AISI
316L) from simulated body fluid (SBF). The SBF elec-
trolyte resembled the ion composition, concentrations
and pH of the human blood plasma. It was prepared by
dissolving the reagent grade chemicals NaCl, NaHCOs,
KCI, KzHPO4'3H20, MgC126H20, Nast4'10H20, and
CaCl,-2H,0 in distilled water and buffering at pH 7.4 with
tris-hydroxymethyl-aminomethane and hydrochloric acid
[28, 29].
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ND particles (4—6 nm, density 3.2 g/cm?®, content of
diamond 97-99%) were synthesized by shock-wave prop-
agation method through the detonation of explosives at
high pressure and high temperature produced in the deto-
nation. Subsequent purification from graphite by applying
oxidation with potassium dichromate in sulphuric acid was
carried out, and after several washings with hydrochloric
acid and water, the as-obtained ND powder was dried [30].
The purification method generally leads to an oxidation of
the ND surface, which was covered by carboxyl, and to a
lesser extent by carbonyl and hydroxyl groups [30]. The
nanometer-sized ND particles were added to the SBF
electrolyte in a concentration of 0.5 g/l and ultrasonically
shaken for 15 min before the ED. A potentiostat (Hokuto
Denko HA150G) was used for the ED, which was per-
formed at 37°C by sweeping the potential from the open
circuit potential of SS (—0.180 Vgcg in ND-SBF) to
—1.5 Vgcg at a rate of 10 mV/s and maintaining this value
for 1 h. After the deposition, the coated samples were
washed under a flow of distilled water and dried in air. Two
groups of samples were thus prepared: (i) by ED for 1 h
from ND-containing SBF (samples named AP-ND) and (ii)
by ED for 1 h from pure SBF (samples named AP and used
as controls of the first group). Mirror-polished SS sub-
strates were also used as controls. For further biological
studies, the three groups of samples were sterilized via
autoclaving.

The morphology and elemental composition of AP-ND
and AP coatings were studied by scanning electron
microscopy (SEM; Hitachi S-3400 NX, 12 kV) coupled
with energy dispersive X-ray spectroscopy (EDX; per-
formed over five areas with size of 20 x 25 um, as well as
from five points taken on white aggregates) for calculation
of the Ca:P ratio. The coatings structure was examined by
Fourier transform infrared spectroscopy (FTIR; Bomem IR
spectrometer FTLA2000, ABB Inc., 100 scans, resolution
of 4 cm™") in reflection mode. Coatings thickness, peel and
shear strengths were measured by surface and interfacial
cutting analysis system (SAICAS CN-20R; cutting blade
diamond width of 0.3 mm) at a constant load mode set to
Fyerical = Frorizontat = 0.01 N. Five measurements were
carried out for each group to estimate the peel and shear
strengths. Vickers hardness (HV) was estimated by a
HMV-1 micro hardness tester (Shimadzu) with a load of
245 mN applied normally to the coatings for 10 s. Other
loads (98, 490 or 980 mN) were also applied for compar-
ison. Average hardness values were calculated from five
indents made for each sample.

2.2 Preparation of FITC-labeled FN

Human plasma FN (Sigma, F2006) was dissolved in 0.1 M
sodium bicarbonate buffer (pH 9.0) at 1 mg/ml, then 10 pl
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of FITC (Sigma, F7378) in dimethyl sulfoxide from a stock
of 10 mg/ml was added. The mixture was incubated for 2 h
at 37°C. The labeled FN was separated from unreacted dye
on a Sephadex G-25 equilibrated with phosphate buffered
saline (PBS) solution. The final protein concentration was
estimated by measuring the absorbance at 280 nm, while the
degree of FITC-labeling was calculated against the absor-
bance at 494 nm. The aliquots were then stored at —20°C.

To obtain qualitative and quantitative information about
the FN adsorption on the samples, FITC-labeled FN was
pre-adsorbed from a solution of 40 pg/ml in PBS with pH
7.3 at 37°C for 30 min and further observed with laser
scanning confocal fluorescent microscopy (LSCM; Leica,
Germany) at fixed excitation mode. Before coating each
sample was washed with distilled water for 10 min and
dried in air. FN coated samples were fixed with 3% para-
formaldehyde after rinsing twice with PBS, mounted in
Mowiol (Sigma, 324590) and viewed by LSCM at mag-
nification 40x.

2.3 Cell culture and cell adhesion assay

Human osteoblast-like MG-63 cell line (purchased from
ATCC, USA) was used as a model system to examine the
effects of surface coatings on osteoblast adhesion, spread-
ing and overall morphology, as well as on FN matrix
organization. Cells were maintained in Dulbecco’s modi-
fied Eagle medium (Gibco, 11960-044) supplemented with
10% fetal bovine serum (FBS), 1% penicillin/streptomycin,
2 mM, L-glutamine and 1 mM sodium pyruvate (Gibco,
11360-039), in a humidified atmosphere of 5% CO, in air.
The culture medium was exchanged every second day.
Upon reaching confluence, cells were detached with 0,
05% trypsin—EDTA (Gibco, 25200-072) inactivated with
FBS after detachment (approx. 5 min), and then cells were
recultured or used for the experiments.

For cell adhesion studies, metal samples (22 x 22 mm)
from the three groups (AP-ND, AP and SS) were coated for
30 min at 37°C with non-labeled FN at low (1 pg/ml) and
high (20 pg/ml) concentrations dissolved in PBS. After
coating the samples were washed twice with PBS. To obtain
serum-coated samples, the samples were covered with pure
fetal bovine serum (FBS; Gibco) and further processed
under identical conditions. One set of samples has been pre-
coated with proteins and another one studied as plain.

To investigate the overall morphology and initial cell
adhesion and spreading, 2 x 10* cells were seeded on each
surface placed on 6 well tissue culture plates in 2.0 ml
serum free medium. After 2 h of incubation, the living cells
were stained with fluorescein diacetate (FDA), adding
10 pl/ml to each sample from a stock of 5 mg/ml in ace-
tone. FDA is transported across cell membranes of the
living cells and deacetylated to fluorescent analogue by

nonspecific esterases allowing direct visualization by fluo-
rescent microscopy. Representative pictures of the adhering
cells were taken on a fluorescent microscope (Zeiss, Axio-
vert 40, Germany, magnification 20x) equipped with a
digital camera. At least three representative pictures of each
sample were made and morphological parameters such as
the adhesion and mean spreading area of the cells were
evaluated using automated image analysis software (analy-
SIS v. 3.0, Soft Imaging System GmbH). Focal adhesions
formed by MG-63 cells were visualized on samples fixed as
described above using specific mouse monoclonal antibody
(Sigma) against vinculin (1:800 dilution) in 1% bovine
serum albumin (BSA) followed by goat anti-mouse Cy3
conjugated secondary antibody (Jackson ImmunoResearch).
The samples were mounted and viewed on inverted fluo-
rescent microscope Axiovert as written above and at least
three representative images were obtained.

2.4 Reorganization of adsorbed fibronectin (early FN
matrix)

The ability of MG-63 cells to reorganize adsorbed FN (i.e.
early matrix formation) was monitored on samples coated
with FITC-labeled FN as already described before seeding
with 2 x 10* cells/well in serum containing medium. After
5 h of incubation the samples were fixed using 3% para-
formaldehyde, mounted in Mowiol, observed and photo-
graphed with a fluorescent microscope Axiovert. Regular
round-shaped glass coverslips (Menzel GmbH & Co KG, D
15 mm) coated with FITC-FN where used as a positive
control.

2.5 Fibronectin matrix formation (late FN matrix)

The ability of MG-63 cells to secrete and deposit FN into
the ECM fibrils (i.e. late FN matrix formation) was
examined via immunofluorescence for FN. For that pur-
pose, 3 x 10* cells/well were cultured on the different
samples for 3 days in 10% serum containing medium. At
the end, the samples were rinsed with PBS, fixed with 3%
paraformaldehyde for 5 min, washed and saturated with
1% BSA for 15 min. Subsequently samples were stained
with a polyclonal rabbit anti-FN antibody (Sigma) dis-
solved in 1% albumin in PBS for 30 min, followed by goat
anti-rabbit Alexa Fluor 555-conjugated secondary antibody
(Invitrogen) for 30 min before washed, mounted with
Mowiol, viewed and photographed on fluorescent micro-
scope Axiovert.

2.6 Statistical analysis

Statistical analysis was performed using StatGraphics Plus
software employing ANOVA test to determine statistically
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significant differences between groups (P < 0.05). Each
data point represents mean + standard deviation (SD) from
at least three independent experiments.

3 Results
3.1 Characterization of the AP-ND composite coating

As a result of the ED from the ND-containing SBF elec-
trolyte, white, dense and homogeneous AP-ND composite
coatings with needle-like morphology were deposited on
the SS substrates as observed by SEM (Fig. 1a). In addi-
tion, white aggregates of needlelike crystals were found,
randomly distributed along the underlying homogeneous
coatings. The deposits on the AP control samples had the
same morphology. Figure 1b shows the FTIR spectrum of
the AP-ND coating. Highly intensive envelope of peaks
due to vy 4 PO43_ stretching modes was detected in the
frequency region of 400700 cm™"'. A broad peak envelope
with lower intensity was observed at of 950-1180 cm™".
Peak fitting revealed that it was an envelope of underlying
peaks due to v 3 PO~ stretching, v, CO;>~ stretching and
HPO42_ vibrational modes. In addition, two absorption
peaks due to v; CO5>~ stretching at 1430 and 1620 cm™",
characteristic of partial COj3 substitution of PO, ions in the
AP structure was detected. Spectrum intensity of the AP—
ND coating was lower than those of the AP coating
(spectrum not shown since it was identical). Data for the
Ca:P ratio of the AP-ND and AP coatings, obtained by
EDX spectroscopy revealed higher value for the latter
(1.40) in comparison to the composite coating (1.29).
Thickness and calculated mechanical parameters—shear
(1) and peel (P) strengths, related to the coatings cohesion
and coating-substrate adhesion, respectively, were obtained
by SAICAS measurement system (Table 1). Both t and P
strengths increased as the ND particles were incorporated
in the AP coatings (see data for the AP-ND samples).

Fig. 1 a SEM reveals the
formation of dense and
homogeneous, non-
stoichiometric AP-ND coating;
b the coating is identified by
FTIR as CO3- and HPO,-
containing AP
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Table 1 Calculated from SAICAS data for shear (r) and peel
(P) strengths (mean & SD)

Sample Shear strength Peel strength P Coating

(MPa) (N/m) thickness d (nm)
AP 203 £ 04 335 £ 0.5 1033 £ 76
AP-ND 444 + 11.1 51.0 £ 4.0 935 £ 240

Thickness of the AP-ND and AP coatings was estimated
to be about 1 um [31] by SAICAS. According to the HV
results, the composite coating had higher HV value than
the AP coating (HV 453.8 £ 66.7 vs. HV 373.7 £ 32.3).
The same tendency was observed not only for the load of
245 mN but also at applying loads of 98, 490 or 980 mN.
After testing the HV of the AP-ND coating, SEM images
were taken again and they revealed that cracks extending
from the corners of the imprint left by the diamond blade
were absent [31]. No delamination of the coatings was
observed even at testing with the highest load (980 mN).

3.2 Biological studies

To characterize the biocompatibility of AP-ND coating,
initial adhesion of MG-63 cells on plain and serum-coated
samples after 2 h of incubation was studied and compared
to SS and single AP coating. The overall cell morphology
on plain samples is shown on Fig. 2a—c. Although the cells
attached slightly better on AP-ND they did not spread
sufficiently on all non-coated samples, thus representing
rounded morphology. Indeed, the quantitative data for cell
adhesion (see Table 2a) showed a non-significant increase
(about 20%) of cell number on AP-ND (P > 0.05) versus
AP samples, while adhesion did not differ between plain
AP-ND and SS samples. Coating of samples with serum
significantly improved cellular interaction (Fig. 2d—f),
pronouncedly on AP-ND surface (Fig. 2d), where both cell
adhesion (Table 2a) and cell spreading area (Table 3a)
increased significantly in comparison to the plain samples.
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Fig. 2 Overall morphology of
MG-63 cells adhering for 2 h on
plain (a—c) and serum-coated
AP-ND, AP or SS

(d—f) samples (FDA staining;
images taken on inverted
fluorescent microscope, bar
100 pm)

Table 2 Adhesion of MG-63

2
cells to AP-ND, AP and SS Cell number (mm")

samples after 2 h of cultivation Sample FBS Plain
in serum-free medium
(@
AP 207.5 £ 229 57.5 £ 10.1
AP-ND 257.0 £ 7.3* 69.3 + 10.9
Stainless steel 133.2 £ 28.5 70.25 £+ 18.7
Sample FN 1 pg/ml FN 20 pg/ml
®)
AP 134.5 £ 10.6 183.5 £ 17.3
AP-ND 171.5 £ 6.3* 200.3 £ 14.2
Significantly different values .
Stainless steel 85.66 + 19.5 75.25 £ 219

are marked with asterisk

Within the group of serum coated samples, adhesion sig-
nificantly increased on AP-ND coating (P < 0.05,
Table 2a). Again a tendency for improved cell spreading
on AP-ND samples was observed, however it was not
statistically significant (P > 0.05, Table 3a).

FN is a main adhesive protein in blood although per-
sisting in low amounts in the commercial serum prepara-
tions [32]. Therefore, we followed its adsorption profile in
a single protein system. FN was labeled with FITC and
adsorbed from a concentration of 20 pg/ml then viewed on
LSCM using the z-stacks mode to overcome the impact of
surface roughness. To compare FN adsorption between
different samples we used fixed excitation intensity mode.
As seen in Fig. 3, we found significantly increased inten-
sity of the adsorbed FITC-FN to AP-ND surface versus
pure AP samples (the SS samples were not studied because
of their highly reflective surface). Quantitative analysis of
the fluorescent intensity in grayscale pixels (values were
obtained from five different LSCM images) at different

points of the samples revealed statistically significant
increase (P < 0.05) in adsorption of FITC-FN to AP-ND
(191.1 £ 1.6) in comparison to pure AP (74.0 &+ 4.3).
Further, MG-63 cells were used to screen the biological
activity of adsorbed FN. Assuming that FN amount was
relatively low in the commercial serum preparations (FN
binds to fibrin during blood clotting) it was adsorbed at low
(1 pg/ml), and at relatively high (20 pg/ml) concentrations
(e.g. below and above the saturation, respectively). Fig-
ure 4 reveals that FN significantly improved the cellular
interaction to all samples (see Fig. 2a—c), but it depended
on the coating concentration. Substantially increased
adhesion of MG-63 cells was found on AP-ND at low FN
adsorption concentration (Fig. 4a), compared to AP
(Fig. 4b) and SS (Fig. 4c), and this tendency was con-
firmed from the quantitative measurement of cell adhesion
(Table 2b) where statistically significant increase of adhe-
sion to AP-ND (171.5 £ 6.3 cells/'mm? vs. 134.5 &+ 10.6
on AP and 85.66 £+ 85.66 on SS) was evaluated. Increase
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Table 3 Spreading of MG-63

. —2
cells on AP-ND, AP and SS Cell spreading area (um )

samples after 2 h of incubation Sample FBS Plain
in serum-free medium
(@
AP 1284 + 393 715 £ 312
AP-ND 1414 £+ 521 800 + 315
Stainless steel 1142 + 602 673 £ 375
Sample FN 1 pg/ml FN 20 pg/ml
(b)
AP 1431 + 603 1836 + 718
AP-ND 1533 £+ 697 1963 £+ 759
Stainless steel 1276 £+ 582 1682 + 458

1024 prxels

1024 pixels

mean grey value 190.0t 1.6

2350

0.0

— -iti-z-;-;;ixclx
AP grey value 74.014.3

Fig. 3 2D and 3D confocal images of adsorbed FITC-FN on AP-ND
(a) and pure AP (b) coatings (images taken on LSCM, bar 50 um)

of cell spreading on AP-ND was also observed (Table 3b)
but it was not statistically significant. Conversely, the sat-
urating concentrations of FN (20 pg/ml) abolished the
difference between samples.

The formation of focal adhesion complexes is another
sign for the effectiveness of cell-substratum interaction.
The focal contacts are the sites where the real physical
adhesion to the material takes place [33] and to visualize
them we used immunofluorescence for vinculin. As shown
in Fig. 5e and f no significant formation of focal contacts
was found on the plain AP and AP-ND surfaces although
more cells attached on AP-ND. Conversely, on both serum
and FN-coated samples (Fig. Sa—d) cells acquired flattened
morphology (as on Fig. 2d—f) corroborating well with the
development of focal adhesion complexes, better expressed
on AP-ND samples.
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It is well documented that many types of cells not only
attach to adsorbed FN but also tend to rearrange it in a
fibril-like pattern, presumably as an attempt to organize
their own early matrix [34-36]. As some surfaces can
promote FN reorganization [35], we followed this process
using MG-63 cells as a model system. For that purpose we
cultured the cells for 5 h on FITC-FN coated samples and
on hydrophilic glass slides as positive controls. As seen in
Fig. 6a, cells on AP-ND surface rearranged well the
adsorbed FN in almost undistinguishable pattern from the
control. FITC-FN appeared as bright streaks on the dark
background of removed FN, which otherwise was well
visible on the rest of substratum thus forming linear matrix-
like structure above or beneath the cells. When fluorescent
and phase contrast images were merged, more than 90% of
the reorganized FN was associated with osteoblasts (data
not shown) in accordance with our previous studies [34—
36]. In contrast, only small patches of FN rearrangement
were found on pure AP coating and plain SS surfaces
(Fig. 6b and d, respectively), indicating reduced matrix-
forming activity.

At longer incubations osteoblasts produce osseogenic
matrix [8] containing various matrix components, includ-
ing FN [17]. To learn whether the initial difference in FN
adsorption will affect the development of osteoblast FN
matrix, we cultured MG-63 cells for 3 days before FN was
visualized via immunofluorescence. Multiple bright fibrils
forming typical networks were observed on all samples
(Fig. 7), however they were the strongest on the AP-ND
samples (Fig. 7a) suggesting promoted FN matrix forma-
tion in comparison to the plain AP (Fig. 7b) and SS
(Fig. 7¢).

4 Discussion
SEM imaging revealed that the composites deposited on

the SS substrates for 15, 30 or 60 min in the ND-containing
SBF electrolyte were white, dense and homogeneous
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Fig. 4 Overall morphology of
MG-63 cells adhering for 2 h on
AP-ND, AP or SS samples
coated with high (20 pg/ml;
a—c) or low FN concentration
(1 pg/ml; d—f) (FDA staining;
images taken on inverted
fluorescent microscope, bar
100 pm)

Fig. 5 Overall morphology and focal adhesion formation of MG-63
cells adhering for 2 h on AP-ND (a, ¢, e) and pure AP (b, d, f).
Samples are coated with serum (a, b), with FN (c, d) or studied as
plain (e, f) (vinculin staining; images taken on inverted fluorescent
microscope, bar 100 pm)

coatings with needle-like morphology and randomly dis-
tributed white aggregates of needlelike crystals (Fig. 1a).
Electrodeposition of the control AP coatings did not yield
different morphology, which means that the method utilized
for the coating of the SS substrates from ND-containing or

pure SBF electrolyte was not decisive for the coating mor-
phology. Based on the observation that broad peaks char-
acteristic of PO,>~, CO5>~ and HPO,>~ vibrational modes
were found in the FTIR spectra of both AP-ND and AP
coatings, it was concluded that nonstoichiometric, CO3~ and
HPO,~ containing AP was grown. The FTIR data also
revealed CO; substitution of PO, ions in the AP structure.
The lower spectrum intensity measured for the AP-ND
coatings in comparison to the control AP was attributed to
lower thickness (as known, peak intensity is proportional to
the coating thickness according to the Beer’s Law [37]);
probably the AP growth was retarded with the incorporation
of the ND particles [31]. It is known that the Ca:P value of a
stoichiometric HA is 1.67 [28]. The lower Ca:P values for
both composite and control coatings obtained in this work
could be attributed either to lower crystallinity AP or to a
combination of crystalline HA and other calcium phosphate
phases, which also contribute to a decrease of the coating
crystallinity and Ca:P ratio [28]. The lower Ca:P value of the
AP-ND coatings could be also attributed to some degree of
amorphisation, which the ND particles introduced in the
non-stoichiometric coatings as discussed for the FTIR data
[31]. The increase of T and P strengths after the incorporation
of the ND particles in the AP coating (see data in Table 1 for
the AP-ND samples) revealed enhanced cohesion of the
composite coatings and their adhesion to the SS substrates,
probably due to the presence of the ND particles as a second
minor phase.

High hardness is a guarantee for a good wear resistance,
which is crucial for the AP implant coatings. Although the
low initial concentration of the ND particles in the
ND-containing SBF electrolyte (0.5 g/l) and the sedimen-
tation of the bigger particles with the ED time, the AP
hardness was improved with the addition of the ND
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Fig. 6 Early FN matrix
formation on AP-ND (a) and
AP (b) coatings compared with
control glass (¢) and SS

(d) surfaces (images taken on
inverted fluorescent microscope,
bar 100 pm)

particles as seen by the HV results—HYV of the AP-ND and
AP coatings was 453.8 and 373.7 respectively [31]. The
lack of cracks extending from the corners of the imprint left
by the diamond blade [31] testified for the good ductility
and the lack of residual stress of the composites.

The biological results presented here illustrate the sig-
nificant role of FN for the in vitro response of osteoblast
like cells to this new HA biomaterial. Biomimetic HA is a
highly biocompatible inorganic material from the apatite
(AP) family and it osseointegrates well due to its chemical
resemblance to mammalian bone and teeth [4, 5, 27],
therefore metal implants are frequently coated with HA in
order to facilitate bone adaptation, firmer implant-bone
attachment, which leads to a reduced healing time and
enhanced bone apposition in comparison to uncoated
implants [4, 5]. However, the molecular mechanism
standing behind this facilitated osseointegration remains
unclear, and usually is attributed to the mechanical
resemblance with surrounding tissues. We anticipate that it
is due to the strong ability of HA to adsorb ECM proteins,
which lead to improved cellular interaction and also matrix
deposition. As osteoblastls are the principal cells in the
bone matrix their successful interaction with a material
provides insights on its osseointegration [27]. Osteoblasts
express a variety of integrins that bind with high affinity to
ECM proteins such as fibronectin, osteonectin and different
collagens [11]. Therefore, their interaction with given
material should be explored in the context of distinct pro-
teins recognition. It is well documented that implanted
materials are immediately covered with proteins from the
blood or interstitial fluids. Hence, it is the adsorbed pro-
teins, rather than the surface itself which cells really
“sense” and interact with [38]. Indeed, our studies show
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that the coating of samples with serum significantly
improved cellular interaction, pronouncedly on AP-ND
coating, which raise the question which proteins are
involved. In this respect the particular impact of FN is very
important as it is the main adhesive protein in the biolog-
ical fluids. However it persists in a very low amount in the
commercial serum preparations [32] as it binds to fibrin
during the clot formation. Therefore, to follow it adsorption
profile we used a single protein system. Indeed, the sig-
nificant increase of adsorbed FITC-FN to AP-ND surface
versus pure AP suggest it particular impact in the osteo-
blast interaction. We hypothesized that the increased
amount of adsorbed FN may be due to the presence of NDs.
The literature shows that this truly nanoscale material
possess extremely high surface area, surface charge and
express various active functional groups such as OH™,
COOH™, NH?*" or SOsH™, as a result of the detonation
process [39, 40]. NDs are considered for biomedical
application due to their high adsorption capacity, caused by
the increased specific surface area, but also because of
demonstrated chemical inertness in contact with biological
entities [41]. It is clear however that not only the adsorp-
tion of biological molecules but also their conformation
will influence the consequent cellular interaction. There are
four different morphological patterns of adsorbed FN found
on HA-based coatings: (i) homogeneous, (ii) as aggregates,
(iii) as isolated fibrils, or (iv) as interconnected fibrils [16].
Indeed, our representative images in Fig. 3 showed that the
adsorption of FN on both AP and AP-ND coatings was
rather heterogeneous, with appearing of dot-like pattern of
aggregates that often arranged in a striate structures, pre-
sumably following the spontaneous organization of the AP
crystals. As these linear features were pronouncedly
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Fig. 7 Late FN matrix deposition on AP-ND (a), AP (b) and SS
(c) samples (immunofluorescence for FN is observed on inverted
fluorescent microscope, bar 100 pm)

expressed on AP-ND samples, we anticipate that the
spontaneous formation of such oriented structures could
also promote interaction with cells [11, 16, 22]. Although
no FN fibrils formation was observed it does not neces-
sarily mean an absence of small micro/nanofibrils, as the
characteristic scale could lie below the optical resolution.
Out of these arrangements, FN showed homogenous
adsorption pattern.

Several studies have demonstrated that cell adhesion and
spreading is highly dependent on the conformation of
adsorbed proteins. Indeed, the present study shows that
AP-ND triggers specific interaction with the protein mol-
ecules and as FN fibril formation is dependent on its
solution concentration [42] we assume that the cellular
interaction is also concentration dependent. Thus, follow-
ing our finding we anticipate that the effect of serum on the

AP-ND coating is caused by the greater affinity for FN
which compensates its lowered amount [32]. Another
measure for the effectiveness of cell—substratum interac-
tion is the formation of focal adhesion complexes which
determine the successful transmission of signals to the cell
interior through integrin based mechanism [43]. Although
we did not study the distribution of integrin receptors
involved in FN recognition, we found the same correlations
between the focal adhesions formation and the improved
osteoblast interaction on both serum and FN coated
AP-ND samples, again suggesting that it results from the
higher affinity for FN.

Our previous studies suggests that materials need to
adsorb matrix proteins loosely in order to be biocompatible
[34-36]. In this respect the present results show that oste-
oblasts tend to reorganize adsorbed FN much better on
AP-ND surface, which leads to the assumption that FN is
rather loosely bound, e.g. in such a way that the cells could
easily remove and organize it in a matrix-like structure
[34-36], apart from pure AP and SS substrates. One can
support that the reduced reorganization activity on pure AP
and SS materials might be relative, caused from the less FN
adsorption. However on the better biocompatibility of the
hybrid AP-ND coating again point the results for the
“late” matrix formation demonstrating much stronger
deposition of FN matrix fibrils on these samples.

5 Conclusions

This study shows that AP-ND coating significantly
enhance FN adsorption in comparison to pure AP and SS
substrata in the same time promoting osteoblasts attach-
ment and the organization of provisional FN matrix. The
overall cell morphology, the quantities for cell adhesion
and spreading and the better focal adhesions formation
reveal promoted cellular interaction presumably caused by
the greater FN adsorption. Collectively, these data imply
on the improved biocompatibility of the composite AP-ND
coating in osseogenic environment.
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