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Abstract
Calcium phosphates and bioactive glass ceramics have been considered promising biomaterials for use in surgeries.
However, their moldability should be further enhanced. We here thereby report the handling, physicochemical
features, and morphological characteristics of formulations consisting of carboxymethylcellulose–glycerol and hydroxyapatite-tricalcium phosphate or BiosilicateÕ particles. We hypothesized that combining either material with carboxymethylcellulose–glycerol would improve handling properties, retaining their bioactivity. In addition to scanning electron
microscopy, cohesion, mineralization, pH, and viscoelastic properties of the novel formulations, cell culture experiments
were performed to evaluate the cytotoxicity and cell proliferation. Putty-like formulations were obtained with improved
cohesion and moldability. Remarkably, mineralization in simulated body fluid of hydroxyapatite-tricalcium phosphate/
carboxymethylcellulose–glycerol formulations was enhanced compared to pure hydroxyapatite-tricalcium phosphate.
Cell experiments showed that all formulations were noncytotoxic and that HA-TCP60 and BGC50 extracts led to an
increased cell proliferation. We conclude that combining carboxymethylcellulose–glycerol with either hydroxyapatitetricalcium phosphate or BiosilicateÕ allows for the generation of moldable putties, improves handling properties, and
retains the ceramic bioactivity.
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Introduction
Bone augmentation is a surgical procedure aiming to
reconstruct atrophic regions prior to implant placement.1
For this purpose, autografts, allografts, xenografts, and
alloplasts are used as treatment options.2 Major eﬀorts
have been dedicated to developing appropriate materials
for bone augmentation. Considering this matter, two different classes of biomaterials—calcium phosphates (CaP)
and bioactive glasses/glass ceramics (BG/BGC)—have
been considered promising synthetic materials for use
in orthopedic and craniomaxillofacial surgery due to
their excellent biocompatibility and bioactivity.3–6 These
biomaterials generate a particular biological response
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at the interface of the material which results in the
formation of a bond between the bone tissue and the
material.7,8
Generally, CaPs are used as monolithic, biphasic,
triphasic, or multiphasic formulations to obtain
an appropriate balance between thermodynamically
stable and soluble CaP phases.9,10 In this respect,
hydroxyapatite (HA) is more stable under physiological
conditions and has slower resorption kinetics compared
to tricalcium phosphate (TCP). On the other hand, the
higher biodegradability of TCP enhances the reactivity
of biphasic formulations based on HA and TCP by
increasing TCP/HA ratio. In general, biphasic, triphasic, or multiphasic CaPs have the advantage of using
the more soluble/less soluble ratio by preferential dissolution of the more soluble CaP components.4
In addition to CaP, BGs are considered appealing
implant materials for bone-related applications. These
BGs comprise a group of silica-based melt-derived
glasses with a unique ability to promptly bond to
bone tissue and in addition stimulate progenitor cells
toward increased mineralized matrix deposition.11
BiosilicateÕ is a BGC based on the P2O5–Na2O–
CaO–SiO2 system and obtained by controlled crystallization.12 In vitro studies with BiosilicateÕ have
demonstrated surface nucleation and growth of apatitic
crystals upon immersion in simulated body ﬂuid (SBF)
and larger areas of calciﬁed matrix compared to
BioglassÕ 45S5 at day 17 of osteogenic cell culture.13,14
In addition, in vivo studies with rats indicated higher
bone formation and increased mechanical strength of
tibial defects treated with BiosilicateÕ compared to the
control group without ﬁller particles.12,15
Despite the bioactivity of CaPs and BGs, these
materials are primarily available as powder and monoliths; thus their handling properties should be further
optimized in terms of cohesive moldability to improve
ﬁlling of defects of complex geometry.16 In more detail,
progress made in improving handling properties of ceramic granulate can be used, where polymeric carriers
have been reported to render putty-like materials
without aﬀecting the biological performance of the
granulate ceramic.17,18 Barbieri et al.17 showed superior
bone forming potential of carboxymethyl cellulose
(CMC)-based ceramics putties compared to other polymeric carrier formulations. More recently, a putty-like
material based on carboxymethylcellulose–glycerol
(CMCG) and ceramic granulate was developed to overcome the disadvantage of carriers containing water,
which may degrade the surface microstructure of
granulate ceramic, which subsequently might aﬀect
bone responses. The water-free CMCG carrier demonstrated superior in vitro and in vivo performance in
terms of preserving the chemistry, microstructure, and
performance of osteoinductive CaP ceramic.18 At the

Journal of Biomaterials Applications 0(0)
same time, CMCG oﬀered a range of handling properties from moldable putty to ﬂowable paste, depending
on TCP particle sizes and wt% of CMCG.18
Toward optimization of the handling properties of
ceramic granulate, this study evaluated the handling
(i.e. cohesion), physicochemical features, and morphological characteristics of formulations consisting of
CMCG carriers containing either hydroxyapatitetricalcium phosphate (HA-TCP) or BiosilicateÕ granules. We hypothesized that both materials, HA-TCP
and BiosilicateÕ , would have superior handling properties when combined with CMCG, mainly by exploiting
the moldability of this polymeric carrier with the
bioactivity of the ceramic granulate. In addition to
characterization of the microstructure, cohesion, mineralization, pH, and viscoelastic properties of the novel
formulations, cell culture experiments were performed
to investigate (i) the cytotoxicity of the new formulations and (ii) the inﬂuence of the formulations on cell
proliferation.

Materials and methods
Materials
CMC was provided by CP Kelco (MW ¼ 50,000, CeKol,
Nijmegen, The Netherlands) and glycerol ultrapure by
Sigma-Aldrich (Zwijndrecht, The Netherlands). HATCP (60–40%, in composition respectively), particle
size 425–500 mm, was produced and provided by CAM
Bioceramics (Leiden, The Netherlands). BiosilicateÕ ,
particle size 250–1000 mm, was provided by Vitreous
Materials Laboratory (LaMaV; Department of
Materials Engineering, Federal University of São
Carlos, São Carlos, São Paulo, Brazil). BiosilicateÕ
was obtained from fully crystallized glass ceramics of
the Na2O–CaO–SiO2–P2O5 system, by double stage
thermal treatment.19

Preparation of HA-TCP/CMCG and BiosilicateÕ /
CMCG formulations
CMC was dissolved in glycerol (5% w/w) at 95 C, after
which either HA-TCP or BiosilicateÕ granulate was
added at diﬀerent ratios (Table 1) with the aim to maximize the ceramic content for a moldable formulation
according to previously described methods.18 Brieﬂy,
granulate was combined with the polymeric carrier at
diﬀerent volumetric ratios for optimal handling characteristics. The granulate was mixed with a spatula until a
visually homogeneous distribution of the ceramic
granulate throughout the carrier was obtained, without
phase separation between polymeric carrier and
HA-TCP or BiosilicateÕ . The materials were considered
as moldable due to their putty-like consistency after
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Table 1. Composition of CMCG-ceramic granulate
formulations.
Formulations
HA-TCP50
BGC50
HA-TCP60
BGC60
HA-TCP70
BGC70
HA-TCP80
BGC80
HA-TCP100
BGC100

HA-TCP or
Biosilicate (wt%)

CMCG
(wt%)

Proportion
(material:CMCG)

50

50

1.0:1.0

60

40

1.2:0.8

70

30

1.4:0.6

80

20

1.6:0.4

100

0

2.0:0.0

CMCG: carboxymethylcellulose–glycerol; HA-TCP: hydroxyapatite-tricalcium phosphate.

mixing18,20 and they were set to dry overnight at room
temperature. After preparation and at each time point
(three, seven, 14, 21, and 28 days), the formulations
were freeze-dried, mounted on stubs with carbon
tape, and sputter coated using gold. Scanning electron
microscopy (SEM; JEOL 6310) was performed to analyze the morphology of the formulations. The formulations with 100% HA-TCP or BiosilicateÕ (HA-TCP100
and BGC100) were utilized to check the morphological
features, mineralization, cytotoxicity, and eﬀect on
DNA amount (cell culture) of both granulate ceramics
without CMCG.

In vitro behavior of formulations in
phosphate-buffered saline (PBS)
Disintegration kinetics of the HA-TCP/CMCG and
BiosilicateÕ /CMCG formulations were evaluated by
soaking in PBS using the ratio 0.5/15 ml at 37 C in
glass vials under static conditions. Disintegration
was deﬁned as the condition in which (ceramic) particles are completely dispersed at the bottom of the
glass vials.17,18

Mineralization in SBF
The mineralization capacity of HA-TCP and
BiosilicateÕ within HA-TCP/CMCG and BiosilicateÕ /
CMCG formulations was evaluated in vitro using the
methods described by Kokubo and Takadama.21 SBF
having the same ionic composition as blood serum was
prepared under laminar ﬂow to prevent contamination.
HA-TCP/CMCG and BiosilicateÕ /CMCG formulations and both granulates without polymeric carrier
(0.11 ml; n ¼ 3) were placed in glass vials containing
13.20 ml of SBF (volumes calculated according to
Kokubo and Takadama21) at 37 C on a shaker table
(70 Hz) for up to 28 days, with refreshment on days 3,
7, 14, and 21. At each refreshment, the solution of the
previous period was saved for analysis of the calcium
content in SBF using the orthocresolphtalein complexone assay.22 These solutions were incubated overnight in
1 ml of 0.5 N acetic acid on a shaker table. For analysis,
300 ml working reagent was added to 10 ml sample or
standard in a 96-well plate. The plate was incubated
for 10 min at room temperature. The absorbance of
each well was measured on a microplate spectrophotometer at 570 nm (Bio-Tech Instruments, Winooski, VT,
USA). The standards (ranging between 0 and 100 mg/
ml) were prepared using a CaCl2 stock solution. Data
were obtained from triplicate samples and measured in
duplo. The depletion of Ca was plotted cumulatively by
measuring the diﬀerence between the Ca concentration
in the sample-free SBF control solutions and the SBF
solution in the presence of HA-TCP/CMCG and
BiosilicateÕ /CMCG formulations.23 Additionally, the
samples, at each time point, were retrieved, freezedried, sputter coated with gold, and visually evaluated
by SEM (morphology after incubation).

pH measurements
At each indicated time point during incubation in SBF,
the pH of the SBF was measured (n ¼ 3) using a pH
electrode (Meterlab PHM210 Radiometer Analytical,
Villeurbanne, France).

Rheology

Mass measurements

The viscoelastic properties of the formulations (n ¼ 4)
were evaluated using an AR2000ex rheometer (TA
Instrument, New Castle, NJ, USA) with a ﬂat steelplate geometry (20 mm diameter) at 37 C. Storage
(G0 ) and loss moduli (G00 ) were determined in oscillatory time sweep tests for 10 min at a gap distance of
1500 mm by subjecting the samples to an oscillatory
stress of 25.0 Pa and a frequency of 1 Hz. The obtained
values were plotted as tan(d) values (G00 /G0 ratio) for
each sample.

For mass measurements, the formulations (0.17 ml)
were placed in 5.0 ml of PBS and incubated for 1, 4,
8, 16, and 24 h at 37 C. After each experimental period,
the formulations were retrieved from the solution and
weighed. The mass gain due to swelling (weight increase
accompanied by volume change) or mass loss due to
dissolution was calculated using the formula
Mass% ¼ ½ðWt  W0 Þ=W0   100%

4
where W0 is the weight of the sample before immersion
in PBS and Wt is the weight of the sample after immersion time (t) in PBS. Measurements were performed in
triplicate (n ¼ 3).

Cell culture studies
The cytotoxicity of the new formulations, as well their
inﬂuence on DNA amount was evaluated by an indirect
assay, using material extracts, as described previously.24 The use of materials extracts, for testing biomaterials and medical devices, is in accordance with
ISO 10993-5 standards related to standardization of
cytotoxicity tests.25,26 Brieﬂy, after preparation followed by sterilization in 70% ethanol,24 all formulations (0.06 ml; n ¼ 4) were put in contact with 2 ml of
cell culture medium (alpha Minimal Essential Medium
without ascorbic acid; a-MEM; Gibco BRL, Life
Technologies, Breda, The Netherlands) supplemented
with 10% fetal bovine serum (FBS; Gibco) and 1% p/s
(penicillin/streptomycin; Gibco) for one, three, and seven
days. As controls, four empty wells were ﬁlled with the
same amount of medium for each time point.
MC3T3-E1 subclone cells (ATCC CRL-2593) from
passage 2727 were cultured in proliferation medium
containing a-MEM (Gibco) supplemented with 10%
FBS (Gibco) and 50 ml/ml gentamicin (Gibco) in a
humidiﬁed incubator set at 37 C and 5% CO2. Upon
80% conﬂuency, cells were detached using trypsin/
EDTA and seeded at a density of 4  104 cells/cm2 in
48-well plates containing 500 ml of medium. After overnight incubation, the medium was changed for the preconditioned medium that was previously collected and
the cells were incubated for three days. Afterward, the
alamarBlueÕ assay (Bio-Rad AbD Serotec GmbH,
Puchheim, Germany) was used on all samples to determine cell viability. For analysis, 500 ml of alamarBlueÕ
solution was added to each well, and the plate was
stored in the dark for 4 h at 37 C in a cell culture incubator. After this period, the samples were transferred to
a 96-well plate. Measurement was performed using a
microplate reader (Bio-Tek Instruments, Inc.) at
570 nm.
Subsequently, the alamarBlueÕ solution in contact
with cells was washed away twice using PBS and the
same well plate was used for DNA quantiﬁcation by
PicoGreen assay (QuantiFluorÕ dsDNA quantiﬁcation
kit; Promega, Leiden, The Netherlands). After two
freeze–thaw cycles (80 C and 20 C), 100 ml of freshly
made working solution was added into each well which
contained 100 ml of sample or DNA standard, and the
plate was stored in the dark for 5 min. Finally, the
ﬂuorescent signal (485/20 excitation and 528/20 emission) was read using a microplate reader (Bio-Tek
Instruments, Inc.).
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Statistical analysis
Data were expressed as mean  standard deviation.
Statistical
analyses
were
performed
using
STATISTICA 7.0 (StatSoft Inc., Oklahoma, USA).
Shapiro–Wilk normality test was used to check distribution. Kruskal–Wallis test and Dunn post hoc were
used for nonparametric data. One-way analysis of
variance and Tukey–Kramer multiple comparisons
posttests were used for parametric data. Diﬀerences
were considered signiﬁcant at p  0.05.

Results
In vitro behavior in PBS
Evaluation of the in vitro behavior showed that the
compositions with 80% of either HA-TCP or
BiosilicateÕ (HA-TCP80 and BGC80, respectively)
were not cohesive and disintegrated immediately upon
immersion in PBS. The other putty-like formulations
required longer than 72 h for disintegration. Based on
these observations demonstrating limited cohesive
properties, the formulations HA-TCP80 and BGC80
were not used for further analyses.

Morphology before incubation in SBF
After preparation, all formulations containing either
HA-TCP or BiosilicateÕ combined with CMCG
exhibited a putty-like appearance. SEM micrographs
indicated that the granulates were well aggregated by
the CMCG-based mesh (Figure 1). The CMCG-based
mesh could be seen covering and connecting the particles. The moldable formulations (HA-TCP50,
BGC50, HA-TCP60, and BGC60) were easy to
handle without loss of particles. The HA-TCP70 and
BGC70 formulations were more diﬃcult to shape, and
a few ceramic particles were lost from the masses upon
handling.

Rheology
Figure 2 shows the viscoelastic properties of the diﬀerent formulations. The highest tan(d) values were
observed for the compositions HA-TCP50, BGC50,
and BGC60 (ranging between 0.51 and 0.60), with statistical diﬀerence between BGC60 and BGC50
(p ¼ 0.005). The formulations HA-TCP60, HATCP70, and BGC70 had statistically lower tan(d)
values (0.08  0.03) compared to the other groups
(p ¼ 0.0002), indicating a predominantly elastic behavior for these putties. A signiﬁcant statistical diﬀerence
was also found for HA-TCP70 compared to HATCP60 (p ¼ 0.05, Figure 2).
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Figure 1. SEM micrographs of the different formulations at day 0 (after preparation). Asterisks indicate CMCG-based mesh. 100
magnification. CMCG: carboxymethylcellulose–glycerol; SEM: scanning electron microscopy.
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Figure 2. Tan(d) values of the HA-TCP/CMCG and
BiosilicateÕ /CMCG putties. #—HA-TCP50, BGC50, and BGC60
compared to HA-TCP60, HA-TCP70, and BGC70 (p ¼ 0.0002);
*—BGC60 compared to Group BGC50 (p ¼ 0.005); a—Group
HA-TCP70 compared to HA-TCP60 (p ¼ 0.05). CMCG: carboxymethylcellulose–glycerol; HA-TCP: hydroxyapatite-tricalcium phosphate.

Mineralization in SBF
Among the HA-TCP/CMCG formulations (Figure 3(a)),
the mineralization was statistically higher for HA-TCP60
(1.1 mg; p ¼ 0.02) and HA-TCP70 (1.2 mg; p ¼ 0.002)
compared to HA-TCP100 (0.8 mg) at day 10. From
day 14 until day 28 statistical diﬀerences were found in
HA-TCP100 (lower amount of calcium uptake compared
to all other formulations; 0.0003 < p < 0.03). Speciﬁcally,
after 14 days of immersion, values for HA-TCP70
(1.8 mg) were signiﬁcantly higher compared to HATCP50 (1.1 mg; p ¼ 0.03). During 28 days of SBF
immersion, the mineralization studies indicated for all
HA-TCP/CMCG formulations a continuous increase in
calcium uptake, reaching maximum values ranging from
approximately 0.1 to 3.4 mg (Figure 3(a)).
Among BiosilicateÕ formulations (Figure 3(b)),
BGC50 showed an initial release of calcium into the
medium at day 3 (0.1 mg), being statistically lower

compared to the other groups (0.2  0.1 mg;
0.0001 < p < 0.05). After seven days of immersion, the
formulation BGC100 showed a signiﬁcantly higher
cumulative Ca uptake (0.6 mg) compared to BGC60
(0.4 mg; p ¼ 0.04). For the remainder of the incubation period, no statistical diﬀerences were found among
BiosilicateÕ /CMCG formulations (p > 0.05; Figure 3(b)).
During 28 days of SBF incubation, all BiosilicateÕ /
CMCG formulations showed a continuous increase in
Ca uptake, reaching values ranging from approximately
0.08 to 3.0 mg (Figure 3(b)).

pH measurements
HA-TCP/CMCG formulations showed a relatively
constant pH value over time, with variations between
7.2 and 7.5 (Figure 4(a)). Statistical diﬀerences were
observed after 28 days of immersion, when a higher
pH value was observed for HA-TCP100 compared to
HA-TCP50 (p ¼ 0.0002), HA-TCP60 (p ¼ 0.0002), and
HA-TCP70 (p ¼ 0.0136). Additionally, at day 28, the
pH for HA-TCP60 was signiﬁcantly lower compared
to HA-TCP70 (p ¼ 0.0043; Figure 4(a)).
In general, BiosilicateÕ /CMCG formulations displayed pH values ranging between 7.4 and 7.9
(Figure 4(b)). The formulation BGC100 showed a
higher pH (7.8) compared to the other formulations
(7.62  0.01) at day 3 (p ¼ 0.0002). A pH increase was
observed for BiosilicateÕ /CMCG-based formulations
until day 7, after which a plateau was reached. After
day 21, all formulations revealed a pH decrease, with
signiﬁcant lower values for BGC50 comparing to the
other formulations (Figure 4(b); p ¼ 0.0002).

Mass measurements
Mass measurements were performed to investigate the
cohesion and weight gain/loss of the diﬀerent formulations upon soaking in PBS (Figure 5). HA-TCP/
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Figure 3. Cumulative calcium uptake by (a) HA-TCP/CMCG and (b) BiosilicateÕ /CMCG formulations in SBF for up to 28 days.
*—HA-TCP70 compared to HA-TCP100 (p ¼ 0.002); #—HA-TCP60 compared to HA-TCP100 (p ¼ 0.02): a—HA-TCP100 compared to all other groups (0.0003 < p < 0.03); b—HA-TCP70 compared to HA-TCP50 (p ¼ 0.03); c—BGC50 compared to all other
groups (0.0001 < p < 0.05); d—BGC100 compared to BGC60 (p ¼ 0.04). CMCG: carboxymethylcellulose–glycerol; HA-TCP:
hydroxyapatite-tricalcium phosphate.

CMCG formulations exhibited an intense swelling
(between 80 and 100%) after 1 h. This event continued until the last time point (i.e. 24 h), reaching the
approximate values of 180, 136, and 126% for
HA-TCP50, HA-TCP70, and HA-TCP60, respectively.
For all experimental periods, HA-TCP50 swelling
values were statistically higher compared to the
other groups (Figure 5(a); 0.0004 < p < 0.03). This
fact indicates that swelling increases for HA-TCP/
CMCG formulations with increasing amounts of the
polymer.
After 1 h of immersion in PBS, all BiosilicateÕ /
CMCG formulations showed an evident swelling,
leading to an increase in their original mass
(BGC50 72, BGC60 67, and BGC70 48%;
Figure 5(b)). At 16 h of incubation, the swelling

values were 128  7% for BGC50 and BGC60,
being statistically higher compared to BGC70 (90%;
p ¼ 0.046 and 0.0074, respectively). Thereafter, the
BGC50 formulation reached a plateau, whereas
BGC60 and BGC70 started losing their mass, without
collapsing. After 24 h of immersion, the mass increase
for BGC50 (130%) was signiﬁcantly higher compared to that of BGC70 (70%; p ¼ 0.0068). The
mass measurements indicated that swelling increases
for BiosilicateÕ /CMCG formulations with increasing
amounts of the polymer.

Morphology after incubation in SBF
SEM micrographs indicated degradation of the HATCP/CMCG and BiosilicateÕ /CMCG formulations
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Figure 4. pH of SBF solution in contact with (a) HA-TCP and (b) BiosilicateÕ formulations for up to 28 days. *—HA-TCP100
compared to HA-TCP50 and HA-TCP60 (p ¼ 0.0002); #—HA-TCP 100 compared to HA-TCP 70 (p ¼ 0.0136): a—HA-TCP 60
compared to HA-TCP 70 (p ¼ 0.0043); b—BGC 100 compared to all other groups (p ¼ 0.0002); c—BGC 50 compared to all other
groups (p ¼ 0.0002). HA-TCP: hydroxyapatite-tricalcium phosphate.

overtime, being most evident at day 28 (Figure 6). The
degradation was inﬂuenced by CMCG at all time
points, since this process was more pronounced for
the composite formulations compared to the materials
not combined with CMCG–HA-TCP100 and BGC100
(Figure 6(a) and (c)). Although degradation was
observed, higher magniﬁcation clearly showed preservation of the microstructure of both materials (Figure
6(b) and (d)).

Cell culture studies
Cytotoxicity studies using alamarBlueÕ indicated
that all preconditioned medium obtained from immersing formulations did not aﬀect cell viability, since

no statistical diﬀerence was found among groups
(Figure 7(a.1) to (a.3); p > 0.05). All the materials
tested showed similar values for cell viability compared
to the control at each time point.
DNA quantiﬁcation by PicoGreen assay indicated
no signiﬁcant diﬀerence among groups for the preconditioned media obtained after one day (Figure 7(b.1)).
On the other hand, the preincubated medium with
HA-TCP60 for three days led to an increased amount
of DNA compared to control group (Figure 7(b.2);
p ¼ 0.0036). Moreover, at the last time point, statistically higher values of DNA were noticed for BGC50
(904 ng) and HA-TCP60 (1092 ng) compared to
control group (216 ng) and BGC100 (122 ng)
(Figure 7(b.3); 0.0003 < p < 0.03).
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Mass measurements for Biosilicate/CMCG formulations
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Figure 5. Swelling of (a) HA-TCP/CMCG and (b) BiosilicateÕ /CMCG formulations in PBS for up to 24 h. *—HA-TCP50 compared
to all other groups (0.0004 < p < 0.03); #—BGC70 compared to all other groups (0.0009 < p < 0.02): a—BG50 compared to BG70
(p ¼ 0.0068). CMCG: carboxymethylcellulose–glycerol; HA-TCP: hydroxyapatite-tricalcium phosphate.

Discussion
To improve handling properties of particulate bioceramic materials, this study evaluated the properties of
formulations composed of either HA-TCP or
BiosilicateÕ combined with CMCG. For this, in vitro
dissolution (cohesion), rheology, Ca uptake, and degradability were studied. The hypothesis was that both
ceramic materials—HA-TCP and BiosilicateÕ —in combination with CMCG would have superior handling
properties and cohesion compared to the plain ceramics.
The results showed that mixing these ceramic materials
with CMCG generates putty-like formulations with
improved cohesion and moldability compared to the
granular ceramics. Interestingly, the composite formulations exhibited a continuously increasing mineralization
upon incubation in SBF. Remarkably, mineralization of
HA-TCP/CMCG formulations was enhanced compared
to pure HA-TCP. Additionally, cell culture experiments

showed that all formulations were devoid of cytotoxic
eﬀects and that HA-TCP60 and BGC50 extracts led to
an increased cell proliferation compared to the control
group and BGC100.
The formulations were maximized with respect to
their HA-TCP and BiosilicateÕ content to obtain the
maximum amount of the bioactive materials without
aﬀecting cohesion28,29 and moldability.30,31 The highest
possible amount of HA-TCP or BiosilicateÕ was found
to be 70 wt%, and the formulations were still cohesive.
For composite formulations with higher amounts of
ceramic material (i.e. 80 and 90 wt%), loss of cohesion
was observed. Additionally, formulations containing
less than 50 wt% ceramic were not evaluated, since
they consisted of nonhomogeneous compositions. All
composite formulations were moldable unlike pure
HA-TCP (HA-TCP100) and BiosilicateÕ (BGC100).
Moldable bone substitutes have several advantages
over granules/powder or preset scaﬀolds/disks, including a superior handling in a surgical setting, improved
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shape conformance to complex bone defects, and retention within such bone defects.18,30,32
All moldable composite formulations required more
than 72 h for in vitro disintegration. In contrast to that,
Barbieri et al.17 showed that HA-TCP/CMC putties
needed only 24 h for dissolution and Davison et al.18
reported that TCP/CMCG putties required 48 h for
complete dissolution. This diﬀerence may be related
to the interactions of either HA or BiosilicateÕ with
CMCG,23,33–35 giving rise to a more stable material,36
but not stiﬀer, allowing signiﬁcant swelling and, at the
same time, preventing disintegration of the composite
formulations. Furthermore, rheology studies indicated
that all formulations formed gels with elastic-like
behavior as reﬂected by the values for tan(d) which
were all lower than 1,37 which can be attributed to
the CMCG gel-forming ability.17,36
For all composite formulations, the mineralization
assay in SBF indicated a continuous uptake of Ca
during 28 days of incubation. Interestingly, SEM
micrographs indicated the precipitation of CaP on the
composite surface. These facts may be related to the
formation of an HA-like layer on the surface of

the two materials, a phenomenon well known for biomaterials similar to the ones used here.38–42
These leaching reactions are well established for this
kind of materials and are deﬁned by Hench as ﬁve-stage
reactions.43 Brieﬂy, in stage I, alkali and alkali earth
ions are released from the material into the ﬂuid and
replaced by Hþ or H3Oþ ions in the ceramic structure.
This reaction raises the local pH, resulting in the break
of Si–O–Si bonds. Then, in stage II, silicon is released
into the ﬂuid in the form of silanol groups (Si(OH)4).
In stage III, the silanols condense, forming a polymerized silica gel layer on the surface of the material.
Afterward, in stage IV, calcium and phosphate ions
that had diﬀused from the material or from the ﬂuid
form an amorphous calcium phosphate layer over the
silica gel. Subsequently to these reactions, in stage V,
the amorphous calcium phosphate layer integrates the
carbonate species and crystallizes into HCA.43
In this study, most probably, the HA crystals could
be better observed using magniﬁcations higher than
1000X. Additionally, the freeze–drying process after
incubation could have led to the (partial) detachment
of the HA layer from the surface of the particles. Based
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on our observations, further studies should utilize
higher magniﬁcations and diﬀerent postincubation
treatments in order to increase the quality of SEM analysis toward the visualization of the formed HA crystals. HA-TCP/CMCG formulations showed a higher
mineralization capacity compared to pure HA-TCP
(HA-TCP100). Diﬀerently, the BiosilicateÕ /CMCG
formulations did not mineralize more pronounced compared to pure BiosilicateÕ (BGC100). This diﬀerence
may likely be related to the diﬀerences in particle
size for HA-TCP (425–500 mm) and BiosilicateÕ (250–
1000 mm) and the related speciﬁc surface area. HA-TCP
smaller particles—with higher surface area—could be
in closer contact with CMCG, allowing a greater protection of the biomaterial microstructure, thereby
retaining its bioactivity to a higher extent. Indeed, the
preservation of the microstructure of HA-TCP and
BiosilicateÕ was observed by SEM micrographs after
each incubation period and corroborates the observations made by Davison et al.18 who observed preservation of surface microstructure and performance of
osteoinductive CaP ceramics in water-free carriers.18
The pH measurements indicated that CMCG prevented substantial variation of this parameter for all
formulations, partially neutralizing it. Accordingly,
Davison et al.18 reported the pH of water-free carriers
combined with TCP to be near neutral. In contrast,
Gabbai-Armelin et al.23 showed that incorporation of
BiosilicateÕ into alginate resulted in alkalinization of
the medium (pH 10 in the ﬁrst day). This dissimilarity
may especially be due to the smaller BiosilicateÕ
particle size (2.5 mm) utilized in the latter work, leading
to a faster dissolution/degradation, releasing ions
(Si, Na, Ca, and PO4 3) and, consequently, inducing
an increase in pH.23,44
Mass measurements indicated swelling for all the
formulations upon immersion in PBS. Possibly, water
absorption into the polymer led to an increase in the
original mass, but the formulations were still cohesive.
In physiological solutions, CMC swells and could conceivably absorb critical nutrients and growth factors, as
well ﬁll any bone voids.18,45,46 On the other hand, the
remarkable swelling exhibited by the formulations,
especially by the HA-TCP/CMCG combinations, may
also cause problems upon implantation in defects
(aﬀecting the adjustment of the biomaterial into the
site), and this fact should be addressed in more detail
by further in vivo studies.
To study the possible cytotoxicity of the new formulations, as well their inﬂuence on cell proliferation, an
indirect method was used by culturing MC3T3 cells
in preconditioned medium. The results showed that
neither formulation was cytotoxic to the cells. It was
assumed that the well-established leaching reactions,43
leading to ionic release from the materials, did not
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provoke harmful eﬀects to the cells which were capable
of surviving and proliferating. Interestingly, PicoGreen
assay indicated increased amounts of DNA for preconditioned media compared to control medium, especially
for BGC50 and HA-TCP60 formulation after seven
days of incubation. It is suggested that the biomaterials
extracts created a favorable microenvironment47,48
which induced cell proliferation. This fact may be pivotal toward to the healing of damaged tissue, since cell
proliferation is required to the replacement of dead cells
and lost structures.49,50 Further cell culture studies
should focus on direct contact of the cells with the present composites, as well as on analyzing osteogenic
marker expressions at relevant time points.
In summary, the present results justify additional cell
culture and preclinical in vivo studies on HA-TCP/
CMCG and BiosilicateÕ /CMCG to evaluate and validate the osteogenic potential, histocompatibility, and
biological performance of these materials for bone
regeneration and augmentation purposes.

Conclusions
Based on our experimental data on novel formulations
containing CMCG þ HA-TCP or CMCG þ
BiosilicateÕ , we conclude that CMCG combined with
either HA-TCP or BiosilicateÕ (i) allows for the generation of moldable putties for bone regeneration, (ii)
improves handling properties, and (iii) retains the bioactivity of the ceramic component. Additionally,
in vitro investigations indicated that all formulations
were noncytotoxic and that HA-TCP60 and BGC50
extracts led to an increased cell proliferation, and
such formulations are good candidates for future studies. Our ﬁndings justify further research focused on
the biological performance of these formulations.
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