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Abstract:: Hydroxyapatite (HA), obtained from bovine bones,
was successfully reinforced with hexagonal boron nitrite (h-
BN). h-BN/HA composites, with BN content up to 1.5 wt %,
were sintered at various temperatures between 1000 and
1300°C, in air. Well-sintered samples were obtained after sin-
tering at 1200 and 1300°C. The presence of h-BN contributed
to dense, fine, and well-crystallized microstructure. The
results of X-ray diffraction analysis and FT-IR spectroscopy
showed that the produced composites comprised biphasic B-
TCP/HCA (HCA: carbonate partially substituted HA). High val-
ues of mechanical properties were achieved, namely

compression strength 155 MPa for the sample 0.5% h-BN/HA
and Vickers microhardness of 716 HV for the samples 1.5% h-
BN/HA, both sintered at 1300°C. U20S human bone osteosar-
coma proliferation and cell viability showed no adverse effect
in the presence of h-BN/HA, suggesting the potential use of
the produced materials as safe biomaterials in bone tissue
engineering. © 2017 Wiley Periodicals, Inc. J Biomed Mater Res Part B:
Appl Biomater 106B:2384-2392, 2018.
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INTRODUCTION

On a dry-weight basis, the bone consists of 65-70% hydroxy-
apatite and 30-35% organic compounds. Collagen is the main
organic compound present in the natural bone (95%); there
are also other organic compounds in small concentrations,
such as chondroitin sulphate, keratin sulphate, and lipids
(e.g, phospholipids, triglycerides, fatty acids, and choles-
terol).! Hydroxyapatite (HA; Caio(P0O4)s(OH),) is derived
either from natural or synthetic sources. It is regarded as a
bioactive substance and is recognized as a good bone graft
material because it spontaneously forms a strong chemical
bond with host bone tissues, which is attributed to its chemi-
cal composition and crystalline structure that is similar to the
bone mineral. HA is not only bioactive but also osteoconduc-
tive, nontoxic, and nonimmunogenic.2
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These attractive properties resulted in HA being widely
used in dental, maxillofacial, and orthopedic surgery as a
scaffolding material to repair damaged parts of the human
skeleton and deter any further damage from happening. HA
bioceramics generally feature biodegradability, simplicity of
synthesis, and the ability to achieve highly controlled mor-
phologies. Moreover, nanosized HA are proposed to be used
as delivery vehicles for proteins, antibiotics, drugs, radioiso-
topes, genes, and even antigens for vaccines and anticancer
medicines for human hepatocellular carcinoma cell, ovarian
carcinoma cell, cervical cancer HeLa cell, anthropogenic uri-
nary tumor cells, and leukemia cells. The biocompatibility of
HA materials is undeniable, which is reflected in their
wide applications in clinical medicine, such as bone
reconstruction.’
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Nowadays, the modern aspects of medicine, where the
focus is gradually shifted from the chemically synthetic bio-
materials to materials which pay careful attention to the
Mother Nature guidelines, such as tissue engineering, have
taken a great interest in the production of bioceramics of
naturally derived HA rather than in synthetic HA. The for-
mer type of biologically derived HA is an attractive alterna-
tive, which can be produced by calcination of biowastes, for
example, fish bones, bovine bones and teeth, and pig bones.
Moreover, the production of HA from biowastes is more eco-
nomical and an environmentally friendly technology.*

Nevertheless, the intrinsic weak mechanical properties
of HA limit its use in load bearing applications. One way to
overcome this limitation is to decrease the grain size and to
achieve high density. To achieve these goals, only a few sin-
tering temperatures have been used, specifically 1000,
1100, 1200, and 1300°C. The addition of a secondary phase
can also favor sintering behavior and improve the densifica-
tion of the resultant sintered HA materials.®

However, in biomaterials, the doping of HA matrix with
a secondary phase might also be proposed to potentially
satisfy another purpose. More specifically, in addition to the
restrictions mentioned above related to the poor mechanical
properties, in the biomedical field, postsurgical infection
arising from the implanted synthetic biomaterials reveals
one more problem of these types of implants. Such infec-
tions often cause severe pain, bone tissue loss and eventu-
ally require implant removal, which consequently raises
morbidity.® As the use of antibiotics is limited to prevention
and treatment of these infections, as they might lead to
highly resistant bacteria, alternative antibacterial composite
materials are investigated to overcome this big problem
encountered currently. There are many studies which have
reported alternative chemical elements, for example, cerium
(Ce), copper (Cu), zinc (Zn), silver (Ag), or gold (Au), in the
form of nanoparticles (NPs), introduced into biomaterials to
achieve antimicrobial effects.”® In particular, Ag-NPs with
various morphologies are very popular because of their
strong inhibition effect in bacterial growth.®x

This study focuses its interest on the addition of hexago-
nal boron nitride (h-BN) in HA matrix, as a material that
can favor sintering of HA and also have a beneficial biologi-
cal effect, which should potentially suppress the postsurgi-
cal infection. h-BN low-dimensional materials are among the
most promising inorganic nanosystems explored so far. h-
BN is highly thermo-conductive and mechanically strong
due to hexagonal layers that are bound to each other with
strong covalent bonds and weak Van der Waals forces.
Boron nitride (BN) molecule contains an equal number of
boron (B) and nitrogen (N) atoms. BN is isostructural to
carbon (C) and the layered structure in its hexagonal form
(h-BN) is similar to graphite.” However, unlike graphite, BN
is a very good electrical insulator. h-BN has a high thermal
conductivity and good thermal shock resistance. SizN4
ceramics increase their thermal shock resistance when BN
is added to them, which is attributed to microcracks that
exist between the basal planes in h-BN.'° BN does not (nat-
urally) exist in the nature but it is produced synthetically.

Pure BN material, which contains no binders, is used at
extreme temperatures and when purity is important. BN is
stable and inert in reducing atmospheres up to 2000°C, and
in oxidizing atmospheres up to 850°C.**

In recent years, BN is also commonly used as functional
filler in a wide variety of cosmetic applications. In this case,
the small particle size is important because a high surface
area is provided, which increases the amount of encapsu-
lated cosmetics actives. The excellent performance in the
dispersion and the nontoxic, transparent, and chemically
inert qualities make possible and advantageous the use of
h-BN in cosmetics."? Furthermore, the use of h-BN is also
proposed in nanomedicine on account of the good biocom-
patibility and biodegradation properties.

It is worth noting that new generations of semiconduct-
ing materials with adjustable band gap have been produced
through doping of other elements into BN structures. Nano-
structures through surface functionalization of BN nanoma-
terials with nanoparticles of other materials have also been
utilized at manufacturing hybrids. These advanced BN mate-
rials can also be considered for uses in biomedicine. For
instance, functionalized BN nanotubes (BNNTs) have been
tested in vitro on fibroblast cells, and demonstrated optimal
cytocompatibility even at high concentrations in the culture
medium.*?

In literature, there are few studies on the microstructure
and the mechanical properties of HA-boron composites, but
there is poor documentation on the reinforcement of HA
with h-BN."*'* To investigate the potential of such compo-
sites in orthopedic applications, where mechanically strong
and well-sintered materials are required, in this study, h-
BN/HA composites were sintered and their structural fea-
tures and mechanical properties were experimentally mea-
sured. The biocompatibility of the produced composites
using human bone osteosarcoma cells (U20S) and their
antibacterial activity against Enterococcus faecalis were also
evaluated.

MATERIALS AND EXPERIMENTAL PROCEDURE

The materials and reagents used were as follows. HA was
produced from femoral bovine bones, obtained from an
international abattoir (Carrefour SA, Erenkoy, Istanbul, Tur-
key). h-BN powder was obtained from American Elements,
USA, with an average particle size of <1 pm. NaOH 1%
solution was used for deproteinization of femoral bovine
bones (Sigma Aldrich, Germany). Hoechst 33342 (H3570)
and Calcein AM (C3099) were purchased from Life Technol-
ogies (USA). Dulbecco’s modified Eagle’s medium (DMEM)
was from SIGMA-Aldrich (D5671-Germany). L-glutamine
(BIO3-020-1B), penicillin/streptomycin (BI03-031-1B), and
trypsin-EDTA (BI03-050-1A) were purchased from Biologi-
cal Industries (Israel). Fetal bovine serum (FBS) was pur-
chased from BioWest (S1810-USA). Phosphate-buffered
saline (PBS-17-516F) without calcium or magnesium was
purchased from Lonza (USA). Human bone osteosarcoma
cell line (U20S-HTB-96) was purchased from American
Type Culture Collection (ATCC, USA).
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The femoral bovine bones were cut down to small
pieces and cleaned from bone marrow components by man-
ual scraping. The specimens were washed with tap water
and then deproteinized using an alkali solution (NaOH, 1%),
next they were dried, and finally calcinated at 850°C in air.
The obtained specimens were crushed and ground in an
alumina mortar and balls for 4 h (Planetary Ball Mill PM
200 Retsch, Haan, Germany). The resultant HA powder was
sieved through a sieve of 100 pm. The produced fine HA
powder was mixed with 0.5, or 1.0, or 1.5 wt % of h-BN
powder. The resultant powder batches were ball milled for
4 h. Cylindrical samples, with dimensions of 11 mm diame-
ter and 11 mm height, were prepared by compression of
the powder mixtures under a pressure of 350 MPa, accord-
ing to the British Standard 7253.° The green samples of h-
BN/HA were sintered at different temperatures, specifically
1000, 1100, 1200, and 1300°C for 4 h in air in an electrical
furnace (Nabertherm HT 16/17, Lilienthal, Germany).

Compression strength measurement tests of the pro-
duced materials were conducted in a universal tensile test-
ing machine DVT (50 kN, Devotrans Inc., Istanbul, Turkey),
with a displacement speed of the head at 2 mm/min. The
presenting results of compression strength are the mean
values from 6 different samples. Vickers microhardness
(HV) tests were carried out at 200 g load with 20 s of dwell
time in Shimadzu HMV-2 (Kyoto, Japan) equipment. The
density of sintered samples was measured by the Archime-
des immersion method (Precisa Gravimetrics AG, XB 2204A).
The presenting results for both microhardness and density
are the mean values from 10 different samples.

The microstructure of the fracture surface of the sin-
tered specimens was observed in scanning electron micro-
scope (SEM, JEOL 590, Tokyo, Japan; accelerating voltage
20.0 kV), equipped with EDS device (JEOL 590) for chemical
analysis. FTIR spectra were recorded at a wavenumber
range of 400-4000 cm™ ' (Shimadzu, AIM-9000; resolution
2 cm™Y). Crystallographic analysis was carried out through
X-ray diffraction analysis (XRD, D8 Advance, Bruker-AXS,
Germany) using Cu K, (1= 1.542 A) radiation.

The in vitro antibacterial activity of the h-BN/HA com-
posites was investigated against a prokaryotic strain, E. fae-
calis ATCC 29212, by using a quantitative analysis. E.
faecalis test strain (10*-10° CFU/mL) and powder samples
of h-BN/HA at 10 mg/cm® concentration were added to
9 mL Muller Hinton broth and incubated at 37°C for 24 h.
One milliliter of the sample was taken from this mixture
and was analyzed for microbial counts at the beginning of
the experiments, after 6 h and 24 h. The microbial analysis
was performed three times in this study.

Cell viability assay with osteosarcoma was also con-
ducted. U20S human bone osteosarcoma cells were cultured
in DMEM, supplemented with 10% FBS, 1% penicillin-
streptomycin, and 1% L-glutamine. 1.5 X 10° cells were
seeded on 10 cm culture plate in 10 mL cell culture
medium and incubated at 37°C in a 5% CO, humidified
incubator. At 24 h post-treatment, cells were stained by
addition of 1 pg/uL Hoechst 33342 and Calcein AM, and
further incubated for 30 min, at 37°C and 5% CO,
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FIGURE 1. Values of relative density (i.e., % of the calculated theoreti-
cal density) of the produced h-BN/HA composites with different
amounts of h-BN (0.5, 1.0, and 1.5 wt %), sintered at different temper-
atures (SD < 1%).

(protected from light). After washing 3 times with PBS, cells
were analyzed by an inverted fluorescent (Olympus 1X70)
and a confocal microscope (Zeiss, LSM 710).

Cells treated with 0.1 g of 0.5 wt % h-BN/HA, 1.5 wt %
h-BN/HA, h-BN, and HA (produced in this study, as men-
tioned above from the femoral bovine bones) were evalu-
ated for cell viability. Nontreated cells were used as a
control and handled in the same way as their treated coun-
terparts. Cells were harvested at 24 h post-treatment and
viability was assessed using the trypan blue exclusion assay.
Estimation of viability by trypan blue exclusion relies on the
loss in membrane integrity, determined by the intake of a
trypan blue dye to which cells are normally impermeable.
Quantification was expressed as the percentage of trypan
blue positive cells, and the relative cell viability (%) was
expressed as the percentage relative to the untreated con-
trol cells. The statistical significance of differences between
groups was assessed by two-tailed Student’s ¢t test. Data are
presented as mean values *=S.D. of 3 independent experi-
ments. Values with p < 0.05 were considered as significant.

RESULTS AND DISCUSSION
Densification and crystallographic characterization
The influence of the amount of BN and the sintering tem-
perature on the densification of the produced h-BN/HA
samples is clearly seen in the results of relative density
(defined as the ratio of the experimentally measured density
to the calculated theoretical density, which was calculated
assuming that the densities of h-BN and HA are 2.1 and
3.16 g/cm>™ respectively, Fig. 1) and the microstructure
(observed by SEM) of fracture surfaces (Fig. 2). First of all,
h-BN incorporation in HA results in lighter material (as h-
BN is a considerably lighter material than HA). The results
suggest that densification is rather poor after sintering at
1000 and 1100°C, but it considerably improves after sinter-
ing at 1200 and 1300°C.

The elemental analysis with EDS (Fig. 2) detected phos-
phor and calcium as major elements and boron, nitrogen,
oxygen, sodium, and magnesium. However, both B and N
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FIGURE 2. SEM images at fracture surfaces and elemental analysis (by EDS) of h-BN/HA composites: 0.5 wt % h-BN/HA sintered (a) at 1000°C
and (b) at 1300°C; 1 wt % h-BN/HA sintered (c) at 1000°C and (d) at 1300°C; 1.5 wt % h-BN/HA sintered (e) at 1000°C and (f) at 1300°C.

are light elements and thus, they are not securely detected
quantitatively by the EDS analysis.

However, the role of h-BN in the sintering behavior of
HA is somehow controversial. More specifically, the micro-
structure of the well-sintered samples (Fig. 2b,d,f) is seem-
ingly better than that developed in sintered samples of pure
HA, which were produced by the authors and reported in
our previous studies.'>!® The microstructure of the samples
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with 1.5% h-BN sintered at 1300°C is apparently more
homogeneous (in the size and the shape of the grains) than
the samples sintered at the same temperature with lower
amount in h-BN. Earlier studies reported that the presence
of BNNTs favors grain enhancement in Al,03, SizN,, HA, and
Al-based composites.'”” A similar microstructure has been
also reported in sintered stainless steel with added boron-
containing powders.'® On the other hand, according to
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FIGURE 3. X-ray diffractograms of h-BN/HA composites with different
amounts of BN sintered at 1000 and 1300°C.

Figure 1, the presence of h-BN seemingly reduced (slightly)
densification, in all temperatures.

The X-ray diffractograms of the samples with 0.5 and
1.5% h-BN sintered at 1000 and 1300°C, shown in Figure 3,
suggest that the produced h-BN/HA composites were well
crystallized. Besides the dominant peaks of HA, the peaks of
the basal plane of h-BN at ~30° attributed to the (002)
plane of h-BN, are clearly observed. The peaks of B-TCP
(beta tricalcium phosphate) are also observed in the X-ray
diffractograms at 1300°C, attributed to the partial decompo-
sition of HA to B-TCP, which usually occurs in synthetic HA
at temperatures above 1200°C.}° The resistance of HA to
extensively transform to B-TCP even at 1300°C in this study
is attributed to the biological origin of HA, which has been
observed many times in our previous studies.”'>'® How-
ever, it is worthy of noting that this thermal resistance was
not annulled by the presence of h-BN in the matrix of HA.
Moreover, biphasic HA/B-TCP materials are, undoubtedly,
bioceramics which are in increased demand (these days).
Meanwhile, there is no evidence for formation of reaction
products between h-BN and HA or formation of glassy
phase.

The FTIR spectra for all the produced samples are
shown in Figure 4. The major bands correspond to the typi-
cal vibrations of the phosphate groups in HA.?%*! The peak
of the OH group of HA at ~635 cm ™! is generally more pro-
nounced in the spectra of the samples sintered at lower
temperatures than in the spectra of the samples sintered at
higher temperatures. This is probably due to the partial
decomposition of HA to B-TCP, already mentioned above.'”
Moreover, the two small bands which peak at ~745 and
~785 cm ! strongly resemble vibrations due to carbonate
groups in HA. This possibly suggests the formation of car-
bonate partially substituted HA (HCA), probably due to the
biological origin of HA. HCA is the form of HA which is in
greatest demand among bioceramics.*’
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Mechanical properties

The influence of sintering temperature on the mechanical
properties, namely Vickers microhardness and compressive
strength, for the produced samples is shown in Figures 5
and 6, respectively. The values of both properties are rather
low in the samples sintered at low temperatures, for exam-
ple, at 1000 and 1100°C. Apparently, the improvement of
densification, discussed in the previous section, caused a
considerable increase of the values of both properties in the
samples sintered at 1200 and 1300°C. Moreover, assuming
that B-TCP is, in general, mechanically weaker than HA,19
the fact that there was suppressed transformation of HA to
B-TCP after 4 h sintering at 1300°C, also discussed in the
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FIGURE 4. FTIR spectra of the produced h-BN/HA composites sintered
at different temperatures: (a) 0.5% h-BN/HA, (b) 1.0% h-BN/HA, and (c)
1.5% h-BN/HA.
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FIGURE 5. Influence of sintering temperature on Vickers microhard-

ness of the produced h-BN/HA composites with different amounts of
h-BN.

previous section, caused the further increase of the values
of these properties from 1200 to 1300°C. If B-TCP was
formed extensively at 1300°C, then a dramatic decrease of
mechanical properties would perhaps be recorded in the
experimental results. The considerable increase of micro-
hardness in the samples with a high h-BN content (1 and
1.5%), compared to the sample containing a lower amount
of h-BN (0.5%), sintered at high temperatures, agrees fairly
well with the improvement of the microstructure (it
becomes more fine and grain enhancement of HA occurs) of
the final composite h-BN/HA composite.

The microhardness of sintered pure HA with biological
(bovine) origin (BHA) was measured in our earlier study as
145 HV for samples sintered at 1300°C,**'° which is consid-
erably lower than the values found in this study. Many
researchers have tried to reinforce HA. For instance,
BNNTs,'? carbon nanotubes,?? and stainless steel?® have
successfully been used to increase the microhardness of HA
without having a negative effect on its biocompatibility. In
our previous study, it was found that the best reinforcement
of HA was achieved by the addition of commercial inert
glass (CIG) to HA.'™ In that study, the highest value of
microhardness of the CIG-BHA composites was 507 HV,
which is evidently lower than the highest values measured
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FIGURE 6. Influence of sintering temperature on the compressive
strength of the produced h-BN/HA composites with different amounts
of h-BN.

TABLE I. Antimicrobial Activity of h-BN/HA Composites,
Analyzed for Microbial Counts at the Beginning of the
Experiments, After 6 h, and After 24 h

Antimicrobial activity (CFU/mL)

Time (h) h-BN (0.5%) h-BN (1.5%) Control (E. faecalis)
0 7.4 x 10* 7.0 x 10* 5.6 X 10*
6 9.8 x 107 8.3 x 107 1.1 % 108
24 1.3 x 10° 3.0 x 108 1.8 x 10°

in this study (Fig. 5). The improvement in microhardness in
the produced h-BN/HA composites might be because of the
finer grain size. The increase of microhardness following the
reduction of the grain size in the HA composites can be
explained by the Hall-Petch mechanism.'® Moreover, the
crystalline h-BN may also have a positive influence on the
microhardness in HA composites, better than the amor-
phous glasses (from CIG) used as sintering aids in our pre-
vious studies.

The maximum values of compression strength (Fig. 6)
are higher than the values in HA samples which contained
no h-BN, by over 30 MPa.'® Gunduz et al. measured the
compression strength in CIG-BHA composites as 133, 104,
and 106 MPa for samples sintered at 1200°C with 10 wt %
CIG, at 1300°C with 5 wt % CIG, and at 1300°C with 10 wt
% CIG, respectively.'® It is also worthy to be noted that CIG
composites seemingly suffer by over-firing effect (i.e., forma-
tion of air bubbles in the bulk of the sintered sample when
it is sintered at very high temperatures, which causes a dra-
matic degradation in mechanical properties). In this study,
h-BN may also cause a negligible over-firing effect (mainly
at 1300°C), as might be suggested by the plots of Figure 6
(the sample with the lowest amount in BN sintered at
1300°C achieved the highest compressive strength value)
and Figure 1 (the samples with the highest amount in BN
did not reach 100% densification); however, over-firing
effect was not perceptible either visibly or in the SEM analy-
sis (Fig. 2). Oktar et al. have also reinforced BHA by adding
0.25, 0.50, 1, and 2 wt % La,03 and the best value of com-
pressive strength was measured as 88 MPa for the sample
with 2.0 wt % La,05 sintered at 1300°C.%*

Biological properties
The antibacterial activity of h-BN/HA composites was inves-
tigated by the plate counting method. The microbial counts
of E. faecalis ATCC 29212 strains in the mixture are shown
in Table I. According to these results, the antibacterial effect
of h-BN/HA composites is easily observed by adding differ-
ent quantities of h-BN. More specifically, the antibacterial
durability effect of 1.5% h-BN/HA composites was better
than that of 0.5% h-BN/HA and the control group. This pro-
vides evidence that the produced h-BN/HA materials, in
general terms, should have a good antibacterial performance
in situations close to a real infection.

Then, the in vitro evaluation of the toxicity effect of h-
BN followed. U20S was treated with a variety of h-BN com-
posites, and then they were morphologically analyzed using
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FIGURE 7. Inverted fluorescent images of BN-treated U20S cells. Cells were treated with 0.1 g of material’s powder for 24 h and then counter-
stained with 1 pug/uL of Hoechst 33342 and Calcein AM for 30 min. Images were taken under 10X magnification. h-BN, hexagonal boron nitride;

HA, hydroxyapatite.

Calcein AM and Hoechst staining. According to the results
shown in Figures 7 and 8, there was no evidence of signs of
death, which is observed by the conversion of the nonfluores-
cent Calcein AM to a green-fluorescent calcein after acetoxy-
methyl ester hydrolysis by intracellular esterases. Hoechst

2390 UNAL ET AL.

33342 is a popular cell-permeant nuclear stain that emits blue
fluorescence when bound for dsDNA and is often used to distin-
guish condensed pycnotic nuclei in apoptotic cells. Counter-
staining of cells with Hoechst showed no evidence of significant
nuclear changes after treatment with the h-BN composites.
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FIGURE 8. Confocal images of BN-treated U20S cells. Cells were treated with 0.1 g of material’s powder for 24 h and then stained with 1 nug/uL
of Hoechst 33342 and Calcein AM for 30 min. Images were taken by Zeiss LSM 710 confocal microscope under 63X magnification. h-BN, hexag-

onal boron nitride; HA, hydroxyapatite.

Furthermore, the toxicity effect of h-BN was quantita-
tively analyzed by trypan blue exclusion assay, which deter-
mined by the intake of a trypan blue dye in dying cells.
Compared to control, there was no efficient change in the
viability of cells exposed to the HA only and 0.5% h-BN/HA,
which can be seen in the plot of Figure 9. Although, h-BN
and 1.5% h-BN/HA treatment showed slight decrease in the
cell viability, these cells did not show any signs of death
proved by morphological analyses in Figures 7 and 8. In
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FIGURE 9. Quantitative analysis of toxicity effect of the h-BN/HA com-
posites. p=0.189003658 for 0.5% h-BN/HA, p=0.008049893 for 1.5%
h-BN/HA, p=0.007966202 for h-BN, and p=0.274576629 for HA (all
versus control); (* statistically significant difference).

general, stress-induced environmental factors cause changes
to the cellular membrane and mitochondrial conditions in
early stages of death signal. Morphological changes, such as
nuclear fragmentation, chromatin condensation, or chromo-
somal DNA fragmentation, occur lately in the execution
stages. In our study, exposition of cells to h-BN or 1.5% h-
BN/HA seems to be effective, according to the quantitative
analysis, which relies on the membrane changes; however,
morphological analysis indicates that these cells did not go
to execution stages.

Overall, analysis of early and late death signals of h-BN
composites indicates that h-BN is qualified for being consid-
ered as a promising compound, which can be used as an
efficient and safe material in medical applications.

CONCLUSIONS

Composites of BHA reinforced with 0.5, 1.0, and 1.5 wt %
h-BN were successfully produced via consolidation of green
bodies. The samples were sintered at different temperatures
between 1000 and 1300°C for 4 h in air. The experimental
results showed that sintering of HA successfully occurs in
the presence of h-BN, without forming any reaction prod-
ucts between h-BN and HA. The presence of h-BN maintains
the intrinsic high thermal stability of BHA against transfor-
mation to B-TCP at 1300°C, and increases the Vickers micro-
hardness and compression strength, whose best values were
achieved at the highest sintering temperature, attributed to
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the fine microstructure of the sintered h-BN/HA composites.
The XRD and IR analyses revealed that biphasic 3-TCP/HCA
was formed, which is in greatest demand among other bio-
ceramic materials. The results of the biological tests suggest
that the produced h-BN/HA materials should have a good
antibacterial performance in situations close to real infec-
tions. Accordingly, both material properties and biological/
antibacterial performance qualify the produced h-BN/HA
composites for further consideration and experimentation

as

potential novel and safe biomaterials in bone tissue

engineering.
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