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Abstract

Calcium phosphates (CaPs) are widely used in hard
tissue replacement because of their excellent biocom-
patibility. Calcium phosphate cements (CPCs) are an
interesting alternative for sintered calcium phosphate
ceramics due to their mouldability and self-setting
properties which allow them to conform to even the
most complex bone defects. However, one of the major
limitations of CPCs is their relatively low resorption
rate, not optimal for bone regeneration. The aim of
our studies was to combine a stable hydroxyapatite
with more soluble a-tricalcium phosphate (a-TCP) or
calcium sulphate (CS) (resorbability: CS>>a-TCP>HA)
to develop biomaterial with gradual degradation. Pro-
mising materials for use in minimally invasive surgery
for bone defects repair were obtained. It was found
that the degradation rate of hydroxyapatite based
bone substitutes can be controlled by the addition of
an appropriate kind and amount of more soluble con-
stituent. The impact of the setting component (a-TCP
or CS) on the physicochemical properties of the final
products was confirmed. Furthermore the influence of
organic additives (chitosan, methylcellulose, alginate)
on the final materials characteristic was proven. Solu-
tions of organic additives, applied as the liquid phases,
significantly improved the workability of cement pa-
stes. It has been demonstrated that implant materials
based on calcium sulphate and a-TCP differed in their
setting times, mechanical strength, dissolution rate
and morphologies of apatite layers on their surfaces
after soaking in simulated body fluid. The reason of
observed differences is a higher susceptibility of cal-
cium sulphate to both disintegration and degradation.
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Introduction

Nowadays calcium phosphates based bioceramics
(CaPs) attracts a great interest as a material for bone sub-
stitution, mainly due to their biocompatibility and bioactivity
[1-4]. CaPs sintered biomaterials may be applied in the form
of powders, granules, porous and dense blocks. Calcium
phosphates may also be used in the form of chemically bond-
ed bioceramics i.e. bone cements. Calcium phosphate ce-
ments (CPCs), were invented in 1986 by Brown and Chow [5].

CPCs compose of powder and liquid phases which when
mixed together create a shapeable paste. Afterward the
paste is placed or injected into the bone cavity, where it sets
in situ. Calcium phosphate cements can form hydroxyapa-
tite (HA, Ca,,(PO,)(OH),) and/or brushite (CaHPO,-2H,0)
as the reaction products. Numerous advantages such as
biocompatibility, mouldability, self-setting, easy adaptation
to geometrically complex shapes of defects and similar-
ity to the bone mineral phase make CPCs an interesting
alternative for sintered calcium phosphate ceramics [6,7].
Nevertheless, calcium phosphate cements have also some
drawbacks which limit their clinical use. Their disadvantages
include: relatively slow resorption rate, lack of macroporosity
and poor mechanical properties. During the setting reaction
of CPCs, nano- and micropores are formed, however the
absence of interconnected macropores is believed to be a
limiting factor in achieving resorption that is allied with the
apposition of new bone [8-10]. Anumber of approaches have
been applied to obtain macroporous CPCs, including addi-
tions of various soluble inorganic and organic compounds,
which create the macroporosity [11-13]. Furthermore
foaming agents were incorporated in the cement paste to
produce synthetic calcium phosphate foams [6]. Creating
macropores in the CPCs bodies by incorporation of biode-
gradable compounds and foaming resulted in an increase
in degradation rate [14-18].

In this work a stable hydroxyapatite was combined with
more soluble a-tricalcium phosphate or calcium sulphate
(resorbability: CS>>a-TCP>HA) to obtain materials with
gradual degradation. There are a variety of CaP cement
systems and materials composed of a-tricalcium phosphate
(a-TCP, Ca,(PO,),) are especially interesting [19]. One of the
advantages of a-TCP is its ability to hydrolyze and set into
calcium deficient hydroxyapatite (CDHA) at near physiologi-
cal conditions from a single solid reactant. Calcium sulfate
(CS) is a well-tolerated, biodegradable and osteoconductive
bone graft substitute and has been proven to be effective,
biocompatible component in CPCs [20,21]. Furthermore it
has been reported that CS stimulates the formation of blood
vessels, which has been found to be extremely important
in bone formation [22,23]. The process of vascular induc-
tion is called angiogenesis, and it plays a key role in bone
regeneration, because the new bone tissue formation is
related to the local presence of blood vessels. Moreover,
calcium sulphate based biomaterials possessed the ability
to release a broad range of bioactive and therapeutic agents
what makes CS an interesting component of composite-type
bone cements [24]. It is known that using organic additives
in the cement liquid may improve the workability of cement
pastes [16].

The aim of the study was to develop and evaluate the new
bone substitutes based on calcium phosphates and calcium
sulphate as well as investigate the influence of powder and
liquid phase composition on physicochemical properties of
the final materials.

Materials and Methods

Materials

In this study four materials in the form of mouldable pastes
were obtained by mixing powder (P) and liquid (L) phases in
appropriate ratios. Liquid to powder ratio (L/P) was experimen-
tally adjusted for each material. Initial powder batches were
prepared by combining hydroxyapatite (HA) with a-tricalcium
phosphate (a-TCP) or calcium sulphate (CS). HA and
a-TCP were synthesized by the wet chemical method. CaO
(POCH, Poland) and H;PO, were applied to synthesize HA.



During the synthesis pH value of the slurry was stabilized at
~11 using ammonium hydroxide (POCH, Poland) solution.
Hydroxyapatite precipitate was dried and calcined above
700°C (HA/c). Calcium hydroxide Ca(OH), (MERCK, Ger-
many) and 85% phosphoric acid (POCH, Poland) were used
to obtain a-TCP. The produced a-TCP powder was sintered
at 1300°C, ground in the attritor and sieved [25]. Calcium
sulphate hemihydrate (CaSO,:0.5H,0) was purchased from
Acros Organics, USA. A variety of liquids, chosen during
the preliminary studies (results not shown) were used in
the preparation of cements. Distilled water, 1.00% chitosan
solution (ALDRICH, Germany) in 0.30% CH;COOH (POCH,
Poland), 0.75% methylicellulose solution (Fluka) in 2.00%
Na,HPO, (CHEMPUR, Poland) and 0.75% alginate solution
(Acros Organics, USA) in 2.00% Na,HPO, served as liquid
phases. Initial powder and liquid composition of studied
cements was presented in TABLE 1.

TABLE 1. Initial composition of studied bone
cements.

Cement Powder Liquid L/P
phase (P) phase (L) [g/g]
A distilled
CS : HA/c water
. - 0.54
3:2 chitosan
B -
solution
c methylcellulose
a-TCP : HA/c solution
. ; 0.50
3:2 alginate
D .
solution

Specific surface area
Specific surface area of the initial powders was deter-
mined via BET (Brunauer-Emmett-Teller) method.

Phase composition

The phase composition (XRD, Bruker) of starting powders
and the final cement bodies was checked by X-ray diffrac-
tion (XRD) using D2 PHASER (Bruker) with CuK, radiation
within the 26 range from 10° to 90°. All crystalline phases
were identified by comparison with the Joint Committee on
Powder Diffraction Standards (JCPDS): HA (JCPDS 01-074-
9761), a-TCP (JCPDS 00-009-0348) and calcium sulphate
dihydrate (CSD) (JCPDS 00-006-0047). Phase quantifica-
tion was done using the Rietveld analysis.

Setting times

The initial (1) and final (F) setting times of the cements
were measured using the Gillmore needles according to the
C266-08 ASTM standard [26]. Results were presented as
data mean + standard deviation.

Compressive strength

The specimens for compressive strength measurements
were prepared by putting cement pastes into a cylindri-
cal Teflon mold (6 mm in diameter and 12 mm in height).
The Universal Testing Machine (Instron 3345) was used for
measuring the compressive strength of specimens at the
loading rate of 1 mm/min. Data were presented as mean
+ standard deviation. Statistical analysis was done using
one-way analysis of variance (ANOVA) and post-hoc Tukey
HSD multiple comparison.

Porosity

The open porosity of hardened cement bodies was inve-
stigated via the mercury intrusion porosimetry (MIP, Auto
Pore 1V, Micromeritics).

In vitro chemical stability and bioactivity

In order to estimate a biochemical stability of the cement ® @ ® @ ® © o

measurements of pH changes and ionic conductivity in simu-
lated body fluid (SBF) and distilled water, during the samples
incubation at 37°C, were conducted. SBF was produced
according to Kokubo’s procedure [27]. SEM observations
of the cement samples surfaces (Nova 200 NanoSEM, FEI
Company) as well as analysis of the chemical composition
in microareas (EDS) to evaluate the bioactive potential were
done. After 7 days of incubation in SBF weight loss (WL) of
specimens was calculated as follows:

WL (%) = (W, -Wg)/ W, - 100 1)

where W, is the initial weight of the specimen and W, is
the weight of the specimen dried after incubation in SBF [28].

Results and Discussion

Specific surface area

Specific surface area of the starting powders, determined
via BET method, was as follows: a-TCP - 3.81 £0.02 m?/g,
calcium sulphate hemihydrate - 1.77 £0.04 m?/g and HA/c -
24.7 £+0.02 m?/g. The obtained results may suggest the
differences in reactivity of the powders during reactions
accompanying setting processes.

Phase composition

The phase composition of the studied bone cements is
shown in TABLE 2. The detailed analysis of the XRD patterns
confirmed that calcined hydroxyapatite powder (HA/c) was
monophasic hydroxyapatite. The initial a-TCP powder was
composed of 94.3 £3.5 wt.% a-TCP and 5.7 £3.5 wt.% HA.
Calcium sulphate hemihydrate and a-tricalcium phosphate
were the setting components in the studied materials. In the
case of material A and B higher liquid to powder ratio was
established in comparison to cements C and D. Materials A
and B after setting and hardening were composed of hydroxy-
apatite and calcium sulphate dihydrate (CSD) (TABLE 2).
Presence of CSD in the final materials was the result of
reaction between calcium sulphate hemihydrate and water,
according to the equation (2) [29]:

2(CaS0O,0.5H,0)+3H,0— 2(CaS0O, :2H,0) + Q (2)

(CSH) — (CSD)

where Q is the amount of heat evolved.

Cements C and D consisted of two crystalline phases:
a-TCP and hydroxyapatite (TABLE 2). Observed decrease in
the amount of a-TCP in the set cement bodies was a result
of a-TCP hydrolysis to a calcium-deficient hydroxyapatite
(CDHA), according to the equation (3) [30,31]:

3a-Cay(PO,), + H,0— Cay(HPO,)(PO,)s(OH) 3)

a-TCP — CDHA

It was concluded that about ~10-15 wt.% of a-TCP hy-
drolyze to CDHA in cement C and D (TABLE 2).

TABLE 2. Phase composition of studied bone
cements 7 days after setting and hardening.

Crystalline phases [wt.%)]

Cement
HA a-TCP CSD
A 40.2+2.4 - 59.8 +2.4
B 39.1 £2.1 - 60.9 £2.1
C 52.9 +1.7 471 £1.7 -
D 52.2 1.1 47.8 +1.1 -

3
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Setting times

Setting process of cements based on calcium sulphate
and HA/c was faster in comparison to materials consisting
of a-TCP and HA/c (TABLE 3). Cements A and B set from
3 1 (I) to 14 1 (F) min, while in the case of materials C
and D setting times ranged from 10 +1 (I) to 30 1 (F) min.
Materials based on calcium sulphate and distilled water
showed the shortest setting times (I =3 £1, F = 6 £1 min).
Rapid setting process of material A may cause difficulties
with cement preparation and application that is why it was
eliminated from further studies. Introduction of the applied
organic solution improved the workability of obtained
cement pastes via enhancing their flexibility. On the other
hand using solution of the chitosan in acetic acid signifi-
cantly prolonged setting process of materials on the basis
of CS and HA/c.

TABLE 3. Initial and final setting times of the
cements.

Setting time [min]

Initial (1) Final (F)
A 3 1 6 +1
B 7 +1 14 +1
C 10 21 30 +1
D 11 £1 27 +1

Compressive strength

Cements based on CS and HA/c showed comparable
compressive strength (~9 MPa) (one-way ANOVA, P > 0.05).
The lowest compressive strength value (2.7 £0.6 MPa)
was observed for material D consisting of a-TCP, HA/c and
alginate used in the form of liquid phase (FIG. 1). The com-
pressive strength of developed materials was comparable
with cancellous bone (2-12 MPa [32]).
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FIG. 2. Pore size distribution curves of developed

',E 12 cements.
=10 l
EX
é 6 + TABLE 4. Open porosity and pore size distribution
® I of the materials.
2 +
% 2 [ Cement I;zlo ?,;3’ Pore size distribution [um]
J 0 0.017 — 1.400
A B c D & 49 max I: 0.040 max II: 0.480
B 49 0.017 - 1.400
FIG. 1. Compressive strength of the cements 7 max |: 0.035 max II: 0.630
days after setting and hardening. Mean * standard c 49 0.012 - 0.320
deviation, samples marked are statistically max |: 0.043 max Il: 0.120
different from A and B (one-way ANOVA, p>0.05). D 49 0.012 — 0.470
max |: 0.036 max II: 0.220

Porosity

Developed cements exhibited the biomodal pore size
distributions with pores below 1.4 ym (A and B) and 0.5 pm
(Cand D) (FIG. 2). Macroporosity in CPCs is expected to be
formed in vitro and in vivo via dissolution of soluble setting
phases i.e. a-TCP and calcium sulphate dihydrate. Open
porosity of final cement bodies was ~49 vol.% (TABLE 4).

Based on obtained results two materials with the most
favorable physicochemical properties were chosen for fur-
ther studies, namely cements B and C. Selected biomaterials
exhibited not only easy molding, allowing them to conform
precisely to irregular bone voids, but also optimal setting
times as well as good compressive strength.



In vitro chemical stability and 5
bioactivity e0ecoco0oo0

In vitro studies revealed that devel-
oped materials varied in the morphologies
of apatite layers on their surfaces after
soaking in SBF (FIG. 3). In the case of
cement B, composed of CS and HA/c
with chitosan applied in the form of liquid
phase, as soon as after 7 days of incuba-
tion in simulated body fluid (SBF), surface
of tested material was covered with the
typical cauliflower-like CaPs structures.
Cement B consisted of fast resorbable
calcium sulphate which is the rich source
of Ca?". Released calcium ions react with

) } . phosphate ions from the SBF and create
15,00 v 5.6 10008 x LV, 462650 — 1500k 55 om0 080 D) 40 |20y o apatite layer on the surface of incubated
samples. It was concluded that cement B,
may be regarded as bioactive. In contrast
on the surface of cement with a-TCP,
HA/c and methylcellulose solution non-
continuous and irregular apatite layer
was observed. a-TCP dissolves slower
than CSD which may be the reason for
the observed differences.

In the case of both examined materials
pH during 28 days of incubation in SBF was
close to the physiological level (FIG. 4).
Higher ionic conductivity observed for
cement B was connected with CSD dis-
solution and thus release of high amounts
of calcium and sulphate ions (FIG. 5).
Implant materials based on calcium sul-
phate showed higher degradation rate
FIG. 3. SEM micrographs and chemical composition in microareas of compared to materials with a-TCP during
the cement B: non-incubated (a), after 7 days of incubation in SBF (b) incubation in SBF. After 7 days of soaking
and cement C: non-incubated (c), after 7 days of incubation in SBF (d). in SBF material B showed 20 +1.6wt.%
weight loss, while the 4 +0.4 wt.% increase
in weight for material C was observed.

75 It confirmed different degradability and potential in vivo
7'4 A\_‘\/\‘/’\/‘) biodegradability of the studied cements.
T 7.3 Conclusions
& 72 : ~B ~C
' 8 New bioactive and potentially biodegradable materials
71 } = i based on calcined hydroxyapatite and a-tricalcium phos-
7 . phate or calcium sulphate were developed. The impact of the
0 5 10 15 20 25 30 setting component (a-TCP or CS) on the physicochemical
Time [day] properties of the final products was confirmed. The results
of our studies demonstrated that degradation rate of CPCs

can be controlled by addition of appropriate amount of more
soluble component. Implant materials based on calcium
sulphate and HA/c showed higher degradation rate com-
pared to materials with a-TCP and HA/c during incubation
in SBF. Obtained potential bone substitutes possessed
bimodal pore size distribution and open porosity ~49 vol.%.
2000 Solutions of selected organic additives (i.e. chitosan, methyl-
1560 cellulose, alginate), applied as the liquid phases, signifi-
/ +B c cantly improved the workability of cement pastes. Cement
1000 (B) based on CS and HA/c with chitosan introduced in the
form of liquid phase revealed the most favorable properties.
It showed good handling, optimal initial and final setting time
‘ ‘ (I=7 £1 min, F = 14 +1 min) as well as compressive strength

0 ° o 2 25 30 of 9.4 £1.0 MPa. SEM and EDS studies showed the growth

Time [day] h . .
’ of apatite layer on the surface of this material as soon as
after 7 days of incubation in SBF what confirmed its bioactive

FIG. 5. lonic conductivity vs. incubation time of character. Further biological evaluation of developed bio-
samples B and C in distilled water. materials is necessary.

FIG. 4. pH of simulated body fluid (SBF) as a func-
tion of samples B and C incubation time.
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