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Abstract

In the present study, the effect of adding different concentrations of dexamethasone (DEX) on setting time, apatite formation and mechanical
properties of micro/macroporous calcium phosphate cements (CPCs) was studied. The liberation of loaded DEX was evaluated over 0–840 h in
simulated body fluid (SBF). Differentiation of mesnchymal stem cells on DEX-free and loaded CPCs were also compared by expression of bone
marker proteins. The results showed that setting time decreased by adding DEX to CPCs whereas mechanical strength and conversion rate of
cement reactants into apatite phase. A sustained release of DEX was observed from the loaded CPCs in which the rate of DEX release increased
by introducing macroporosity and higher portion of loaded DEX.
Osteogenic differentiation of MSCs on DEX-loaded CPCs was confirmed by elevated gene expressions of bone markers such as alkaline

phosphatase, osteopontin and osteocalcin. Overall, the results reveal that DEX-loaded CPCs may be potentially osteoinductive material with
enhanced biological functions but more in vivo evaluations are required to prove this suggestion.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Calcium phosphate cements (CPCs) are promising alterna-
tives for bone defect treatments because of their injectability,
low temperature self-setting reactions and higher bioresorb-
ability with respect to other bone substitutes [1–3]. CPCs can
be easily molded into bone defects having irregular geometric
shape and be hardened after several minutes. In order to
improve in vivo resorption rate of CPCs, macroporosity has
been introduced into them by using a variety of strategies such
as salt leaching, phase separation, bubble entraining, freeze-
drying, and gas foaming [4–7]. According to International
Union of Pure and Applied Chemistry (IUPAC) definition the
pores with a diameter less than 2 nm are called micropores and
pores with a diameter larger than 50 nm are known as
macropores [8]. However in tissue engineering area, macroporous
materials are referred to scaffolds having pore diameters larger
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than 50 μm (at least) and materials with pore size of 1–10 mm are
called microporous. These macropores provide possibility of cell
and tissue penetration within the bulk of cement and facilitate
active resorption mechanism [9].
CPCs in micro- or macroporous forms are also potential to

be loaded by different drugs and inorganic ions to treat bone
diseases such as osteomyelitis or enhance rate of bone healing
process as well as quality of regenerated bone [10–12]. For
example, incorporation of Si and Zn ions into CPCs have been
proved to enhance rate of bone healing process through
stimulating effects on osteoblasts proliferation and regulating
enzymatic reactions of these cells [13,14]. Using the ion-doped
CPCs would result in formation of remodeled bone with
mature structure (high quality) [15]. The prolonged liberation
of several drugs and biomolecules from CPC matrices have
been reported while biofunctionality of the liberated agent was
even maintained [16]. However, the most problem of CPCs is
lack of osteoinductivity. Osteoinduction is the process by
which osteogenesis is induced. It is a phenomenon regularly
seen in any type of bone healing process. Osteoinduction
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Table 1
Compositions of CPCs according to concentration of SDS and DEX in the liquid phase.

Concentration of DEX in the CPC liquid (nM)

[SDS] in CPC liquid (mM) 0 10 50 100

0 s0-DEX0 s0-DEX10 s0-DEX50 s0-DEX100
100 s100-DEX0 s100-DEX10 s100-DEX50 s100-DEX100

A. Forouzandeh et al. / Ceramics International 40 (2014) 1081–10911082
implies the recruitment of immature cells and the stimulation
of these cells to develop into preosteoblasts [17].

Many studies attempted to produce osteoinductive CPCs by
incorporating bone morphogenic proteins (BMPs) and growth
factors though these materials have a very high price [18,19].

Currently, osteogenic supplement as a mixture of ascorbic
acid, β-glycerophosphate and dexamethasone was added to
CPCs to produce an osteoinductive material [20]. Osteogenic
differentiation of mesenchymal stem cells (MSCs) on these
cements was confirmed by gene expressions of some bone
marker proteins. However, the role of these reagents on basic
properties of CPCs (e.g. setting time, apatite formation
reactions, injectability and mechanical properties) have not
been thoroughly discussed. Moreover, since a mixture of
ascorbic acid, β-glycerophosphate and dexamethasone (DEX)
was added to CPCs, the effect of each one on the basic
properties and hydraulic reactions of CPCs is not clear.

DEX is a family of glucocorticoids with inhibitory effects
on inflammations [21]. It has been reported that DEX
molecules play important roles on regulation of genes and
cellular reactions which are responsible for the growth and
division of cells. The osteogenic induction of mesenchymal
stem cells by DEX molecules either alone or in combination
with ascorobate-2-phospahte has been reported previously
[22,23].

CPCs are bone regenerative materials with inorganic com-
positional groups similar to bone mineral. The bone remodel-
ing process at the presence of CPCs is conducted by known
processes addressed by some authors [24]. Since CPCs are
osteocondutive materials, the osteoblastic cells are encouraged
to attach on the surface and even bulk (in the case of
macroporous forms) of these materials, proliferate, do enzy-
matic activities and produce extra cellular matrix and all of
these happenings would result in bone remodeling. Incorpora-
tion of DEX into CPCs and its release into the cells medium
would offer a more efficient material in terms of osteogenic
induction. Thus, in the present study, different concentrations
of DEX (as the most important component of osteogenic
agents) were added to micro and macroporos CPCs and the
physical, mechanical and in vitro phase conversion behaviors
of the obtained cements were investigated. The liberation of
DEX from CPCs into a physiological solution was also
studied. Moreover, osteogenic differentiation of rat-derived
MSCs cultured on tops of different cement samples was
evaluated. In this paper, the terms microporous CPC and
macroporous CPC refer to cements without and with SDS,
respectively.
2. Materials and methods

2.1. Preparation of DEX-loaded CPCs

Tetracalcium phosphate (TTCP) powder was synthesized at
1500 1C for 6 h by mixing 1 mol of dicalcium phosphate
anhydrate and 1 mol of calcium carbonate (both from Merck,
Germany) [25]. It was milled to reach a powder with average
particle size of 10 μm. The powder phase of CPC was a
mixture of 73 wt% TTCP and 27 wt% dicalcium phosphate
anhydrous (DCPA). The liquid phase of CPC was a solution of
3 wt% NaH2PO4. Sodium dodecylsulphate (SDS) and dexa-
methasone (DEX) were also purchased from Sigma Company
and introduced into cement liquid according to Table 1, as air
bubble-entraining agent for producing macroporosity and
DEX-loaded cement, respectively.
To fabricate CPC paste, the powder (P) was added to the

liquid (L) phase (at a P/L ratio of 3 g/mL) and then mixed for
2 min until a homogenized paste was achieved.

2.2. Characterization of CPCs

The influence of SDS and DEX on the physical/physico-
chemical properties of the CPCs was determined by character-
izing initial setting time, compressive strength, injectability,
porosity, and rate of apatite formation. The release behavior of
DEX from the cements into simulated body fluid (SBF)
solution was studied as well as osteogenic gene expression
of rat-derived mesenchymal stem cells cultured on them.
The initial setting time (Ist) was recorded by a Gillmore

needle in accordance with the ASTM C266-99-A standard.
Ist is the time that a light needle (113.4 g, 2.13 mm in diameter)
does not form a visible print onto the surface of the specimen.
To measure compressive strength (CS), CPC paste was

prepared by mixing powder to liquid at P/L¼3 g/mL. Then, a
cylindrical sample with a diameter of 6 mm and a height of
12 mm was shaped through molding paste into a Teflon mold.
After setting, the specimen was removed from the mold,
immersed in 50 mL of SBF solution prepared according to
Kokubo's specification [26]. The compressive strength of wet
specimen soaked in SBF for 1, 7 and 14 days was measured
using a static mechanical testing device (STM 120, Santam
Co.) at a crosshead speed of 1 mm/min.
For the injectability (I) measurements, eight grams of CPC

paste was transferred into a 10 mL syringe (internal tip
diameter of 800 mm) and extruded by a compressive load
vertically mounted on top of the plunger (STM 120, Santam Co.).
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The crosshead speed of 15 mm/min was applied and the force–
displacement curve was obtained. In this study, the syringe
displacement and then volume of extruded paste at constant load
of 100 N were measured and index of injectability was calculated
as follows:

Ið%Þ ¼ 100ðvolume of extruded cementÞ=ð initial volume of the pasteÞ
ð1Þ

For density and porosity measurements, five specimens were
prepared for each cement composition similar to that of CS
test. The bulk density (db) was obtained from the following
expression:

db ¼MCPC=VCPC ð2Þ

where MCPC is mass of specimen and VCPC is its volume. Total
porosity (Ptotal) measurements were performed on incubated
dried specimens as follows:

Ptotal ¼ 100ð1�ðdb=dpÞ ð3Þ

where dp is powder density of CPC specimen obtained from
pycnometry measurements. Macroporosity (Pma) was also
determined by

Pma ¼ 100ð1�ðdb=d0Þ ð4Þ

where d0 is bulk density of dried samples without any additive.
Finally, microporosity Pmi was obtained from the following
equation:

Pmi ¼ Ptotal�Pma ð5Þ

The phase composition of specimens was determined by an
X-ray diffractometer device (Philips PW 3710 with Cu-Kα
radiation). The XRD experiments were performed on cement
powders and those specimens soaked in SBF solution for 1, 7
and 14 days (37 1C). In brief, after each evaluating period, the
specimen was washed with distilled water, dried at room
temperature, grounded to fine powder, weighted and then
characterized. Data were acquired from 10 to 601 2θ with a
scan rate of 0.02, 2θ/s. Five specimens of each composition
were tested.

To obtain the effect of added SDS and DEX on crystallinity
of CPCs, after 14 days of soaking, diffraction peak of (002)
plane (corresponding to 2θ¼25.91) was recorded a minimum
of five times at 0.05 2θ/min. The peak width at half of
maximum height was measured and corrected for instrumental
broadening by Warren's method: [27,28]

β2�b2 ¼ B2 ð6Þ

where b is instrumental broadening, B is corrected peak width
and β is peak width at half of maximum intensity.

Morphological observations of CPCs were performed by
using a scanning electron microscope (Stereoscan S 360)
worked at accelerating voltage of 15 kV. Because of poor
electrical conductivity of CPCs, the specimen was coated with
a thin layer of gold before testing.
2.3. Drug release study

The release behavior of DEX was determined over 840 h in
SBF solution. A weighed cylindrical specimen was immersed
in a dark-glassy bottle containing 50 mL of the SBF solution
and then the bottles were completely sealed to avoid inclusion
of external things. The container was placed over an orbital
shaker and the set up was transferred into an incubator. The
release test was conducted under rotational situation (20 rpm)
and in 5% CO2/95% air atmosphere at 37 1C to prevent
bacteria proliferation in the SBF solution. After defined time
intervals (7, 16, 24, 144, 264, 408, 504, 672 and 840 h), the
solutions were analyzed by UV–visible spectroscopy (UV/VIS
spectrometer Lambd 25, Perkinelmer US) at 202 nm. The
concentration of the released DEX was determined using a
calibration curve in which UV absorption intensity was plotted
against known concentrations of DEX solutions. It should be
noted that the SBF solution was refreshed every 24 and the
cumulative concentration of DEX was plotted against time.
To realize the mechanisms of DEX release, the power law

[29] (Eq. 7) and Weibull [30] (Eq. 8) equations were fitted on
experimental data

Mt=M0 ¼ ktn ð7Þ

Mt=M0 ¼ 1�expð�ðt=τÞdÞ ð8Þ
where Mt is cumulative amount of released drug at time t, M0

is initial amount of loaded drug, k and τ are kinetic constants, n
is release exponent and d is Weibull constant.

2.4. Proliferation and osteogenesis differentiation of
mesenchymal stem cells on DEX-free and DEX-loaded CPCs

Bone marrow MSCs were isolated from tibia bone shaft of
the Wistar rat. The medium consisted of Dulbecco modified
Eagle medium supplemented with 15% fetal bovine serum and
100 g/mL penicillin–streptomycin. The bone marrow suspen-
sions were cultured in polystyrene 6-well culture dishes.
Nonadherent cells were removed from the cultures after
4 days by a series of PBS washes and subsequent medium
changes. Adherent cells were expanded as monolayer cultures.
The confluent cells were dissociated with trypsin and sub-
cultured in new 6-well culture dishes at a plating density of
6� 104 cells/dish. These handlings were repeated several times
until sufficient numbers of cells were produced.
Cells from 3rd passage were seeded at density of 2� 104

onto disc-shaped samples (s0-DEX0, s0-DEX50 and s100-
DEX50) (6 mm in diameter and 3 mm in height) in several
multi-well dishes. The cell-loaded samples were incubated in a
non-differentiation-medium of DMEM supplemented with
15% FBS for 1–14 days.
The proliferation of the osteoblastic cells was determined

using the MTT (3-{4,5-dimethylthiazol-2yl}-2,5-diphenyl-2H-
tetrazolium bromide) assay. For this purpose, at the end of
each evaluating period, the medium was removed and 2 ml of
MTT solution was added to each well. Following incubation at
37 1C for 4 h in a fully humidified atmosphere at 5% CO2 in
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air, MTT was taken up by active cells and reduced in the
mitochondria to insoluble purple formazon granules. Subse-
quently, the medium was discarded and the precipitated
formazon was dissolved in dimethylsulfoxide, DMSO,
(150 ml/well), and optical density of the solution was read
using a microplate spectrophotometer (BIO-TEK Elx 800,
Highland park, USA) at a wavelength of 570 nm.

The morphology of MSCs attached onto the surfaces of
samples was observed by SEM instrument. For this purpose,
the cells were cultured onto the discs which were rinsed with
phosphate buffered saline (PBS) twice and then the cells were
fixed with 500 mL/well of 3% glutaraldehyde solution (diluted
from 50% glutaraldehyde solution with PBS). After 30 min,
they were rinsed again and kept in PBS at 4 1C. The specimens
were then fixed with 1% osmium tetroxide (Polyscience,
Warmington, PA, USA). After cell fixation, the specimens
were dehydrated in ethanol solutions of varying concentrations
of 30, 50, 70, 90, and 100% for about 20 min at each
concentration. The specimens were then dried in air, coated
with thin layer of gold and analyzed by SEM device (Streoscan
S 360, Cambridge).

The total RNA of cells was isolated at 7 and 14 days after
incubation by high pure isolation RNA kit (Roche Diagnostics,
Germany). The concentration of RNA was found out using a
Nanodrop ND-1000 spectrophotometer at 260 nm. The sam-
ples were then reversed-transcribed into cDNA using an iScript
cDNA synthesis kit (BIO-RAD). Real-time PCR was started
on an ABI Prism 7500 sequence detection system (ABI,
Fostercity, CA) using a cDNA product pattern, specific primers,
Table 2
Sequences of primers used in real-time PCR analysis.

Genes Sequence

Osteocalcin For: 5′-TGT GAG CTC AAT CCG GAC TGT
Rev: 5′-CCG ATA GGC CTC CTG AAG C

Osteopontin For: 5′-ATG AGA TTG GCA GTG ATT
Rev: 5′-TTC AAT CAG AAA CCT GGA A

Alkaline
phosphatase (ALP)

For: 5′-ACC ATT CCC ACG TCT TCA CAT TT
Rev: 5′-AGA CAT TCT CTC GTT CAC CGC C

Runx2 For: 5′-AGA TGA TGA CAC TGC CAC CTC TG
Rev: 5′–GGG ATG AAA TGC TTG GGA ACT

GAPDH For: 5′-AAC AGC GAC ACC CAC TCC TC
Rev: 5′-CAT ACC AGG AAA TGA GCT TGA CAA

Table 3
Initial setting time, compressive strength and injectability of CPCs with or withou

Ist (min) CS of 1 day-soaked
CPCs (MPa)

s0-DEX0 25.171.2 10.771.2
s0-DEX10 21.570.8 11.171.7
s0-DEX50 2071.1 11.472.8
s0-DEX100 22.171.0 12.572.2
s100-DEX0 32.470.7 1.770.9
s100-DEX10 28.771.2 2.070.4
s100-DEX50 24.871.1 3.770.7
s100-DEX100 26.570.9 2.470.5
and iQSYBR Green supermix (BIO-RAD). Primer sequences
employed for Runx2, osteopontin, osteocalcin, ALP and glycer-
aldehyde 3-phosphatedehydrogenase (GAPDH) are shown in
Table 2. They were prepared from invitrogen and used to assess
gene expression [31]. The relative quantification of genes
expression was made using the 2-ΔΔCt method [32] by
normalizing with GAPDH gene as an endogenous control.
ΔΔCt was calculated from

ðCt; sample�Ct; controlÞtarget gene�ðCt; sample�Ct; controlÞGAPDH
ð9Þ

2.5. Calculations and statistical analysis

Data were processed using Microsoft Excel 2010 software
and the results were presented as mean7standard deviation of
at least 4 experiments. Significance between the mean values
was calculated using standard software program (SPSS GmbH,
Munich, Germany) and the p≤0.05 was considered significant.

3. Results and discussion

3.1. Physical properties and phase composition of CPCs

The mean particle size (d50) of TTCP and DCPD were 12
and 5 mm, respectively.
The initial setting time, compressive strength and inject-

ability index of various CPCs have been shown in Table 3.
The setting time is affected by adding SDS molecules to the

cement composition. The CPC pastes without SDS have a
setting time of about 25 min. The initial setting time increases
by about 28% when SDS molecule is used. However, adverse
result is obtained by using DEX. The initial setting time of all
CPCs (with and without SDS) significantly decreases by
incorporating DEX into the CPC composition. For example,
addition of 10 nM DEX to s0-DEX0 cement causes to a
reduction of setting time by about 20%. Formation of apatite
phase from the hydraulic reaction of TTCP and DCPA is
a dissolution–precipitation phenomenon which has been
described in literatures [33]. Entanglement of the early-
formed apatite crystals is responsible for cement hardening
and provides mechanical strength. Decrease in setting time of
CPCs by introducing DEX molecules is probably due to the
t SDS and DEX additives.

CS of 7 days-soaked
CPCs (MPa)

CS of 14-days soaked
CPCs (MPa)

I (%)

10.972.1 11.372.2 5071
15.273.4 11.571.5 4972
20.973.5 17.772.4 4773
22.173.0 18.871.9 5272
8.970.8 8.871.3 5872
5.371.7 5.771.1 5773
8.872.0 8.873.0 5772
6.071.7 7.471.6 5573



Fig. 1. The XRD patterns of macro- and microporous CPCs with different concentrations of DEX soaked in SBF solution for different periods.

Fig. 2. Index of apatite peak broadening for different CPCs soaked in SBF
solution for 14 days.
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formation of an organic–inorganic complex which was followed
by reaction of DEX organic acid molecules with calcium
phosphate base particles.

In terms of compressive strength, for all soaking times, the
compressive strength of porous samples (cements containing
SDS) is significantly lower than that of SDS-free ones. After
1 day of soaking, the compressive strength values of SDS-free
CPCs with or without DEX are in the range of 10–12 MPa and
the differences are not statistically significant. For s0-DEX0
and s0-DEX10, the compressive strength values in all soaking
periods are comparable. However, in CPCs containing 50 and
100 nm DEX, the compressive strength values significantly
improves after soaking for 7 and 14 days.

The injectability of microporous cements (with or without
DEX) comes in the range of 47–52% and the differences
between the average values are not statistically significant.
Adding SDS to the cement composition leads to partial
improvement of cement injectibility. Overall, the cements do
not exhibit good injectability (lower than 70%) and solid–
liquid phase separation occurred during the injection process.
It can be resulted from the relatively high powder to liquid
ratio of the cements.

Fig. 1 shows the XRD diagrams of different CPCs soaked in
SBF solution for different times. The pattern of cement powder
is also shown for comparison. In all samples, after 1 day
soaking, considerable amount of reactants (TTCP and DCPA)
have been converted to apatite and it is the predominant phase.
As time soaking goes on, peak intensity of apatite phase
increases though small amount of TTCP has been still
remained after 14 days. It should be taken into consideration
that the presence of both SDS and DEX molecules did not
affect the rate of TTCP and DCPA conversion into apatite
product. The appearance of broad diffraction peaks reflects the
poor crystallinity and fine crystallite size of the produced
apatite phase.
Fig. 2 compares the corrected peak width value of CPCs

soaked in SBF solution for 14 days. It is well known that the
peak width inversely correlates with crystallinity (i.e. the
smaller peak width, the larger and/or less strained crystals).



Fig. 3. The SEM images of CPCs before soaking in SBF solution taken at different magnifications.

Fig. 4. Morphology of macro- and microporous CPCs containing different amounts of DEX after soaking in SBF solution for 14 days.
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It is shown that the crystallinity significantly decreases (peak
width increases) by adding SDS to CPC and further reduction
is achieved by introducing DEX molecules.

Fig. 3 shows the morphology of CPCs before soaking in SBF
solution, at two different magnifications. The low magnification
shows that the presence of SDS molecules leads to creation of
spherical macropores with pore diameter of 50–150 mm. At
higher magnification, irregular particles of TTCP and DCPA are
observed that produced a micorporous (1–10 mm) matrix.

Fig. 4 illustrates the surface morphology of CPCs after
soaking in SBF solution for 14 days. The upper images show
spherical particles, each one comprised of many needle like
crystals. As shown in higher magnifications (lower images),
the crystals have a tight entanglement to each other. It seems
that the size and roughness of apatite crystals produced in
SDS- and DEX-containing CPCs is lower than those produced
in s0-DEX0. These results confirm the XRD peak width data
shown in Fig. 2 and are in agreement with those of Sarda et al. [7]
who prepared porous CPCs using SDS molecules.
In addition to macroporosity, the numbers of entangled
crystals play important role in mechanical strength. For a
constant volume of apatite crystals, the numbers of them will
decrease if the size of them increases. It can explain, the higher
compressive strength of the soaked SDS-free DEX-loaded
cements, s0-DEX50 and s0-DEX100, compared to s0-DEX0
and s0-DEX10 (Table 3).
Conversion of cement reactants into apatite phase continues

during the soaking procedure. Although the presence of SDS
and liberated DEX molecules in the SBF medium did not
affect the rate of apatite formation, the results of crystallinity
and SEM images suggest that these molecules can be
adsorbed on the surfaces of calcium phosphate particles
and even apatite nuclei and retarded growth of these crystals.
It should be taken into account that DEX is a carboxylic acid
with hydrophobic nature (Fig. 5) and there are some reports
that addressed the preventing effect of carboxylic acid
molecules on apatite crystal growth through adsorption onto
their surfaces [34].



A. Forouzandeh et al. / Ceramics International 40 (2014) 1081–1091 1087
Table 4 gives some information about density and porosity
of CPCs with or without DEX. SDS-free samples have about
35–39% microporosity and the differences between the por-
osity values of DEX-containing samples and DEX-free ones
are not statistically significant. The results reveal that the
addition of SDS molecules to CPCs could introduce about 13–16%
macroporosity in the cement structure and hence reduces the
volume of micropores. The mechanism of pore formation using
SDS molecules has been well discussed in literatures [7]. The
SDS molecules trap air bubbles entered into cement paste during
stirring and make them stabilized by interacting with calcium
cations. The macropores are responsible for weak mechanical
strength of SDS-containing CPCs.
3.2. DEX release

DEX is a synthetic glucocorticoid that supports the osteo-
genic differentiation of stem cells in vitro [35]. Thus, it was
incorporated into CPCs to yield an osteoinductive material.
DEX release was studied by the UV–visible absorption
technique. Fig. 6 shows typical UV absortion bands of the
SBF solution contained s0-DEX50 for various times. The
adsorption peaks at 202 nm relate to DEX. The peak intensities
correlate with concentration of DEX released from the CPC
into the solution. As observed in this figure, for most soaking
times, there is a direct relationship between the adsorption
peak intensity of DEX and immersion time. However in some
cases a diversity is observed. For example the peak intensity of
DEX in the 11-days-soaked samples (264 h) is lower than that
of 6-days soaked one (144 h). It can be related to the
adsorption and desorption of DEX during the soaking period.
In other words, the liberated DEX can return to the cement or
adsorb on to the surface of CPC or the formed apatite crystals.
Thus, at some intervals its concentration in the SBF solution
Fig. 5. Chemical structure of DEX molecules.

Table 4
Density and porosity information of CPCs with or without SDS and DEX additive

CPC db Pt

s0-DEX0 1.7170.07 39.2
s0-DEX10 1.7470.10 38.2
s0-DEX50 1.7770.05 37.0
s0-DEX100 1.8170.04 35.8
s100-DEX0 1.45 70.02 48.5
s100-DEX10 1.4670.02 47.9
s100-DEX50 1.4870.02 47.3
s100-DEX100 1.5070.01 46.4
can decrease. Fig. 7 shows the cumulative concentration of
DEX released from different CPCs as a function of time. The
power law and Weibull equations fitted on the experimental
data are also shown. All cements exhibit good potential for
long term maintenance of DEX. The results determine that the
rate of release increases when using SDS molecules and higher
DEX dosage, because at defined intervals, differences in
the concentrations of DEX loaded on different samples are
s.

Pma Pmi

72.6 0 39.272.6
73.6 0 38.273.6
71.8 0 37.071.8
72.4 0 35.872.4
70.7 13.771.1 34.870.4
71.0 15.671.6 32.370.6
70.8 16.171.3 31.270.4
70.7 16.771.0 29.770.4

Fig. 6. Typical UV visible absorption spectra of SBF solution contained DEX-
loaded CPCs for various periods.



Fig. 7. Cumulative release of DEX from macro- and microporous CPCs along with power law (a) and Weibull and (b) equations fitted on experimental data.

Table 5
Component of power law and Weibull equations fitted on experimental release data.

CPC Power law Weibull equation

K n R2 d τ R2

s0-DEX10 0.58370.121 0.66470.103 0.967 0.82970.019 1473.87125.2 0.981
s0-DEX50 0.38170.152 0.78770.031 0.92 0.89370.026 694.4735.6 0.975
s100-DEX10 0.48770.161 0.71770.025 0.963 0.90070.019 814.0755.8 0.971
s100-DEX50 1.19770.230 0.62270.029 0.937 0.92870.039 487.9764.3 0.985
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statistically significant (po0.05). In other words, microporous
cement (SDS-free CPCs) with the least DEX concentration
exhibits minimum rate of release in which only 50% of the
loaded DEX is released after 35 days. When macropores are
produced in the cement structure, the release rate improves so
that after 35 days, 90% of the loaded DEX is delivered. It is
suggested that the presence of macropores can facilitate
DEX transport through CPC matrix and consequently increase
release rate. Table 5 represents the fit parameters of power law
and Weibull's equation with each corresponding correlation
coefficient. Overall, liberation of DEX from all CPCs followed
Weibull's equation much better than power law one. For both
release exponent (n) and Weibull constant (d), the differences
in values of different samples are not statistically significant
but differences in the constant values (k and τ) are statistically
significant. It discloses that there are the same DEX release
mechanisms for all cements but the rate of liberation is
different because “k” and “τ” are dependents of physical and
geometrical characteristics of the loaded matrix (such as specific
surface area, porosity and tortosity) while “n” and “d” determine



Fig. 8. The morphology of MSCs adhered on top of 1day-cultured s0-DEX0, s0-DEX50 and s100-DEX50 specimens along with numbers of viable cells at different
periods.
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release mechanism [36]. The presence of macropores can result in
higher specific surface area, increasing k (or decreasing τ) value
and hence fasten release process.

Since in DEX-loaded CPCs, the rate of drug release is much
lower than the rate of cement resorption, this suggests that
DEX release is a diffusion-controlled process [37].

Another important point which should be considered is better
description of DEX release using Weibull's equation. Although
power law gives relatively good regression with experimental
data (R2¼0.92–0.96), this model is just suitable for release
description at short periods [38] and for the whole of release time,
Weibull model gives better correlation coefficient (Table 5).

Sustained release of DEX from polymeric tissue engineering
scaffolds (such as poly-lactic-glycolic acid and poly-lactic
acid-collagen) and osteogenic differentiation of MSCs on these
scaffolds have been reported elsewhere [22,39]. In this study, it
was shown that CPCs are better alternatives for the release of
DEX, because in contrast to polymeric scaffold in which high
level of burst release (∼50%) was observed and about 90% of
the loaded DEX was liberated after 22 days (528 h), CPCs
liberated 30–50% of the loaded DEX after 500 h. In its porous
forms, CPCs delivered about 90% of incorporated DEX after
840 h. In addition to poor water solubility of DEX, two other
possible reasons are suggested for its slow release from CPCs:
(i) interaction of organic acid molecules with calcium ions
which leads to the formation of DEX–calcium phosphate
complex. Because of the very slight concentration of DEX
molecules (nanomolar), it is difficult to show these interactions
using analytical methods. However these possible interactions
(at the COOH terminal of organic acid molecules and Ca ions
of the cement) have been proposed by other authors who
studied release of drugs with R-COOH structure form calcium
phosphate cements [40]. (ii) The change in the nature of loaded
matrix, i.e. conversion of the cement reactants into apatite
phase. It may result in trapping DEX molecules within the
apatite crystals.

3.3. Cell proliferation and gene expression

Fig. 8 illustrates morphology of cells adhered on the top of
1day-cultured s0-DEX0, s0-DEX50 and s100-DEX50 speci-
mens along with numbers of viable cells at different periods.
All cements which have microporous structure thoroughly
supported cell attachment, because cells with polygonal
morphologies and extended cytoplasmic membranes are
observed over samples. The cells could proliferate on all
samples, because the number of attached cells significantly
increases with time. (po0.05). However, it is observed that
the rate of cell proliferation on DEX-containing CPCs is
significantly (po0.05) higher than that of s0-DEX0 at the
similar periods. Biological activity of DEX loaded on CPCs
was checked by determining osteogenic gene expression of rat-
derived MSCs seeded on the samples in an osteogenic-free
medium. The expression of Runx2 (osteogenic transcription
factor), ALP (early differentiation gene), osteopontin and
osteocalcin (extracellular matrix proteins of bone tissue) genes
were determined by real-time PCR after 7 and 14 days.
GAPDH expression was also used as control group. Fig. 9
shows the osteogenic gene expression of MSCs cultured on
s0-DEX0, s0-DEX50 and s100-DEX50 specimens. These
results reveal that in comparison to s0-DEX0, MSCs cultured
on s0-DEX50 and s100-DEX50 demonstrate significantly
higher degree of Runx2, ALP, osteopontin and osteocalcin
genes expression after 7 and 14 days. In particular, after
7 days, the expression levels of Runx2, ALP, osteopontin
and osteocalcin genes in MSCs on s0-DEX50 are respectively



Fig. 9. The expression levels of bone marker proteins in MSCs cultured on s0-DEX0, s0-DEX50 and s100-DEX50 specimens.
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1.5-, 4.7-, 2.2- and 2.8-folds of s0-DEX0. After 14 days, the levels
of the genes expressed in MSCs on s0-DEX50 are respectively
1.4-, 4-, 3.3- and 6-folds of MSCs on s0-DEX0. Overall, the
results demonstrate that DEX-added CPCs can preferentially
adjust the expression of osteogenic-related genes.

Jaiswal et al. suggested that the effective concentration of
DEX for the osteogenic differentiation of MSCs was in the
range of 10 nM (40 ng/ml) to 100 nM and higher concentra-
tions in culture medium would results in toxic effect [35].
According to the results, the concentration of released DEX
falls in the therapeutic range which promotes osteogenic
differentiation. Moreover, better osteogenic differentiation of
MSCs on DEX-loaded CPCs compared to DEX-free samples
determines that the possible interactions of DEX molecules
and Ca ions of CPCs (which were previously addressed for the
restricted release of DEX) did not influence on the bioavail-
ability and activity of these molecules.

4. Conclusions

From the results of this study, the following points can be
concluded:
�
 DEX decreased setting time and crystallinity of the formed
apatite phase in CPCs without any change in rate of cements
hydraulic reactions.
�
 At preliminary stages of soaking, the mechanical strength of
CPCs does not influence by DEX but higher compressive
strength is achieved for DEX-loaded cements soaked for 7
and 14 days.
�
 CPCs are promising matrices for DEX loading, because
they can liberate it during a relatively long period of time.
�
 The released DEX is biologically active, because it is able
to differentiate mesenchymal stem cells to osteoblasts. It is
found from well expression of bone marker proteins in
MSCs cultured on DEX-loaded CPCs.
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