Studies on Bone-Derived Calcium Phosphate Materials
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ABSTRACT: In recent years, the development of composite biomaterials has been the subject of very intensive research.
The elaboration of technology for manufacturing new biomaterials will allow their practical implementation
and adaptation to changing market needs. One of the key components in the developed composite
materials will be natural origin hydroxyapatite (HAp) and tricalcium phosphate (TCP) obtained from bone
products. In this study, preparation and detailed characterization of bone-derived calcium phosphates as
a component of biomaterial composites is proposed. This novel method of obtaining hydroxyapatite for
biomedical applications allows the obtainment of a material with expected parameters. In this study, pork
bones from meat cutting were subjected to a three-stage treatment: acid hydrolysis, initial calcination and
proper calcination. In order to investigate the effect of lactic acid on the properties of the obtained materials,
the preparation of a series of hydrolysis reactions with an increasing content of the hydrolysis reagent
was assumed. Moreover, the third step of material preparation—proper calcination—was carried out at
various temperature and time parameters. Subsequently, several experimental techniques were employed to
investigate the expedient physicochemical properties of all calcium phosphate powders.
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1 INTRODUCTION

Biomaterial engineering is a rapidly developing
branch of science. The evident destiny of biomateri-
als is to reduce disabilities and eliminate congenital or
acquired defects; however, recently attention is also
being paid to another important aspect. As civiliza-
tion progresses, the number of people over the age of
65 years is systematically growing and societal aging
is rapidly becoming a global phenomenon. Japan cur-
rently leads the world with nearly one-quarter of its
population ages 65 and older, followed closely by Italy
and Germany, where the share of the population ages
65 and older exceeds 20% [1]. Scientists in the U.S.
predict that by the year 2050 the number of people of
retirement age will have doubled [2]. What does that
mean? It means that there will be a rising demand for
implant materials as a consequence of the necessity to
improve the health conditions of the elderly, who will
need organ replacements to function properly.

The most important properties of a material
intended as implant material are: 1) biocompatibility,
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i.e,, the material’s ability to induce an acceptable
response of the host, the interplay of the biomaterial
with the medium of the living organism; 2) nontoxic-
ity and minimal effects on the immune system, which
means that the biomaterial must be chemically inert
and does not cause inflammatory reactions and exces-
sive tissue response and 3) bioactivity, meaning the
ability of the implant’s surface to adhere directly to
soft or hard tissue without forming an intermediate
layer of modified tissue [3-8]. Nevertheless, to prop-
erly fulfill an implant’s role, the biomaterial should
harmonize with the patients body through the use of
its own repair mechanisms, with adequate response
stimulation on the level of individual tissues and cells.

From among all synthetic materials applied in med-
icine and dentistry, apatite bioceramics exhibit the big-
gest simililarity to bone in crystallographic structure
and chemical composition. Hydroxyapatite (HAp)
and tricalcium phosphate (TCP) are composed of ions
(mainly Ca* and PO,*) that naturally occur in tissue
and, thus, they do not irritate the surrounding tissue,
do not cause acute or chronic inflammation and stimu-
late bone repair processes, which enables the creation
of a chemical bond at the implant-bone interface. They
support intense bone ingrowth into the pores and pro-
vide the biological stability of the reconstructed tissue.
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Additionally, apatite ceramics easily combine with
other materials to make new composite materials with
desired features [9, 10]. Currently, apatite bioceramics
play a significant role in bone loss filling, paradentosis
treatment, broken bone consolidation and stabiliza-
tion, spinal column surgery and otolaryngology. They
are also widely used in dental implants, as scaffolds
for tissue engineering and coatings covering the sur-
face of implants made of other biomaterials [11].

For the manufacture of ceramic implants, mainly
hydroxyapatite and tricalcium phosphate (whit-
lockite) of natural or synthetic origin, or biphasic cal-
cium phosphate bioceramics (BCP) containing both
mentioned calcium phosphates, are commonly used
[5, 12-14]. Methods for the obtainment of apatite pow-
ders can be divided into wet, dry, and others, including
preparation from natural raw materials such as animal
bones, egg shells and skeletons of corals [13-15]. These
methods allow the obtainment of materials that vary
in crystallinity, grain morphology and other physico-
chemical properties.

In the last decade, research concerning calcium
phosphates (CPs) has focused on their preparation
using natural resources such as beef or pork bones
[16-21]. Studies on the structure and chemical com-
position of biological apatites as bone builder were
exactly based on the development of works on syn-
thetic apatites, After appropriate physicochemical
treatment, resulting in the removal of protein and fat,
followed by a pyrolysis process in temperatures about
1000 °C, this raw material may become an attractive
material for further processing useful for certain medi-
cal applications. In order to obtain chemically pure
apatites from bones, organic parts should be removed
in the first step. Acid or alkaline hydrolysis method is
mostly used [18, 22]. Commonly, for deproteinization
and degreasing of the material, bones are treated with
aqueous hydroxide solutions, suitable sodium, potas-
sium or lithium at a concentration from 0.4-7.0 mol/
dm? at temperature in the range of 20-300 °C [17, 23].
Then, the obtained bone slurry is a substrate in a
two-stage calcination process [15, 20-22]. The calcina-
tion can be carried out in an atmosphere of air, oxy-
gen, nitrogen, carbon dioxide or dry saturated steam
[24-26]. Calcination of animal bones without chemi-
cal pretreatment is also used; however, such a method
requires heat treatment at high temperatures [16, 27].

In this article, pork bones from meat cutting were
subjected to the three-stage treatment: acid hydrolysis,
initial calcination and proper calcination. In order to
investigate the effect of lactic acid on the properties
of the obtained materials, the preparation of a series
of hydrolysis reactions with an increasing content of
the hydrolysis reagent was assumed. The third step
of material preparation was carried out at different
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temperatures with the material kept at different times
at a set temperature. The interesting expected results
of these preliminary studies suggest that our team
focused on the proper methodology of research,
which suggests that the research may have a signifi-
cant impact on the development of materials science
and medicine.

2 MATERIALS AND METHODS

In this study, pork bones from meat cutting were used.
After initial mechanical separation from organic resi-
dues and grinding, the bone pulp was boiled in a mix-
ture of 80% lactic acid (POCH Poland S.A. Company)
and deionized water. The stages of CP preparation are
as follows:

Stage 1 - Hydrolysis: 100 g of bone pulp was placed in
around bottom flask and filled with 200 cm® deionized
water (W). Afterwards, different volume of 80% lactic
acid (LA) was added. The volumetric ratio of W/LA
depended on the experiment: hydrolysis 1 - W:LA =
2:0.5, hydrolysis 2 - W:LA = 2:0.75 and hydrolysis 3 —
W:LA = 2:1. The time of the process was 3 h and the
duration of stage was 3 h.

Stage 2 — Preliminary calcination: Obtained bone
sludge was separated from the remaining liquid frac-
tion and preliminary calcination was done in a kiln
chamber with electric heating in air atmosphere. The
material was kept at 650 °C for 3 h; temperature was
selected on the basis of thermogram analysis and pre-
viously published data of our team.

Stage 3 — Proper calcination: To investigate the effect
of proper calcination parameters on the physicochemi-
cal properties of the final products, the material from
initial calcination was ground in a porcelain mortar
and then was heated in the same kiln chamber at tem-
perature ranging from 750-1050 °C with a hundred-
degree intervals for 2 or 3 h.

The final products were characterized by following
analytical or instrumental methods. Phosphorus con-
tent was determined spectrophotometrically with an
Evolution 220 UV-Visible spectrophotometer (Thermo
Fisher Scientific Corp.) after former sample mineraliza-
tion in the mixture of concentrated hydrochloric and
nitric acids. Calcium was determined by complexomet-
ric titration method using disodium versenate in the
presence of a mixed indicator (calcein and thymolphtha-
lein). Contents of selected microelements and heavy
metals such as As, Cd, Co, Cr, Cu, Ni and Pb were mea-
sured by the ICP with an iCAP 6500 DUO spectrom-
eter from Thermo Fisher Scientific, total Hg content
was determined using an AMA-254 atomic absorp-
tion spectrometer (Advanced Mercury Analyzer, Altec
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Inc.). Phase composition was analyzed using X-ray dif-
fraction (XRD) method with the use of a Philips X'Pert
diffractometer with graphite monochromator, Cu Ke,
(A =0.1518 nm), and N filter. Phase identification was
based on XRD JCPDS-ICCD data for inorganic powder
materials. The FTIR investigations were carried out
with a Scimitar Series FT'S 2000 Digilab spectrophotom-
eter in the range of middle infrared of 400-4000 cm™.
Test samples were prepared using KBr pellet method.
Thermal analysis of materials was performed using an
EXSTAR SII TG/DTA 7300 thermogravimetric/differ-
ential thermal analyzer from SII NanoTechnology Inc.
Analysis was conducted in a porcelain crucible in air
at a temperature range of 20-1000 °C and the increase
in temperature of 20 °C/min. The microstructure of
samples was examined using a JEOL JSM-5510LV scan-
ning electron microscope at voltage 20 kV and 15.0 mA.
Specific surface area and pore parameters of powders
were evaluated by BET method using Micromeritics
ASAP 2405 accelerated surface area and porosimetry
analyzer equipment.

3 RESULTS AND DISCUSSION

3.1 Thermal Analysis of Bone Pulp

Major research on calcium phosphates preparation was
preceded by thermal analysis of bone pulp in order to

determine the course of calcination process (Figure 1).
Thermal decomposition of the analyzed material is
multi-stage. The first stage is an endothermic pro-
cess, which occurs at temperatures from 70-170 °C.
It corresponds to water desorption from the surface
of the sample with weight loss of approximately 8%.
The next weight loss, in the range of 200-600 °C, is
associated with exothermic decomposition of organic
matter; the protein and fat residues already present
in bone pulp after boiling in diluted lactic acid. The
last weight losses at a temperature of ~650-800 °C are
attributed to dehydroxylation processes, the thermal
decomposition of hydroxyapatite and the loss of car-
bonate groups present in the natural bone [15].

Based on the derivatogram analysis we decided
to conduct a two-stage calcination process of pre-
viously hydrolyzed bone material. The first step,
pre-calcination at a temperature of 650 °C for 3 h of
exposure, is essential to burn out organic compounds
present in the material. Then it is assumed that lead
calcining of the right milled material under vary-
ing conditions of temperature and time is needed in
order to investigate the effect of various parameters
on the physicochemical properties of the resulting
product. Then, the obtained material, shredded in a
ceramic mortar, was calcined in the same kiln cham-
ber at a temperature ranging from 750-1050 °C with
100 degree intervals for 2 or 3 h of exposure.
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Figure 1 Thermal analysis of bone pulp.
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3.2 Physicochemical Characterization of
Final CP Products

3.2.1 XRD Phase Identification

Figure 2 presents X-ray diffraction patterns of calcium
phosphate products obtained in the three-stage treat-
ment. The proper calcination process carried out at
a temperature range from 750-950 °C (for three con-
ducted hydrolyses) failed to obtain a pure, white CP
material. Only at 1050 °C were unburned compounds
not present in the material. Based on the position
of the Bragg reflections on the diffraction patterns,
it was found that there are two crystalline phases:
hydroxyapatite (marked as HAp) and tricalcium phos-
phate (marked as TCP) in CP products as a result of
hydrolysis 1, regardless of the temperature and time
of the proper calcination. However, it is worth men-
tioning that with an increase in temperature, all CP
powders exhibit a higher intensity of the reflections,
which is typical for materials with a high degree of
crystallinity. The XRD analysis of the calcined prod-
ucts obtained after hydrolysis 2 of bone sludge again
indicates the presence of HAp and TCP; however, an
additional compound is also present in the material—
calcium diphosphate (marked as C,P, Ca,P,0,).
However, this phase, with low intensity of reflec-
tions, is noticeable only in the materials calcined at
750-950 °C. Calcium diphosphate, because of its low
water solubility and chemical inertness, is used as an
abrasive for Sn** and F in toothpaste. In the highest
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calcination temperature at 2 or 3 h of keeping mate-
rial at a set temperature, only two phases are identi-
fied, TCP and Hap, and the crystallinity of the product
increased significantly. Diffraction patterns of pow-
ders obtained using hydrolysis 3 (volumetric ratio of
water to 80% lactic acid was 2:1) indicate the presence
of calcium hydroxide in addition to the HAp, TCP
and C,P compounds. The increase of lactic acid share
promotes the formation of new phases in the material.
Ca(OH), occurs in the powders calcined in the tem-
perature from 750-950 °C, which means that under
the tested hydrolysis conditions the calcium ions
are able to form different compounds, not only CPs.
Differences in the structure and phase composition
of the obtained materials caused changes in the con-
tents of calcium and phosphorus, which we will dis-
cuss later. Summarizing, on the basis of the foregoing
considerations it can be stated that in all products the
significant influence of proper calcination temperature
on the intensity of Bragg reflections is observed. With
increased heat treatment the degree of crystallinity
and phase purity of products also increased.

3.2.2 FTIR Spectroscopy

The FTIR spectra in Figure 3 demonstrate the pres-
ence of characteristic bands of CPs corresponding
mainly to PO,>> and OH" groups in all the tested CP
products regardless of the W:LA volumetric ratio
in hydrolysis. A band at a wavenumber of 603 cm™
corresponds to the triply degenerate asymmetric
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Figure 2 Diffractograms of calcination products obtained at different treatment parameters.
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Figure 3 FTIR spectra of calcination products obtained at different treatment parameters.

stretching vibration O-P-O of the central PO, tetrahe-
dron. Bands of low intensity within the wavenumber
range of 560-550 cm™ correspond to the asymmetric
vibrations of the PO’ group from a-TCP. Also, typi-
cal phosphate group bands of the highest intensity
within the wavenumber range of 1120-1043 cm™ con-
firmed the presence of vibrational asymmetric stretch-
ing mode. A weak band at 1462 cm™ can be assigned
to C-O vibration in the CO,> group replacing some
phosphate groups in the CP crystal lattice. This band
is characteristic of CPs derived from animal bones.
Typically, CPs stretching vibrations of OH~ group
have been recorded as a weak band at wavenumber
of 640 cm™ and band within the wavenumber range
of 3670-3570 cm™, which corresponds to the adsorbed
water [15, 28].

The FTIR analysis of CP products hydrolyzed the
second way also confirm the presence of CPs’ char-
acteristic bands, corresponding mainly to PO,* and
OH- groups. Furthermore, the visible band with the
maximum absorption at 727 cm™ corresponds to the
pyrophosphate ion (P,O,*) derived from calcium
pyrophosphate shown in the diffraction patterns. The
FTIR spectra of powders obtained as a result of cal-
cination products of hydrolysis 3 also confirmed the
presence of characteristic phosphate and hydroxyl
groups. However, in this case, the peaks attributed to
the oscillation of the hydroxyl groups at ~3600 cm™
have a greater intensity than the samples obtained
under other preparation conditions. Moreover, it
appears that the conditions of hydrolysis 3 are not
sufficient to completely replace the carbonate groups
with phosphates. Thus the B-type hydroxyapatite is
obtained, in which carbonate groups are incorporated
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in place of the PO,>. However, it could be noted that
the use of the third method of hydrolysis under con-
ditions of 1050 °C temperature of proper calcination
process for 3 h of exposure, resulted in product with
a lower content of carbonates in comparison with the
other final powders obtained in this series.

3.2.3 Ca/P Molar Ratio

Figure 4 shows the Ca/P molar ratio of all obtained
CP materials depending on the type of hydrolysis
and parameters of proper calcination. For the first
test series (hydrolysis 1), Ca/P ratio is set in the range
from 1.42-1.72, wherein there is no temperature
dependence. The low ratio confirmed the presence of
TCP phase with Ca/P = 1.5, while the increase of this
parameter may be caused by predominance of phase
HAp over TCP. The second test series (hydrolysis 2 —
W:LA = 2:0.75) also shows no signifcant changes in the
value of the Ca/P ratio related to varied CP treatment
conditions. Due to the presence of calcium phosphate
phases, such as Ca,P,0,, with a low Ca/P molar ratio
(Ca,P,0, = 1.0), the values for this test series is in the
range between 1.38 and 1.64. These differences can
be explained by variables in the contents of different
phases in final materials. The variety of phases in CPs,
as a result of hydrolysis 3 in the first stage of prepara-
tion, affects the contents of calcium and phosphorus as
well. In products containing calcium, the higher value
of Ca/P ratio is determined. In other CPs, due to the
presence of TCP or/and C,P, the Ca/P ratio is less than
the expected stoichiometry ratio of pure hydroxyapa-
tite (1.67). The content of calcium and phosphorus
of the hydroxyapatite ceramic shall be determined

d © 2017 Scrivener Publishing LLC
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4 Hydrolysis 1
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Figure 4 Ca/P molar ratio of calcination products obtained at different treatment parameters.

Table 1 Microelements and heavy metal contents of selected CPs powders obtained in varied proper calcination parameters at

1050 °C, 2 or 3 h.
Metal content [mg/kg]
Hydrolysis 1 Hydrolysis 2 Hydrolysis 3
Metal 1050/2 1050/3 1050/2 1050/3 1050/2 1050/2 Maximum limit [mg/kg]
As <3 3
Cd <0,5 5
Co <1 -
Cr 1 <1 1 2 1 -
Cu 437 73 127 147 319 214 -
Hg 0.024 0.014 0.045 0.051 0.027 0.019 5
Ni <1 -
Pb 21 4 7 16 11 30

in accordance with ISO standard 13779-3:2000(E)
[29]. The calcium-to-phosphorus ratio, Ca/P, shall
have value of 1,65-1,82 for the Ca/P ratio. Most of
the obtained CP products met the ISO requirements,
which qualifies the material for further analyses with
regard to biomedical applications.

3.2.4 Content of Microelements and Heavy
Metals

No undesirable metal contaminations are a key
parameter in the assessment of material for biomedi-
cal applications. The limits of specific trace elements
for ceramic apatites are given in Table 1. The contents
of all tested elements in CP powders obtained as a
result of different treatment conditions met the estab-
lished standards (ISO standard 13779-1:2000(E)) [30].

J. Renew. Mater., Vol. 5, Nos. 3—4, July 2017

3.3 Structural Parameters of CP Products

3.3.1 SEM Images

The morphology analysis (Figure 5) of the powders
showed that the crystallites of all materials are gener-
ally uniform in size and shape. The boundary between
the individual grains is not evident and indicates a
high degree of aggregation due to sintering of grains
in all materials finally calcined in 1050 °C.

3.3.2 Surface Area and Pore Parameters

Table 2 summarizes the structural features of CP pow-
ders; surface parameters of three selected powders
obtained under different hydrolysis conditions, and
then calcined at 1050 °C for 3 h, are compared. Surface
area analysis confirmed the theoretical assumptions
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Figure 5 SEM microphotography of selected CP powders obtained at varied proper calcination parameters at 1050 °C, 2 or 3 h

(x 2000).

Table 2 Surface area and pore parameters of selected calcination products.

Parameter H1/1050/3 H2/1050/3 H2/1050/3
BET surface area [m?%g] 0,54 0,09 0,25
Total adsorption surface area of pores [m?%/g] 0,165 0,029 0,157
Total adsorption volume of pores [cm®/g] 0,001398 0,000609 0,001861
Average pore diameter [nm] 10,28 25,85 30,03
Porosity [%] 30,33 30,79 63,36

that bone-derived HAp has small specific surface area
not exceeding more than 1 m?/g, which is a character-
istic of high-temperature calcined products. Natural
bone minerals, not heat-treated, have surface areas of
87 and 100 m?/g, which is of the same order of mag-
nitude as the surface area of synthetic unsintered
hydroxyapatite for which surface areas of 17-82 m*/g
were reported [31]. The process of calcination at tem-
peratures above 700-800 °C results in a decrease of the
order of magnitude in the surface area (up to 0.1 m?/g)

186 J. Renew. Mater., Vol. 5, Nos. 3—4, July 2017

due to the grain melting and reduction of intergranu-
lar space in HAp particle. It has been observed that
with the smallest share of lactic acid, the surface area
is the highest in comparison with products with other
tested CP products. Alike pore parameters determine
application of these types of materials in implantol-
ogy. Comparing the porosity of final CP products it
can be noted that the material with the highest share of
lactic acid has the highest porosity of over 63%—twice
that of other materials obtained under hydrolysis 2
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and 3 conditions. However, we must be aware that
the total adsorption volume of pores of all tested pow-
ders ranges within 0,0006-0,001 cm?/g; therefore it can
be concluded that the calcined CPs’ bone origin is a
solid material, not porous, since the pore volume in
the material is negligible. Considering the low total
volume and nanometric size of the pores (Table 2),
the potential use of the obtained materials as a main
component of bone scaffolds should be excluded. It
has been proven that the minimum diameter of the
pores allowing penetration of a living tissue should
be 40-500 pm in size depending on the type of cell
ingrowth into the spaces in bones. The porosity should
be placed in the range from 20-60%; greater porosity
causes a drastic decrease in the mechanical properties
of CP materials [32].

4 CONCLUSION

Based on the results of these investigations, it can
be stated that the transformation of pork bones into
pure calcium phosphate materials for use in medi-
cine is an attractive, viable and economical alterna-
tive to traditional methods of biomaterial produc-
tion. Research issues presented in this study were
selected in view of their cognitive significance and
possible development in chemical technology for
eventual use in medicine and dentistry. In the near
future, our research team plans to develop a method
for the preparation of a composite material contain-
ing the calcium phosphates obtained in this study to
achieve the advisable bioactive materials with con-
trolled microstructural and physicochemical prop-
erties. In the case of expected experimental results,
these materials can become a strong base for the
development of new implant materials for use in
medicine.
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