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Abstract

Calcium phosphate cement has been widely investigated as a bone graft substitute due to its excellent
self-setting ability, biocompatibility, osteoconductivity and moldability. In addition, mesoporous
materials have been studied as potential materials for application in medical devices due to their large
surface area, which is capable of loading numerous biological molecules, besides being bioactive. In

this study, bone 3-TCP-MCPM-based injectable cement with mesoporous silica particles was
synthesized and characterized in terms of its mechanical properties, microstructure, porosity,
injectability, in vitro bioactivity and degradability; together with toxicity effects in CHO-K1 cell
culture. The results showed that the 3-TCP-MCPM cement is bioactive after soaking in simulated
body fluid solution, and mesoporous silica particles provided better physicochemical properties
compared with silica-free cement. Toxicity assays showed low CHO-K1 cell viability after treatment
with more concentrated extracts (200 mgml~'). However, this behavior did not compromise the
reproductive capacity and did not promote significant DNA damage in those cells. In conclusion, the
(B-TCP-MCPM cement associated with mesoporous silica might be considered as a potential bone
substitute for the repair and regeneration of bone defects.

1. Introduction

Calcium phosphate biomaterials have been widely
used as bone substitute materials in clinical applica-
tions due to their higher similarity to biological
apatites, their biocompatibility and osteoconductive
property [1]. Clinical procedures such as minimally
invasive surgery for the replacement/reconstruction
of irregular-shaped bone defects have some limitations
to the application of sintered bioactive ceramics [2]. In
this context, calcium phosphate cements (CPCs) have
been widely explored as a good alternative synthetic
graft. CPC can be molded or injected to be used as
bone defect filler in maxillofacial surgery and in
orthopedic fracture treatment in order to conform to
the shape of the bone defect surface [3].

CPC consists of a powder and a liquid phase,
which forms a moldable paste upon mixing. After that,
these compounds set and the final product may be

brushite (dicalcium phosphate dihydrate, DCPD) or
hydroxyapatite (HA) depending on factors such as the
pH of the setting and thermodynamic stability [4].
DCPD cements have raised interest, because they are
metastable under physiological conditions, and for
this reason can be resorbable more quickly than apa-
tite-forming cements, showing excellent degradability
and enhanced bone formation in vivo [5].

DCPD cements are obtained as a result of an acid-
base reaction, most of them containing 8-TCP and an
acid component, usually monocalcium phosphate
monohydrate (MCPM) or phosphoric acid [6]. Within
the group of DCPD cements, the type formed by the
combination of 3-TCP and MCPM [7] shows rela-
tively rapid setting when mixed with water (around
30 s). To avoid this problem, the phosphate salts can
be mixed with non-aqueous but water-miscible liquid,
which can increase the curing time, as well as the
injectability of the paste cement [8].
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Since the first report about bone cements in the
1980s [9, 10], new cement formulations have been
developed for applications such as bone filling [ 11, 12],
bone reinforcement in osteoporosis [13], fixation of
metal implants [14], vertebral column fractures and
vertebroplasty [15].

In recent years, many studies have focused on
combining materials with potential in bone repair to
promote different therapeutic approaches, such as
association with materials capable of incorporating
drugs or other therapeutically relevant molecules. In
this context, mesoporous silica has been highlighted in
the development of materials for bone repair, due to
its high surface area and porosity, besides its excellent
biological properties, such as compatibility and bioac-
tivity [16, 17] that allow these particles to be used as
potential carriers of biologically active molecules such
as drugs, proteins, peptides and enzymes [18-21].

Since the discovery of Bioglass® [22], many bioac-
tivity studies have been carried out on biomaterials
containing silica in physiological fluids [23, 24], show-
ing that porosity and specific surface area play an
important role in the bioactivity of material. In addi-
tion, a surface with negative charges due to the high
density of the silanol groups (Si-OH) on the silica sur-
face is the key element to induce the nucleation of HA
[25-27]. Thus, the addition of mesoporous silica parti-
cles can be used to increase the bone repair capacity of
the CPCs [28, 29].

Therefore, this study was aimed at the synthesis of
a JTCP-MCPM-based injectable cement with meso-
porous silica particles as a possible candidate for appli-
cation in bone repair/regeneration. The injectable
cements were characterized in terms of their mechan-
ical properties and microstructure, porosity, inject-
ability, in wvitro bioactivity and degradability.
Moreover, in vitro assays evaluated whether they
exhibited cytotoxic, genotoxic and mutagenic effects
in CHO-K1 cell culture.

2. Materials and methods

2.1. Synthesis of mesoporous silica

The mesoporous silica was synthesized in accordance
with our previous study [30]. Mesoporous silica
particles were synthesized from solutions containing a
block copolymer as the structure-directing agent
(non-ionic  surfactant P123  (Pluronic” 123,
EOzOPOmEOZO,Sigma-Aldrich®) and tetraethylortho-
silicate (TEOS, Si(CH3;CH,O),, Sigma—Aldrich®) asa
source of silica. The surfactant was removed by a
calcination method at 600 °C for 6 h. Silica particles
showed periodic arrangement of parallel channels
typical of mesoporous materials with a hexagonal
arrangement, with a pore size of 60 A, high surface area
(880m* g ') and around 462nm length [30].
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Figure 1. XRD patterns of commercial TCP before and after
heat treatmentat 1100 °C.

2.2. Preparation of the cements

First, 0-TCP was obtained by heating tricalcium
phosphate RPH (Carlo Erba Reagents) in a furnace at
1100 °C for 4 h. The material obtained was crushed,
sieved under 63 yum and (§-TCP was confirmed by
x-ray diffraction (XRD) analysis (figure 1). MCPM as
the analytical-grade reagent was used as supplied
(Sigma-Aldrich®). Then, the STCP-MCPM cement
was prepared by premixing (2:1 molar ratio), accord-
ing to table 1. The 3-TCP/MCPM ratio was calculated
in order to obtain theoretically a §-TCP content of
67%. Each formulation, without (3-TCP/MCPM) or
with 5 wt% silica (6-TCP/MCPM/Si), was prepared
by mixing the powder to liquid with the aid of a spatula
for 3 min in a glass plate. A solution of polyethylene
glycol 400 (PEG 400, Sigma-Aldrich”) and deionized
water (1:1, v/v) was used as the liquid component in
the preparation of the cements. The best ratio liquid/
powder (L/P) was determined, as ml gfl, being the
minimum necessary to obtain a handleable plastic
paste.

2.3.Measurement of setting time (ST), compressive
strength (CS) testing and microstructure analysis
The fresh-cement pastes, 3-TCP/MCPM and 3-TCP/
MCPM/Si, were put into a cylindrical mold (10 mm
diameter x 5mm height), and then immersed in
simulated body fluid (SBF) solution at 37 °C, until
reaching the f~-ST. This solution contains ionic con-
centration similar to that of human blood plasma, and
was prepared in accordance with previous protocols
described by Kokubo and Takadama [31]. The hard-
ening time of the cement was measured according to
the Vicat method, based on the American Society for
Testing and Materials C187-11 (ASTM). The ST was
taken as the time wherein the paste hardened to such
an extent that a needle (400 g, ® = 1 mm) would not
penetrate deeper than 0.5 mm into the sample or
caused only imperceptible prints on its surface. At least
five specimens were tested for obtaining the ST values.

2



10P Publishing

Biomed. Mater. 13 (2018) 025023

LSMendes etal

Table 1. Composition of cement, liquid component, percentage of silica, L/P ratio and final setting time (f~ST).

Cement SBA-15 (wt%) Liquid L/P ratio f-ST (min)
[STCP-MCPM — PEG 400/HZO 0.33 26
BTCP-MCPM + mesoporous silica 5% PEG 400/H,0 0.40 30

The measurements were presented as mean =+ stan-
dard deviation (mean + SD).

The specimens for the CS testing were prepared by
placing the fresh paste into a Teflon” mold (6 mm
diameter x 12mm height), and then immersing
them in SBF solution and storing them in a humidor
with 100% relative humidity at 37 °C. After 1 and 7 d
incubation in SBF solution, the samples were immedi-
ately removed from the molds. Then, the CS was mea-
sured at a loading rate of 1mm min~' using a
Mechanical Testing Machine Instron 4443, according
to ASTM F451. For each cement and soaking time, at
least six replicates were tested. The measurements
were presented as mean + SD.

The apparent density and porosity of the samples
were evaluated by the Archimedes’ principle accord-
ing to ASTM C20-00. Six specimens were immersed in
deionized water for a period of 4 h for the immersed
and wet mass measurements. The dry mass was deter-
mined after drying them for a period 0f 24 h in an oven
at 100 °C. Subsequently, the apparent density and por-
osity were calculated using the following equations,
respectively, where 1, is the weight of the dry sample,
m, is the weight of the submerged sample, m; is the
weight of the wet sample and pH,O is the density of
the water.

m
2)emo o
ms — my
pP= (u) x pH,O. )
ms — Mmy

The results from the CS testing, apparent density
and porosity were analyzed with one-way analysis of
variance (ANOVA) followed by Tukey’s test and the
Student’s t-test, respectively, where differences were
considered statistically significant when p < 0.05.

The samples from the CS testing were immersed in
acetone, to stop the hydration, and kept in the oven at
60 °C, for drying of the samples. The cross-section of
the samples was observed by scanning electron micro-
scopy (SEM) using a TM-1000 Hitachi operating at a
voltage of 16 kV. The diffractograms were obtained
using a diffractometer x-ray D8 Advance Bruker with a
nickel filter and under Cu radiation (K¢) at 40 kV and
30 mA, with an angular scan from 10°~70° with step
0.02 s (26) and acquisition time of 3 s for each sample.
The sample was ground into a fine powder using a ball
mill for XRD analysis. The crystalline phases of the
samples were determined by the standard crystal-
lographic database records of the International Centre

for Diffraction Data, Powder Diffraction File-2
(ICDD, PDF-2).

2.4. Injectability

The injectability of the cement formulations, 3-TCP/
MCPM and [-TCP/MCPM/Si, was evaluated by
extrusion (i.e. quantification of residual-cement mass
retained in the syringe after applying a standard force),
during a predetermined injection time period. Syr-
inges of 5 ml (BD Plastipak™) with an opening nozzle
2 mm in diameter were filled with 2.0 g fresh-cement
paste. The syringe was placed between the compres-
sion plates of a Mechanical Testing Machine Instron
4443. After predetermined mixing times, the cement
was extruded at a compression rate of 15 mm min ™'
up to a maximum force of 100 N [32]. The injectability
was calculated as: I = [(m; — m.)/m;]x 100%, where T
is the injectability, m; is the initial mass and m, is the
end mass of the extrusion. All experiments were
performed three times per sample, and the measure-
ments were presented as mean + SD.

2.5. Invitro bioactivity and degradability in SBF
solution
For the evaluation of in vitro bioactivity and degrad-
ability, the fresh pastes were placed in a mold (15 mm
diameter x 2.4 mm height). The demolded samples
were soaked in SBF solution (surface area/volume
ratio of 0.1 cm™ ") at 37 °C for 7 and 14 d before the
bioactivity analysis, or up to 28 d before the degrad-
ability analysis [31]. The SBF solution was renewed
every day [29]. After the respective immersion times,
the samples were rinsed in deionized water and dried
at room temperature (bioactivity analysis) or at 60 °C
for 24 h (degradability analysis). For in vitro bioactivity
analysis, the surface of the samples was covered with
silver and analyzed by SEM using an S-4700 Hitachi
microscope with a resolution of 1.5 nm, with variation
in acceleration voltage of 0.5-30 kV, coupled to energy
dispersive spectroscopy (EDS) Noran and System Six
software. In addition, the changes in concentrations of
calcium, phosphate and silicon ions in the SBF
solution were analyzed by mass spectrometry induc-
tively coupled plasma in an IRIS Advantage Thermo
Jarrel Ash spectrometer, with a dual display system, a
radio frequency source 40, 68 MHz, network Echelle
type diffraction and charge injection device (CID)
solid-state detector.

The degradation was calculated by the equation:
D = [(M; — My)/M;]x100%, where D is the degrada-
tion rate, M; and M, are dry weight of the initial speci-
men and the degraded specimen, respectively. The
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values represent the average of three tests for each
sample. All measurements were performed three times
per sample, the values were presented as mean + SD
and analyzed with the Student’s t-test, where differ-
ences were considered statistically significant
whenp < 0.05.

2.6. In vitro toxicity assays

2.6.1. Preparation of cement extracts

The injectable cements, 3-TCP/MCPM and 3-TCP/
MCPM/Si, were prepared using 2 g of cement powder
as described in section 2.1, previously sterilized by
gamma radiation (15 Gky). The fresh paste was
injected into a polypropylene tube. For in vitro assays,
the extracts were prepared in accordance with ISO
10993-12:2008. Therefore, 10ml 1:1 Ham-F10 +
DMEM medium (Sigma”, St. Louis, MO) without fetal
bovine serum (FBS) were added to the tubes contain-
ing the cements, and the tubes were incubated at 37 °C
in an orbital shaker at 130 rpm. After the extraction,
the conditioned medium was filtered with a syringe
filter (0.22 pm). Four different concentrations of the
extracts were used: Cl (200 mg ml™ Y, C2 (20 mg
ml 1), C3(2 mg ml ™), C4 (200 ug ml™ ).

2.6.2. CHO-K1 cell culture

Chinese hamster ovary cells (CHO-K1) were cultured
in 1:1 Ham-F10 + DMEM medium (Sigma®, St.
Louis, MO) supplemented with 10% South America-
sourced FBS (Gibco, Invitrogen) and 1% antibiotic
antimycotic stabilized solution (Sigma”), 1% kanamy-
cin (Gibco, Carlsbad, CA) in 25 cm? culture flasks at
37 °C in a humidified atmosphere with 5% CO,. Cells
were used among the third and eighth passages.

2.6.3. Cytotoxicity tests

2.6.3.1. XTT assay

CHO-K1 (2 x 10* cells) were seeded in 24-well plates
in culture medium (1 ml, HAM-F10:DMEM; 1:1)
supplemented with 10% FBS at 37 °C in a humidified
atmosphere with 5% CO,. After 24 h, the cells were
washed with phosphate buffered saline (PBS) solution,
and then treated with the respective cement extracts for
24 h. Each well was supplemented with 10% FBS. The
negative control (NC) was cells with culture medium
supplemented with 10% FBS without any treatment
(untreated controls). For positive control (PC), the cells
were treated with doxorubicin (3 ug ml™") for 24 h.
After treatment, the cultures were washed with PBS
solution and immediately 500 pl of DMEM without
phenol red were added, followed by the addition of
60 pl of the XTT/electron solution (Cell Proliferation
Kit II—Roche Applied Science). After 3 h reaction, the
supernatant was transferred to a 96-well culture plate,
and then the absorbance was measured using a micro-
plate reader (VersaMax, Molecular Devices, Sunnyvale,
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CA) at 492 and 690 nm. Three independent experi-
ments were conducted.

2.6.3.2. Clonogenic assay

CHO-K1 (5 x 10" cells) were seeded in 24-well plates
in culture medium (1 ml, HAM-F10:DMEM; 1:1)
supplemented with 10% of FBS at 37 °C, in 5% CO..
After 24 h, the cells were washed with PBS solution, and
then treated with the cement extracts supplemented
with 10% FBS for 24 h. After treatment, exponentially
growing cells were seeded at the number of 150 cells per
25 cm? flasks, in duplicate for each treatment. The flasks
were incubated at 37 °C, in 5% CO,, for 7 d without
medium exchange. The colonies that formed were fixed
with methanol:acetic acid:water (1:1:8v/v/v) and
stained with 5% Giemsa. The colonies were counted,
and the cell-surviving fraction was calculated as the
percent colonies in treated flasks relative to untreated
controls (NC). Three independent experiments were
conducted.

2.6.4. Genotoxicity evaluation: comet assay

The alkaline version of the comet assay was used in
accordance with the method described by Singh et al
(1988). CHO-K1 (27 x 10 cells) were seeded in 24-well
plates in culture medium (1 ml, HAM-F10:DMEM,; 1:1)
supplemented with 10% FBS at 37 °C, in 5% CO,. After
24 h, the cells were treated with the respective cement
extracts supplemented with 10% FBS for 24 h. NC were
cells with culture medium supplemented with 10% FBS
without any treatment, while PC were the cells treated
with hydrogen peroxide (80 zmol L' for 5 min). After
treatment, 500 pl of trypsin was added to each well to
detach the cells and was then transferred to a microtube.
After centrifugation, the pellet was resuspended in 200 ul
0f0.5% (w/v) low melting point agarose and the mixture
was spread onto two microscope slides (Knittel,
Germany) pre-coated with 1.5% (w/v) normal melting
point agarose (Gibco). The slides were immersed in cold
(4 °C) lysis solution (1% Triton X-100, 10% DMSO,
25mmol L' NaCl, 100mmol L' NaEDTA,
100 mmol L' Tris, pH 10) for 24 h. Immediately after
this step, slides were placed in a horizontal electrophor-
esis cube containing freshly prepared electrophoresis
buffer (1 mmol.L ™} Na,EDTA, 300 mmol.L~! NaOH,
pH > 13) for at least 20 minutes for the DNA unwind-
ing, and subsequently electrophoresis was performed at
43V, 308 mA for 25 minutes. Afterwards, the slides were
gently immersed in neutralizing buffer (0.4 mol L™
Tris—-HCI, pH 7.5) for 15min and then fixed with
ethanol. Three independent experiments were
conducted.

The slides were stained with 0.2 mol L™ ethidium
bromide, and screened with a fluorescent microscope
(DMLB—Leica) equipped with an excitation filter
of 516-560 nm, a barrier filter of 590 nm and a
40 X objective. DNA damage was determined in a
blind test in 100 nucleoids per slide. The level of DNA
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damage was assessed by an image analysis system (Tri-
Tek CometScore® 1.5, 2006, Sumerduck, VA, USA),
and the DNA percentage in the tail and tail moment
were obtained for each treatment. A visual score was
also used to compute DNA damage from the comets.
Five classes were used, from 0 (no tail) to 4 (almost all
DNA in tail) [33] and the DNA damage index (DDI)
was calculated.

2.6.5. Mutagenicity evaluation: cytokinesis-blocked
micronucleus (CBMN) assay

CBMN assay was performed according to Fenech [34].
CHO-X1 cells (37 x 10* cells) were seeded in 25 cm?
culture flasks at 37 °C, in 5% CO,. After 24h of
seeding, cells were exposed for 24 h to the cement
extracts supplemented with 10% FBS. The NCs were
culture flasks with culture medium supplemented
with 10% FBS, while PCs were treated with doxorubi-
cin (0.15 ugml™") for 4h. Cytochalasin-B (CytB)
(1 mg ml™") was added to the CHO-K1 cultures and
left for 24 h. After treatment, the cultures were washed
with PBS solution, trypsinized and centrifuged for
7 min at 400 xg. The pellet was resuspended in cold
hypotonic solution (0.3% KCI w/v) for 5 min. This
cell suspension was centrifuged again and resuspended
in 3 ml of methanol: acetic acid (3:1) solution and
200 ul 1% formalin. After centrifugation, the cell
suspensions were carefully dropped onto a slide with a
film of distilled water at 4 °C. The slides were stained
with 5% Giemsa solution diluted in phosphate buffer
(Na,HPO, 0.06 mol L', KH,PO, 0.06 mol L™'—pH
6.8) for 7 min, then rinsed in distilled water, and dried
atroom temperature. Three independent experiments
were conducted.

Five hundred viable cells were scored to determine
the frequency of cells from 1-4 nuclei and we calcu-
lated the nuclear division index (NDI) using the form-
ula: [NDI = M1 + 2(M2) + 3(M3) + 4 (M4)/N],
where M1-M4 represents the number of cells with 1-4
nuclei, respectively, and Nis the total number of viable
cells [35]. The frequency of binucleated cells with
micronuclei (FBNC-MN) and the total frequency of
micronuclei (FMN) were scored in 1,000 binucleated
cells [34, 36]. Moreover, the frequency of nucleo-
plasmic bridges and nuclear buds was analyzed.

2.6.6. Statistical analysis

The results from in vitro assays were submitted to the
Kolmogorov—-Smirnov test, which was used for testing
normality. The data presented adherence to the normal
curve, and ANOVA followed by Tukey’s test were
applied to the data. Graphpad Prism version 5.01
software was used to perform the tests. Differences were
considered statistically significant when p < 0.05.

LSMendes etal
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Figure 2. Compressive strength of the 5-TCP/MCPM and (-
TCP/MCPM/Si cements immersed in SBF solution after 1
and7d. (") p < 0.05 (Tukey’s test).

3. Results

3.1. Characterization of the cements

3.1.1. ST, compression strength and microstructure
analysis

The f-ST obtained by the 3-TCP/MCPM and 3-TCP/
MCPM/Si cements, respectively, are shown in table 1.
The cements synthetized in this study showed that the
L/P ratio allowed f-ST values close to 25 and 30 min
for 5-TCP/MCPM and (-TCP/MCPM/Si, respec-
tively, under conditions to simulate the setting in situ.

The compressive strength data are shown in figure 2.
The 5-TCP/MCPM cement obtained 2.54 4 0.33 MPa
and B-TCP/MCPM/Si 1.95 + 0.20 MPa, after immer-
sion in SBF solution for 24 h. The data showed that the
compressive strength of both cements increased accord-
ing to the immersion time. At 7 d, the values measured
were 3.95 £ 0.44 MPa and 2.81 + 0.45 MPa, respec-
tively. These results suggest that aqueous-medium diffu-
sion inside the cement is continuous and promotes the
hydration of the cement and the increase of the DCPD
content, which leads to the increase of its mechanical
properties [37].

Figure 3 shows the mean values of porosity and
apparent density of the 5-TCP/MCPM and 3-TCP/
MCPM/Si cements. The values measured of the
apparent porosity of the 3-TCP/MCPM and 3-TCP/
MCPM/Si cements were 37% and 42%, respectively.
Moreover, there is an inverse relationship between
density and porosity, whereas lower porosity percent-
age presented higher density value. However, no sig-
nificant difference was measured for both density and
apparent porosity values.

Figure 4 shows the XRD patterns of 3-TCP/MCPM
and B-TCP/MCPM/Si cements after immersion in
SBF solution for 1 d, compared with the initial 5-TCP
powder. The 8-TCP/MCPM cement setting resulted in
a mixture of monetite with diffraction peaks at
260 = 26.5°, 30.1° and 32.8° (JCPDS #00-009-0080)
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Figure 4. XRD patterns of the 5-TCP powder compared with

the 3-TCP/MCPM and 3-TCP/MCPM/Si cements in SBF
solution after 1 d; B = brushite, M = monetite, T = 3 — TCP.

and B-TCP at 20 = 27.7°, 30.9° and 34.5° (JCPDS
#00-009-0169) in most proportions. The characteristic
peaks observed at 20 = 11.5°, 20.8° and 29.4° were
however attributed to a minority brushite phase
(JCPDS #00-009-0077). The characteristic peaks rela-
ted to brushite were not observed in the XRD pattern of
the 3-TCP/MCPM/Si cement.

Figure 5 shows SEM images of the fracture surface
of the B-TCP/MCPM and [B-TCP/MCPM/Si
cements. The micrographs revealed different crystal-
line phases for both cements and large crystals in
lamellar-form can be attributed to the brushite and
monetite phase, and small particles to the unreacted g-
TCP [37]. This heterogeneous morphology of the crys-
tals can also be related to the use of PEG as the liquid
component to obtain calcium phosphate pastes. The
exchange of non-aqueous liquid and aqueous solution
is relatively slow during the setting process and can
form different components [8], as confirmed by XRD
analysis (figure 4).

LSMendes etal

3.1.1.1. Injectability

Figure 6 shows the results obtained for the 5-TCP/
MCPM and (-TCP/MCPM/Si cements. The incor-
poration of the mesoporous silica (5wt%) into the
cement increased the paste-injectability time com-
pared with the §-TCP/MCPM cement. The final
injectability to the 5-TCP/MCPM cement was 15 min
and was not able to be extruded (0% extruded paste)
whereas the 3-TCP/MCPM/Si cement at 15 min after
handling contained around 50% of the material to be
extruded for a 100 N force.

3.1.1.2. In vitro bioactivity and degradability in SBF
solution

SEM images of the cements after immersion in SBF
solution are shown in figures 7 and 8. After 7 d, the
surfaces of both cements revealed similar morphology
to crystals in the form of needles (figures 7(a) and
8(a)). At 14 d, surface micrographs showed that the
amount of crystals on both cement surfaces increased
with the immersion time, promoting the precipitation
of a uniform crystalline layer (figures 7(b) and 8(b)).
The EDS spectrum (figure 8(c)) showed that the
presence of mesoporous silica in the 3-TCP/MCPM/
Si cement could not be detected on the surface after 14
d of immersion. This result may be related to the
homogeneous precipitation or secondary nucleation
of apatite crystals. SEM images showed the precipita-
tion/nucleation apatite on the cement surfaces with
the formation of needle-like crystals in the initial
stages and globular formations, and the amount and
size of the crystals grew according to the immersion
time. These findings indicate that both cements, -
TCP/MCPM and (-TCP/MCPM/Si, demonstrated
excellent bioactivity. However, the 3-TCP/MCPM/Si
cement promoted the formation of a more homo-
geneous layer.

The degradation rate for both cements was char-
acterized by mass loss after immersion of the cements
in SBF solution (figure 9). The degradation rate for
both cements was higher at the first 7 d (figure 9(a)) in
agreement with processes controlled by a diffusion
mechanism, showing a similar profile to the increase P
(for both cements) and Si ions (G-TCP/MCPM/Si
cement) (figure 10). In addition, the pH values in the
SBF solution at 37 °C was reduced from 7.4 to 6.0 at
the first 7 d (figure 9(b)), which can be attributed to the
hydration reaction of DCPD cements. After 7 d, the
degradation rate decreased and the pH values were
gradually increased and remained constant around 7.5
(figure 9(b)). The 5-TCP/MCPM/Si cement showed a
higher percentage of degradation (32%) than the (-
TCP/MCPM cement (24%) (figure 9(a)), suggesting
that the presence of the mesoporous silica may be
associated with a higher dissolution rate, which can be
attributed to the higher porosity of the (3-TCP/
MCPM/Si cement as the higher solubility of these par-
ticles [29].
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Figure 5. SEM images of the fracture surface of the 3-TCP/MCPM (a) and 3-TCP/MCPM/Si (b) cements soaking in SBF solution
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Figure 6. Injectability of the 5-TCP/MCPM and 5-TCP/
MCPM/Si cements versus time after the start of handling.

The Ca, P and Si amount in the SBF solution after
different periods of interaction with the 3-TCP/
MCPM and B-TCP/MCPM/Si cements is shown in
figure 10. It is interesting to note that the Ca con-
centration constantly decreased, while the P con-
centration increased in the early stages. These findings
could be explained by the dissolved Ca in the SBF solu-
tion being incorporated into the precipitated apatite.
Considering that, the Ca/P molar ratio is higher to HA
than to brushite, whereas each mole of dissolved
brushite is released a P extra amount to the nucleation
of the HA. The Si concentration steadily increased in a
range of the lowest values according with degradation
process in figure 9.

3.2. CHO-K1 cells in vitro toxicity results

Figure 11(a) shows the mean and standard error
(mean =+ SE) for cell viability obtained by XTT assay for
the 5-TCP/MCPM and [(-TCP/MCPM/Si cements.
Cell viability is related to the measuring absorbance and
the NC was considered as 100% cell viability. The (-
TCP/MCPM and B-TCP/MCPM/Si cements’ original
extracts (C1 concentration = 200 mg ml~") revealed

mild cytotoxic effects compared with the NC (p < 0.05),
although the B-TCP/MCPM/Si cement has demon-
strated cell viability to C1 concentration higher than
60%. For the cells that were treated with the less
concentrated extracts (C2, C3 and C4), no cytotoxic
effects were observed (p < 0.05) (figure 11(a)) in the -
TCP/MCPM/Si cement.

Figure 11(b) shows the surviving fraction obtained
by the clonogenic cell survival assay of the 3-TCP/
MCPM and B-TCP/MCPM/Si cements. This assay
measures the proliferative ability of single cells to form
a colony and is routinely used as a sensitive model for
assessing long-term cytotoxicity [38]. Considering the
XTT results, CHO-K1 cells treated with C1 and C2
exhibited a proliferation rate lower than the NC. How-
ever, no statistical differences were observed in the clo-
nogenic assays. The results suggest that even C1- (-
TCP/MCPM/Si and Cl and C2- B-TCP/MCPM
extract cements showed cytotoxicity to CHO-KI1 cells
by the XTT assay (figure 11(a)). However, it did not
significantly compromise cells treated with condi-
tioned media that maintained their proliferative
ability.

The potential genotoxic effect of the 3-TCP/
MCPM/Si cement was evaluated by comet assay and
the results are shown in figure 12. The electrophoresis
in alkaline conditions is the most comprehensive ver-
sion of this test and was used to verify whether the -
TCP/MCPM/Si cement would be able to promote a
genotoxic behavior in CHO-K1 cells. These results
showed that the 3-TCP/MCPM/Si cement did not
show damage level in any treatment compared with
the NC in any of the examined parameters (p < 0.05).
The results showed DDI was between 0 and 0.5, which
corresponds to less than 5% of DNA damage [39].

The mutagenicity was evaluated by the micro-
nucleus testing with the 5-TCP/MCPM/Si cement.
The results are summarized in table 2. The results
showed statistically significant difference of the FBMN
and FMN values between the NC and C1, as well as the
presence of nucleoplasmatic bridges.
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Table 2. NDI, FBC-MN and FMN, nucleoplasmic bridges and nuclear blebs obtained for the 3-TCP/MCPM/Si cement
extracts. Data are reported as mean + SE; (") p < 0.05 compared with the NC (Tukey’s test).

Samples NDI FBC-MN FMN N. Bridges N. Blebs

NC 1.9 £ 0.01 9.2 £0.42 9.2 £0.42 16.0 £ 1.10 10.0 £+ 1.03
PC 1.6 £ 0.01" 90.0 + 3.14" 154.0 £+ 2.81" 54.0 & 1.46" 98.0 & 2.10"
(B-TCP/MCPM/Si-C1 1.1 £ 0.02 26.0 + 1.42° 33.0 £+ 1.46" 20.2 £+ 0.12* 17.0 £ 1.43
(-TCP/MCPM/Si-C2 1.9 + 0.01 12.0 £ 1.70 12.0 £ 1.70 10.0 £ 1.12 2.0 £0.26
(-TCP/MCPM/Si-C3 1.9 + 0.05 11.3 £ 0.51 11.3 £ 0.51 3.6 + 0.35 4.0 £ 1.02
(B-TCP/MCPM/Si-C4 2.1 £0.01 42 £ 0.86 4.2 £ 0.86 5.9 £ 0.86 2.2 £ 046

4, Discussion

The mixture of MCPM and (3-TCP powders in the
presence of water reacts and forms a product known as
brushite (DCPD), according to the following reaction
[7,40]:

Ca3(PO4)2 + Ca(H2PO4)2.H20 + 7H20

Of this reaction, the major product of hydration is
expected to be brushite, besides a fraction of unreacted
B-TCP and a non-hydrated brushite phase, known as
monetite (DCPA, CaHPO,), when the mixture is pre-
pared with excess J-TCP. The results showed mon-
etite as the main product of hydration with a
significant fraction of unreacted 3-TCP. Monetite was

also found in samples aged at 37 °C in PBS in DCPD
cements based on S-TCP/MCPM and aqueous solu-
tion [41].

The setting of the 5-TCP/MCPM and §-TCP/
MCPM/Si cements depended on the balance between
PEG and the aqueous solution. As a viscous material,
PEG can improve the cohesion and the rheological
property of calcium phosphate cements, but at the
same time prevents the curing reaction due to the
polymeric coating of the solid cement particles [8]. It
was noted that this exchange is relatively slow and pro-
motes the formation of two crystalline compounds,
monetite and brushite, and the remaining 5-TCP par-
ticles of solid precursor material, as confirmed by
XRD. In accordance with these results, it is suggested
that the period of 1 d was not sufficient for complete
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hydration of the cements, especially for the 3-TCP/
MCPM/Si cement, wherein the presence of silica may
have delayed hydration [42].

Clinical approaches for applications of injectable
bone materials are based on suitable handling time, in
which the cement should be applied by extrusion
before the hardening process, and the f-ST should pre-
ferably be close to 20 min [43]. The f-ST is known as
the time required for cement paste to stiffen to a
defined consistency, i.e. when the paste completely
loses its plasticity [44]. It is known that the L/P ratio
directly influences the /~ST and mechanical resistance.
In this work, the L/P ratios were chosen to produce
pastes of workable consistency. Therefore, the results
corroborated to the data previously obtained by Han
et al [8] to STCP-MCPM cements using PEG as a
liquid component and similar L /P ratios, showing that
f-ST decreased as the L/P ratio decreased. In general,
the 5-TCP/MCPM cements, when mixed with water,
showed a relatively rapid setting and the cements stu-
died demonstrate an advantage by allowing more time
for the operations, because the paste only sets in situ.

However, the compressive strength data decreased
with the increase of the liquid component, because the
porosity percentage is directly proportional to the L/P
ratio [45] and the voids tend to negatively influence
the mechanical resistance. In addition, the presence of
the remaining 3-TCP may induce a negative effect on
the mechanical properties of the cements due to the
pores existing between the crystals, and there may not
be enough crystalline phases to bind the particles of
the cement after hardening [45]. A standard procedure
for reducing the porosity is to decrease the L/P ratio,
whereas the curing time of a moldable and injectable
paste determines a limit of this ratio. Indeed the pre-
mixing of the mesoporous silica particles with the
cement solid components showed an increase in the
L/P ratio to obtain a moldable paste containing a simi-
lar ST to the silica-free cement. Therefore, these
cements presented higher porosity and lower values of
mechanical property than silica-free cement.

On the other hand, open porosity is a favorable
factor for osteoconductive property, which depends
on the pore size and allows the bone neoformation
inside of the material [46]. Thus, the cements synthe-
sized in this study tend to favor this behavior. In addi-
tion, this value is not stable and can be altered by
increasing the immersion time and interaction of the
cements with the physiological medium; thereby
increasing the porosity of the cement due to its degra-
dation and/or HA precipitation/nucleation on its
surface.

Bioactive glasses are able to form apatite crystals
on their surface, after an immersion period in SBF
solution [47-49]. The addition of the mesoporous
silica in the cement, 5-TCP/MCPM/Si, could allow
the formation of a hydrated silica layer, which pro-
vides favorable sites for the nucleation of apatite crys-
tals. Considering that apatite formation on the
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material surface depends on the supersaturated body
fluid containing Ca®* and PO;~ {ons, the nucleation
site of the apatite is formed on a material inside the
body, followed by continuous and spontaneous
growth by adsorption of these ions present in the body
fluid [50]. However, the deposition/precipitation pro-
cess acts at a low rate, which results in the absence of
the formation of a homogeneous layer of apatite in the
early stages of implantation [51].

The globular morphology observed in SEM images
is related to the presence and precipitation of carbo-
nated apatite (CA) or calcium-deficient hydro-
xyapatite (CDHA) [52, 53]. The concentration of
carbonate ions (CO3 ") in the apatite molecule defines
its morphology, which may vary from globular to aci-
cular crystals [54], considering that CO%™ ions can
substitute in the apatite structure for either or both
OH and PO} PO43- groups, referred to as type A or
type B substitutions, respectively. Apatite with type B
substitution (type B carbonate apatite) has demon-
strated to be more similar to the carbonate substitu-
tion in biologic apatite [55]. In addition, in this
carbonate apatite the increase in carbonate content is
directly associated with the substitution of Ca*" by
Na* ions, which allows morphological changes in apa-
tite crystals from acicular to rods/globular crys-
tals[55].

The degradation rate is primarily governed both
by chemical composition and physical characteristics
of the respective material. On the other hand, the
degradation rate for biomaterials with therapeutic
approaches for bone filling should be concomitant to
bone neoformation [56]. Therefore, the degradability
in physiological media is one of the most important
features to be evaluated in materials for application in
bone repair. In addition, brushite is metastable under
physiological conditions [57], and for this reason
brushite cements degrade much faster than apatite
ones [5, 8]. Furthermore, the results showed that the
dissolution rate can be changed with the incorporation
of seed materials in the cement solid component, and
the L/P ratio, being in this study the presence of meso-
porous silica, which increases the degradation process.

Mechanical injections of cement were performed
in order to evaluate the key time for suitable handling
and injectability of the cements. The injectability
property of a paste/cement is very important when the
materials are used in applications for bone defects,
because of limited accessibility and the use of this mat-
erial for minimally invasive surgical techniques.
According to Khairoun et al [58], poor injectability is
characterized by phase separation between the solid
and liquid components, resulting in a partial extru-
sion. The results showed that even with different
injectability times, this behavior was not observed in
any of the cements analyzed (maximum load for injec-
tion 100 N). Therefore, the best injectability property
is when a large amount of cement is extruded from the
syringe in a shorter ST and this property is directly

10



10P Publishing

Biomed. Mater. 13 (2018) 025023

related to cement viscosity. Therefore, for a cement to
be injectable, the paste must have low viscosity and
offer little resistance to flow from the syringe. The 3-
TCP/MCPM cement was less injectable than the (-
TCP/MCPM/Si cement and this result could be rela-
ted to the presence of silica particles [29, 42].

When there is excess 3-TCP, the degradation of 3-
TCP-MCPM cement in deionized water promotes a
decrease of pH value to moderately acid, and then a
balance between DCPD crystals and the remaining -
TCP determines the final pH value [41]. Furthermore,
the cement pH exerts a strong influence on the cyto-
toxicity test and it is the principal controlling factor of
the Ca and P concentrations [59]. Moreover, endo-
plasmatic reticulum stress caused by an excess of Ca**
ions may lead to apoptosis [60]. Thus, the decrease of
the pH, due to hydration (figure 9(b)), could promote
a cytotoxic effect as shown by C1 extracts.

The comet assay is widely used to assess DNA
damage by alkylating agents, intercalating and oxidizing
the nuclei acid. Gulum et al [61] indicated that
decreased antioxidant capacity and increased oxidative
stress might be associated with increased DNA damage.
Altay et al [62] have evaluated the genotoxic potential of
three concentrations of extracts of Cimentek® in
mononuclear leukocytes and observed that there was
DNA damage (even without cytotoxicity), which was
positively correlated with increasing cement concentra-
tion in culture medium. On the other hand, there was
no significant correlation between DNA damage and
oxidative status parameters. It was also observed that
CPC extract concentrations of >100 ug ml ™! induce
DNA damage [63]. The results of this study showed that
no B-TCP/MCPM/Si cement extract was significantly
different from the NC. Therefore, it was not genotoxic
to CHO-K1 cells.

The MN assay was carried out with blocking cyto-
kinesis in order to evaluate DNA damage and cell divi-
sion [64]. Its importance may be related to the theory
that its genesis and the MN would look like, and any
chromosomal fragment that can stay in the cytoplasm
during cell division would be encapsulated forming a
budding, that if it were to disconnect the core, it would
take the form of an MN [65]. Chun et al [66] have eval-
uated the cytotoxic and genotoxic potential of Bio-
CPC reinforced by chitosan and showed that the
extracts in the same concentration as C3-3-TCP/
MCPM/Si or less have cytotoxicity against the
MDPC-23 mouse odontoblast-like cells after 24 h of
incubation. However, the cytotoxic effect decreased
with increasing incubation time. In contrast, they
observed no change in FBMN when these cells were
incubated in 100 ug ml™" extract, which was a con-
centration lower than C4-3-TCP/MCPM/Si. The
same was observed in this study, where 3-TCP/
MCPM/Si extracts with concentration greater than
100 g ml ™" (as C2, C3 and C4) showed no statistically
significant difference in the frequency of cells with
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MN. This indicated that under certain treatment con-
ditions, exposure to the test agent did not result in a
significant increase in chromosomal damage in the
population of analyzed cells.

5. Conclusions

The 8-TCP/MCPM and 5-TCP/MCPM/Si cements
were successfully synthesized. The characterization
showed that the presence of mesoporous silica parti-
cles in the composition promoted better physico-
chemical properties compared with silica-free cement,
such as f-ST, injectability, L/P ratio and porosity, but
with lower mechanical property. The cements showed
in vitro bioactivity immersed in the SBF solution by the
precipitation of an apatite layer on its surface. With
regard to the toxicity assays, the 5-TCP/MCPM and
B-TCP/MCPM/Si cements showed lower CHO-K1
cell viability after treatment with more concentrated
extracts, which can be related to changes in pH.
Indeed, the reproductive capacity was not compro-
mised by this behavior. Considering the mutagenicity
and genotoxicity assays, lower extract concentrations
of B-TCP/MCPM/Si cement did not promote sig-
nificant DNA damage. Thus, the STCP-MCPM
cement associated with mesoporous silica might be
considered as a potential bone substitute for the repair
and regeneration of bone defects.
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