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Abstract
In this research, nanocomposite porous calciumphosphate cements (CPCs) consisting of dexametha-
sone (DEX) loaded Laponite® nanoplates (LAP) (DEX-LAP)were fabricated and the effects of sodium
bicarbonate (NaHCO3) as the foaming agent on the physical,mechanical, and biological characteristics
ofDEX-LAP loadedCPCswere investigated.Ourfindings showed thatDEX-LAP encapsulation
significantly reduced thefinal setting time (1.5 times) ofCPCs and accelerated the total transformation
of tricalciumphosphate to hydroxyapatite.Moreover,DEX-LAPnanoplatesmeaningfully enhanced the
compressive strength (4 fold) and compressivemodulus (4 fold) of cement.Additionally, incorporation
of 6% foaming agent noticeably reduced setting time of cement to less than 10mindue to the enhanced
surface area in contactwith cement paste. EncapsulationofDEXwithin the LAPnanoplates and
consequently loadingofDEX-LAPnanoplates in theCPCs resulted in the significantly reduced burst
release ofDEX. Finally, the results also illustrated that the presence of interconnectedmicropores and
DEX-LAPnanoplates in theCPC improvedMG63 cell proliferation. Thesefindings suggest that the
porousDEX-LAP/CPCcanpotentially be developed as bone grafts for bonedefects.

1. Introduction

By increasing the number of musculoskeletal injuries
including bone defects and development of minimally
invasive surgeries, researches have been focused on the
biomaterials with the ability to promote bone regen-
eration (Ginebra and Montufar 2014). Thanks to the
similarity with the mineral section of bone, biocom-
patibility and, osteoconductivity, calcium phosphate-
based constituents are extensively applied for filling
bone defects in two main forms of ceramics and
cements (Verron et al 2012). The advantages of
calcium phosphate cements (CPCs) to ceramics con-
sisting of self-setting, injectability, plasticity, mini-
mally invasive injection and compatibility with
complicated defects result in the wide development of
CPCs for filling bone defects. In addition, thanks to
natural capacity to adsorb bioactive agents and low
setting temperature, CPCs have been applied as drug
carriers for treatment of skeletal system diseases like
osteoarthritis, osteoporosis and rheumatoid arthritis
(Ginebra et al 2012). For instance, Roy et al (2016)

developed a resorbable composite of CPC-poly (lactic
acid-co-glycolic acid) (PLGA) microspheres in which
vancomycin drug was encapsulated into PLGAmicro-
spheres. Results revealed the efficient long-term con-
trolled release of vancomycin more than 10 weeks
fromCPC (Roy et al 2016). Among the various types of
drugs and biomolecules, dexamethasone (DEX) has
been widely applied for bone tissue engineering. DEX
is an anti-inflammatory and immunosuppressant
drug which has been widely applied to treat the
inflammatory diseases. Moreover, DEX molecule
plays important roles on the regulation of genes and
cellular reactions responsible for the growth and
division of cells. In a research, Kharaziha et al (2015)
found the importance of DEX to stimulate the
osteoblast differentiation of stem cells and, conse-
quently, facilitate tissue remodeling. In another
research, DEX was directly loaded in a free-pore
cement to evaluate the release of drug from CPC. The
findings revealed that the DEX release from the
cement was sustained and no burst release was
observed (Forouzandeh et al 2014).
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In spite of suitable properties of these types of
cement, their main drawback is the lack of micro-
porosity, preventing from cell infiltration, forming
vessel inside pores and connectionwith the host tissue.
To overcome these issues, self-setting, injectable and,
porous CPCs have been developed using foaming
agents such as albumin (Ginebra andV SD 2007), soy-
bean (Perut et al 2011), mannitol (Tang et al 2012),
sucrose (Takagi and Chow 2002) and sodium bicarbo-
nate (NaHCO3). Introduction of macro-pores into
CPCs enhances injectability and promotes the inter-
connection of cement with the host tissue (DelReal
et al 2002, Ginebra and Montufar 2014). In addition,
micropores (pores larger than 100 μm) are introduced
into CPCs in order to facilitate bone ingrowth,
implant fixation, cell colonization and, angiogenesis.
Among them, sodium bicarbonate (NaHCO3) as an
inorganic foaming agent could enhance the efficiency
of the foaming process and increase the quality of the
foamed cement. Moreover, NaHCO3 has been widely
used to increase both passive and active resorption of
cement, former refers to the formation of carbonate-
apatite in the presence of NaHCO3, and latter is the
creation of macrospores during cement formation
process due to CO2 bubble formation (DelReal et al
2002). In contrary, most of foaming agents such as
Mannitol could formmicro-pores in the cements only
due to gradual degradation after complete cementa-
tion (Tang et al 2012). Moreover, Some of them such
as sucrose could not totally dissolve upon formation of
cement and remain unreacted in the cement (Takagi
andChow 2002). DelReal et al (2002) usedNaHCO3 as
a foaming agent. In this method, CO2 bubbles formed
as a result of a mixture of powder and acidic liquid
phases bring about to formation of micropores (pores
of foamwere about 100μm).

Another restriction of CPCs is their weakmechan-
ical properties, making them unsuitable for load-bear-
ing situations (Ginebra et al 2012). The ultimate
mechanical strength of the CPC was modulated based
on the degree of cement transformation, the kind of
setting result, the porosity of the cement and the crys-
tallite size of the filler particles (Roozbahani et al
2017a). For this reason, many studies have been car-
ried out for designing and fabrication of various types
of composite CPC with great mechanical properties
(Cama and Barberis 2009, Mohammadi et al 2014,
Tancret and Liu 2014, Gbureck et al 2015). A favorable
strategy is reinforcing with nanoparticles (Moham-
madi et al 2014), polymeric (Xu et al 2008) and, metal-
lic (Krüger et al 2013) fibers, bioresorbable fibers (Xu
andQuinn 2002) and/or whiskers of calciumminerals
(Müller et al 2007, Zhao et al 2012). For instance,
Mohammadi et al (2014) investigated the effects of
SiC, TiO2 and SiO2 nanoparticle addition on the
mechanical properties of porous CPCs. Results illu-
strated that while the compressive strength of the CPC
was increased 10 and 15 times in the presence 5 and
10 wt% of TiO2 nanoparticles, respectively, no

considerable change was detected in the presence of
SiC nanoparticles due to lack of effective bonds at the
SiC nanoparticles-CPC interfaces. Also, addition of
SiO2 nanoparticles in the CPCs indicated maximum
the compressive strength values of the CPCs. It could
be suggested that improved mechanical strength of
TiO2 and SiO2-added CPCs was due to the fact that
these nanoparticles filled pores of CPCs and created a
compactedmicrostructure (Mohammadi et al 2014).

Lately, the synthetic nanoclays of Laponite® (Na0.7
[(Mg5.5Li0.3) Si8O20 (OH)4]0.7, LAP) has been pre-
sented as a biocompatible disk-shaped silicate belong-
ing to the family of phyllosilicates (Ruzicka and
Zaccarelli 2011, Wang et al 2014). Thanks to the
exceptional characteristics consisting of swelling in
water, ability to cation exchange, high specific area,
pH-depended edge charge and suitable interface with
organic and inorganic constituents, LAP has been
widely applied for bone tissue engineering and drug
delivery systems (Gaharwar et al 2019). In aqueous
conditions, LAP nanoplates degrade into bioactive
products stimulating bone formation and growth in
different stages (Hoppe et al 2011, Liu et al 2015).
Moreover, results confirmed that LAP nanoplates in a
colloid gel shape are able to enrich stem cell differ-
entiation (Ghadiri et al 2015). Gaharwar et al (2013)
proved that LAP nanoplates encouraged the osteo-
genic differentiation of mesenchymal stem cells and
tightly interacted with the stem cells (Gaharwar et al
2013, Carrow et al 2018). They also developed LAP-
poly (ethylene oxide) (PEO) nanocomposite and
found the promotion of osteogenic differentiation of
stem cells in the presence of LAP nanoplates in the
nanocomposites (Gaharwar et al 2012). In addition to
these properties, as aforementioned, due to the high
specific surface area and gel-forming ability, LAP
nanoplates have been widely employed as carriers for
drugs and macromolecules such as donepezil (Park
et al 2008), tetracycline (Ghadiri et al 2013), DEX
(Fraile et al 2016) and doxorubicin (Wang et al 2013).
For instance, Ghadiri et al (2013) used LAP nanoplates
as a drug carrier for in situ delivery of tetracycline and
demonstrated that controlled release of tetracycline
from LAP nanoplates took place upon a 72 h period.
Recently, we encapsulated DEX into LAP nanoplates
and confirmed LAP nanoplates could be a promising
candidate for controlled release of anionic DEX in the
controlled manner depending on the pH environment.
Moreover, the merits of LD-NPs such as great cyto-
compatibility, excellent physiological stability and
sustained pH-responsive release properties, make them
a promising platform for the delivery of other ther-
apeutic agents beyondDEX (Roozbahani et al 2017b).

In this study, we aim to develop innovative nano-
composite porous DEX loaded-Laponite® (DEX-
LAP)/calcium phosphate bone cement and investigate
the role of DEX-LAP nanoplates on the physical and
mechanical characteristics of bone cement. Further-
more, the effect of introducing micropores on the
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physical and mechanical properties of DEX-LAP/
CPCs was investigated. Moreover, the release kinetics
of DEX fromCPCswas also evaluated on the cell beha-
vior. It is hypothesized that incorporation of DEX loa-
ded LAP nanoplates as well as microporous structure
of CPCs could promote bone regeneration.

2. Experimental section

2.1.Materials
Calcium nitrate (Ca(NO3)2) and phosphorus pentoxide
(P2O5), sodium dihydrogen phosphate (NaH2PO4),
amorphous silica (SiO2), sodiumbicarbonate (NaHCO3)
and disodium hydrogen phosphate (Na2HPO4) were
purchased from Merck Co. DEX was obtained from
SigmaAldrich (95%purity). Synthetic silicate nanoplate-
lets (Laponite®RDS)wasobtained fromRockwood,UK.

2.2. Preparation ofDEX-LAPnanoplates
DEX-LAP nanoplates were prepared according to the
optimized procedure presented in our previous
research (Roozbahani et al 2017a, 2017b). Briefly,
10 mg ml−1 LAP nanoplates suspension in deionized
water was prepared and pH of the suspension was set
to 3 using 0.1 M HCl. The suspension was sonicated
for 15 min to provide homogenous suspension. After
addition of DEX to LAP suspension (at a constant
content of 2 mgml−1), it was stirred magnetically at
room temperature for 24 h to expand the distance
between LAP layers and form DEX-LAP nanoplates.
As prepared DEX-LAP suspension was centrifuged
(6000 rpm, 20 min) to extract DEX-LAP nanoplates.
Consequently, after three-times rinsing with DI water,
to remove non-immobilized DEX, DEX-LAP nano-
plates were dried in air.

2.3. Fabrication of porous nanocompositeDEX-
LAP/calciumphosphate bone cement
The calcium phosphate bone cement consisted of two
components of liquid and powder phases. The powder
phase of CPCs applied in this research consisted of
98 wt% α-tricalcium phosphate (α-TCP) and 2 wt%
hydroxyapatite (HA) nanoparticles. These two com-
ponentswere synthesized using sol-gel process accord-
ing to our previous report (Roozbahani et al 2017a).
The fabrication process of porous nanocomposite
calcium phosphate bone cement is schematically
illustrated in figure 1. Initially, a mixture of 98 wt% α-
TCP, 2 wt% HA and 2 wt% DEX-LAP nanoplates was
prepared using ball milling at 250 rpm for 1 h.
Separately, the liquid phase consisting of 8 wt%
Na2HPO4, 8 wt% NaH2PO4 and NaHCO3, as the
foaming agent, was prepared. Consequently, powder
component and liquid phase were combined in a
constant powder to liquid ratio of 1. Consequently, the
made paste was dispensed into a cylindrical mold
(diameter=10 mm, height=15 mm) and kept at
37 °C in 100% relative humidity for specific time point

(1, 3 and 5 d). To investigate the role of foaming agents
on the characteristics of CPCs, two different amounts
of NaHCO3 (3 and 6 wt%) were added to the liquid
phase mixture. According to the amounts of foaming
agent contents, the samples were labeled, according to
table 1. CPC without DEX-LAP nanoplates was also
similarly reported as the control (CTL).

2.4. Characterization of porous nanocomposite
DEX-LAP/calciumphosphate bone cement
The chemical composition of calcium phosphate bone
cement, consisting of α-TCP, HA, and DEX-LAP
nanoplates and cement samples was assessed by x-ray
diffraction (XRD, Philips X’pert, Cu Kα radiation).
Furthermore, Scherer equationwas applied to estimate
the crystallite size of HA component in the cements.
The morphology of various types of nanocomposite
cement was evaluated by field emission scanning
electronmicroscope (FE-SEM,MIRA3TESCAN).

The injectability and setting time of the porous
nanocomposite cements in the cylindrical molds with
a dimension of 10mm (diameter) and 15mm (height)
were also investigated. In this regard, the injectability
of CPCswas examined by using a syringe with an aper-
ture diameter of 2 mm. The CPC pastes were entirely
extruded from the syringe under hand pressure. After
mixing for 150 s, the CPC injectability was estimated
by the fraction of the paste weights extruded from the
syringe and the total paste in the syringe (Maenz et al
2014). Setting time of the porous nanocomposite
CPCs was measured by using Vicat needle based on
ISO 9917 standard. According to thismethod, the final
setting time took place when the nozzle did not sink
visibly into the paste (ASTM,C. 2003). Therefore, after
mixing the liquid and powder phases, the CPCs were
placed in 0.9% saline at 37 °C in 100% humidity and
final setting time was estimated using Vicat needle
(Model 1802, Germany) (Kim and Jeon 2012). The
plasticity of the cement was also determined by using
star-shaped molds. In this regard, the cement paste
was poured into the star molds by using a syringe and
was placed at the aqueous medium (0.9% saline) with
relatively 100%humidity at 37 °C.

Mechanical characteristics of the cement were
investigated using the Instron universal Machine. The
cement pastes poured in cylindrical molds were
retained in amediumwith 100%humidity for the spe-
cific time points (1, 3 and 5 d). Finally, after drying, the
cements were compacted at a speed of 0.5 mmmin−1

(ASTM C1424-15) (Kim and Jeon 2012). To estimate
the percentage of apparent porosity of the cements,
Archimedes’ principle was employed according to
equation (1):

=
-
-

´ ( )W W

W W
Apparent porosity 100. 1wet d

wet su

In whichWwet stands for wet weight,Wd andWsu state
dry and immersionweight, respectively.
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2.5.Drug release study
To study the DEX release from CPCs, the samples with
a dimension of 10×5 mm2 (n=3) were placed into
12 ml PBS and consequently were incubated at 37 °C
for various pre-determined intervals (3, 17, 40, and
70 h). It is worth mentioning that PBS solution was
refreshed at each pre-determined interval time. Conse-
quently, the amount of releasedDEX (mgml−1) in each
interval was estimated by using UV–vis spectrophot-
ometer at the highest wavelength of DEX absorbance
(242 nm). It needs to mention that, the amounts of
DEX was approximately calculated by using a calibra-
tion curve ofDEXobtained in a similar solution.

2.6. Cell culture
In order to evaluate in vitro cytocompatibility of
porous cement, cellular experiments were performed.
Accordingly, osteoblast-like cells (MG63 cell line) was
purchased from theNational Cell Bank of Iran. Firstly,
the set cements were sterilized in 70% ethanol for
30 min and, subsequently, were exposed for 20 min

under ultraviolet light. In following, after incubation
in a culture medium consisting of Dulbecco’s Mod-
ified Eagle Medium (Gibco) enriched with 10% fetal
bovine serum (Gibco) and 1%penicillin-streptomycin
(Gibco), overnight, MG63 cells were seeded on the
samples at a density of 1×104 cells per well and
incubated at 37 °C and 5% CO2 upon 7 d. Upon
incubation, the culture medium of each plate was
taken out and the fresh culture medium was replaced,
every 3 d.

MG63 cell proliferation on the samples was asses-
sed using MTT (3-(4,5-Dimethylthiazol-2-Yl)-2,5-
Diphenyltetrazolium Bromide) assay based on the
manufacturer’s instruction (Sigma). Firstly, after
removing the culture medium from each sample,
MTT solution (0.5 mg ml−1 reagent in culture med-
ium)was added to them, followed by 4 h incubation at
37 °C and 5% CO2. Subsequently, 300 μl DMSO
(Sigma) was added to each well and after 30 min incu-
bating at room temperature, the absorbance of DMSO
was determined at 570 nm by usingMicroplate Reader

Figure 1. (a)The schematic showing the preparationmethod ofDEX-LAP/CPCs aswell as the structure of each component during
the cement formation: (i) SEM image ofDEX-LAPnanoplates, (ii)TEM image ofα-TCPnanopowder, (iii), (iv) SEM images of CPCs
at two different positions. (b)Plasticity evaluation of nanocomposite CPCs studied by applying the complicated star-shapedmolds.

Table 1.Composition of prepared porous samples andmeasurements offinal setting time (min)
and injectability.

Sample CPC (CTL) CPC-2 CPC-2-3 CPC-2-6

Liquid phase (%) Na2HPO4 50 50 50 50

NaH2PO4 50 50 50 50

Foaming agent (NaHCO3) (gr) 0 0 3 6

DEX-LAPnanoplates 0 2 2 2

Final setting time (min) 17.6±1 12.3±1 9.7±1 9.6±1
Injectability (%) 90 92 90 92

4

Biomed.Mater. 14 (2019) 055008 MRoozbahani andMKharaziha



(Bio Rad, Model 680 instruments). All the experi-
ments were carried out in a triplicate and consequently
the optical density of the each well in a plate was repor-
ted and two control samples (TCP) were labeled for
comparison (Roozbahani et al 2017a).

2.7. Statistical analysis
Statistical analyses were done via one-way ANOVA
(n�3). Moreover, to investigate a statistical mean-
ingful difference between groups, Tukey’s post-hoc test
using GraphPad Prism Software (V.6) was applied to
be significant.

3. Results and discussion

3.1. Characterization of porousDEX-LAP/CPC
Porous DEX-LAP/CPC was prepared by a mixture
of powder precursors and DEX-LAP nanoplates,
according to figure 1. At first, the role of DEX-LAP
nanoplates on the characteristics of the CPC was
evaluated. Figure 2 shows XRD patterns of pure LAP,
CPC (CTL), and CPC-2 after immersion in normal
saline for pre-determined intervals (day 1 (DAY 1), 3
(DAY 3), and 5 (DAY 5)). XRD patterns of HA and α-
TCPwere presented as the control. XRD patterns of all
pure CPC (CTL) consisted of the characteristic peaks
ofβ-TCP at 2θ=28°, 31° and 34°, according to theβ-
TCP standard card (00-009-0169 (ICSD code)). More-
over, the rest of peaks appeared at 2θ=22°, 26°, 32°,
34°, 40°, 47°, 50° and 53° were related to the Miller
indices of (111), (002), (112), (202), (221), (222), (321),
and (004) of HA, respectively, based on the standard
card ofCDHA (01-086-1199 (ICSD code)). Our results
demonstrated that α-TCP was totally transformed to
CDHA and β-TCP phases. However, unlike CPC
(CTL), complete conversion of α-TCP into CDHA

took place after only one day immersing of CPC-2
(DAY 1) in normal saline confirming the acceleration
of conversion in the presence of DEX-LAP. In
addition, an extra peak at 2θ=26° related to DEX-
LAP nanoparticles could be detected at XRD patterns
of CPC-2 approving the incidence of LAPnanoparticle
in the bone cement. Increasing the immersing time
did not change the chemical composition of the
cement. Similarly, Roy et al (2016) incorporated
resorbable PLGA microspheres into CPC in order to
create micropores and evaluated the effect of PLGA
microspheres on conversion of α-TCP to CDHA. The
results demonstrated that transformation of α-TCP
into CDHA did not even take place after 30 d at free-
PLGA CPC sample. In contrast, after incorporation of
PLGA,α-TCP phase was never observed in the cement
until 30 d after immersing in PBS. On the other hand,
according to Sheerer equation, the crystallite size of
HA in CPC (CTL) and CPC-2 after a day of immersion
(DAY 1) was 48 nm and 31 nm, respectively, proving
the finer crystallite size of HA in the presence of DEX-
LAP. In other word, DEX-LAP nanoplates provided
more nucleation sites, while restricting the extreme
growth of calcium phosphate crystals. In addition to
reduced crystallite size of HA nucleation, results
showed that incorporation of DEX-LAP modulated
the injectability and setting time of theCPCs.

Injectability has been considered as a critical factor
in order to use in minimally invasive methods like fill-
ing damaged bones caused by osteoporosis and in situ
fracture fixation. Based on table 1, CPC-2 revealed an
injectability value of around 92% that could be reflec-
ted as high injectability. Based on previous researches,
incorporation of nanoparticles (Roozbahani et al
2017b), reduction of reactant particle size (Ginebra
et al 2004), and formation of hydrogel (Liu et al 2014)
could lead to the improvement of rheological

Figure 2.XRDpatterns of CPC-2, at different days of immersion into ringer’s solution, pure LAPnanoplates, HA, andα-TCP
nanopowders.
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properties (injectability, viscosity, and cohesion) of
cement paste, while preventing from the separation of
powder and liquid phases during injection. Therefore,
dispersion of DEX-LAP nanoplates into CPC as a gel-
ling agent resulted in promoted rheological properties
such as viscosity and cohesion followed by improve-
ment in injectability of nanocomposite cement. In a
similar study, hydroxypropyl methylcellulose was
employed as a gelling agent into the structure of CPCs
to improve injectability of paste. Results showed the
enhanced injectability from 60% to over 90% followed
by considerably reduced surgical operation time,
minimizing side effects caused by long surgical opera-
tion time and eventually cost-effectiveness (Xu et al
2008). In another research, in order to enhance rheo-
logical properties, Xue et al (2012) incorporated PLGA
microspheres into CPC and showed that injectability
of cement pastes improved from 40.1% to 67.6%.
Moreover, the plasticity of the nanocomposite CPCs
was assessed by the employment of a complicated
mold with star-shape. According to figure 1, the pre-
pared paste was able to penetrate into mold even in
sharp edges to achieve the perfect structure of star-
shaped CPC. Moreover, results showed that incor-
poration of LAP-DEX within the CPCs resulted in the
reduced setting time of cement from 17.7±1 min to
12.3±1 min. It might be due to the improved water
capability, and gel-forming ability via incorporation of
DEX-LAP nanoplates. Similarly, Mohammadi et al
(2014) examined the effect of ceramic nanoparticle
incorporation on the setting time of CPC. Their results
illustrated the upward trend of initial setting time in
the presence of 10 wt% nano-TiO2 from 12 to 15 min,
while incorporation of 10 wt% of SiC and silica
brought about to increase 2.3 times and reduce
2 times, respectively. In another study, Shahrezaei et al
(2014) evaluated the effect of particle size of main0
precursor on setting time of apatite cement. The
results demonstrated a lower initial and final setting
time from 20min to 15 min and from 32 min to
25 min, respectively.

FE-SEM technique was employed to evaluate the
morphology of CPC (CTL), and CPC-2 samples,
according to figure 3(a), CTL sample consisted of
plate-like particles which could be attributed to HA
crystals (Ginebra et al 2006). After uniform dispersion
of DEX-LAP nanoplates (CPC-2) within the CPC
(figure 3(b)), these particles became smaller and nar-
rower. Accordingly, while particle size of HA in CPC
(CTL) was 2.8±1.1 μm, in the presence of 2 wt%
DEX-LAPnanoplates, it was turned to 37.6±12.2 nm.
DEX-LAP nanoplates acted as nucleating agents forHA
crystals which resulted in enhanced nucleating situates.
Consequently, these agents prohibited fromHAgrowth
and made homogenous deposition of HA crystals.
Similarly, Liu et al (2016) developed composite cement
containingwollastonite (WS) and investigated the effect
of WS on the microstructure of CPC. The results
showed that after 1 week of soaking in PBS, some tiny

flake-shaped apatite started forming on the surface of
CPC/WS.Moreover, they found that flake-shaped apa-
tite crystals became smaller and much denser than in
theCPC/WScompared topureCPC.

After incorporation of foaming agent (sodium
bicarbonate), uniform micropores with the dominant
size between 50 and 100 μm and with isodiametric
shapes were formed in the bone cement (figures 4(a)
and (b)). However, the average size of these pores was
depended on the proportion of sodium bicarbonate.
Frequency distribution of micro-pore size at both
samples are presented in figures 4(a) and (b). Results
showed that, at CPC-2-3 sample, approximately 50%
of pore size was in the range of 50–100 μm. At this
sample, the apparent porosity, measured by Archi-
medes method, was estimated about 45±4%. How-
ever, as the foaming agent concentration increased
from 3% to 6%, the apparent porosity raised to
58±6% and frequency distribution showed a wide
range of different pore sizes from less than 20 μm to
more than 150 μm. Between these ranges, more than
20% of the pore sizes were over 150 μm. This pore size
is necessary for cell adhesion and ingrowth (Montufar
et al 2010). The pore formation could be due to the
reaction between NaHCO3 and NaH2PO4, as well as
the formation of acidic medium to accelerate decom-
position of H2CO3 (reaction 1), followed by formation
of CO2 bubbles in the whole structure of cement (reac-
tion 2). Incorporation of acidic liquid phase not only
favors fast hardening of cement paste, but it also pro-
vides an acidic medium to fast decomposition of
NaHCO3 intoH2CO3

+  +
( )

NaH0 PO NaHCO Na HPO H CO
1

2 4 3 2 4 2 3

 + ( )H CO H O CO . 22 3 2 2

Moreover, according to figure 4(c), the average
pore size of the cements significantly increased from
98±22 μm to more than 148±18 μm, when the
foaming agent concentration enhanced from 3% to
6% (P<0.05). DelReal et al (2002) similarly applied
NaHCO3 as the foaming agent to introduce micro-
pores into CPCs via formation of CO2 bubbles
through decomposition of H2CO3. They showed the
formation of micropores with the average size of
100 μm and total porosity of 50%. Moreover, accord-
ing to table 1, the presence of NaHCO3 as the foaming
agent in the NaH2PO4 aqueous solution considerably
reduced setting time of CPC paste. It could be due to
the fact that pores created in the presence of foaming
agent and formation of CO2 bubbles which enhanced
the surface area in contact with cement paste followed
by accelerating nucleation and crystallization of HA
and then fast setting. Generally, CPC pastes form by
the development of a solid network which could be
affected by the hydrolysis degree of precursors. The
prerequisite energy for the construction of this solid
complex is offered by surface energy created fromboth
liquid and powder components. Consequently, a
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superior hydrolysis reaction rate resulted in the
reduced setting time. Our results revealed that the pre-
sence of DEX-LAP nanoplates and foaming agent, as
well as nanometric reactants could respectively affect
the rheological properties, fast setting and an improve-
ment in conversation rate of precursors leading to a
significant reduction in the final setting time and great
initial setting rate of the porous cement.

Basically, the major issue associated with CPCs is
their weakmechanical properties making them unsui-
table for load-bearing applications (DelReal et al
2002). Stress–strain diagrams of all samples are pre-
sented in figure 5(a). A similar stress–strain behavior
was observed in all samples. Due to the presence of
micro/nanopores in calcium phosphate, a brittle frac-
ture behavior could be recognized. However, accord-
ing to figures 5(b) and (c), DEX-LAP incorporation
resulted in significant improvement in the compres-
sive strength and modulus of the CPCs, after 5 days of
immersion, respectively. Results revealed that the
compressive strength and modulus of the CTL
(1.05±0.21 MPa and 0.54±0.14 GPa) significantly
enhanced to 4.00±0.14 MPa and 2.10±0.35 GPa,

respectively, after incorporation of DEX-LAP nano-
plates (CPC-2) (P<0.05). It might be due to the
inevitable impact of DEX-LAP nanoplates on the
induction of higher nucleation sites and consequently
extreme growth restriction of HA particles. However,
after introducing 6% foaming agent (CPC-2-6), com-
pressive strength and modulus declined to 1.75±
0.49 MPa and 0.90±0.13 GPa, respectively. How-
ever, the obtained mechanical properties were still
greater than those of pure non-porous CPC, showing
the effective role of DEX-LAP nanoplate to control the
mechanical properties of CPC. Moreover, compared
to the mechanical properties of CPCs extracted from
other research, the present results looked significant.
For instance, in a research in which Na2HPO4 and
NaH2PO4 were similarly used as liquid phases, the
compressive strength of CPCs was reported approxi-
mately 1.3 MPa (DelReal et al 2002). In another
research, Feng et al (2010) examined the impact of
pore size and immersion time on the mechanical
strength of CPC. They found that mechanical proper-
ties of CPCs reduced with increasing pore size. Notice-
ably, the CPC consisting of micropores with the

Figure 3. FE-SEM images of CPCs including (a) 0 (CTL) and (b) 2wt%LAPnanoplates (CPC-2), at two differentmagnifications.
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average size of 200–300 μm revealed the compressive
strength of 2.5–3 MPa. Montufar et al (2010) also
designed a self-setting injectable hydroxyapatite scaf-
fold to evaluate the impact of micropores on mechan-
ical properties of CPC. They introduced micropores
inside the structure of CPC by combining polysorbate
80 solution and liquid phase of CPC. They finally
realized that the porous sample, with total porosity
over 75%, revealed the weak mechanical strength
(0.2 MPa). Therefore, we can conclude that while for-
mation of uniform pores within CPC reduced the
mechanical properties of CPC, DEX-LAP nano-
particles could positively control the mechanical
properties of CPC.

3.2. In vitro drug release study
In order to promote osteoblast-like cell proliferation,
DEX was incorporated into the LAP nanoplates.
According to previous research, DEX could support the
osteogenic differentiation of stem cells (Roozbahani et al
2017b). Therefore, in order to investigate the function
of encapsulatedDEXon the cellular behavior, the release
ofDEX fromporous nanocomposite cements consisting
of various amounts of foaming agents (CPC-2, CPC-2-
3, and CPC-2-6) was investigated. Figure 6 established

that, the cumulative release amount of DEX mean-
ingfully controlled by the porosity of the cement. DEX
release profile from CPC-2 sample displayed three
distinct stages consisting of an initial burst release,
followed by a slight decrease in the DEX rate release and
a constant release rate. Results showed that 5.1±2.3%
release occurred in the first 3 h immersing of CPC-2
which was significantly less than that of in the previous
reports (Loca et al 2015). The burst release is usual in the
polymeric constructs owing to the aggregation of drug
components on the membrane surface (Roy et al 2016).
Herein, thanks to the consistent distribution of DEX
molecules on the LAP nanoplates, less DEX exposed on
the external of cement that delivered moderately fewer
primary burst release. Even after formation of pores in
the cement, the initial burst release did not considerably
increase. Results showed that about 10.1±1.2% and
19.7±1.2%DEX released in the first 3 h immersing of
CPC-2-3 and CPC-2-6, respectively. However, in con-
trary to the CPC-2 sample, the final stage of the DEX
release did not reveal any constant release. Therefore,
after 70 h of incubation, while the total amount of
released DEX from CPC-2 were 12.8±3.2%, it was
drastically boosted to 54.1±3.4% and 70.0±3.3%
from CPC-2-3, CPC-2-6 samples, respectively. Forou-
zandeh et al (2014) also evaluated the impact of

Figure 4. FE-SEM images aswell as the frequency distribution ofmicropores in the porous nanocomposite CPC-2, consisting of
various concentrations of foaming agent: (a) 3% (CPC-2-3), (b) 6% (CPC-2-6). (c)Average pore size of CPC-2-3 andCPC-2-6
(*:P<0.05).
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micropore formation on the release rate of DEX from
CPC. They found that while only 50% of the encapsu-
lated DEX released from CPC, the presence of micro-
pores resulted in the release of 90% DEX after 5 weeks
could be due to the enhanced specific surface area
leading to improve interaction between the aqueous
solution and CPC and consequently fasten DEX release
process. It could be suggested that superior pore size of
the cement enhanced the penetration and diffusion of
PBS through the cements facilitating DEX release from
CPCmatrix and subsequently enhanced the release rate.

However, considering our results, such a DEX release
trend from whole nanocomposite cements could afford
tolerable amounts of DEX supporting the promoted
osteogenic differentiationof osteoblast-like cells.

3.3. Cell culture
In order to evaluate the effect of DEX-LAP nanoparti-
cles as well as the amounts of pores on the viability of
MG63 cells, MTT assay was carried out on cement
samples upon 1 and 7 days of culture (figure 7).
Generally, cell proliferation increased on the CPCs

Figure 5.Mechanical properties of pureCPC (CTL) aswell as nanocomposite CPCs consisting of various amounts of foaming agents
(0%, 3%and 6%), after 5 days of immersion in ringer’s solution: (a) stress–strain, (b) compression strength and (c) compressive
modulus of porous cements (*:P<0.05).

Figure 6.The cumulativeDEX release profile fromCPC-2, CPC-2-3 andCPC-2-6 during 70 h soaking in PBS solution.
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and in the presence of DEX-LAP nanoparticles. For
instance, the optical density of cells on the CPC-2
increased from 0.16±0.04 to 0.18±0.03 confirm-
ing that DEX-LAP nanoplates encouraged MG63 cell
proliferation. Moreover, DEX release could be an
efficient way to support cell proliferation. On the other
hand, as foaming agent content went up in the
structure of cement, the number of interconnected
micropores created into the cement bulk enhanced,
leading to the formation of suitable points for cells to
penetrate, adhere, proliferate and grow. As clearly
determined in figure 7, after 1 and 7 days of cell culture
on CPC-2-6 sample, optical density of cells signifi-
cantly increased from 0.14±0.02 to 0.36±0.06. In
another word, this porous cement revealed the higher
cellular activity owing to possess deep and wide
interconnected pores rather than other cement sam-
ples (CPC (CTL)). It was also noted that the presence
of interconnected micropores could favor faster DEX
delivery from LAP nanoplates which could promote
cell viability. In general, the presence of both DEX-
LAP nanoparticles, as a bioactive agent, and micro-
pores, as suitable sites for cells to settle, in the structure
of cement could promote survivability of cells making
it a promising bone graft forfilling bone defects.

4. Conclusion

In this study, porous nanocomposite CPCs with fast
setting and suitable mechanical characteristics were
successfully developed via incorporation of DEX-LAP
nanoplates. While the porous DEX-LAP/CPC pos-
sessed final setting time of 9.6±1 min, its compres-
sive strength and modulus reached 4.00±0.14 MPa
and 2.10±0.35 GPa, respectively. Moreover, sus-
tained DEX release from LAP nanoplates was achieved
led to enhanced MG63 cell proliferation, compared to
CPC. Finally, porous DEX-LAP/CPC with promising
properties may have applications in clinical situations

such as enhance bone screw fixation in osteoporotic
bone that require fast setting, strong interfacial interac-
tionwith bone tissue and greatermechanical properties
than commercial CPCs. In addition, porous DEX-
LAP/CPC is easy to use without hand mixing using a
dual syringe making it opportunity to use it as required
throughout the operation. In addition, incorporation
of DEX with anti-inflammation property in the bone
cementmay have the potential to significantly diminish
inflammation in the joint replacements leading to
reducedhealing process.
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