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Bioactivity of cement type bone substitutes
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Abstract. In vitro chemical stability and bioactivity of three different cement type bone substitutes were determined by incubating cement
samples in the simulated body fluid (SBF) for 7 and 28 days. Morphology of sample surfaces has been studied using scanning electron
microscopy (SEM) combined with an energy dispersive X-ray spectroscopy (EDS) and by atomic force microscopy (AFM). The diffuse
reflectance Fourier-transform infrared spectroscopy (DRIFTS) was applied as a supplementary method. The development of bone-like apatite
layers on the surface depended on their initial phase composition. Obtained cements showed good surgical handiness, high bioactive potential
and were chemically stable. They seem to be promising materials for bone substitution.
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1. Introduction

Biomaterials designed for filling bone defects should be
biocompatible, bioresorbable and exhibit osteoconductive,
osteogenic and osteoinductive properties. Bone substitutes
should possess mechanical properties matching those of the
tissue, be easy-to-handle and cost-effective [1–3]. Bioactivi-
ty of these materials is considered as an essential property
required for successful in vivo implantation [4, 5]. Bioactive
materials are defined as materials which induce a specific
biological response at the material/tissue interface [6]. Such
materials bonds to living bone through an apatite layer which
is formed on their surfaces after implantation [7, 8]. The layer
consists of low-crystallinity calcium-deficient and carbonate-
containing hydroxyapatite.

Formation of a chemical bond between the bone apatite
and the surface apatite on bioactive materials reduces the in-
terfacial energy [9, 10]. In vivo bioactivity of implant mate-
rials can be predicted by assessing the apatite formation on
their surfaces during in vitro tests performed in the simulated
body fluid (SBF) [4].

Calcium phosphates (CaPs), such as hydroxyapatite (HA)
– Ca10(PO4)6(OH)2 and tricalcium phosphate (TCP) –
Ca3(PO4)2, are widely used in the hard tissue replacement
primarily because of their chemical composition and struc-
tural similarity to natural bone minerals and due to their ex-
cellent biocompatibility and bioactivity [11, 12]. Tricalcium
phosphate comes in two forms, i.e. alpha and beta TCP. α-
TCP is more soluble and resorbs faster than β-TCP, whereas
HA is considered to be the most stable form of CaPs [13, 14].
β-tricalcium phosphate degrades in 6 to 12 months, while hy-
droxyapatite in 12 to 36 months [15, 16]. Incorporation of
various ions into the crystal lattice of the hydroxyapatite in-
fluences its physicochemical and biological properties. In the
HA structure calcium ions can be substituted with Mg2+,

Na+, K+, Zn2+, Cu2+, Fe2+. PO3−
4 anions can be replaced

by CO2−

3 , SiO4−

4 , SO2−

4 , and VO3−

4 , whereas OH−by F−, Cl−

and Br− [14, 17]. Simultaneous incorporation of Mg2+ and
CO2−

3 in the crystal lattice of HA leads to development of the
biomimetic material with solubility and mechanical properties
changing with respect to the undoped hydroxyapatite [18]. Ti
modified hydroxyapatite has been proven to possess higher
bioactivity in comparison to the non-modified HA [19].

The interesting alternative for high-temperature calcium
phosphate ceramics are moldable, self-setting calcium phos-
phate cements (CPCs). CPCs consist of a powder and a liquid
phase, which are mixed together to form a plastic paste. This
paste sets and hardens in situ after implantation into the bone
defects [20–22]. Calcium sulfate (CS) is well recognized not
only as a biocompatible but also the osteoconductive bone
graft material with a long clinical history. CS exhibits hemo-
static and angiogenic properties and is easy to handle, inex-
pensive and readily available. Calcium sulfate can be applied
to repair large bone defects even in infected areas and can
be used as an efficient delivery vehicle for antibiotics, grow
factors and pharmacological drugs [23–26]. This material re-
veals a rapid resorption by a process of dissolution and it
degrades completely in 1 to 2 months [15, 16]. Too fast re-
sorption can be a great disadvantage. If a bone graft material
resorbs faster than a new bone tissue is formed, it will not
provide appropriate support in the early stages of healing.

CS occurs in various forms like: anhydrite – CaSO4, cal-
cium sulfate hemihydrate (CSH) – CaSO4 ·0.5H2O, bassanit –
CaSO4 ·xH2O (0.5 ≤ x < 2.0) and calcium sulfate dihydrate
(CSD) – CaSO4 · 2H2O. CSD is obtained by the hydration of
CSH according to the reaction (1):

2(CaSO4 · 0.5H2O) + 3H2O → 2(CaSO4 · 2H2O) + Q

(CSH) (CSD)
(1)
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where Q is the amount of heat evolved [27]. Combination
of the stable hydroxyapatite phase with bioresorbable calcium
sulfate can be an interesting alternative for monophasic CaPs
bioceramics. These materials reveal a controlled bioresorption
and good surgical handiness [28].

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) are complementary methods applied in
examinations of material surfaces. AFM offers numerous ad-
vantages in comparison to other microscopic techniques. It
does not require a difficult sample preparation and measure-
ments can be performed in vacuum, gaseous and liquid en-
vironments [28]. AFM proves to be an useful tool to follow
changes in the surface’s morphology and in the in vitro as-
sessment behavior of biomaterials incubated in the simulated
body fluid [30].

The aim of this study was to determine an influence of
phase composition, surface morphology and roughness (Ra)
of three cement type materials on their chemical stability and
bioactive potential using an atomic force and scanning elec-
tron microscopy supported by FTIR measurements.

2. Materials and methods

of examination

Three different calcium-phosphate powders like: magne-
sium doped carbonate hydroxyapatite (MgCHA), titani-
um doped hydroxyapatite (TiHA) and α-tricalcium phos-
phate (α-TCP) were produced by a wet chemical method.
In the synthesis of magnesium doped carbonate hydrox-
yapatite – Ca(OH)2 (MERCK, Germany), (NH4)2HPO4

(POCH, Poland), (CH3COO)2Mg (POCH, Poland) and
NH4HCO3(POCH, Poland) were used as starting chemical
precursors for calcium, phosphorus, magnesium and carbon-
ate ions. In order to synthesize titanium doped hydroxyapatite
powder, the chemical grade reactants: CaO (POCH, Poland),
85.0 wt.% solution of H3PO4 (POCH, Poland) and 15.0 wt.%
solution of TiCl3 in 10.0 wt.% HCl (MERCK, Germany) were
applied. pH during the precipitation process was kept constant
at 11. Additives like: 0.3 wt.% of Mg, 12.0 wt.% of carbonate
for MgCHA and 2.0 wt.% of Ti for TiHA in proportion to HA
were introduced during the syntheses. The obtained doped hy-
droxyapatite powders were heat treated at 400◦C (MgCHA)
and 1250◦C (TiHA), ground in the ball mill to the grain size
below 0.06 mm and sieved.

The α-tricalcium phosphate powder was synthesized via
the wet chemical method, applying the following chemical
grade reagents: Ca(OH)2 (POCH, Poland) and 85 wt.% solu-
tion of H3PO4 (POCH, Poland). After ageing and drying, the
precipitate underwent a heating cycle at 1280◦C for 5 hours.
The obtained powder was ground in the attritor to the grain
size below 0.06 mm and sieved. The above syntheses were
described in detail in our previous papers [31, 32].

The modified hydroxyapatite powders (MgCHA and Ti-
HA) were mixed with calcium sulfate hemihydrate (CSH,
Acros Organics, USA) at the 2:3 weight ratio using the ball

mill (MM 200 Retsch, 5 Hz/5 min). In this way, three dif-
ferent solid state batches, namely: MgCHA-CSH, TiHA-CSH
and α-TCP, were prepared. The 1.0 wt.% chitosan solution
in 0.3 wt.% acetic acid (Sigma-Aldrich, Germany), 1.0 wt.%
Na2HPO4 solution (CHEMPUR, Poland) and 1.0 wt.% chi-
tosan solution in 0.5 wt.% acetic acid (Sigma-Aldrich, Ger-
many) were applied as liquid phases to prepare three cements:
A, B and C, respectively.

Crystalline phases in the initial powders (MgCHA, TiHA,
α-TCP, CSH) and cements after 14 days of hardening were de-
termined by an X-ray diffraction analysis (XRD) using Philips
X’Pert Pro diffractometer. XRD data were recorded in the 2θ

range from 10 to 90◦.
The specific surface area of the powders: MgCHA, TiHA,

α-TCP and CSH was measured by the BET method (AS-
AP 2010 Micromeritics). Initial and final setting times of the
cement pastes were determined using a Gilmore Apparatus
according to the ASTM C266-08 standard [33].

In vitro stability and bioactive potential of the obtained
materials were investigated using cement samples soaked in
the simulated body fluid. After 60 minutes of hardening, the
cylindrical specimens (12 mm in diameter and 4 mm high)
were incubated in 40 ml of SBF and stored at 37◦C (incubator
Pol-Eko – ST1) for 7 and 28 days. SBF was prepared accord-
ing to the procedure described by Kokubo [4]. pH changes
during the incubation were examined in static conditions us-
ing a Hanna H198129 Combo apparatus.

Morphological changes on the surfaces of specimens were
observed using a scanning electron microscopy (SEM, No-
va 200 NanoSEM, FEI Company) equipped with an ener-
gy dispersive X-ray spectroscopy (EDS) and by atomic force
microscopy (AFM, Multimode NanoScope IV, Veeco). The
diffuse reflectance Fourier-transform infrared spectroscopy
(DRIFTS, PerkinElmer, Spectrum GX) was applied to investi-
gate changes in the phase composition of the sample’s surfaces
after incubation.

3. Results and discussion

The XRD analysis of initial MgCHA, CSH and α-TCP pow-
ders revealed no other crystalline phases besides hydroxyap-
atite, calcium sulfate hemihydrate and α-tricalcium phosphate,
respectively. The heat treated TiHA consisted of four phas-
es: hydroxyapatite (HA), α-tricalcium phosphate (α-TCP), β-
tricalcium phosphate (β-TCP) and perovskite (CaTiO3) (Ta-
ble 1).

Table 1
Phase composition and specific surface area of the initial powders

Initial
powder

Phase composition [wt.%] Specific
surface

area Sw [m2/g]HA α-TCP β-TCP CSH
Perovskite
(CaTiO3)

MgCHA 100 0 0 0 0 74.30 ± 0.02

TiHA 44.9 15.8 33.2 0 6.1 12.58 ± 0.03

α−TCP 0 100 0 0 0 3.96 ± 0.06

CSH 0 0 0 100 0 1.77 ± 0.04
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Specific surface area of initial powders was in the range of
1.77 m2/g (CSH) and 74.30 m2/g (MgCHA). The specific sur-
face area of starting powders decreased in the following order:
MgCHA/400 > TiHA/1250 > α-TCP > CSH (Table 1).

After mixing, initial (I) and final (F) setting times of
the prepared pastes depended mainly on the type of the ap-
plied powder and liquid phase. The cements set from 7 to
41 minutes. Cement C showed the longest (FC = 41 min)
and cement A the shortest (FA = 18 min) final setting time
(Table 2).

Table 2

Compositions and setting times of the studied cements

Cement
L/P

[ml/g]
Powder phase

(P)
Liquid phase

(L)

Setting time
[min]

Initial
(I)

Final
(F)

A 0.54
MgCHA: CSH

−2 : 3

1 wt.% solution
of chitosan in

0.3 wt.%
CH3COOH

9 18

B 0.44
TiHA: CSH

−2 : 3

1 wt.%
solution of
Na2HPO4

7 21

C 0.48 α-TCP

1 wt.%
solution of
chitosan in
0.5 wt.%

CH3COOH

7 41

XRD measurements showed differences in the phase com-
position of the obtained cement type materials (Table 3).
14 days after setting cement A composed of hydroxyapatite
and CSD, while cement B contained hydroxyapatite, CSD,
bassanit and perovskite. In the hardened body of cement C
two phases like: hydroxyapatite and α-tricalcium phosphate
were found. pH measurements of SBF solution with soaked
samples were carried out. Only small changes in pH were ob-
served throughout the experiment (Fig. 1). During the whole
period of incubation, i.e. 28 days, pH values for all exam-
ined materials maintained in the range of 7.22–7.45, which
was close to the physiological level. In the case of material
C slight decrease in pH occurred during the incubation and
resulted in the lowest pH value (7.22) after 28 days.

Table 3

Phase composition of the obtained cements 14 days after setting

Cement
Phase composition [wt.%]

HA α-TCP
CSD

(CaSO4 · 2H2O)
Bassanit

(CaSO4 · xH2O)a
Perovskite
(CaTiO3)

A 34.0 0 66.0 0 0

B 28.2 0 10.7 57.4 3.7

C 9.6 90.4 0 0 0
a

0.5 ≤ x < 2.0

Fig. 1. The pH changes as a function of incubation time

SEM micrographs of the cements before and after incuba-
tion in the simulated body fluid for 7 and 28 days are presented
in Fig. 2. Initial samples possessed various surface morpholo-
gies. In the case of cement A, calcium sulfate was the on-
ly setting phase. For this material, agglomerates of MgCHA
crystals embedded in the matrix of interconnected needle-
like CSD crystals could be observed on the non-incubated
surfaces. Cement B composed of two setting phases, name-
ly tricalcium phosphate and calcium sulfate. Its initial surface
differed from that of cement A – more calcium phosphate and
less calcium sulfate crystals were visible, probably due to the
presence of bassanit instead of CSD. Highly microporous sur-
face of non-incubated cement C consisted of interconnected
calcium phosphate crystals (α-TCP). After 7 days of incu-
bation, the surfaces of all cements were covered with newly
precipitated apatite crystals. The apatite layer formed on A
and B materials seemed to be thinner and less uniform than
for cement C, which was coated completely with a continu-
ous film in the short period. Morphology of apatite crystals,
observed after 28 days of soaking (Fig. 3), was similar to
the typical “cauliflower” morphology of bone-like apatite lay-
er previously reported for bioactive surfaces in vitro [4, 34].
The largest agglomerates of “cauliflower-like” apatite precip-
itates were observed on the surface of cement C. It may be
explained by the fact that materials containing resorbable cal-
cium sulfate possessed less stable surface and could not pro-
vide firm substratum for apatite layer formation. During the
process of layer-by-layer degradation, apatites precipitated on
the calcium sulfate crystals were lost throughout degradation
of the CSD matrix. After prolongation of incubation period to
28 days the apatite layer, for all materials, became thicker and
denser. During the incubation process, a balance was reached
between resorption and degradation of calcium sulfate crystals
and apatite layer formation. Calcium sulfates and phosphates
dissolution and precipitation processes as well as hydrolysis
of α-TCP took place. CSD phase was less stable than the HA
and α-TCP in the aqueous solution. Cements A and B, due
to the presence of high soluble calcium sulfates (CSD and
bassanit), dissolved and degraded faster than material C. The
results were confirmed by EDS analysis (Fig. 3).
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Fig. 2. SEM micrographs of cement A: non-incubated (a), after 7
days (b) and 28 days (c) of incubation in SBF, cement B: non-
incubated (d), after 7 days (e) and 28 days (f) of incubation in SBF,
cement C: non-incubated (g), after 7 days (h) and 28 days (i) of

incubation in SBF

Fig. 3. EDS analysis of cement A (a), cement B (b) and cement C

(c) after 28 days of incubation in SBF

AFM measurements were performed to determine changes
on the surfaces of cement samples during their incubation in
simulated body fluid. Measurements were performed at vari-
ous places of the samples with different magnifications, start-
ing from scan areas 100 µm × 100 µm and ending at 1 µm

× 1 µm. AFM studies were repeated over the whole surface
of the samples. Selected representative images were shown in
the Figs. 4–6. The results clearly revealed that during soaking,
surfaces of all samples were covered with evenly distributed
apatite layer. These results stayed in the agreement with SEM
observations.

Fig. 4. 2D image (left column) and phase image (right column) of
cement A: non -incubated (a), after 7 days (b), and 28 days (c) of

incubation in SBF

Fig. 5. 2D image (left column) and phase image (right column) of
cement B: non- incubated (a), after 7 days (b), and 28 days (c) of

incubation in SBF
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Fig. 6. 2D image (left column) and phase image (right column) of
cement C: non- incubated (a), after 7 days (b), and 28 days (c) of

incubation in SBF

Surface roughness is known to influence the cell behavior.
Rough surfaces appeared to enhance osteoclastic attachment
compared with the smooth ones [35, 36]. In the performed
in vitro studies, without using cells, the roughness changes
were treated as an indication of apatite layer formation (Ta-
ble 4). Initial samples of the studied materials possessed vari-
ous surface roughness. The non-incubated cement A revealed
the lowest roughness (Ra∼45 nm) in comparison with two
other materials. Degradation of the calcium sulfate matrix of
cement A resulted in a significant increase in roughness after
7 days of incubation in SBF (Ra∼107 nm). Subsequently, the
precipitation of apatite layer led to decrease of the Ra value
to 71 nm. Cement B revealed no significant changes in this
parameter: Ra was ∼70 nm during the whole period of in-
cubation in SBF. Cement C before incubation possessed the
highest roughness (Ra∼204 nm), which decreased drastically
to Ra∼69 nm after 7 days of incubation and remained stable
afterwards. It can be supposed that filling of existing pores
and boundaries between grains with the newly formed apatite
resulted in smoothening of the surface.

Table 4
The surface roughness (Ra) of the cement samples after different periods

of incubation in SBF

Cement
Surface roughness (Ra) [nm]

Time of incubation in simulated body fluid

0 days 7 days 28 days

A 45 107 71

B 70 69 69

C 204 69 67

Infrared bands located at 510, 590 and 650 cm−1, visible
for the initial sample of cement B can be assigned to the SO4

bending vibrations (Fig. 7). Disappearance of these bands can
be easily noticed as early as after 7 days of incubation in the

simulated body fluid. Furthermore, for cement A and B, de-
crease in the intensity of the broad band near 1100 cm−1,
assigned to SO4 stretching vibration, was visible with a pro-
longation of the incubation time. After 28 days this band was
no longer detectable. Simultaneously, an increase in the inten-
sity of the band at 970 cm−1, corresponding to PO4 stretch-
ing vibrations, with respect to the other cement bands was
observed. Changes in the DRIFT spectra indicating the for-
mation of the apatite layer on the surface of samples incubated
in the simulated body fluid, stayed in agreement with AFM
and SEM observations. There was no significant difference
between DRIFT spectra of the cement C samples in the range
of 400–1800 cm−1 during the incubation. It resulted from
the initial composition of the above material based only on
α-TCP which hydrolyzed to calcium-deficient hydroxyapatite
(CDHA).

Fig. 7. DRIFTS spectra of the cement A (a), cement B (b), cement

C (c): non-incubated, incubated in SBF for 7 and 28 days
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4. Conclusions

In our study by selecting and combining calcium sulfate hemi-
hydrate and calcium phosphates together with different liquid
phases three new cement type bone substitutes have been de-
veloped.

After setting and hardening, the obtained materials con-
sisted of two (cements: A and C) or four crystalline phases
(cement B).

The following conclusion can be drawn from the exami-
nations:

1. All obtained materials showed a good surgical handiness
and high in vitro chemical stability.

2. Developed cements set from 7 to 41 minutes. Cement C
exhibited the longest (FC = 41 min) and cement A the
shortest (FA = 18 min) final setting time.

3. Cements composed of calcium sulfate possessed less sta-
ble surface in comparison to the cement consisted of α-
tricalcium phosphate, and exhibited a higher degradation
rate during incubation in SBF.

4. The highest bioactive potential showed the material which
after setting consisted of hydroxyapatite (10 wt.%) and α-
TCP (90 wt.%) as it was confirmed in AFM, SEM and
DRIFTS studies. Materials composed of Mg and Ti doped
hydroxyapatites and calcium sulfate were also bioactive in

vitro but with lower tendency to precipitation of the apatite
layer when incubated in the simulated body fluid.

5. Atomic force microscopy combined with scanning electron
microscopy and DRIFTS measurements have been proved
to be very useful as complementary tools for assessment
of in vitro material’s bioactive potential.
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