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Abstract: Hydroxyapatite (HA) is considered to be a bioactive material that favorably influ-
ences the adhesion, growth, and osteogenic differentiation of osteoblasts. To optimize the cell
response on the hydroxyapatite composite, it is desirable to assess the optimum concentration
and also the optimum particle size. The aim of our study was to prepare composite materials
made of polydimethylsiloxane, polyamide, and nano-sized (N) or micro-sized (M) HA, with an
HA content of 0%, 2%, 5%, 10%, 15%, 20%, 25% (v/v) (referred to as NO—N25 or M0-M25),
and to evaluate them in vitro in cultures with human osteoblast-like MG-63 cells. For clinical
applications, fast osseointegration of the implant into the bone is essential. We observed the
greatest initial cell adhesion on composites M10 and N5. Nano-sized HA supported cell growth,
especially during the first 3 days of culture. On composites with micro-size HA (2%—15%),
MG-63 cells reached the highest densities on day 7. Samples M20 and M25, however, were
toxic for MG-63 cells, although these composites supported the production of osteocalcin in
these cells. On N2, a higher concentration of osteopontin was found in MG-63 cells. For bio-
medical applications, the concentration range of 5%—15% (v/v) nano-size or micro-size HA
seems to be optimum.

Keywords: nanoparticles, hydroxyapatite, osteoblasts, composite materials

Introduction
Bone implants are usually manufactured from metals, ceramics or polymers. Composite
materials can take advantage of the properties of all compounds that are used, and
the content and the ratio of the components can be adjusted to mimic natural bone
properties. Bone matrix contains both an organic component, consisting mainly of
fibrous type I collagen and small amounts of proteoglycans and glycoproteins, and a
mineral component, consisting of apatites.! In bone, nano-sized mineral platelets of
poorly crystalline, essentially carbonated hydroxyapatite (HA) particles are incorpo-
rated within the organic matrix;? they are stiff and brittle. Collagen fibers are softer but
tougher than the mineral; they are able to dissipate energy, provide bone tissue with
elastic properties, and ameliorate the brittleness of HA and calcium phosphates. The
arrangement of both organic and mineral components contributes to bone strength and
resistance to fracture. The stiffness of bone is about 23 GPa along the bone lamellae
and 16.5 GPa transversely to them.?

HA is amineral from the family of apatites; their general formula is Me, (XO,) (Y),,
where Me are bivalent cations; XO,, trivalent anions; and Y, monovalent anions.**
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HA is the most stable calcium orthophosphate in the pH range
of4.2-12.4. Apatites present in the organism are often impure
and nonstechiometric. The main impurity is CO,> (3-8 wt%),
and the minor impurities are Na*, Mg**, K*, HPO,~, CI, and
F~, for example. With the exception of F~, they weaken the
structure and make it more soluble.’ Moreover, they change
the lattice parameters, crystal morphology, crystallinity,
solubility, thermal stability, and bioactivity. The properties
of HA particles (Ca,(PO,)(OH),) depend on the way in
which they are prepared, the shape and size of the particles,
and their roughness. Smaller, nano-sized particles are associ-
ated with a higher resorption rate than micro-sized particles.®
Biological HA extracted from the organism contain a series
of discrete and alternating domains of variously charged
(both in size and magnitude) surfaces, independently of
topography, which indicate their potential to bind different
matrix proteins. The shape of HA particles can affect the
distribution of the charge on their surface.* The degree of
mineralization of human bone matrix varies between 0%
and 43%, as bone is continuously resorbed and subsequently
replaced by the new bone matrix, which is later mineralized.?
In bones, the thickness of the HA platelets ranges from 2 to
7 nm; the length, from 15 to 200 nm; and they are 10-80 nm
in width;” although particles of different shapes can also be
found. It has been found that the predominant orientation of
the c-axis of mineral crystals is oriented to the longitudinal
axis of the osteons, and that the crystals closely follow the
plane of the lamellae.

In composite materials, HA or tricalcium phosphate is com-
bined with a variety of monomeric and polymeric materials such
as silica,? alginate,’ polycaprolactone,'® poly(lactic-co-glycolic
acid),' poly-L-lactide,'> polymethylmethacrylate,'® gelatin
and silk fibroin," poly(1,8-octanediol-co-citrate),' collagen,
chitosan, or synthetic peptide with a -sheet structure.'® This
combination of polymers and ceramics in the form of compos-
ite materials can overcome the drawbacks due to their inappro-
priate mechanical properties for load-bearing applications. The
desired mechanical properties can be obtained with composites

consisting of a ceramic'” or polyamide reinforcement, with the
possibility of selecting the volume ratio of the reinforcement
to the matrix. Polydimethylsiloxane (PDMS) is a material that
has been used for constructing a non-resorbable, long-lasting
and stress-absorbent matrix for use in several biomedical
applications (eg, intervertebral cages for spine treatment).!s
Due to its biocompatibility, permeability to oxygen and carbon
dioxide, and transparency for optical imaging, PDMS can be
used as a culture substrate material for studies on the effects
of topographic features on cell adhesion and morphology."
Surface modifications® or bulk modifications?" have been
used to improve the properties of PDMS for biomedical
applications.

In the present study, we prepared composite materials
composed of polyamide fabric reinforcement, PDMS, and
nano/micro-sized HA particles. In in-vitro experiments, we
evaluated the adhesion, proliferation, and differentiation of
human osteoblast-like MG-63 cells on these materials.

Materials and methods

Composite preparation

A composite material was prepared on the basis of polyamide
balanced fabric reinforcement (Aramid HM 215 fibers,
Hexcel, France) and PDMS matrix (M 130, LZ Kolin, Czech
Republic). The composite matrix was modified by HA par-
ticles (Berkeley Advanced Biomaterials Inc., San Leandro,
CA, USA), with average particle size 10050 nm and/or
100250 um (Figure 1). HA particles (Table 1) were inserted
into the matrix before impregnation, in the amount of 0, 2,
5, 10, 15, 20, and 25 vol% (HA/matrix); the volume frac-
tion of the fabric was kept at 55+7 vol%. The total volume
fraction of HA in the composites was as follows: 0, 0.5, 2.2,
5.6, 8.4, 13.1, and 16.2 vol%. The sample nomenclature is
listed in Table 1. A balance calculation of the volume and
weight fractions of the components of the composite (ie,
matrix, fibrous reinforcement, and HA) was carried out on
the basis of weighing the components and the final composite
samples, and on knowledge of the theoretical densities of the

Figure | Scanning electron microscopy (A and B) and transmission electron microscopy (C and D) micrographs of the HA particles. (A) Micro-HA (mag 500, scale bar
represents 20 um). (B) Nano-HA (mag 30,000x, scale bar represents 500 nm). (C) Micro-HA (scale bar represents | im). (D) Nano-HA (scale bar represents 200 nm).

Abbreviation: HA, hydroxyapatite.
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Table | Nano- and microparticles used for composite matrix modifications, and their concentration in a composite matrix

Sample designation Particle size Material Designation Concentration of
of producer additives, vol%

0 Unmodified composite 0.0

N2, N5, N10, N5, N20, and N25 100£50 nm Hydroxyapatite; BABI-HAP-N 100 2.0,5.0, 10.0, 15.0,

M2, M5, M10, MI5, M20, and M25 100£50 pum Ca (PO,),(OH), BABI-HAP-HS2 20.0, and 25.0

Notes: N2-N25, nano-sized at concentrations of 2—25 vol%; M2—M25, micro-sized at concentrations of 2—25 vol%.

components (Table 2). The DI 18 Basic homogenizer (IKA-
Werke GmbH, Staufen, Germany) and a kneading machine
(HAAKE; Thermo Electron Corporation, Waltham, MA,
USA) were used for this purpose. A weighed amount of addi-
tive was gradually inserted into a weighed amount of PDMS
matrix, so that uniform dispersion of the additive filler in the
matrix was achieved. The green composite was heated in a
mold at a temperature of 135°C for 2 hours and then cured
under pressure of 1.1 MPa at 225°C in an air atmosphere for
4.5 hours and finally cured without applying pressure at a
temperature of 250°C for 4 hours.

The homogeneity of the samples (ie, successful dispersion
of additives in the matrix) was verified by image analysis
of the polished sections, and results of investigations using
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) examinations have been published
elsewhere.? In brief, with composites with both types of HA
particles, cracks appeared with volumes of 20 and 25 vol%.
A greater number of cracks were observed on polished sec-
tions of composites with micro-HA particles added. It was
shown that micro-HA particles form aggregates in the matrix
of the composites (these findings were also illustrated by the
decrease of bending strength). Nano-HA particles exhibited
better dispersion, with less frequent formation of aggregates,
and were in closer proximity to the fibers.

SEM and TEM

The morphology of the additives and their dispersion in the
matrix were visualized by SEM and by TEM, followed by

Table 2 A balance calculation of particular composite components

image analysis of the micrographs. Possible changes in the
inner structure of the composites were verified by mechanical
tests, as described elsewhere.”? The powder samples for SEM
were suspended in ether and deposited on mica covered by
a thin carbon film (prepared with the JEOL [Tokyo, Japan]
JEE-4C vacuum evaporation device). The ether was left to
evaporate at ambient temperature, and the samples were
covered by a 4 nm thin Pt layer (prepared with vacuum sput-
ter coaters: SCD 050; Balzers AG, Balzers, Liechtenstein).
The dried specimens were observed in a Quanta 200 FEG
SEM microscope (Fei Czech Republic s.r.o., Brno, Czech
Republic) in low-vacuum mode, using a secondary electron
detector accelerating voltage of 20 kV. Samples for TEM were
cut from prepared bulk composites. Ultrathin sections for
TEM study were prepared with an ultramicrotome (Ultracut
UCT; Leica Microsystems, Wetzlar, Germany) under cryo-
conditions (—90°C). The sections were observed in a TEM
microscope (Tecnai G* Spirit 120; FEI) using bright field
imaging at 120 kV.

Energy dispersive spectrometry

(EDS) analysis

An investigation of the effect of various volume fractions of
micro/nano HA particles on the surface composition of the
composites was carried out using the Quanta 450 scanning
electron microscope (FEI) equipped with an Apollo XL
Silicon Drift Detector 1 EA EDS extension (EDAX Inc.,
Mahwah, NJ, USA) at magnification 5,000x and accelerating
voltage 20 kV. Prior to the EDS analyses, the samples were

Amount of HA Amount of HA Amount of fabric Amount of matrix Amount of pores Amount of HA

in the matrix, in the composite, in the composite, in the composite, in the composite, in the composite,
vol% vol% vol% vol% vol% wt%

2 0.5140.13 46.15+2.59 39.31+3.24 14.4613.12 1.5+0.12

5 2.2440.30 43.67+4.15 42.6315.72 11.46+4.08 6.0+0.56

10 5.49+0.45 34.0£1.89 49.37+4.16 10.71£3.05 14.0+1.24

15 8.410.62 36.16+4.75 46.81+3.79 8.77+2.58 20.0£2.16

20 13.06£1.14 25.514+4.19 52.2145.67 9.21+3.91 29.0+3.81

25 16.23+1.89 25.35+4.29 48.68+5.98 9.74+3.89 34.0+4.32

Note: Mean values are expressed as the arithmetical average and standard deviation (n=18).

Abbreviation: HA, hydroxyapatite.
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attached by carbon paste on an alumina stub and carbon-
coated on a K550X (EMITech, Inc., Fall River, MA, USA)
sputter coater in an argon atmosphere. The atomic fractions
(at %) of chemical elements (namely C, O, Si, P, and Ca) were
characterized in order to verify their surface incorporation.
Ten 25 wm x 25 um areas were analyzed at each HA volume
fraction level.

Dissolution tests

The relationship between cell behavior and Ca?* concentra-
tion was assessed by dissolution tests. For the dissolution
test, calcium-free saline (CFS) at pH 7.3, containing sodium
(85.5 mM/L), potassium (2.5 mM/L), magnesium (1 mM/L),
and chloride (87 mM/L) was used. Tris(hydroxymethyl
aminomethane) was used as a buffer to adjust the pH to
7.3. Under shaking, composite samples were immersed in
10 mL of CFS at 37°C for a period of 6 days. The calcium
concentration of the solution was measured after 0, 24, 72,
and 144 hours, using a calcium-selective electrode (20-20+,
Elektrochemické detektory, s.r.o0., Turnov, Czech Republic).
The test was performed four times for all samples in order
to verify any possible release of Ca?*.

Cell culture conditions, cell number,

and doubling time

Samples 1 or 25 cm? in size were sterilized in an autoclave,
placed into 24-well cell culture dishes (TPP Techno Plastic
Products AG, Trasadingen, Switzerland) and seeded with
human osteoblast-like cells of the line MG-63 (European
Collection of Cell Cultures, Salisbury, UK) in a density of
15,000 cells/well or 8,450 cell/cm?. The cells were cultured
in Dulbecco-Modified Eagle Minimum Essential Medium
(Sigma-Aldrich, St Louis, MO, USA, Cat No D5648)
supplemented with 10% fetal bovine serum (SEBAK GmbH,
Aidenbach, Germany) and gentamicin (40 ug/mL, LEK,
Ljubljana, Slovenia). The cells were cultured for 1, 3, 6, or 7
days at 37°C in a humidified air atmosphere containing 5%
CO,. Three samples were used for each experimental group
and time interval.

For an evaluation of cell density, MG-63 cells were
stained with the LIVE/DEAD® Viability/Cytotoxicity Kit
(Invitrogen) and micrographs were taken under an epifluo-
rescence microscope (Olympus IX51 DP70 digital camera;
Olympus Corporation, Tokyo, Japan). The cell number and
viability (ie, the percentage of living cells) were evaluated
from 1141 microscopic fields on days one, three, and seven.
Cell densities per cm? were used for constructing the growth
curves and for calculating the cell population doubling time

on the tested surfaces. The doubling time (DT) was calculated
from 31-39 measurements on the basis of the equation,

log?2 *dt

DT = ,
log(N)—log(N,)

(1

where df = time of cultivation in hours, N = cell number after
cultivation period dt, and N, = cell number at the beginning
of the interval.

Immunofluorescence staining of vinculin,

talin, osteocalcin, and osteopontin

MG-63 cells were stained for focal adhesion proteins (vinculin
and talin) and markers of osteogenic cell differentiation (osteo-
calcin and osteopontin). On day 3 after cell seeding (for talin,
vinculin, and osteopontin) and on day 6 after cell seeding (for
osteocalcin), the cells were fixed in 70% cold methanol (5
minutes, —20°C), washed twice in phosphate-buffered saline
(PBS), pretreated with 1% albumin in PBS containing 0.1%
Triton X-100 (30 minutes at room temperature), incubated in
1% Tween for 30 minutes, washed in PBS, and incubated with
primary antibodies (ie, monoclonal anti-vinculin [clone hVIN-1;
Sigma-Aldrich, Cat No V9131], monoclonal anti-talin [clone
8D4; Sigma-Aldrich, Cat No T3287, dilution 1:400], rabbit
anti-osteocalcin [ 1-49, human, immunoglobulin G {IgG}, Pen-
insula Laboratories Inc., San Carlos, CA, USA, Cat No T-4743,
dilution 1:200], polyclonal rabbit anti-human osteopontin [Cat
No ALX-210-309, Alexis Biochemicals, Lorrach, Germany,
dilution 1:200]). All antibodies were diluted in PBS and applied
overnight at 4°C—8°C. After washing the samples three times in
PBS containing 0.05% Tween, the following secondary antibod-
ies were applied for 1 hour: Alexa Fluor*488-conjugated F(ab’),
fragment of goat anti-mouse IgG (H + L), or Alexa Fluor®488-
conjugated goat anti-rabbit IgG (H + L) (Molecular Probes,
Carlsbad, CA, USA, Cat No A11017 or A11070, respectively,
dilution 1:400). The cells were then washed three times in PBS
and evaluated under an epifluorescence microscope (Olympus
IX51, digital camera DP70; Olympus Corporation) and an
AOBS (acousto-optical beam splitter) confocal laser scanning
microscope based on a DM IRE2 inverted microscope (Leica
Microsystems, Mannheim, Germany) and equipped with an
argon laser (458 nm/5 mW, 476 nm/5 mW, 488 nm/20 mW,
514 nm/20 mW), and also green (543 nm/1.2 mW) and red
(633 nm/10 mW), HC PL APO CS 20A (Leica Mircosystems)
water immersion plan apochromat objective (working dis-
tance =250 mm, numerical aperture =0.7), zoom x4. The images
were taken every 3 um on the z-axis. Due to autofluorescence of
the composite, (Figure S1). the scans of the composite surface
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have been removed. The technique for scanning the samples
does not allow all the volume of the cells to be depicted, and
the images that were obtained were therefore not used for the
quantitative analysis of the stained proteins.

Enzyme-linked immunosorbent
assay (ELISA)

The concentration of vinculin, talin, osteocalcin, osteopontin,
beta-actin (cytoskeletal protein), and intercellular adhesion
molecule-1 (ICAM-1, an immunoglobulin adhesion molecule
and a marker of cell immune activation) were measured in
cell lysates (per mg of protein) after 3-day cultivation on com-
posite materials. The cells were detached by trypsinization
(trypsin-EDTA, Sigma-Aldrich, Cat No T4174; 5 minutes,
37°C), resuspended in PBS, centrifuged, resuspended in PBS
(106 cells/mL), and kept in a freezer at —70°C overnight. The
cell homogenates were then prepared by ultrasonication for
40 seconds using a sonicator (UP100H; Dr Hielscher GmBH,
Stuttgart, Germany), and the total protein content was mea-
sured using a modified method by Lowry et al.?

Aliquots of the cell homogenates corresponding to
1-50 pg of protein in 50 uL of water were adsorbed on
96-well microtiter plates (MaxiSorp™, NUNC, Roskilde,
Denmark) at 4°C overnight. After being washed twice with
PBS (100 pL/well), the nonspecific binding sites were
blocked by 0.02% gelatin in PBS (60 minutes, 100 uL/well).
The primary monoclonal antibodies ie, monoclonal anti-be-
ta-actin, clone AC-15, mouse ascites fluid (Sigma-Aldrich),
Cat No A 5441, dilution 1:200, monoclonal anti-vinculin,
mouse ascites fluid, clone hVIN-1 (Sigma-Aldrich), Cat
No V 9131, dilution 1:400, monoclonal anti-talin, clone
8D4, mouse ascites fluid (Sigma-Aldrich), Cat No T 3287,
dilution 1:200, rabbit anti-osteocalcin polyclonal antibody
(CHEMICON International, Inc., Temecula, CA, USA),
Cat No AB1857, dilution 1:200, or polyclonal antibody to
osteopontin (Alexis Biochemicals), Cat No ALX-210-309-
R100, dilution 1:200 and monoclonal mouse anti-human
ICAM-1 (anti CD-54) antibody, clone MEM 111 (Cat No
11-228, dilution 1:200 [Exbio Praha a.s., Vestec, Czech
Republic]) were diluted in PBS and applied for 60 minutes
at room temperature (50 uL/well).

Goat anti-mouse F(ab”), IgG fragment and goat anti-
rabbit IgG (Sigma-Aldrich; Cat No A3682 and A9169,
dilution 1:1000 and 1:5000, respectively), were used as
secondary antibodies (diluted in PBS, 50 puL/well, incubation
45 minutes). This step was followed by double washing in
PBS with Triton X-100 (0.1%) and an ortho-phenylendiamine
reaction (Sigma-Aldrich; concentration 2.76 mM) using

0.05% H,0, in 0.1 M phosphate buffer (pH 6.0, dark place,
100 uL/well). The reaction was stopped after 10-30 minutes
by 2M H,SO, (50 uL/well) and the absorbance was measured
at 492 nm by a VersaMax microplate reader (Molecular
Devices LLC, Sunnyvale, CA, USA).

Statistical analyses

A statistical analysis of the chemical and structural analy-
sis data was performed using statistical software (STAT-
GRAPHICS Centurion XV; StatPoint Technologies, Inc.,
Warrenton, VA, USA). Normally distributed numerical data
are expressed as mean * standard deviation. For comparative
purposes, the error bars represent confidence intervals. The
normality of the data was checked by the Shapiro—Wilk test.
Outliers were identified via the Grubbs and Dixon tests. For
normally distributed data, the statistically significant dif-
ferences were checked by parametric analysis of variance
(F-test); a Fisher’s least significant difference post hoc test
was employed after conforming the following assumptions:
1) the distribution for each of the samples was derived from
the normal distribution, and 2) the variances of the popula-
tion of the samples were equal to each other (assumption
of homoscedasticity). Homoscedasticity was checked by
the Levene and Bartlett tests. Statistical significance was
accepted at P<<0.05. The quantitative data for the in vitro
tests was presented as averages + standard error of the mean.
The statistical significance of the differences was evaluated
by one-way analysis of variance (Student-Newman—Keuls
method or Dunn’s method), using SigmaStat software (Systat
Software GmbH, Erkrath, Germany). P-values =0.05 were
considered significant.

Results
EDS analysis

Figure 2 shows the results of an investigation of the
dependence of the surface composition of the compos-
ites on various volume fractions of nano- and micro-HA.
The compositions of the surfaces show differences in the
atomic fractions of Ca and P when a different HA content
is added. As expected, the mass percentage attributable to
the elements Ca and P increased with the initial amount
of HA in the matrix. This increasing tendency supports
the suitable surface incorporation both of nano-HA and
of micro-HA. The surfaces of composites with nano-HA
had an average atomic Ca/P ratio of 1.6+0.2 (n=60). In the
case of composites with micro-HA, an average ratio of
1.2540.3 (n=60) was obtained. Stoichiometric HA has a
theoretical Ca/P ratio of 1.67. In the cases of composites
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Figure 2 Elemental composition of the surface of composites with nano-HA (A) and micro-HA (B).
Notes: Mean values are expressed as arithmetical mean; error bars represent standard deviation (n=10); N2-N25, nano-sized at concentrations of 2-25 vol%; M2-M25,

micro-sized at concentrations of 2-25 vol%.
Abbreviation: HA, hydroxyapatite.

with 20-25 vol% of both micro- and nano-HA, relatively
high variability in the atomic fraction data for Ca and P
was obtained. This finding can indicate a non-homogeneous
distribution of HA particles within the analyzed surfaces,
especially in comparison with composites with a lower
number of particles.

Dissolution tests

For the dissolution tests, parameters such as test duration
and the ratio of composite sample dimensions/CFS volume
were proposed according to the conditions of the in vitro
tests. Figures 3—5 summarize the changes in Ca* release
over time. The increasing trend in dissolution activity with
increasing test duration is similar for all the composite
samples. In general, a higher Ca®* release was observed
in the case of nano-HA composites, probably because

——M2 =0O= N2
=1,000 =1,000

—o— M5 =0O= N5

they have a higher specific surface area than micro-HA
composites. In addition, the composites with nano-HA,
particularly those with lower concentrations, showed
an earlier start of Ca®" release (ie, they released higher
concentrations of Ca?" during the first 3 days than the cor-
responding micro-HA composites) (Figure 3). A statistical
analysis was also performed in order to compare the various
nano- and micro-HA contents within the same time period
(Figures 4 and 5). The mean Ca®" concentration values
assessed within each time period of the dissolution test
indicate no obvious trend (eg, an increasing tendency of
Ca?* concentration with an increasing amount of HA in the
matrix). This trend was slightly apparent only on day 6 in
composites with nano-HA. However, as mentioned above,
a rather opposite trend was observed in these composites
on days 1 and 3 of the analysis.
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Figure 3 Changes of Ca* release over time (I, 24, 72, and 144 hours) from composite samples with HA nanoparticles and microparticles.
Notes: Mean values are expressed as the arithmetical mean; error bars represent standard deviation (n=6); * denotes statistically significant differences (accepted at
P<0.05) amongst Ca?* concentration values obtained at each time period; N2-N25, nano-sized at concentrations of 2-25 vol%; M2-M25, micro-sized at concentrations of

2-25 vol%.
Abbreviation: HA, hydroxyapatite.
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(micro-sized, 10 vol%). A significantly lower number of
adhered cells was found on composite M25, and this value

Cell adhesion and proliferation
On day 1 after seeding, the number of initially attached

MG-63 cells on composites with HA ranged from 5,9401367
t0 9,7621500 cells/cm?, and was usually similar to the values
on pure matrices without HA and on the control polysty-
rene dishes (Figure 6A). On average, the highest number
of initially attached cells was observed on composite M10

was even lower than on the polymeric material with lower
HA concentrations and polystyrene. From days 1 to 3, the
longest cell doubling time was found on composite M20
(Figure 6B). On day 3, higher cell densities were obtained
on composites containing nano-HA, particularly on samples
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N2-N15 (nano-sized, 2—15 vol%), than on samples con-
taining micro-HA (Figure 6C). Moreover, the content of
micro-sized HA higher than 20 vol% did not support cell
proliferation between days 3 and 7. Within this time interval,
the cells growing on M20 had a significantly longer doubling
time than cells on all other samples (Figure 6D). MG-63
cells did not proliferate on M25, so the doubling time was
not calculated on this sample. These results are in agreement
with the extremely low cell densities found on M20 and M25
on day 7 (Figure 6E). Interestingly, the highest cell densities
were found on M5-M15. These densities were significantly
higher than those on all nano-sized HA samples. The dynam-
ics of cell growth from days 1 to 7 after seeding on the tested
materials is summarized in Figure 6F. It is evident that within
the first 3 days after seeding, the cells grew more quickly and
attained higher numbers on the composites with nano-HA.
However, from days 3 to 7, the cells on composites with
micro-HA (M5-M15) accelerated their growth and reached
the highest final population densities.

Immunofluorescence staining of cell

adhesion and differentiation molecules
MG-63 cells growing on all samples were positively stained
for vinculin (Figure 7) and talin (Figure 8). Immunofluo-
rescence staining showed small dot-like focal adhesions
containing talin, while the vinculin-containing focal adhesion
plaques were more pronounced and localized, especially on
the cell border. The staining of osteocalcin was more intense
in the cytoplasm in MG-63 cells growing on nano-sized HA
and was more apparent in the perinuclear region in cells on
composites containing micro-sized HA (Figure 9). MG-63
cells were positively stained for osteopontin on all compos-
ites (Figure 10).

ELISA

ELISA experiments showed increased concentrations of
beta-actin in MG-63 cells cultured on N15 and M25 in
comparison with M5-M15 (Figure 11A). A similar trend
was also apparent in concentrations of talin (ie, a focal adhe-
sion protein associated with actin cytoskeleton), but these
differences were not, in general, statistically significant.
Only the concentration of talin in the cells on samples M2
and M5 was significantly lower than in the cells on polysty-
rene (Figure 11B). However, the concentration of vinculin,
another focal adhesion protein, was similar in the cells on all
samples regardless of the differences in HA concentrations
(Figure 11C). The concentration of osteocalcin increased
with increased content of micro-sized HA but was nearly the

same on samples with nano-sized HA. At the same time, this
concentration was on average higher in cells on composites
with micro-sized HA than on samples with nano-sized HA.
This difference is most apparent on composite M25, where
the concentration of osteocalcin was significantly higher than
on samples N2 and N5 (Figure 11D). The concentration of
osteopontin showed an opposite trend, being highest in cells
on samples with the lowest concentrations of nano-sized
HA (samples 0 and N2; Figure 11E). The concentration of
ICAM-1, a marker of cell immune activation, first showed
an increasing tendency and reached the maximum values
in cells cultured on samples N20, M10, and M15, and then
decreased (Figure 11F).

Discussion

We have prepared a composite material consisting of PDMS,
polyamide fabric reinforcement, and nano- or micro-sized HA
particles. PDMS is completely biocompatible and nontoxic,
flexible, gas permeable, low cost, and it allows the fabrication
of specific structures.* Although the polyamide fabric was
used predominantly to reinforce the composite, polyamide
(aramid) fibers have been observed to provide suitable sup-
port for the growth of MG-63 cells.” In agreement with these
findings, our composite “0” (ie, polyamide-reinforced PDMS
matrix without HA) supported initial adhesion of MG-63
cells and their proliferation after 3 days of culture; this was
accompanied by high cell viability.

The effect of synthetic HA on cell behavior is ambigu-
ous, as HA has been reported to be both biocompatible and
cytotoxic. Similarly, the behavior of our newly constructed
composites was also controversial, as some composites
supported cell colonization and some composites inhibited
it. Nevertheless, most of our composites (ie, all composites
with nano-HA and composites with micro-HA up to 15 vol%)
provided good support for cell growth. This is in accordance
with a wide range of studies reporting unchanged or even
increased biocompatibility of various materials after addition
of HA. This phenomenon can be explained by the fact that
HA is usually homogeneously dispersed in the bulk material
in composites. Therefore, a substantial part of the HA is not in
direct contact with the cells, and acts only after dissolving in
a cell culture medium or in blood.

On our composites, the number and the growth dynam-
ics of MG-63 cells were mostly similar to the values on the
pure material without HA (Figure 2). Similar results were
obtained on carbonated HA/poly-(L-lactic acid) (PLLA)
nanocomposite microspheres, where the growth activity of
Saos-2 cells was similar as on pure PLLA.?® In addition, the
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Figure 7 Immunofluorescence staining of vinculin in MG-63 cells cultured on pure composite “0” (A), composites with 2-25 vol% nano-HA (ie, N2 [B], N5 [C], N10 [D],
N15 [E], N20 [F], and N25 [G]), and composites with 2-25 vol% micro-HA (ie, M2 [H], M5 [I], M10 [J], MI5 [K], M20 [L], and M25 [M]), and on polystyrene (N).
Notes: Leica SP2 confocal microscope (Leica Microsystems, Wetzlar, Germany), obj X20, zoom x4, water immersion; scale bar =30 um.

Abbreviation: HA, hydroxyapatite.

modification of siloxane/P(LLA-co-propargyl carbonate)
(azidosilane) composites with HA-gelatin did not influence
the attachment and growth of MC3T3-E1 preosteoblasts.?’

In many other studies, the addition of HA to vari-
ous materials has improved the growth of bone cells. For
example, admixing HA nanoparticles into the poly-(vinyl

alcohol) (PVA) hydrogel increases the adhesion and prolif-
eration of human SV40 osteoblasts compared with the pure
hydrogel, and this effect is further enhanced by combining
HA with Fe,O,.** Similarly, in a composite material made
of poly(e-caprolactone) (PCL) matrix containing 10, 20, or
30 wt% of iron-doped HA, nanoparticles support the viabil-
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Figure 8 Immunofluorescence staining of talin in MG-63 cells cultured on a pure composite “0” (A), composites with 2-25 vol% nano-HA (ie, N2 [B], N5 [C], N0 [D],
N15 [E], N20 [F], and N25 [G]), and composites with 2-25 vol% micro-HA (ie, M2 [H], M5 [I], M10 [J], MI5 [K], M20 [L], and M25 [M]), and on polystyrene (N).
Notes: Leica SP2 confocal microscope (Leica Microsystems, Wetzlar, Germany), obj x20, zoom x4, water immersion; scale bar =30 um.

Abbreviation: HA, hydroxyapatite.

ity and growth of human mesenchymal stem cells (MSCs).
These composites also improve the cell spreading and the
development of the actin cytoskeleton.” Similarly in our
study, the cells on composites with nano-HA (particularly
N15) showed relatively high concentrations of beta-actin,
and also talin, which is a focal adhesion protein associated

with the actin cytoskeleton. The beneficial effects of HA
particles on the cell adhesion and growth were explained by
the increased wettability of the composite material, changes
in the material surface topography, improved adsorption of
cell adhesion-mediating proteins to the material surface, and
also the osteoinductive effect of HA.28%
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Figure 9 Immunofluorescence staining of osteocalcin in MG-63 cells cultured on pure composite “0” (A), composites with 2%—25% nano-HA (ie, N2 [B], N5 [C], N 10 [D],
N15 [E], N20 [F], and N25 [G]), and composites with 2%—25% micro-HA (ie, M2 [H], M5 [I], M10 [J], MI5 [K], M20 [L], and M25 [M]), and on polystyrene (N).
Notes: Leica SP2 confocal microscope (Leica Microsystems, Wetzlar, Germany), obj X20, zoom x4, water immersion; scale bar =30 um.

Abbreviation: HA, hydroxyapatite.

In our study, on day 7 after seeding, the composites
with 5-15 vol% of HA (HA/matrix) (ie, 2.2-8.4 vol% (HA/
composite), similarly significantly increased the number of cells
in comparison with the pure material without HA (Figure 2E).
This effect was more pronounced on composites with micro-HA
than with nano-HA. Similarly, a study performed on nanofi-

brous HA/PLLA scaffolds showed that micro-sized HA par-
ticles support proliferation and viability of rat osteosarcoma
(ROS 17/2.8) cells better than nano-sized particles.* This finding
was explained by a larger surface area of HA microparticles
exposed to cells, and thus the cells have more direct contact
with the microparticles. Also, the osteogenic cell differentiation,
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Figure 10 Immunofluorescence staining of osteopontin in MG-63 cells cultured on pure composite “0” (A), composites with 2-25 vol% nano-HA (ie, N2 [B], N5 [C],
N10 [D], N 15 [E], N20 [F], and N25 [G]), and composites with 2%—25% micro-HA (ie, M2 [H], M5 [I], M10 [J], M15 [K], M20 [L], and M25 [M]), and on polystyrene (N).
Notes: Leica SP2 confocal microscope (Leica Microsystems, Wetzlar, Germany), obj X20, zoom x4, water immersion, scale bar =30 um.

Abbreviation: HA, hydroxyapatite.

measured by the activity of alkaline phosphatase, is higher on
scaffolds with HA microparticles.’ In accordance with this,
the concentration of osteocalcin, another marker of osteogenic
cell differentiation used in our study, reached higher values on
average in cells on the composites with micro-HA, particularly
on M25 (Figure 7D).

However, most studies have reported a better adhesion and
growth of cells on composites with nano-sized HA particles.
On composites made of PCL and nano- or micro-sized HA
particles, the attachment and proliferation of MG-63 cells
and MSCs are better on composites with HA nanoparticles
than on the material with HA microparticles. Under in vivo
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Note: Data presented as mean = standard error of mean, from 5-9 measurements.

Abbreviations: ICAM, intercellular adhesion molecule; PS, polystyrene.

conditions, the ingrowth of newly formed bone tissue is
also higher in the scaffolds with nanosized HA particles.?!:*2
In accordance with this, on day 3 after seeding, the numbers
of MG-63 cells in our study were higher on composites with
nano-HA than on composites with micro-HA, although they

were mostly similar to the value obtained on the pure material
without HA (Figure 2C).

The improved growth of cells on nanostructured surfaces
has been attributed to an appropriate surface topography,
mimicking the architecture of the natural extracellular matrix,
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a relatively large specific surface area, and increased hydro-
philicity and surface energy. All these factors contribute to the
increased adsorption of cell adhesion-mediating extracellular
matrix molecules, such as vitronectin, fibronectin, and type
I collagen, in an advantageous geometrical conformation
promoting the accessibility of specific sites in these molecules
by the cell adhesion receptors.*'* The increased adsorption
of vitronectin, fibronectin, and type I collagen, along with
the decreased adsorption of albumin on nano-rough alumina,
titanium, and HA* results in preferential osteoblast adhesion
compared with fibroblasts and endothelial cells. HA has
strong binding affinity to other serum proteins osteopontin
and osteocalcin. Osteopontin contains Arg-Gly-Asp oligo-
peptide, a cell-binding site for cell integrin receptors.*® This
might favorably affect the attachment of MG-63 cells onto the
composite with HA. Osteocalcin plays an important role in
mineralization, and its concentration in blood serum reflects
the rate of bone formation. The serum-containing culture
medium used in our experiments mimicked the situation
during graft implantation into an organism, when the blood
serum proteins adsorb competitively on the graft surface.

Composites with nano-sized HA have also been reported
to improve osteogenic cell differentiation more than com-
posites with HA microparticles. For example, the transcrip-
tional expression of early osteoblast-related genes in rat
bone marrow-derived MSCs, such as ALP, COLIAI, and
chfal, was enhanced more in the presence of nano-size HA
particles than in the presence of micro-size HA particles.*
Both 2 wt% nano-size HA and 2 wt% nano-size tricalcium
phosphate embedded in PCL nanofibers increase the activity
of ALP, and mRNA expression levels of Runx-2 and bone
sialoprotein in human MSCs cultured in a basal medium.*’
Similarly, we observed the highest concentration of osteo-
pontin, another marker of osteogenic cell differentiation, in
cells on our composites with 2 vol% of nano-HA (N2). In
cells on composites with 5 vol% of HA (N5), the concentra-
tion of osteopontin was also relatively high (Figure 11E).
In the study, only the intracellular portions of osteocalcin
and osteopontin have been quantified by ELISA, although
these proteins are also excreted by cells into the medium.
Interestingly, both N2 and N5 composites showed an early
onset of Ca release (Figures 3 and 4). The release of Ca?*
ions from HA3® and other Ca-containing materials, such as
beta-tricalcium phosphate®®*° or akermanite,***° has been
shown to increase osteogenic cell differentiation, including
the expression and synthesis of osteopontin. The addition
of Ca?* ions directly to the culture media also stimulated the
production of osteopontin.!

On composites with micro-sized HA in concentra-
tions of 20-25 vol% (HA/matrix) on day 7, which is equal
to ~29-34 wt% HA (HA/composite) or 13.1-16.2 vol% (HA/
composite), the cell number was significantly decreased. This
reduction started already on day 1 on the M25 composites,
continued on day 3 on the M20 and M25 composites, and
was clearly apparent on day 7, when not only the cell number
but also the cell viability was very low. This phenomenon
can be explained by cytotoxic effects of HA. The potential
toxicity or biocompatibility of HA particles depends on their
concentration. In a study by Qing et al,** it was found that
concentrations of HA nanoparticles ranging from 100 to
500 ug/mL reduce the growth and the viability of MG-63
cells. At a concentration of 100 pg/mL, HA nanoparticles
are found in cell lysosomes, and concentrations greater than
250 ug/mL causes apoptotic changes in the nuclei of MG-63
cells. On PVA-HA composites, the adhesion and growth of
human SV40 osteoblasts is enhanced up to HA concentration
of 50 wt%, and then decreases.”® HA-titanium composites
with 5 and 10 wt% of Ti give more support than pure HA to
the viability and growth of Saos-2 cells.®

One can expect that the cytotoxicity of HA at higher
concentrations is mediated by a relatively high release of Ca**
ions, which are known to have a negative effect on osteoblas-
tic cells in vitro.* The EDS analysis performed in our study
demonstrated an increasing tendency of the atomic fractions
of both Ca and P in the composites, which indicates increas-
ing surface incorporation of both nano- and micro-HA with
increasing HA concentration. The results of dissolution tests
then showed an increasing trend of Ca*" ion concentration
with the duration of the test for all composite samples (ie, an
increase in Ca** concentration from day 1 to day 7). However,
the concentration of Ca*" ions did not show the expected ten-
dency toward an increasing Ca* concentration as the amount
of HA in the matrix increased. This non-homogeneous nature
of HA dissolution can be explained by non-homogeneous
HA distribution and incorporation in the structure of the
composite, variable porosity, and therefore a variable surface
area in contact with CFS. Nevertheless, the concentrations
(approximately hundreds of uM; Figures 3—5) of Ca*" ions
released from the composites with the highest volume frac-
tion of micro-HA (20-25 vol%) were far below the cytotoxic
concentrations (>10 mM) reported by Maeno et al.** The
standard Dulbecco’s Modified Eagle’s medium, also used in
our study, contains 1.8 mM Ca?" ions.*! Concentrations of
Ca?"ions ranging from 1.8 to 16.2 mM in the culture medium
were found to have no significant effect on cell proliferation
but stimulated osteogenic differentiation of human dental
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pulp cells, manifested by a higher expression of osteopontin
and osteocalcin.*' In accordance with these findings, the
cells on our composites with 25 vol% of Ca showed the
highest concentrations of osteocalcin on day 3 after seeding
(Figure 11D). However, the concentrations measured in our
study reflect the average concentration in the solution volume,
and the highest levels of HA volume fractions can lead to
the presence of surface non-homogeneity and consequently
to local cytotoxic oversaturation of Ca** ions.

Other factors that influence the cytotoxicity/
biocompatibility of HA particles are their size and shape,
the physicochemical properties of the particle surface, and
also the type of cell exposed to HA. The growth inhibition
and apoptotic changes in MG-63 cells cultured in a medium
supplemented with sphere-like HA nanoparticles 20 or 80 nm
in diameter are more pronounced in the presence of the
larger nanoparticles.*® Similarly, we observed a significantly
lower number and viability of cells cultured for 7 days on
composites with 20 or 25 vol% of HA microparticles than on
corresponding samples with HA nanoparticles (Figure 2E).
The effect of nanoparticle shape was evaluated in a study by
Xu et al.*’ In the presence of needle-shaped particles in the
cell culture medium, the cell population density on day 4 after
seeding was reduced more than in the presence of spherical
HA particles. These differences were explained by a different
dissolution rate of HA in the two types of nanoparticles.?’
The shape of the particles also significantly changed the
expression of proteins. Human osteoblasts of the line hFOB
1.19 exposed to spherical particles of HA upregulated
vimentin, actin, tubulin, ezrin, myosin, and transgelin, while
filamin-A, filamin-B, and talin are downregulated.*” A study
performed in human osteoblast-like Saos-2 cells, cultured
on a titanium-niobium alloy coated with HA nanoparticles,
revealed that the physical and chemical properties of the
material surface also significantly influence the cell growth.
The cell proliferation is stimulated mainly by increased
surface wettability and energy, while the crystallinity and
the surface roughness are less important.*® On HA-titanium
composites, the surface roughness was inversely correlated
with the proliferation activity of human SV40 osteoblasts.*
Also in our study, the growth of MG-63 cells was delayed
on composites with HA microparticles, which generated
higher surface roughness than HA nanoparticles (Figure 6C
and E). The effects of HA on cell behavior also depend on
the cell type. HA nanoparticles suspended in a cell culture
medium slightly support the proliferation of primary human
osteoblasts but inhibit the growth of MG-63 cells and induce
apoptosis in this cell type.*

Previously, composites 0, N2-N25, and M2-M5 were
tested for mechanical properties,?? aimed at finding a
suitable ratio of HA nano/microparticles to optimize the
mechanical properties to be comparable with that of human
cortical bone. The modulus of elasticity in bending of
the composites is similar to that in cortical bone, which
is 14-20 GPa.* The modulus of elasticity is highest for
2 vol% nano- and micro-sized HA, and decreases with
an increased content of HA. Similarly, in the study with
PVA-HA composites, the compressive strength was shown
to reach its maximum in the material with 10 wt% of HA,
and then decrease with increasing concentration of HA.?
In addition, nano-sized HA powder was more evenly dis-
persed throughout our composite, which is advantageous
for in vivo applications.?? In accordance with this, the
compressive modulus of HA-PCL composites with HA
nanoparticles was higher than the compressive modulus
of HA-PCL composites with HA microparticles, because
the nanoparticles were more uniformly dispersed within
the material.’!

Conclusion

We prepared a novel composite material based on PDMS,
polyamide fabric, and 2-25 vol% (HA/matrix), 0.5-16.2
vol% (HA/composite), respectively, of nano-sized or micro-
sized HA. We evaluated these materials in terms of their
biocompatibility in vitro with MG-63 cells. The composites
containing nano-sized HA supported initial attachment and
proliferation of MG-63 cells on day 3. Micro-sized HA sup-
ported cell attachment and, up to a concentration of 15 vol%,
significantly increased cell density on day 7. However, higher
concentrations of micro-sized HA (ie, 20%—25% micro-sized
HA) significantly reduced the growth and the viability of
MG-63 cells, although they supported osteocalcin synthesis
in these cells. A concentration range of 5-15 vol% (HA/
matrix) of both nano-sized and micro-sized HA particles
seems to be the optimum for colonizing the composite with
osteoblasts. These composites can potentially be used in
medical applications.
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Supplementary materials

Figure SI Autofluorescence of pure composite “0” (A), composites with 2-25 vol% nano-HA (ie, N2 [B], N5 [C], NI0 [D], NI5 [E], N20 [F], and N25 [G]), and

composites with 2%-25% micro-HA (ie, M2 [H], M5 [I], M10 [J], MI5 [K], M20 [L], and M25 [M]).
Notes: Leica SP2 confocal microscope (Leica Microsystems, Wetzlar, Germany), obj x20, zoom x4, water immersion; scale bar =30 pum.

Abbreviation: HA, hydroxyapatite.
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