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The bone-bonding potential of biomaterials is evaluated in vitro through
examining the surface apatite formation in Hank’s media to enhance biocom-
patibility, which is also applicable to facilitate in vivo osseointegration of
implantable devices. Hence, bovine hydroxyapatite (BHA) bioceramic structures
have been used in various biomedical applications such as orthopedic implants.
In this article, the microstructure, in vitro bioactivity, and nanomechanical
properties of the synthesized dense and porous BHA are investigated via scan-
ning electron microscopy, x-ray diffraction, energy-dispersive x-ray spec-
troscopy, Fourier transform infrared spectroscopy, and nanoindentation
analysis. From the obtained results, porous BHA mostly possesses adequate

requirements for substitution as implants in the human body.

INTRODUCTION

Hydroxyapatite (HA), with the chemical formula
Ca9(PO4)s(OH)s, is deemed a prominent bioceramic
with various biomedical approaches.® Hence,
because of its excellent biocompatibility, osteocon-
ductivity, bioaffinity, and slow replacement
response by the host after implantation, HA is
widely considered in implant industries.® Con-
cerned with the attractive characteristics of HA,
several methods have been applied to chemical
synthesize such wet-precipitation, continuous pre-
cipitation, hydrothermal, and sol-gel also extracting
from natural human, animal, and plant
resources.*® In the case of obtained bovine HA
(BHA) from animal bone structure, the derived
powder possesses desired properties of real bone
that provide the capability of direct bone formation.
Moreover, the resulted biocompatible materials
perform a rapid bone graft without allergenic and
inflammation risk.” Based on the reported research,
HA is capable of bonding directly to tissues and of

(Published online February 14, 2017)

promoting osseointegration feasibility of porous and
dental implants for orthopedic and dental applica-
tions. Nevertheless, a main challenge of synthesized
HA is its poor mechanical stability particularly in
wet media.®? Hence, its clinical targets are limited
to low-load-bearing approaches such tooth replace-
ment, filling periodontal pockets, the prosthesis
regions adjacent to hard imglants, spinal fusions,
and nonunion of long bones.'® More recently, scien-
tists have focused on preparing hydroxyapatite with
a porous morphology. Hence, a porous HA structure
results in strong bonding with the host bone. In
addition, the pores of such an implant help achieve
a mechanical interlock that leads to more powerful
material fixation.'"'? For ideal osteointegration, the
dimensions and porosity are reportedly considered
the most important factors. The minimum pore size
requirement for macro-pores to enable bone
ingrowth with blood supply ranges from 100 um to
150 um.'® Moreover, dense HA structures have been
used in dentistry, percutaneous access assist
devices (PADs), continuous ambulatory peritoneal
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dialysis (CAPD), and permanent space fillers to
repair bone defects. Nonetheless, dense HA is
mechanically brittle and can only be used in low-
mechanical-stress applications. HA materials boast
a strong structure with acceptable mechanical prop-
erties and can bond rapidly with the host. Yet,
several limitations exist, such as low absorbability
during application.'* To assure stability of the bone-
like implant and rapid osseointegration, biomateri-
als are required to possess the biocompatibility
potential for reasonable durability. Thus, BHA with
mimic natural bone properties is applied to rehabil-
itate bone defects and create stable bonding amid an
implant and a natural bone as biodegradable fea-
tures. It is reported that the integrated bone-like
cement prevents the failure loosing by filling the
clearance space. The current mechanism suggests
that the reaction may involve higher absorption of
calcium (Ca) and phosphors (P), and the improved
fracture resistant can be corresponded to for stabil-
ity and durability of implanted devices.'®

Herein, two morphologies of BHA bioceramic
materials (dense and porous) were successfully
developed from bovine bone. The dissolution behav-
ior of both BHA samples was investigated by
immersing the samples into calcium-free Hank’s
balanced salt solution for certain periods of time.
Moreover, the nanomechanical properties of BHA
were determined in terms of nanoindentation and
nanoscratch analysis. The results of this investiga-
tion are expected to provide information on the
characteristics of natural-biological origin bioceram-
ics, especially the dissolution behavior of BHA bone
graft. This shall become the first step toward
producing low-cost BHA bone graft products for
biomedical applications.

EXPERIMENTAL PROCEDURE
BHA Powder Preparation

Cortical bovine bones were collected from local
slaughterhouses. To avoid soot formation in the
material during heating and to remove organic
substances and collagen using boiling followed with
sun drying was compulsory. The dried cortical bone
samples were cut and heated in air atmosphere at
900°C for 2 h with a temperature rate of 5°C min .
The cooled bovine bone pieces were crashed using
mortar pestle and sieved to obtain BHA powder
with a particle size less than 400 ym.

Dense and Porous BHA Preparation

Dense BHA samples were produced by compact-
ing BHA powder at 156 MPa into pellet bodies using
cylindrical dies (D = 20 mm). The compacted green
bodies were pressureless sintered in an atmospheric
furnace with heating and cooling rates of 5°C min "
at 1200°C for 2 h. In addition, the porous samples
were fabricated by using a planetary ball milling of
the bovine bone powder with 30 wt.% coarse sucrose

powder as a porogen. Afterward, the obtained
mixture was uniaxial pressed under the same
conditions as the dense samples. Likewise, the
compressed green bodies were pressureless heat
treated under the mentioned sintering conditions.

Surface Characterization

The morphology and microchemistry features as
well as the Ca/P ratio transformation of the speci-
mens’ surface before and after immersion in Hank’s
solution were investigated with scanning electron
microscopy (SEM, INCA Energy 200, Oxford Insti-
tute), Changes on the surface morphologies and
microstructure of the samples before and after
immersion were characterized by environmental
scanning electron microscopy (SEM, INCA Energy
200, Oxford Institute), energy-dispersive x-ray spec-
troscopy (EDX, INCA Energy 200, Oxford Institute),
and microanalysis Suit V4.05 software, respectively.
Furthermore, the detected phases in the dense and
porous structures were analyzed by x-ray diffrac-
tometer (XRD, Siemens D5000, Germany) with
CuKu radiation power of 50 kV, 300 mA, and scan
rate of 0.02° s~1. The nanomechanical properties of
the specimen were conducted using the Berkovich
indenter of the Triboscope system (Hysitron Inc.,
USA). The ISO 14577 standard was implemented
for nano-indentation and scratch analysis."®

Immersion Test

The immersion test was carried out according to a
related study by Pourbaix on the corrosion behavior
of materials used as implants. Herein, focus was
placed on the vital role of Ca/P dissolution and
precipitation in bioceramic bone graft as well as on
biocompatibility assessment in body media.'”
Therefore, based on the physiological issues related
to the potential of hydrogen (pH) considerations,
Hank’s solution is used to examine the in vitro
bioactivity through dissolution of HA as an oxide
layer biomaterial. As a result, immersion analysis of
both dense and porous BHA bioceramic structures
was conducted in a calcium-free composition of
Hank’s balanced salt solution.'® Dissolution analy-
sis was also performed by immersing the BHA
samples with both structures into separate, sealed
polyethylene bottles containing 20 mL of Hank’s
body simulated solution with the composition pre-
sented in Table I and pH of 7.4 (Sigma Aldrich
Company, St. Louis, MO).

It is worth noting that the volume of each bottle
was sufficient to accommodate the immersed sam-
ples, which were kept in an incubator at near-body
temperature of around 36.5°C for 3 days, 8 days,
16 days, 28 days, and 36 days. After the specimens
were soaked for the predetermined intervals, they
were removed from the solution, gently washed with
deionized water, and phosphate-buffered saline
(PBS) to remove residual solution and subsequently
dried at room temperature.
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Table I. Composition of Hank’s balanced salt solution

Constituent KCl1 KH,PO,
Gram/liter 0.40 0.06

NaCl NaHCO3 NazHPO42H20
8.00 0.35 0.06

RESULTS AND DISCUSSION
Microstructure Analysis

The observed SEM morphologies of synthesized
dense and porous BHA before and after 16 days and
36 days’ immersion in Hank’s balanced salt media
are illustrated in Fig. 1. The offered micrographs of
dense surfaces (Fig. 1a,b) as well as the porous
condition (part ¢, d) before soaking into the body-
simulated solution display rough surfaces with
almost no macropores, cracks, and precipitating
particles except a few with diameters of less than
5 pum. In addition, with respect to the reported results
by Salgado et al.,'® related to the various chemical
and physical properties of bioceramic materials such
surface roughness and pores topography, the effects
of cellular adhesion and proliferation are important
aspects worth investigating in the stability ofimplant
materials.'® Accordingly, after 16 days’ immersion of
dense and porous BHA, the surfaces started to exhibit
apatite precipitation (part e, h). Such a mechanism
reaction of material precipitation that results in
creating a thick layer of apatite with a Ca/P ratio of
0.7-2.3 and a superiority of porous structure was
introduced without any pretreatment of the samples
in alkaline solution. This effect plays a key role on
bone ingrowth and on the implant fixation bone-like
apatite layer, which was also in agreement with
Kokubo and Takadama’s research.?’ Gradually, by
increasing the immersion time to 32 days, the con-
centration of precipitating materials increased on the
surface, as demonstrated in parts g and 1 for dense
and porous samples, respectively. Moreover, the
thick agglomerates formed on the BHA surface,
which behave as a bone-like apatite layer discussed
by EDX analysis that confirmed the Ca/P ratio of the
apatite film is 2.3, which is higher than that in pure
HA. This issue is linked to the formation of carbonate
hydroxyapatite on the surface. In the case of porous
BHA, the surface is completely covered with a thick
apatite layer without any pretreatment in body-
simulated solutions that was assisted by the
higher apatite formation affected by higher absorp-
tion of Ca and P to induce the heterogeneous nucle-
ation phenomena, which plays a key role in bone
ingrowth and implant fixation.?!??

The initial cracks first appeared on the surface
after some primary immersion time. It is obvious
that the number of cracks and precipitation
increased. This phenomenon, which is addressed
by the dissolution reaction, followed the research
conducted by Fazan and Marquis et al.?® The crack
distribution with different immersion times for both

dense and porous BHA structures highly affects the
mechanical properties.?* Higher magnifications of
SEM morphology may contribute to distinguishing
the surface roughness of BHA before and after
immersion processes. Again, the pores contained
macro and micro structures, yet no cracks were
observed on the surface. In regard to the enhanced
precipitation process in the case of porous BHA
structures, it can be deducted from the morphology
formed that Ca/P precipitated not only in the top
area of the porous BHA surface but it also deposited
inside the macropore structure.

Structural Characterization

Figure 2a and b illustrates the XRD patterns
and detected phases in the dense and porous BHA
specimens for both initial and final states of
immersion in Hank’s balanced salt solution. The
detected peaks were identified using standard code
JCPDS 9-432, the crystalline stoichiometric HA,
and JCPDS No. 9-348 for triclacium phosphate (-
TCP). The main phase transformation of «-TCP
was mainly occurred after sintering at a range of
1000°C to below 1100°C. Thus, in the diffraction
pattern of these dense BHA samples, a crystalline
HA peak and two weak «-TCP peaks can be mostly
indexed. The XRD patterns of as-received bovine
bone present the nanocrystalline apatite in bone
matrix. With increasing the sintering temperature
to 600°C, the apatite peaks gradually appeared in
the XRD pattern. The phase analysis of a bone-like
structure at a higher annealing temperature
matched to 700°C, 800°C, 900°C, and 1000°C were
assessed with similar reported results at 600°C
and matched with the dominant substantial pat-
tern with raised and reduced peaks in height and
width, respectively.® Thus, indicating an increase
in crystallinity and crystallite size at a higher
temperature followed in this research. All the XRD
signatures for BHA samples were in agreement
with the stoichiometric HA characterized pattern
(XRDJCPDS data file No. 9-432). In addition,
thermal treatment at above 1100-1200°C lead to
partial phase decomposition of HA to pattern
minor calcium phosphate phases (f-TCP). When
1200°C was reached, the current intensity of
characterized HA peaks appears for the S-TCP
phase, which are located at angular 20 positions of
27.78, 31.18, 44.58, and 47.78 subsequently. The
phase characterization confirmed that the stability
in the bone matrix was not disrupted when
annealed in air up to 1000°C. The sintering
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Fig. 1. SEM micrograph images of BHA structures (a, b) dense and (c, d) porous before immersion, and for dense BHA 16 days’ immersion in
Hank’s balanced salt solution (e, f), 32 days (g, h), and case of porous BHA (i, j) 16 days and (k, 1) 36 days.

transition of BHA samples at 1200°C provided the
stability of developed artificial bone materials with
higher intensity in the case of porous samples.
Accordingly, after the immersion step, the BHA
structures were reinforced with a formed appetite
structure that represents the considered chemical
absorption process within saturated Hank media.
Most HA peaks were supposed to be intact even
after 36 days of immersion, indicating that the HA
phase did not degrade. Nevertheless, the presence
of -TCP (500) and (511) weak peaks in the dense
BHA samples immersed for 28 days indicates that
these samples slightly degraded due to released Ca
and P ions into body-simulated solution. In direct
relation with the porous samples marked part (b),
all peaks from the porous BHA sample before
immersion were identified more strongly using
JCPDS No. 9-432, indicating they belonged to the
crystalline stoichiometric HA with no other impu-
rities detected until 16 days of immersion. After
immersion for 28 days, the analysis process was
repeated and it was found that the number of HA
peaks decreased but o-TCP peaks appeared. The
presented graphs prove that after 28 days of
immersion, the dissolution process became domi-
nant compared with the previous precipitation
process.

Elemental Analysis

Figure 3 demonstrates the elemental composition
and transformation ratios of Ca/P and EDX analysis
attached with SEM observation for dense and
porous BHA structure, before and after immersion
in Hank’s solution. Based on obtained EDX results
related to elemental analysis and Ca, P, and O
concentrations, it can be concluded that the thick
apatite layer was created on the surface of both
BHA structures with different elemental concentra-
tions. This assessment may contribute to the capa-
bility of quick osseointegration for orthopedic
implant materials. In terms of decreasing Ca and
P content ratios within the porous structures for the
different immersion times, the dissolution of related
samples appears higher than that of the dense
samples. This is likely the reason for the higher
decrement of Ca and P content in the porous state
rather than in the dense structures.

Nanomechanical Properties

The nanomechanical properties of the specimen
were determined in terms of nanoindentation and
Nanoscratch tests.?”?® To examine the strength
properties of synthesized BHA, the ISO 14577
standard was implemented for nanoindentation.
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Fig. 2. XRD graph and detected phases of dense BHA (a) and porous samples (b) before and after various immersion time in Hank’s solution,

TCP (tricalcium phosphate) [*].

Fig. 3. EDX graphs of dense BHA structure (a) before, (b) after 16 days, and (c) after 36 days and for porous sample (d) before, (e) after

16 days, and (f) after 36 days of in vitro bioactivity analysis.

The applied parameters were involved by maintain-
ing a constant indentation depth. The speed for each
loading and unloading step was also kept constant.
The nanoscratch parameter on the specimens was
set at a penetration load of 4000 uN and a constant
scratch speed of 0.13 uN s~ with 4 um of scratch
length and indenter penetration depth of 150 nm.
The nanoscratch hardness was measured at

7.0 £ 0.3 GPa and  normal hardness of
6.0 + 1.1 GPa. Moreover, Fig. 4a and b represents
the effect of immersion time on the calcium and
phosphorous concentrations for both dense and
porous BHA structures, whereas Fig. 3 demon-
strates that calcium and phosphorous content in
the related samples decreased as a result of longer
immersion time. The content of the mentioned



696 Eslami, Mahmoodian, Hamdi, Khatir, Herliansyah, and Rafieerad

@ 40 (b) 40
35 35 )
L L
30 T 30 T 4
1 B 1
25 | | . 25
5 5
= 20 l S 20
.a g
Z 15 §\§\§ 15 \ =
o b4
10 10
5 5
0
0 Day 16 Days 36 Days 0 Day 16 Days 36 Days
-8-P K 16.95 14.59 13.13 -o-P K 15.91 12.66 13.42
CakK 35.13 26.75 23.26 ——Cak 34.62 28.02 28.68
Day(s) of Immersion Day(s) of Immersion
© 19
1.8
1.7 B== —ecoo--- -
e 16 : )
- |
¥ 15
&
S 14 1 !
1.3 I
©—Porous BHA
1.2
—#— Dense BHA
1.1
= M= Stoichiometry HA
1

0 Day

16 Days 36 Days

Day(s) of Immersion

Fig. 4. Effect of immersion time on the calcium and phosphorous concentrations in (a) dense and (b) porous structures when (c) compared with

stoichiometric HA.

elements rapidly decreased from the initial state
(before immersion) until 16 days of immersion.
Nonetheless, with this amount of time, the Ca and
P content decreased slightly as represented by the
low graph slope in Fig. 4c for Ca and P content after
immersion for 16-36 days.

The changes in Ca and P content in the dense
BHA structure samples highly affected the Ca/P
ratio. Remarkably, the dense BHA samples had a
Ca/P ratio of 1.68 before immersion in Hank’s
solution. It is worth noting that the related Ca/P
ratio is closer to the Ca/P ratio of standard stoichio-
metric HA equations. These results are also sup-
ported by the XRD graphs and detected phases of
dense BHA structure samples in the primary
immersion condition (JCPDS 9-432) for stoichiomet-
ric HA. When the dense BHA structure samples
were immersed for 36 days, the Ca/P ratio shifted to
1.65 (part c¢). Additionally, these results match the
results reported by Kokubo and Takadama, which
indicate the apatite layer precipitates on the

surface.?® The same comparison amid mechanical
properties of real bone and synthesized BHA from
natural resources could be also applicable for inves-
tigation of the suitability of the sintered BHA
biomaterials in practical and implant applications.
In addition, the examined reasonable aspects of
developed bone-like structures are not valuable
unless the desired nanomechanical characteristics
are being sacrificed within a minimum number of
experiments and costs. Therefore, these analysis
methods may be considered to be appropriate alter-
natives for tribological investigation of BHA
structures.

Chemical Compounds and FTIR Analysis

All functional groups in the BHA structure sam-
ples before and after immersion in Hank’s solution
were determined via Fourier transform infrared
spectroscopy (FTIR). The FTIR graphs of dense and
porous BHA samples are illustrated in Fig. 5a and
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Fig. 5. FTIR graphs of dense (a) and porous (b) BHA before and after immersion in Hank’s solution.

b, respectively, for various immersion times (0 day,
3 days, 8 days, 16 days, 28 days, and 36 days).
Evidently, the results obtained from FTIR for dense
samples before immersion are in complete agree-
ment with the HA reference spectrum. In the case of
dense BHA, the related spectra bands of 570 cm ™!
and 603 cm ™! that completely matched the vibra-
tion of PO4 observed during all spectrums gradually
increased with a longer immersion time. Neverthe-
less, the group band of OH exhibited no changes
durlng the immersion process. Moreover the
absorption band’s 1ntens1ty (961 cm™ 1) shghtly
increased through the immersion process, which is
indicative of a clear PO, content increment. Hence,
it is deducted that the band at 879.26 cm ' is
directly linked to carbon (C) content. The wide peak
(1034-1150 cm ') features observed for o—TCP
stayed constant until 16 days of immersion; after
which (28 days and 36 days of immersion), they
increased but at a low rate. The considered peaks

that appeared after 28 days and 36 days of immer-
sion at 2940 cm ! and 2985 ¢cm ! matched with the
OH group, which signifies the absorption of samples
into the solution.

It is obvious from the obtained results that by
immersing BHA in Hank’s solution, CaHPO, pre-
cipitated in the solution and gradually came up to
the sample’s surface. Hence, the PO, present was
absorbed in the dense BHA samples after 28 days
and 36 days. These results are also in line with the
EDX and XRD results for dense samples. The
phosphorus content was evident at a higher rate
after 16 days of immersion. TCP peaks were
observed in the related graphs for 28 days and
36 days. The changes in the spectrums after immer-
sion were insignificant. The related band at
476 cm ! completely matched the vibration of PO,
as observed in all graphs. The considered code in the
FTIR graphs at 570 cm ! and 603 cm ! also com-
pletely matched the PO, amounts. In addition, there
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was a weak band in all spectrums at 879 cm ! like
for the dense state, which is related to carbon
content. The wide peak observed at the 1034-1150-
cm ! features of —TCP did not change after 16 days
of immersion, but after 28 days and 36 days, the
considered value significantly increased. The widest
FTIR band observed was detected at 3400-
3570 cm !, which corresponds to the OH group.
Furthermore, a wide band appeared three days
after immersion in Hank’s solution, meaning that
absorption occurred after the immersion process.
According to obtained results, the porous structure
in porous BHA samples provided a wider contact
surface compared with dense samples, which ampli-
fies the higher dissolution rate of Ca®* ions in the
porous structure.

CONCLUSION

In this work, development of dense and porous
BHA bone graft from animal resource was carried
out. The microstructural morphologies, phase trans-
formation, and bioactivity properties were charac-
terized to confirm the stability of synthesized
implant materials. The in vitro dissolution activity
of dense and porous BHA structures was also
examined by immersing in Hank’s balanced salt
solution for different periods of time comparably.
The crystallinity of the samples in immersion also
affected dissolution, and the amorphous phases
showed a more soluble trend than did crystalline
CaP apatite formation. The produced structures
were crystalline apatite, causing a slower dissolu-
tion rate and precipitation in these materials com-
pared with both amorphous and crystalline film
materials sintered at 1200°C. The morphology
results of BHA represent macropores with an
approximate size of around 400 ym and micropores
present in the BHA bone graft, which may cause
nanomechanical properties to show around 6- to 7-
GPa hardness. The dissolution rate of porous sam-
ples was higher than that of dense samples, which
resulted in a lower Ca/P ratio in porous samples
than in dense samples with the longer immersion
time. In a nutshell, green development of a porous
BHA structure with superior performance rather
than a dense condition may contribute in orthopedic
applications as desired biodegradable ceramic mate-
rial. The higher mechanical properties of a porous
BHA structure with functionalized carbon-based
materials reinforcement will be considered as future
work to enhance the BHA performance.
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