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Abstract The nanohybrid structures consisting of
hydroxyapatite (HA) and sodium maleate-vinyl acetate
copolymer (MP) deposited by Matrix Assisted Pulsed
Laser Evaporation (MAPLE) technique on Ti surfaces were
investigated for specific biological qualities required in
bone implantology. The data from in vitro studies dem-
onstrated that human primary osteoblasts (OBs) firmly
adhered to Ti coated with HA-MP as indicated by cyto-
skeleton and vinculin dynamics. OBs spread onto bioma-
terial surface and formed groups of cells which during their
biosynthetic activity expressed OB phenotype specific
markers (collagen and non-collagenous proteins) and
underwent controlled proliferation.
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1 Introduction

The necessity to correct or replace injured tissues or organs
of the human body has led to tremendous production of
various implantable devices [1]. Nevertheless, despite the
excellent mechanical or physico-chemical performances, a
material destined to function in living environment has to
be biocompatible. The general concept according to which
a non cytotoxic device was assumed as biocompatible has
been revised due to unexpected adverse reactions triggered
by long term contact of different biomaterials with living
organism [2-4]. An ideal biomaterial has to perform as
many functions as possible of the replaced body part and
must not alert the host defense mechanisms. Thus,
numerous in vitro, followed by in vivo tests are undertaken
by the newly developed biomaterials, in order to be
eventually recommended for implantation in humans. For
ethical and practical considerations the in vitro testing had
to be extended from simple screening for cytotoxicity to
specific and appropriate assays more related to the purpose
for which these devices were created [5]. There is a great
variety of in vitro parameters as cell viability [6, 7],
adhesion [8], biosynthetic activity [9], proliferation
[10, 11] apoptosis or necrosis [12, 13] which are estimative
for the physiological state of cells grown in contact with
biomaterials. In addition, specific biomarkers which monitor
the biomaterial capacity to induce transformation [14—-16] or
differentiation [17] are assessed during the in vitro tests.
The biomaterials destined to dental or orthopedic use are
expected to induce osteointegration, namely to allow bone
cells to firmly adhere and normally function on their sur-
faces. The complex physiology of bone cells enables them
with the capacity to synthesize the major components of
their extracellular matrix (ECM), including type I collagen
which forms the backbone of matrix and accounts for 90%
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of the organic component and non collagenous glycopro-
teins. These are bound to the matrix and grouped as
adhesion proteins (osteopontin, fibronectin, thrompospon-
din), calcium binding proteins (osteonectin, bone sialo-
protein) and proteins involved in mineralization
(osteocalcin). Bone tissue also contains complex molecules
of inorganic elements (65%), such as hydroxyapatite (HA)-
Ca((PO,4)(OH),, which confers strength and hardness to
bone tissue. The correct assembly of bone ECM represents
the critical factor responsible for the remarkable resistance
of this tissue to mechanical stress and makes it the store-
house for the body calcium, magnesium and phosphorus.

It has been demonstrated that local adverse reactions
caused by metallic implants originate from the release of
metal ions as a result of corrosion [18-20]. By coating
metal implants with ceramic-like structures based on cal-
cium phosphate containing materials that mimic natural
HA, the cytotoxicity or inflammatory reactions of sur-
rounding tissues in response to metal ion leakage were
significantly attenuated [21].

New combinations of HA with different compounds
are continuously created and screened for their physico-
chemical and biological properties in order to select stable
and well tolerated coating surfaces [22-26]. The great
diversity of bone implants based on Ti and Ti alloys
comes also from their deposition procedures. For tissue
engineering, successful deposition of uniform adherent
and functional layers of organic materials such as gas
sensing biopolymers, collagen nanofibrils, fibrinogen and
other proteins have been performed by MAPLE technique
[27-32]. This advanced pulsed laser technique has been
developed during the last decade, to produce a protected
accurate transfer of organic and polymeric materials in
form of thin films, due to a cryogenic approach [27, 28].
The material subjected to the laser irradiation is a frozen
composite, obtained by the dissolution of the material
(up to 5 wt%) in a volatile solvent highly absorbing the
laser wavelength. The laser pulse intensity is adjusted to
avoid the damage of the organic material. The structural
and functional fidelity is preserved by inducing a
non-direct laser-material interaction in a vacuum cham-
ber. Due to the low concentration of organic molecules in
the frozen target, the laser photons preponderantly interact
with the matrix (the solvent), which is vaporized. The
complex molecules are released undamaged and moved
toward the substrate by collisions with the other mole-
cules. In time, the volatile solvent is pumped away. As its
precursor, Pulsed Laser Deposition (PLD), MAPLE is a
layer-by-layer deposition method, which can deposit thin
films with or without dopants and may also be applied
with masks, in order to induce a controlled distribution of
the local structure parameters by the nature and type of
the coating.
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The combination between HA and sodium maleate
copolymers represents a relatively new class of hybrid
structures destined to the coating of metallic surfaces of
biomaterial devices used in dental and bone implantology.
This association was based on previously demonstrated
properties of maleic anhydride copolymers as modulators
of size and shape of crystals and inhibitors of crystal
growth [33, 34]. Recent studies revealed the specific effect
of maleic anhydride copolymers on the phase separation of
HA at room temperature as well as their performances as
additives in preparation of HA by hydrothermal method,
when nanosized particles of polymer-HA composites were
obtained [35, 36].

The nanohybrids of HA with sodium maleate-vinyl
acetate copolymer (MP) deposited on Ti surfaces by
MAPLE technique were tested for the first time for their
biocompatibility in our previous study [37]. The experi-
mental data established that HA-MP coatings were not
cytotoxic and sustained dermal fibroblast and mesenchy-
mal stem cell adhesion, growth and proliferation.

The purpose of the present work was to investigate the
HA-MP coating by additional in vitro tests in order to
validate their specific functional properties, which would
qualify them for being used in vivo on animal models. The
experiments were performed using primary osteoblasts
obtained by differentiation from bone marrow mesenchy-
mal stem cells. HA—MP nanocomposites structure depos-
ited onto Ti surfaces by MAPLE were comparatively
analyzed with Ti coated with HA or MP alone and with
standard borosilicate cover glass. The expression of cell
adhesion and proliferation markers, cytoskeleton dynamics
as well as markers of OB specific phenotype was analyzed
by immunofluorescence microscopy. The CFSE (carboxy-
fluorescein succinimidyl ester) test was used to quantita-
tively assess the proliferation of OBs grown in direct
contact with the biomaterial coated surfaces. Our data
showed that HA-MP deposited by MAPLE ensures proper
osteoblast adhesion, functionality and proliferation and
would represent a better coating alternative for Ti surfaces
than HA or MP alone.

2 Materials and methods

2.1 Ti coated with hybrid nanocomposites of HA—
sodium maleate copolymer (Ti-HA-MP)

The copolymer used as organic partner in the fabrication of
hybrid composites was the 1:1 alternating copolymer
sodium maleate (NaM)-vinyl acetate (VA) which was
obtained from the corresponding maleic anhydride
(MA)-VA copolymer. The parent copolymer was synthe-
sized and characterized as previously described [38, 39].
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The copolymer NaM—VA was prepared by mild hydrolysis
with diluted aqueous NaOH solution at room temperature
for 24 h and carefully purified by dia-filtration until the
filtrate conductivity was lower than 20 1S/cm. The
copolymer NaM—-VA was recovered by freeze drying and
further referred as MP copolymer.

Hybrid nanocomposites (HA-MP) used for Ti coating
were obtained starting from soluble salts of calcium,
phosphorous and MP copolymer by hydrothermal method
described in detail elsewhere [35]. Nanocomposites con-
sisting of 1% HA-MP powder containing 20% copolymer
were deposited onto 12 mm disk-shaped Ti surfaces by
MAPLE technique. A KrF excimer laser source
(A =248 nm, t < 25 ns) was used while the following
MAPLE deposition parameters have been applied: sub-
strate temperature 30°C, target—substrate separation dis-
tance of 4 cm, pressure inside the deposition chamber of
5.33 Pa, pulses of 0.54 J/cm? incident laser fluence, suc-
ceeding at a repetition rate of 10 Hz and 25,000 subsequent
laser pulses for the deposition of one structure of about
300 nm thickness (as monitored by profilometry). Alter-
natively, Ti coated with HA (Ti-HA) or with copolymer
(Ti-MP) structures of the same thickness have been pre-
pared by MAPLE and investigated together with Ti-HA—
MP samples.

Prior biological tests samples were sterilized two times
for 90 min at 110°C each.

2.2 Cell culture

All experiments were performed with human primary
osteoblasts obtained in our laboratory by differentiation
from human mesenchymal stem cells (HMSC). HMSC
were isolated from bone marrow and cultured in the
expansion medium (DMEM, 15% FCS) (Biochrom AG) as
described [37]. The MSC phenotype was validated by flow
cytometry analysis (FACSCalibur from BD Biosciences)
when cells were found positive for CD13, 29, 90 and
negative for CD14, 34, 45. In order to obtain primary
osteoblasts, HMSC at passage 2 were further cultured in
o-MEM (Biochrom AG) supplemented with osteogenic
factors: 82 pg/ml ascorbic acid, 100 nM dexametazone and
10 mM f-glycerophosphate. At the end point of differen-
tiation (21 days) cells were tested for the expression of
several proteins specifically produced by bone cell phe-
notype. These cells representing primary osteoblasts were
used for further experiments with composites-coated Ti
and were referred in text as OBs.

2.3 Microscopy

HMSC (5.0 x 10 cells) were cultured in osteogenic
medium onto standard borosilicate cover glass (12 mm

diameter) (Thermo Scientific) for the indicated time peri-
ods and observed by light microscopy (Nikon Eclipse E
600 microscope) using DIC optics. OBs or HMSC grown in
standard conditions or in direct contact with Ti—-HA,
Ti—-MP or Ti-HA-MP were analyzed for actin or protein
expression of adhesion, proliferation and OB phenotype
markers by immunofluorescence as previously described
[37]. Fixed and permeabilized cells were incubated with:
mouse anti-collagen type I (1:50), rabbit anti-osteocalcin
(1:100), rabbit anti-osteonectin (1:1000), all from Chem-
icon International; mouse anti-bone morphogenetic pro-
tein-2 (1:200) (Santa Cruz Biotechnology), mouse anti-
osteopontin (1:100) (Novocastra), mouse anti-vinculin
(1:150) (Sigma), mouse anti-FAK (1:200) (BD Transduc-
tion Labs), mouse anti-Ki67 (1:100) (Zymed). Rabbit
antibodies were detected with either goat-anti-rabbit Alexa
Fluor 594 (red) or 488 (green) and mouse antibodies were
detected with either goat anti-mouse labeled with Alexa
Fluor 594 or 488; actin filaments were stained following
30 min incubation at RT with Alexa Fluor 594 phalloidin
(1:50) (Invitrogen). Samples were mounted in ProLong
Gold antifade reagent with DAPI (Invitrogen) to visualize
nuclei and analyzed with a Nikon Eclipse E 600 fluores-
cence microscope; all images were processed using Adobe
Photoshop 7.0 software.

2.4 Proliferation assay

OB proliferation was determined by flow cytometry using
CellTrace CFSE Cell Proliferation Kit (Molecular Probes).
OBs (3 x 10° cells) were labelled day 0 with CFSE fluo-
rescent solution (as suggested by manufacturer) and seeded
on the surfaces of borosilicate standard material (control
sample) or on Ti-HA, Ti-MP and Ti-HA-MP materials.
All biomaterials were analyzed in duplicates. After 6 days
in culture cells were harvested and acquired by flow
cytometry to register emission on the FL-1 channel with a
FACSCalibur. The fluorescence of mother cell will be
inherited by daughter cells, moving to lower values after
each cell division and is not transferred to adjacent cells in
a population. The data were analyzed using CellQuest Pro
software and the proliferative cell population was thus
assayed as the one with low levels of fluorescence signal.

3 Results
3.1 Immunocytochemical characterization of primary
osteoblasts differentiated from mesenchymal stem

cells

Cell morphology and cytoskeleton (actin-ACT) dynamics
during HMSC differentiation period were observed (Fig. 1).
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HMSC cells at day 1 of incubation with osteogenic medium
had typical fibroblast-like morphology with long, thick,
parallel ACT filaments. At day 7 cell morphology was
changed displaying extended dendrites and prominent
nuclei; after 14 days cells became more adherent and flat-
ten; cell body occupied large areas and therefore cell con-
tour was hardly detected; mineralization foci (nodules)

Fig. 1 Morphological and
immunocytological analysis of
primary OBs differentiated from
HMSC. HMSC were grown in
differentiation medium for

21 days (see Sect. 2); cell
morphology was analyzed with
DIC filter (day 1, 7,14 and 21)
(bar = 100 pm); actin pattern
and expression of OB
phenotype markers collagen
type I (COLL), osteopontin
(OP), osteocalcin (OC), bone
sialoprotein (BSP) bone
morphogenetic protein-2 (BMP-
2) in HMSC (day 1 and 21)
were analyzed by
immunofluorescence
microscopy

HMSC-day 21

HMSC-day 1
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COLL jHMSC-day 21

HMSC-day 21

appeared as fine dots in the intercellular space. After
21 days in culture cells interconnect with each other
forming a syncytium; cytoskeleton ACT filaments staining
demonstrate a distinct morphology of those cells compared
with the originating MSC phenotype (Fig. 1, Actin, HMSC-
dayl, versus HMSC-day 21). In order to validate the OB
phenotype, the expression and subcellular localization of

HMSC - day 21

HMSC-day 21
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HMSC-day 1 HMSC-day1

HMSC-day 1
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Fig. 2 Adhesion and A
proliferation of primary OBs
onto Ti coated with HA-MP
nanohybrids. A OBs grown in
standard conditions for 1 h and
7 h (bar = 50 pm); (B and C)
OBs grown on Ti coated with
HA (B a—), MP (B d-f) or
HA-MP (B g-1). All cells were
immunoprobed for actin-ACT
(B,a,d, g jand C, a, d, g),
vinculin-VNC (B, b, e, h, k) and
Focal Adhesion kinase-FAK (C,
b, e, h) (bar = 20 um for B, a,
b, ¢; bar = 50 pum for B, d-1; C,
a—c; bar = 100 pm for C, Ki67/
actin) (see Sect. 2) and analyzed
by fluorescence microscopy

several gene products well acknowledged as OB markers
was further analyzed in HMSC day 21 and day 1 and results
are presented in Fig. 1. At day 21 long fibrils positive for
type I collagen and fine punctate vesicles positive for
osteonectin appeared in the cytoplasm. Both collagen and
osteonectin staining were detected in an extended area of
cell body far from nucleus where they partially overlap
(Fig. 1, HMSC day21 COLL-ON). The osteopontin and
bone sialoprotein were detected in both cytoplasm and in
plasma membrane vicinity in bright fluorescent substruc-
tures indicating that these proteins had high expression
levels. Large granules positive for osteocalcin and bone
morphogenetic protein-2 were concentrated in perinuclear
area and also along filamentous structures suggesting they
were engaged in the secretory process. All markers dis-
cussed above were present but poorly expressed in HMSC
day 1. The results of this analysis demonstrated that HMSC
delineated to osteogenic phenotype within 21 days in dif-
ferentiation medium. HMSC day 21 were further referred to
as primary osteoblasts (OBs) and used in the experiments
with biomaterials described in Sect. 2.1.

3.2 Expression of adhesion and proliferation markers
in OBs grown on composites-coated Ti

In order to discriminate between Ti-HA, Ti-MP and Ti—
HA-MP in relation with their properties to induce OB
adhesion we first defined the characteristics (morphology
and subcellular distribution) of cytoskeleton (actin-ACT)

ACT-FAK-1h

ACT-FAK-Th' _sowm

and other adhesion markers (Vinculin-VNC and Focal
adhesion kinase-FAK) during the OBs adhesion on stan-
dard cover glass materials (CG) as surface-model. VNC is
a membrane cytoskeletal protein in focal adhesion plaques
that is involved in linkage of integrin adhesion molecules
to the actin cytoskeleton. VNC is associated with cell—cell
and cell-extracellular matrix adherens type junctions,
being involved in anchoring F-actin to the membrane [40].
FAK is a cytoplasmic tyrosine kinase which colocalizes
with integrins in focal adhesions [41]. Five thousand OBs
were grown in standard conditions for 1 or 7 h and
dynamics of cytoskeleton and subcellular distribution of
adhesion markers were observed by immunofluorescence
microscopy (Fig. 2A). Within 1 h ACT, VNC and FAK
were poorly expressed. ACT was localized at plasma
membrane and revealed an irregular, wavy cell contour.
VNC and FAK were concentrated in perinuclear areas or
diffusely in cytoplasm. After 7 h long ACT filaments tra-
versed entire cell body; VNC and FAK were clearly con-
centrated in spindle or triangled shaped substructures at
plasma membrane or under it where colocalized with ACT
termini and no changes in these parameters were observed
after 7 h. Based on these observations we evaluated as
poorly adhered OBs cells having the characteristics
described for OBs grown on CG for 1 h, and fully adhered
OBs the cells having the characteristics described for OBs
grown on CG for 7 h.

Next, OBs cultured for 72 h on biomaterials were ana-
lyzed for the adhesion markers (Fig. 2B). This time period

@ Springer



2310

J Mater Sci: Mater Med (2009) 20:2305-2316

Fig. 2 continued

was selected to detect proliferative cells, if any. In OBs
grown on Ti—-HA the ACT filaments were very thin and
wavy and did not stretch in cell periphery (Fig. 2B, a and ¢
inset). The staining for VNC was very poor in cell
extremities and no spindle-shaped VNC positive structures
were detected (Fig. 2B, b). OBs grown on Ti coated with
HA for 72 h had common characteristics with cells grown
in standards conditions for 1 h, suggesting their poor
adhesion to this substrate.

In OBs grown on Ti-MP (Fig. 2B, d—f) and Ti-HA-MP
(Fig. 2B g-1) ACT fibers appeared as basket-type (Fig. 2B,
d, g, j) and spike-like structures of VNC colocalized with
actin termini (Fig. 2B, f, i, | insets), which indicate that
firm contact points between cells and biomaterial surface
have been established. In OBs grown on both Ti-HA
(Fig. 2C, b) and Ti-MP (Fig. 2C, e), FAK was poorly
expressed and remained localized diffusely in perinuclear
area whereas in OBs grown on Ti-HA-MP (Fig. 2C, h)
FAK positive granules were visible in a distal position
from nucleus suggesting FAK trafficking to cell periphery.

@ Springer

Next, OBs grown on biomaterials were further tested for
the expression of the proliferation marker protein Ki67.
Ki67 is a nuclear antigen expressed in cells in late G1, S,
G2 and M phases but not in cells in GO phase (resting cells)
[42]. In Fig. 2C (lower panel) Ki67 positive OBs grown on
Ti-HA-MP were shown by arrows; from a total number of
eight DAPI positive cells (Fig. 2C, j) five cells were Ki67
positive (Fig. 2C, k). Ki67 positive cells were also detected
on Ti coated with HA or MP only (data not shown).

3.3 Specific phenotype and controlled proliferation rate
of OBs cultured on Ti-HA-MP

In order to obtain a better evaluation of HA-MP coatings
comparatively with HA or MP regarding their properties to
regulate specifically bone cell physiology, we analyzed the
expression of OB phenotype specific markers on cells
grown on composites-coated Ti (Fig. 3). In cells cultured
on Ti-MP and Ti-HA-MP immunofluorescence for col-
lagen was intense and appeared as long thin filaments
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Fig. 2 continued ACTIN
Cc
Ti-HA
Ti-MP
Ti-HA-MP
ACTIN/DAPI
Ti-HA-MP

(Fig. 3b, c-insets) traversing the cell body whereas in cells
grown on Ti—-HA collagen staining was punctuate and
concentrated around nucleus (Fig. 3a-inset, see arrow). In
cells grown on all three types of coatings bone sialoprotein
was well expressed and localized in vesicles in Ti-HA
(Fig. 3d) or in filamentous structures in Ti-MP and
Ti-HA-MP (Fig. 3e, f). Cells cultured on Ti-HA poorly
expressed osteopontin (Fig. 3j) and osteonectin (Fig. 3g);
in OBs grown on Ti—-MP osteonectin was concentrated in
perinuclear area whereas in OBs grown on Ti-HA-MP
both osteonectin and osteopontin were more dispersed in
cytoplasmic structures. Important to note that in OBs
grown on Ti-HA (COLL or OP staining) a portion of the
cell body (shown by arrow in Fig. 3) is visibly detached
indicating these cells weakly adhered to the surface coated
with HA.

As Ki67 positive OBs detected on Ti coated surfaces
represented an indicative of proliferative activity, cell
proliferation was further quantitatively assessed by CFSE
test. CESE enters cells as CFDA SE (carboxyfluorescein
diacetate succinimidyl ester), a non polar molecule that
spontaneously penetrates cell membranes and is converted
to anionic CFSE by intracellular esterases. CFSE

FAK ACTIN/FAK

ACTIN/KI-67 ACTIN/KI-67/DAPI

spontaneously and irreversibly couples to proteins by
reaction with available amine groups resulting in a stable
long-term intracellular retention. With each cell division,
fluorescently labeled proteins are equally distributed
between daughter cells, which therefore become half as
fluorescent as parental cells. Hence, CFSE-high cells have
no or low proliferative activity whereas CFSE-low cells
have undergone several cell divisions. CFSE-labelled OBs
were seeded onto biomaterial or standard surfaces and
analyzed by flow cytometry after 6 days in culture. CFSE
fluorescence intensity was assessed on a logarithmic scale
on the FL-1 channel. In histograms presented in Fig. 4 the
population of CFSE-low and CFSE-high OBs were indi-
cated as peak M1 and peak M2, respectively. The per-
centage of cells in each of the two populations were
determined from histogram statistics and represented as bar
diagram of averaged duplicates (Fig. 4, lower panel).
These data showed that Ti coated with HA or MP gener-
ated a higher proportion of CFSElow OBs (50 and 60%,
respectively) than Ti coated with HA-MP and control
(40%), which indicates an increased frequency of cell
divisions during the 6 days in culture on HA or MP
coatings.
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Fig. 3 The expression of Ti-HA
osteoblast specific phenotype
markers in OBs cultured on Ti
coated with HA, MP or
HA-MP. OBs grown on the
indicated biomaterials
immunostained for collagen
type I (COLL), bone
sialoprotein (BSP), osteonectin
(ON) and osteopontin (OP)
(bar = 50 um) (see
Experimental Sect. 2.3)

COLL

BSP

ON

OP

4 Discussion

The interaction of cells with extracellular environment is
critical for their proper functioning. Extracellular matrices
do not represent only the mechanical anchorage support but
the milieu which modulates cell-cell communications or
intracellular processes. In reconstituted systems, as bio-
logical implants are, cell activities or differentiation path-
ways can be conducted as well by biomaterial composition
and structure. Most biomaterial coatings used in bone
implantology contain HA functionalized with various
components as amino acids [43], peptides [44], proteins
[45] or (bio)polymers [46, 47] in order to improve bone cell
adhesion onto these structures. In addition to chemical
composition surface morphology represents another
important factor which controls cell metabolism on
reconstituted structures.

The recently introduced combination between HA and
sodium maleate copolymer (MP) obtained by hydrothermal
synthesis demonstrated the nanometric structure of the
hybrid compounds and their deposition on Ti surfaces by
MAPLE technique generated a coating surface with spe-
cific characteristics.
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Ti-MP

Ti-HA-MP

To explore the biological properties of Ti surfaces
coated with HA-MP nanohybrids, proposed for dental
implantology, bone-derived cells were required. Many
studies report that adult stem cells can differentiate into
osteoblastic lineage in the presence of specific factors
[48, 49]. Therefore, in order to use a pool of OBs with
similar characteristics in all experiments, a standardized
procedure which allowed obtaining of primary OB from
HMSC was established in our laboratory. The comparative
analysis of cell morphology and expression of OB specific
markers during differentiation period validated the osteo-
blast cell phenotype. Within approximately 21 days in
osteogenic medium, HMSC from bone marrow delineated
to OBs and became highly positive for type I collagen,
osteonectin, osteopontin, bone sialoprotein and bone
morphogenetic protein-2 (Fig. 1).

One important parameter to evaluate the surface bio-
compatibility of the biomaterials destined to be orthopedic
or dental implants is cell adhesion. Beyond mechanical
anchorage, the adhesion of cells to substrates activates
signal transduction pathways which trigger and modulate
different gene expression with synthesis of specific proteins
and eventually proliferation [50]. The firm cell adhesion
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Fig. 4 Proliferation of human
OBs grown on Ti coated with
HA-MP biomaterials. OBs were
labeled with CFSE reagent and
cultured for 6 days on standard
materials (control-C) or on the
indicated biomaterials and
analyzed by flow cytometry (see
Experimental Sect. 2.4)

Ti-HA

Ti-MP

Ti-HA-MP

CFSE CFSE

% Osteoblasts

100.00
90.00
80.00
70.00

60.00

50.00 |

40.00
30.00
20.00
10.00

0.00

10°
CFSE CFSE

Proliferation assay

. m} pfd!iferal]ng cells
m non-proliferating cells

CONTROL Ti-HA Ti-MP Ti-HA-MP

and activation of signaling pathways depend on cell phe-  subcellular distribution of adhesion markers were analyzed
notype [51, 52] and surface properties [53, 54]. Therefore, in OBs grown in standard conditions comparatively with
dynamics of cell morphology and cytoskeleton as well as  OBs cultured on Ti coated surfaces. According to these
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data we scored as poorly adhered the OBs having irregular
cell contour, ACT localization at plasma membrane, VNC
and FAK concentrated in nuclear area (Fig. 2a, ACT-VNC-
1 h; ACT-FAK, 1 h). Fully adhered OBs were character-
ized by the basket-type of ACT staining and redistribution
of immunoreactivity for VNC and FAK in cell periphery
(Fig. 2a, ACT-VNC, 7 h; ACT-FAK, 7 h). OBs cultured
on different coated surfaces demonstrated distinct expres-
sion and localization patterns of the above analyzed
markers (Fig. 2B). OBs grown on Ti-MP and Ti-HA-MP
had an ordered ACT network and triangled—shaped VNC
staining, clearly indicating cell anchorages to the bioma-
terial surface (Fig. 2B, f, 1, l-insets). The altered mor-
phology of cytoskeleton and VNC localization of OBs
cultured on Ti-HA (Fig. 2B, c-inset) demonstrated their
poor adhesion to this substrate. In OBs grown on Ti—-HA
cytoskeleton reorganizes in very thin and wavy acting fil-
aments. Cell nuclei were smaller than in OBs grown on MP
or HA-MP coated Ti or control surfaces and VNC
appeared also as long filaments decorating the contour of
many vacuolar structures. Interestingly, the intense staining
of FAK and VNC found in adhesion plaques of OBs grown
in standard conditions was not detected in cells grown on
any of these biomaterials (Fig. 2a). The different intensities
in FAK immunostaining in OBs grown on the three coat-
ings demonstrated that FAK expression was modulated by
the biomaterial surface properties and was enhanced by Ti
coating with HA-MP only. As FAK is a protein that
requires interaction of integrins with ECM for its expres-
sion [55] we can speculate that OBs established stronger
interactions with ECM via integrins when were cultured on
Ti—-HA-MP than on the other two coatings.

The data obtained from the analysis of the expression of
OB phenotype markers showed that in OBs grown on Ti
coated with HA collagen did not assemble into fibrils and
osteopontin and osteonectin were detected mainly in the
perinuclear area (Fig. 3). The alterations observed in the
assembly and traffic of the specific biosynthetic compounds
of OBs grown on Ti—-HA could represent the consequences
of the fact that OBs poorly adhered onto this substrate.
However, OBs grown on Ti—-HA were proliferative and
would generate progenies with distinct morphological and
functional characteristics from normal cells. An explanation
for such behavior of cells in contact with HA, which
otherwise is a largely used ceramic for coating, could be
related to the deposition method. As MAPLE is more suit-
able for transferring polymers than inorganic compounds, Ti
coating with HA by MAPLE probably generated a less
biocompatible coating structure than HA-MP nanohybrids.

According to the data acquired from quantitative pro-
liferation assay OBs following culture on Ti-MP surfaces
underwent through significantly increased number of cell
cycles than cells grown on Ti-HA-MP (Fig. 4). This result
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was in agreement with our previous report which showed
increased proliferation of HEK cells on Ti-HA-MP com-
pared to Ti-HA only [37] and supports the idea that
polymer could have mitogenic properties. However, OBs
are cells with slow growth and multiplication [49]. Their
enhanced proliferation following culture on Ti-MP coating
could affect gene expression and subsequently induce
alterations in the synthesis of bone ECM components. The
effects of MP on different cell processes are insufficient
understood at this time; however, its lack of cytotoxicity
and ability to induce cell adhesion and proliferation rec-
ommend MP as an interesting candidate in designing new
biocompatible structures.

All together the data presented in this study demon-
strated that nanohybrid structures resulted from association
of HA with MP copolymer and its deposition on metallic
surfaces by MAPLE technique generated a more contrib-
utive environment than HA or MP alone, on which OBs
firmly adhered, synthesized organic components of their
natural ECM and underwent controlled proliferation.

5 Conclusions

The newly developed nanohybrid structures consisting of
hydroxyapatite (HA) and sodium maleate-vinyl acetate
copolymer (MP) deposited on Ti surfaces proposed for bone
implantology were evaluated for their properties related to
viability and functionality of bone derived cells. Osteoblasts
obtained from bone marrow mesenchymal stem cells were
cultured in contact with the Ti coated with HA, MP or
HA-MP nanohybrids and analyzed for cell morphology,
adhesion as well as for the expression and subcellular
localization of the specific markers of osteoblast phenotype
and proliferation. Overall results indicated that HA-MP
coating represents a structure well tolerated by bone cells.
OBs firmly adhered to this surface, synthesized protein
components of the ECM and underwent several prolifera-
tion cycles. Further studies regarding the effect of Ti coated
with HA-MP in bone tissue formation/regeneration are
expected to be developed in vivo on animal models.
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