Available online at www.sciencedirect.com

SciVerse ScienceDirect

Ceramics International 39 (2013) 6145-6152

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

The interaction of plasma proteins with nano-size fluoride-substituted
apatite powders

L. Montazeri*®, J. Javadpour®*, M.A. Shokrgozar®, S. Bonakdar®**,
M. Khayyat Moghaddam®, V. Asgary®

aSchool of Metallurgy and Materials Engineering, Iran University of Science and Technology, Tehran, Iran
®National Cell Bank of Iran, Pasteur Institute of Iran, Tehran, Iran

Received 13 October 2012; received in revised form 10 January 2013; accepted 12 January 2013
Available online 21 January 2013

Abstract

Phase pure (HAp) and fluoride-substituted apatite (FHAp) powders were synthesized by the hydrothermal method and their specific
surface area was determined by atomic force microscopy (AFM). Human osteoblast cells were used to evaluate the bioactivity of the
samples. The influence of fluoride ions on the alteration of cell medium components was analyzed using UV-visible spectroscopy in
different exposure times. The protein interaction behavior with the pure and substituted powders was assessed by the Bradford method
and SDS-PAGE analysis. The mRNA expression level was detected by real time PCR and it was observed that the presence of an
optimal level of fluoride ions in the apatite structure has an inductive effect on collagen I and alkaline phosphatase (ALP) expression
levels. A similar trend was also observed in the protein adsorption profile indicating that the fluoride content in the apatite lattice has a
significant impact on controlling its biological performance. The maximum protein adsorption was observed on the sample with the
chemical composition of Ca;g(PO4)s(OH); 33F¢.¢7.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The extensive use of stoichiometric synthetic hydroxya-
patite (HAp) in the biomedical field is based on its
chemical similarity to the inorganic components of bones
and teeth [1]. However, in the biological environment
substituted (cation and/or anion) hydroxyapatite may be
formed as a result of exposure to the dissimilar enriched
media [2]. For example, administration of therapeutic
drugs such as sodium fluoride results in the release of
fluoride ions in the physiological environment leading to
the formation of fluoride-substituted hydroxyapatite [3].
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Besides, different ions including silicon, fluorine or magne-
sium can be substituted in the structure of hydroxyapatite
during synthesis process [4-6]. Such substitutions can modify
solubility, bone forming capability and mechanical properties
of hydroxyapatite biomaterials [7]. For instance, the positive
influence of fluoride ion substitution on the proliferation and
differentiation of osteoblast cells has already been reported in
the literature [8—10]. In addition, due to its high resistance to
biodegradation fluoride-substituted hydroxyapatite has also
been used as surface coatings on various orthopedic and
dental implants [11]. Even though, there is a general agree-
ment on the favorable effects of fluoride ions in stimulating
osteoblastic responses, further study is still required to better
understand the nature of the interaction between biomaterials
and bone-forming cells and also blood proteins in general
[12-14]. In a previous work conducted by the present authors
[15], the osteoblast response to the fluoride-substituted
apatite powders synthesized by the hydrothermal method
was evaluated. The highest proliferation rate as well as ALP
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activity was observed in the sample containing an optimum
level of fluoride ions. The main objective in the present study
was to assess and provide a more quantitative evaluation of
the osteoblast activity with the variation of fluoride ion
content in the hydroxyapatite structure. In particular, the
effect of this variation on plasma protein adsorption and
osteoblast gene expression was investigated.

2. Materials and methods
2.1. Powder synthesis

Analytical grade calcium hydroxide (Ca(OH),, Merck,
Germany), di-ammonium hydrogen phosphate (NH4),HPOy,,
Merck, Germany) and sodium fluoride (NaF, Labachemie,
India) were used as raw materials for the synthesis of pure and
fluoride-substituted apatite samples. Fetal bovine serum (FBS,
Seromed, Germany) and Roswell Park Memorial Institute
(RPMI, GIBCO, Scotland) were used in biological assays. The
details of the powder synthesis method were described in our
previous work [15]. In brief, stock solutions of (NH4),HPO,
and Ca(OH), were prepared by dissolving the precursors in
distilled water. NaF was used as a source of F ions in this
study. Pure and F ion substituted powder samples were
prepared by dropwise addition of appropriate amounts of P
and/or P+F ions containing precursor solutions into the
stirring Ca(OH), solution. Mixtures with different composi-
tions were stirred for 10 min prior to transferring to a stainless
autoclave reactor. After 8 h of hydrothermal treatment at
15.2 atm and 200 °C, the reacted powders were washed with
distilled water and finally dried at 80 °C for 24 h. The fluoride
ion content was determined by conducting F-selective elec-
trode experiments. The composition of the samples selected for
further characterization were Ca;o(PO4)s(OH),, Ca;o(POy)s
(OH); 33F0.67, and Ca;o(PO4)s(OH)o.5sF 142, coded as HAp,
FHAp-0.67, and FHAp-1.42 respectively.

2.2. Zeta potential measurement and particle size
distribution

The effect of fluoride ion content on particle surface
potential was determined by measuring the zeta potential.
The powders were soaked in tris(hydroxymethyl)amino-
methane (TRIS, Merck, Germany) solution buffered at pH
7 for 14 days prior to zeta potential measurement using
Zetasizer (ZEN 3600) from Malvern instruments. The
same procedure was performed for particle size determina-
tion using dynamic light scattering (DLS).

2.3. UV-visible spectroscopy

Preparation of the powder extracts were performed
according to ISO 10993-12 procedure in which 1ml of
culture medium (RPMI) was added to 0.1 g of powder
samples and incubated in a shaking incubator for 21 days
at 37 °C with mild shaking. The powder samples were left
for 6 h to settle down prior to test and the test samples

were removed. Pure culture medium kept under the same
condition was used as a control sample. Variation in
medium chemistry was assessed by performing UV-
visible spectroscopy (Shimadzu, 1601) in the 200-800 nm
wavelength range at different time intervals including 1, 7,
14 and 21 days [16].

2.4. Protein adsorption assay

To determine protein adsorption, equal amount (1 mg/ml)
of each powder composition in de-ionized water was mixed
with diluted FBS (100 pg/ml). The particles settled after 24 h
and the supernatant solutions were removed. The particles
were rinsed once and twice with water prior to proteins
adsorption test. In order to quantify the adsorbed proteins,
the particles were washed with 0.01, 0.1, and 1 M potassium
chloride solutions. Washing stage was repeated few times in
order to detach all the adsorbed proteins. Subsequently, the
amount of adsorbed proteins were analyzed by using protein
determination assay based on the Bradford method [17]. The
washing mediums were also resolved by performing SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) following the
Bio-Rad instruction manual (Mini protein tetracell). Silver
nitrate was used as a staining agent.

2.5. Determination of the specific surface area

The powders were dispersed in acetone using ultrasonic
bath for 2 min and dropped on a pre-warmed glass slide.
Atomic force microscopy (AFM, JPK, Germany) was
operated in tapping mode using NSC15/AIBS tips on 5
randomly selected points. The specific surface area (SSA)
was calculated from the sum of the specific edge surface
area (ESA) and the specific basal surface area (BSA)
according to the following equation based on the previous
published procedures [18,19]. By using AFM images and
JPK SPM data processing software, the height (%), the area
(A), the perimeter (p) and the volume (V) of the powders
were determined (p is the density of powder).

BSA=2x4/(px V) (1)
ESA=hxp/(pxV) ()

2.6. Viability test

In order to find the best concentration of the powder for
gene expression assay, three different concentrations of the
samples (10 mg/ml, 1 mg/ml and 0.1 mg/ml) were prepared
in RPMI medium and kept at 37 °C for 21 days. The
toxicity test was performed by the direct contact method
after the cells exposed to each concentration directly
without any settling or centrifugation. The human primary
osteogenic sarcoma cell line MG63 (NCBI C-116; National
Cell Bank of Iran, Pasteur Institute of Iran, Tehran, Iran)
was cultured in RPMI medium supplemented with 10%
fetal bovine serum, and antibiotics (100 U/ml penicillin
and 100 pg/ml, streptomycin, Sigma, USA). The cells were



L. Montazeri et al. | Ceramics International 39 (2013) 61456152

harvested using 0.25% trypsin-EDTA solution in
phosphate-buffered saline (PBS; pH 7.4) and later were
seeded on a 96 well culture plate at a density of 10 x 10*
cells/well. The cultures were incubated at 37°C in a
humidified 5% CO, atmosphere for 24 h. Subsequently,
the culture mediums were removed and powder extracts
with 10% FBS were added to each well. After 24 hours, the
extracts were removed and 100 pl neutral red solution in
RPMI (40 pg/ml) was added to each well. The test plate
was incubated for 3 h to incorporate the vital dye into
survival cells. Then the medium was removed and rinsed
rapidly in CaCl, (1%)/formaldehyde (1%) solution.
Finally, the dye was extracted into 200 pl solution of acetic
acid (1%)/ethanol (50%) for 10 min and the optical
density of the samples was measured by a microplate
reader (STAT FAX 2100, USA) at 540 nm.

2.7. RNA extraction and cDNA synthesis

Gene expression was analyzed by seeding 200 cells per
each well in a 6 well culture plate the same as the toxicity
procedure. After 24 h, the medium was removed and 0.1 mg
of each sample in 1 ml culture medium (RPMI supplemen-
ted 10% FBS) added to the wells. The plate was incubated
for 14 days at 37 °C with the addition of medium at the day
7. The extraction of total RNA from cultured cells was done
at the day 14 using RNeasy MiniKit (QIAGEN, 74104)
following the manufacturer’s instructions. The concentra-
tion of cellular RNA was quantified by determining the
maximum absorbance at 260 nm wavelength in a UV—
visible spectrophotometer (Eppendorf, Germany). CDNA
was obtained by mixing 1 pg of total RNA and 20 pl of
reaction mixture including 4 ul PCR buffer (15X), 2 pul
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dNTPs (20 mM, Roche, Germany), 1 pl 10 pmol/ul random
hexamer (N6; Roche, Germany), 2 ul deionized sterile H,O
and 1 pl reverse transcriptase (200 U/ul; Fermentase, Rus-
sia). Finally the mixture was kept at 42 °C for 45 min and
then incubated at 90 °C for 5 min.

2.8. RT-PCR analysis

PCR amplification was performed using specific primers
as collagen I FW: 5 GGACACAATGGATTGCAAGG
3, RV: 5TAACCACTGCTCCACTCTGG 3/, alkaline
phosphatase FW: 5 TGGAGCTTGTCTGAGTACCAG
TCC 3, RV: ¥ ATCTCGTTGTCTGAGTACCAGTCC
3" and GAPDH FW: 5 GGGCTGCTTTTAACTCTGGT
3, RV: 5 TGGCAGGTTTTTCTAGACGG 3’ with the
marker of GeneRuler™ 50 bp DNA ladder. For the next
step, the mixture of 2.5 ul of 10X PCR buffer, 1 ul of
25mM MgCl,, 1.5u dNTPs (10 mM), 0.5 ul of each
primer (10 pmol/ pl), 0.1 ul of Tag-DNA polymerase
(5 U/ul; CinnaGen, Iran), and 3 pl of cDNA was prepared.
Then 37 cycles of amplification were applied to the mixture
consisting of 92 °C for 30 s, 62 °C for 30 s, 72 °C for 1 min
and finally 72 °C for 10 min. After all agarose gel (2%)
electrophoresis containing ethidium bromide was used for
PCR products visualization.

2.9. Real time PCR analysis

The primer sequences specific for the target genes of
collagen I (FW: 5 GCCAAGACGAAGACATCCCA
3, RV: ¥ CACACGTCTCGGTCATGG 3'), alkaline phos-
phatase (FW: ¥ TGGAGCTTCAGAAGCTCAACAC 3,
RV: ¥ TGGAGACACCCATCCCATCT 3') and the internal
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Fig. . AFM images of the samples with an approximation of their average size. (a)HAp, (b)FHAp-0.67 and (c)FHAp-1.42.
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control gene GAPDH (FW: 5 GAAGGTGAAGGTCG-
GAGTC 3, RV: ¥ GAAGATGGTGATGGGATTTC 3)
were used for gRT-PCR. The real-time PCR was performed in
an ABI 7300 real-time PCR system (Applied Biosystems) with
SYBR Green PCR master mix (Applied Biosystems).

3. Results and discussion
3.1. Zeta potential

The electrostatic interaction between the biomaterial sur-
face and protein can be controlled by variation in the surface
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charge of adsorbents. In this study the effect of fluoride ion
content on particle surface charge was determined by
measuring the zeta potential. The findings showed 5.47,
6.56 and 6.61 mV potential for HAp, FHAp-0.67 and
FHAp-1.42 respectively. The results obtained for hydroxya-
patite are in agreement with the previous report [20]. Zeta
potential determination is often performed to evaluate the
electrostatic interaction between the particles surface and
proteins. For instance, the favorable effect of positive zeta
potential on albumin adsorption to the nano-ceria particles
has already been observed in the literature [21]. There was an
increase in the zeta potential values with the increase in

Table 1
Particle characterization by DLS and AFM, diameter and width were evaluated by DLS and specific surface area of each sample determined with AFM.
Simple Particle diameter peak (nm) Particle width peak (nm) BSA=2xA/(p x V) (m?/g) ESA=/h x p/(p x V) (m?/g) SSA (m?/g)
HAp 409 34.71 25.00 5.83 30.83
FHAp-0.67 472 39.39 25.00 5.44 30.44
FHAp-1.42 831.6 140.8 14.29 3.66 17.94
a
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Fig. 2. (a) UV-visible spectra of powder extracts at different times and (b) UV-visible spectra of control samples.
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fluoride ion substitution in the apatite structure. This
behavior has been attributed to the attraction of more
positive ions on particle surface due to the stronger electro-
negativity of fluoride ions [22].

3.2. AFM image

The specific surface area of each sample was determined
by using extracted information from both AFM images
and DLS (Fig. 1 and Table 1). FHAp-1.42 sample showed
the lowest level of SSA, while the other two samples (HAp
and FHAp-0.67) exhibited almost similar quantity. The
thickness and length of the particles as well as agglomera-
tion were raised by increase in fluoride substitution which
is in agreement with Rameshbabu et al. report [23].

3.3. UV-visible spectroscopy

Variation of cell medium components due to the interaction
with different powder compositions was analyzed using UV—
visible spectroscopy. Fig. 2a presents UV/vis spectrum of
powder in different time intervals (normalized to the control).
Fig. 2b represents the UV spectra of the control samples.
Incorporation of F ions in the apatite structure affects the
amount of ionic release and the pH values in the medium. The
medium color change associated with the change in pH values
alters the absorption band intensity at 560 nm as indicated in
Fig. 2. The absorption band at 240 nm is believed to be related
to the variation of culture medium composition [16]. As
demonstrated in the spectra, the same trend for all the samples
can be observed. FHAp-0.67 and FHAp-1.42 respectively
showed the least and the highest amount of medium compo-
nent absorption until day 14 while it changed at day 21. The
cell culture mediums contain different components and each
one may be adsorbed by the test samples and desorb through
the test process.

3.4. Protein adsorption

The amount of serum protein adsorbed on the samples with
different compositions is illustrated in Fig. 3. As shown in this
diagram, the powder sample coded as FHAp-0.67 absorbed
more FBS proteins compared to the other samples. As pointed
out earlier the extent of interaction of the biomaterial with the
protein is determined largely by the surface characteristics of
biomaterial. From the results shown in Fig. 3, it may be
concluded that initially the increase in surface zeta potential
values works in favor of more protein adsorption (sample
FHAp-0.67). However, at higher substitution levels (sample
FHAp-1.42) a reduction in protein adsorption was observed as
indicated in Fig. 3. In other words, there is a reduction in
protein binding affinity of the apatite structure with the
increase in fluoride ion substitution in the structure. The
results implicate the importance of hydroxyl groups as protein
binding sites. The contact surface of the powder and protein is
another important parameter in protein adsorption. In this
study, it was found that at higher fluoride content the diameter

of the particles increased and specific surface area decreased.
Therefore, the amount of fluoride in apatite structure is critical
for protein adsorption due to both the chemical and physical
variations. In addition, types of protein, period of exposure
and environmental conditions also dictate the amount of
adsorption. It should also be mentioned that washing the
particle surfaces with 0.1 M potassium chloride solution was
more effective in isolating the adsorbed proteins.

3.5. SDS-PAGE analysis

Fig. 4 displays the results of the SDS-PAGE analysis.
Columns 1-3 present the results on the FBS+water
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Fig. 3. The amount of protein adsorbed on different particle surfaces
determined after washing once and twice with water (W1 and W2) and
KCI (0.01, 0.1 and 1 M) solutions.

1 2 3 4
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Fig. 4. SDS-PAGE analysis. Columns 1-3 present the results on the
FBS+water solutions after 24 h exposure to HAp, FHAp-0.67 and
FHAp-1.42 powder samples respectively. Columns 4-6 and 6-9 are the
analysis on 0.1 and 0.01 M KCI washing mediums respectively.
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solutions after 24 h exposure to HAp, FHAp-0.67 and
FHAp-1.42 powder samples respectively. Columns 4-6 and
6-9 are the analysis on 0.1 and.0l1 M KCI washing
mediums respectively. A closer examination of columns
1-3 shows the bands of unattached proteins to the surface
of the samples. The appearance of a band at 80 KDa after
washing the particles with 0.1 M KCI solution, suggests a
preferential adsorption of proteins with molecular weight
of 80 kDa on the surface of the powders (columns 4-6).
These findings confirm the results of Bradford analysis too
and show that the solution of 0.01 M KCI cannot detach
the protein from particles while increase in KCI concentra-
tion to 0.1 M, can lose the protein attachment. This
concentration (0.1 M KCl) is sufficient for protein separa-
tion and concentration of 1 M KCI, did not show any
change in the amount of washed protein.

Due to the large surface area/volume ratio nanoparticles
tend to agglomerate and adsorb proteins. The high affinity of
hydroxyapatite to proteins has been reported previously [24].
For example, adsorption of lysozyme and salivary proteins to
these particles has been confirmed [25,26]. It has been reported
that the adsorption of enamel proteins is enhanced by
increasing fluoride content in HA structure [27]. Also, increase
in fluoride content of hydroxyapatite discs results in decrease
of statherin and histatin and increase of basic proline rich
protein 2 adsorption [28]. Eggen and Rolla showed that
desorption of albumin from hydroxyapatite is enhanced by

FHAp1.42(1)

HAP(10)

the presence of fluoride in the structure while others reported
that the albumin adsorption depends on the fluoride concen-
tration [29,30]. This dependence may enhance or inhibit serum
protein adsorption on the material surfaces. Therefore, opti-
mizing the fluoride content in the composition may signifi-
cantly improve the biological response [22].

3.6. Viability assay

According to the 1SO10993-12, cell toxicity evaluation
needs at least 100 mg/ml concentration of the powders.
Although this concentration did not show any chemical
toxicity [15], the precipitation of these powders above the
cell layer may physically cover the cell surface and cause cell
death. The osteoblast cells were exposed directly to the
samples with different concentrations (0.1, 1 and 10 mg/ml)
in order to find the non-lethal dilution ratio. Fig. 5 shows
the results of cell viability after neutral red staining and
confirms the viability of the cells exposed to 0.1 mg/ml
concentration compared to control.

3.7. RT-PCR results

Both qualitative and quantitative PCR results are pre-
sented in Fig. 6. As seen in this figure, the low fluoride
containing sample (FHAp-0.67) showed the highest col-
lagen I and ALP activity levels. The positive influence of F
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Fig. 5. The osteoblast cell proliferation exposed to the samples. 0.1 mg/ml concentration shows the cells viability compare with control (magnification x 200).
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Fig. 6. PCR results (quantitative and qualitative) for collagen I and ALP activity. The results were normalized with glyceraldehyde-3-phosphate

dehydrogenase (GAPDH).

ions on osteoblastic cell attachment, proliferation, differ-
entiation as well as extracellular matrix (ECM) protein
secretion has already been reported in the literature [31—
33]. Furthermore, as indicated in Fig. 6 the powder sample
containing more F ions (FHAp-1.42) showed the least
collagen I and ALP expression levels. The results presented
in Figs. 3-5 are consistent with earlier reports, that only a
moderate content of F ions in the apatite structure is most
suitable in improving the cellular productions [30-33].

4. Conclusions

The effect of fluoride ion concentration in the apatite
structure on protein adsorption was investigated. It was
found that an increase in the fluoride ion content changes
the biological performance of the powder in a dose and
time dependent manner and more protein was adsorbed on
a powder with moderate amount of fluoride substitution in
the structure. This sample also exhibited higher level of
collagen I and alkaline phosphatase expression levels.
Additional in vivo experiments are in progress to investi-
gate the effect of ionic substitution on the apatite powder
behavior when exposed to the circulating blood protein at
various times.
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