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CALCIUM PHOSPHATE CEMENT MODIFIED WITH SILICON
NITRIDE/TRICALCIUM PHOSPHATE MICROGRANULES
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Faberova, Miroslav Hnatko, Tatana Fenclova

Abstract

Tetracalcium phosphate/monetite biocement was modified with 10 and 30 wt. %
addition of highly porous silicon nitride/o-tricalcium phosphate (aTCP)
microgranules with various content of aTCP. A composite cement powder mixture
was prepared using mechanical homogenization of basic components. The
accelerated release of dexamethasone from composite cement was revealed, which
indicates their possible utilization for controlled drug release. The wet
compressive strength of cements (<17 MPa) was significantly reduced (more than
30%) in comparison with the unmodified cement and both compressive strength
and setting time were influenced by the content of aTCP in microgranules. The
addition of microgranules caused a 20% decrease in final cement density.
Microgranules with a higher fraction of aTCP showed good in vitro SBF
bioactivity with precipitation of hydroxyapatite particles. Microstructure analysis
of fractured cements demonstrated excellent interconnection between
microgranules and cement calcium phosphate matrix, but also showed lower
mechanical strength of microgranule cores.
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INTRODUCTION

The moldable calcium phosphate cements (CPC) [1-3] avoid the problem of
sintered hydroxyapatite implants that require the surgeon to fit the surgical site around the
implant or to carve the implant to the desired shape. CPC has been used in a number of
orthopedic and dental procedures [4,5] but unfortunately, the relatively low strength and
susceptibility to brittle fracture of CPC have severely limited its use to non-load-bearing
applications [6,7]. Tetracalcium phosphate cements represent one of the widely used
cement types due to their excellent osteoconductivity, biocompatibility, and bone-bonding
ability. It has been shown that the hardening process was significantly affected by the
particle size distribution of TTCP and monetite cement components, Ca/P ratio as well as
addition of organic additives (e.g. carboxylic acids, alginates) or various powder inorganic
fillers (e.g. inert oxides — SiO,, ZrO,, or silicon nitride whiskers) [8-12]. Improved fracture
toughness, compressive and flexural strengths were found in HA/AI,O; ceramic
composites, but alumina had a negative effect on HA stability in air sintered ceramics due
to the formation of secondary calcium aluminates [13,14]. A similar situation was
registered for ZrO,/Al,03/HA composites where the decomposition to fTCP was illustrated
after sintering [15].
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Silicon nitride as non-oxide ceramics offers several advantages in comparison to
routinely used oxide bioceramics, mainly significantly higher fracture toughness and wear
resistance resulting in high reliability of implants [16-18]. A high bioinertness, flexural
strength, and low cytotoxicity of SisN4/bioglass or MgO ceramic composites were verified
before [19]. It was demonstrated improved wettability and good wear resistance of SisNy4
ceramic composites [20]. Several industrial SisN, ceramic types showed no cytotoxicity
and a strong influence of surface texture on in vitro cytotoxicity [21]. Cancellous structured
Si3N, ceramic showed good bone ingrowth at depths of penetration greater than 3 mm after
12 weeks since implantation [22]. It was observed the formation of hydroxyapatite layer on
SizN4 ceramic using soaking in simulated body fluid (SBF) which verified in vitro SBF
bioactivity of ceramics [23]. The flexural strength of the SiC/nanosilica whisker-CPC Bis-
GMA-based resin composites was 3 times higher than the strength achieved in previous
studies of conventional bioactive composites containing hydroxyapatite particles [24].
Similar strengthening of CPC/resin composite cement was observed applying SisN,
whiskers irregardless of their silanization [25]. The 5 wt. % addition of SrHA whiskers
significantly improved the mechanical properties of calcium phosphate cement [26]. On the
other hand, the bending strength of CPC was influenced by magnesium wire reinforcing
where the optimal content of Mg wires was about 12 vol. % [27].

In this paper, the mechanical and physicochemical properties, as well as
microstructure of calcium phosphate cement modified with the addition of silicon nitride/a-
tricalcium phosphate microgranules (Simicro), were evaluated. Besides the effect of
microgranules on control of drug release (dexamethasone) from CPC was demonstrated.
Dexamethasone is a representative of glucocorticoids with an anti-inflammation effect and
strong influence on gene regulation and mesenchymal cell differentiation [28,29]. The
microstructure analysis was focused especially on the mutual interconnection between
cement matrix and microgranules. Composite cements were prepared by mechanical mixing
of tetracalcium phosphate/monetite cement mixture (TTCPMH) with Simicro.

MATERIALS AND METHODS
Preparation of cement mixtures

The TTCPMH powder mixture was synthesized by the in situ reaction between
TTCP and a diluted solution of orthophosphoric acid (86%, analytical grade, Merck) in
solution with water/ethanol (1/4) for 30 min in the planetary ball mill with both agate vessel
and balls (3 balls, diameter 1 cm). The final Ca/P mole ratio in TTCPMH was equal to 1.67.
Tetracalcium phosphate (Cay(PO,),0, TTCP) was prepared by the solid-state synthesis
from an equimolar mixture composed of calcium carbonate (CaCOs, analytical grade,
Sigma-Aldrich, Austria) and dicalcium phosphate anhydrous (DCPA) (CaHPO, (Ph.Eur.),
Fluka, Germany) at 1450°C for 5 hours. The product was milled in a planetary ball mill
(Fritsch, 730 rpm, ZrO, balls, and vessel) for 2 hours and the phase purity was analyzed
using X-ray powder diffraction analysis (XRD, Philips X Pert Pro).

The starting powder mixtures for Simicro were prepared by wet homogenization
of SizN, (UBE-SN-E10, Ube Ind. Japan) and aTCP — Cas(PO,), (Lachema, p.a., Czech
Republic) with isopropyl alcohol in an attritor for 4 hours. The mixture was dried at 80 °C
for 24 hours. The volume ratios of SisN4/aTCP were 3:7 — Simicrol, 1:1 — Simicro2, and
7:3 — Simicro3. Microgranules were prepared by freezing of suspensions during stirring on
a magnetic stirrer for 24 hours with SizN, balls (120 g). Green microgranules were
lyophilized for 48 h and dried at 70 °C for 12h. Microgranules were sintered at 1100 °C in
the air for 1h. Heating and cooling rates were 5 and 10 °C/min, respectively. Three porous
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ceramic Simicro fractions with particle size between 25-71 (fine), 71-125 (middle), and
125-300 um (coarse) were obtained by sieving.

Composite cement powder mixtures (CPC 1-3) were prepared by homogenization
of TTCPMH and Simicro in Ultra Turrax Tube (IKA) disintegrator in ethanol for 5 min at
4000 rpm. After homogenization, powders were dried at 105 °C/lh. The contents of
Simicro in CPC were 10 and 30 wt. %.

Mechanical testing, analysis of ion release during setting

The cement pastes were prepared by mixing cement powder mixed with hardening
liquid (2% NaH,PQ, solution, powder/liquid = 2:1) and molded into pellets (DxH: 6x12
mm) by packing in stainless cylindrical form. The samples were hardened in simulated
body fluid (SBF) solution at pH=7.4 and 37°C for 7 days after setting in 100% humidity at
37°C for 10 minutes. The dry and wet compressive strength (mean of 5 samples) was
measured on a universal testing machine (LR5K Plus, Lloyd Instruments Ltd.) at a
crosshead speed of 1 mm/min.

The pH changes and the concentration of calcium and phosphate ions after
immersion of Simicro to NaCl solution were measured for various soaking times (2, 4, 24,
48, and 120 hours). The 450 mg Simicro was added to 45 mL of NaCl solution at 37 °C
after 10 min setting in 100% humidity and slowly mixed in a mini-rotator (BioRS24,
Biosan) at speed of 2 rpm. The pH solution was measured using a pH-meter (WTW, Inolab
720) with the SenTixMic combined electrode. The total concentrations of released calcium
and phosphate ions in SBF solutions were analyzed using ICP (Horiba Activa). The true
density and porosity of Simicro were measured by helium pycnometer (AccuPyc Il 1340).

Dexamethasone release from cements

The release of dexamethasone (dex) from cements was analyzed using 400 mg
cement samples of the cylindrical form (6 mm in diameter) after setting with 2% NaH,PO,
in 100% humidity at 37 °C for 24 hours. Powder TTCPMH mixture (1g) was mixed with 1
mL of dex solution (1 mg dex/mL of ethanol) in Ultra Turrax Tube (IKA) disintegrator at
4000 rpm. In the case of composite cements, Simicro 2 microgranules were filled with an
ethanolic solution of dex: 500 mg Simicro2 mixed with 1 mL dex solution (0.5 mg
dexamethasone). Mixed TTCPMHdex and Simicro2 filled with dexamethasone
(Simicro2dex) were dried in a vacuum to constant mass (lllshin lyophilizer). Dried
Simicro2dex were mixed with TTCPMH using dry homogenization in a mini-rotator
(BioRS24, Biosan) at speed of 2 rpm for 2 hours. This homogenization allows the
preservation of dex in Simicro2 microgranules as well as to avoid their crushing or
disintegration. The final CPC2dex cement contained 30 wt. % of Simicro2dex.

Phase analysis of cements

The phase analysis of cements was carried out by X-ray diffraction analysis
(Philips X PertPro, using Cu Ka radiation) and FTIR spectroscopy (Shimadzu, IRAffinity]1,
400 mg KBr + 1 mg sample). The microstructure of cements was characterized by a field
emission scanning electron microscopy (JEOL FE SEM JSM-7000F). The setting time of
cement pastes was evaluated by the Vicat method (according to ISO standard 1566).

Cytotoxicity of cement extracts, cell proliferation testing and analysis ALP activity
The CPC samples (pellets, 10 mm in diameter, 0.5 mm in height) after hardening

in 100% humidity at 37 °C for 24 hours in an incubator and sterilizing both sides of

samples under UV irradiation in the laminar box (each side for 30 minutes) were inserted to
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a sterile 50 ml polypropylene centrifuge tubes with cultivation medium EMEM, 10% FBS
and 1% ATB-ATM in the ratio of 0,2 g cement powder per mL of medium (in accordance
with 1SO 10993-12:2012). The cytotoxicity of 24 hour extracts from cements immersed in
the medium was tested according to 1SO 10993-5:2009. The medium (EMEM + 10% FBS,
1% antibiotic solution) in wells with a semi-confluent monolayer of MC3T3E1 cells
cultured at 37°C, 95% humidity, and 5% CO, in an incubator for 24 h was replaced with
100 pL of 100% extract. Extract cytotoxicity was evaluated triplicate and cells in wells
with extract-free complete culture medium were considered as a negative control. After 24
h cultivation, the extracts were replaced with fresh culture medium and the in vitro
cytotoxicity was analyzed by the MTS proliferation test assay (Cell titer 96 aqueous one
solution cell proliferation assay, Promega, USA). The absorbance of produced formazan
after 4 h of cultivation was determined by a UV-VIS spectrophotometer (Shimadzu).

Pre-osteoblastic MC3T3EL cells (ECAAC, Salisbury, UK) were released from
culture flasks by enzymatic digestion and resuspended in a culture medium. The cell
suspension was adjusted at a density of 5.0x10* cells/ml. 400 pl of the complete culture
medium (a-modification Minimum essential medium Eagle, 10% FBS with osteogenic
supplements L - ascorbic acid 50 pg/ml, 50 nM Dexamethasone, 10 mM -
glycerophosphate and 1 % penicillin, streptomycin, amphotericin (Sigma-Aldrich)) was
added into each of the 48-well (untreated) polystyrene plates (pureGrade, Brand) with
sterile cement pellets. The medium was exchanged for 400 pl of the cell suspension
containing 2.0x10* MC3T3E1 preosteoblastic cells after 1 hour soaking. All experiments
were performed four-fold on each sample. As negative controls were used wells with cells
free of samples and cultured at the same conditions as samples in the cellGrade culture
plate (Brand). The complete culture medium was exchanged every two days. The
cytotoxicity of samples was evaluated by a commercially purchased MTS proliferation test
(the Cell titer 96 aqueous one solution cell proliferation assay, Promega, USA) according to
the manufacturer’s instructions. The absorbance of formazan was determined at 490 nm by
a UV VIS spectrophotometer (UV-1800, Shimadzu).

The ALP activity lysates of osteoblasts was determined after lysis in a solution
containing 0.1 % Triton X-100, 1 mM MgCl, a 20 mM Tris. The cell lysates were
transferred into 1.5 ml microcentrifuge polypropylene tubes, frozen at -20 °C, and
centrifuged at 10.000 RPM for 10 minutes after thawing. The 100 uL of cell supernatant
was added to 100 pl of p-nitrophenyl phosphate in diethanolamine buffer (0.5 mM MgCl,,
pH 9.8) and incubated at 37 °C. The reaction was stopped after 60 minutes with 50 pL of 3
M NaOH. The amount of p-nitrophenol produced by the ALP enzyme catalysis of the p-
nitrophenyl phosphate substrate was determined from the calibration curve of p-nitrophenol
at 405 nm using the UV VIS spectrophotometer. The ALP activities were expressed in
micromoles of the p-nitrophenol produced per 1 minute per microgram of proteins. The
content of proteins in lysates was evaluated by Bradford’s method with Coomasie blue
G250 as a complexing agent [30]. The statistical evaluation of results (n = 4) was
performed using ANOVA analysis (Statmost) at level o = 0.05.

The morphology of the MC3T3EL cells after cultivation on cement samples was
visualized with fluorescent live/dead staining (fluorescein diacetate/propidium iodide) by
fluorescent microscopy (Leica DM IL LED).
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EXPERIMENTAL RESULTS
Microstructure of microgranules

The morphology and microstructure of Simicro are shown in Fig. 1. In Simicro 3
with the highest amount of SisN, phase (Fig. 1c), irregularly shaped particle agglomerates
with a size of about 30-50 um represented the majority portion of particles whereas bigger
more spherical 80-100 pm agglomerates (microgranules) were in much lower number.
Notably, a large fraction of finer particles (or agglomerates) visible in the image was the
result of grinding of microgranules during bonding of samples on adhesive tape which
demonstrates a low mechanical strength of Simicro 3. On the other hand, a limited amount
of crushed microgranules was identified in Simicro 1 (Fig. 1a) and 2 (Fig. 1b) where
microgranules with 100-120 um in diameter represented the majority fraction in powder
materials.

Phase and FTIR analysis, SBF in vitro bioactivity of microgranules

Two phases, SizNs (PDF4 01-073-1210) and oTCP (PDF4 00-029-0359) were
identified in Simicro by the XRD phase analysis (Fig. 2a). In FTIR spectra, peaks from
vibrations of aSisN4 at 1091, 1033, 958, 937,906, 892, 871, 853, 686, 678, 600, 564, 510,
497 and 461 cm™ were identified [31]. In the case of «TCP, it was difficult to distinguished
bands characteristic for vibrations of phosphate groups in aTCP because of overlap with
spectrum of aSisN4 and no sharp peaks are specific for this compound in IR spectra.
Despite two distinct strong bands arise from anti-symmetric P—O bending triply
degenerated, v,, between 560-613 cm™ and anti-symmetric P—O stretching triply
degenerated, v;, symmetric PO stretching, v; between 980-1040 cm™ can be found in
spectra (Fig. 2b) [32,33]. The decrease in intensity of bands at around 1040 cm™ and
between 570-600 cm™ with lowering the content of «TCP in microgranules (differences
between spectrum Simicro 1 and 3 in (Fig. 2b) was revealed. Note that the rise in sintering
temperature to 1200°C caused enhanced oxidation of SizN, with the strengthening of
microgranules. As resulted from the comparison of FTIR spectra in Fig. 2c or XRD patterns
(Fig. 2a), no changes in phase composition of Simicro2 and 3 were observed after soaking
of microgranules in SBF at 37 °C for 10 days, however, the lower sensitivity of the XRD
method to the possible amorphous form of apatite phase so as an insufficient amount of this
phase could be the reason for this conclusion. In XRD patterns of Simicrol after soaking,
broad peaks around 26~32° and 26° were identified, which correspond with the lines from
reflections of nanocrystalline HAP.
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Fig. 1. Morphology and microstructure of Simicro: a) Simcrol; b) Simicro2; c¢) Simicro3.
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Fig. 2. a) XRD patterns (H — hydroxyapatite, S — Si3N4, X — aTCP) and b,c) FTIR spectra
of Simicro before (aa,ab,ac,ba (Simicrol), bb (Simicro3); ca (Simicro2)) and after (ad,ae,af;
cb (Simicro2)) soaking in SBF at 37 °C; d) XRD patterns of CPC2, before (da) and after
(db) soaking in SBF at 37 °C (M — monetite).
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Mass changes of Simicro at various soaking times are shown in Fig. 3a. It is clear
from the image that the mass increments rose with the content of aTCP in Simicro — while
the mass increment was about 3 wt. % in Simicro 1, the mass losses of approx. 2 wt. %
were found in Simicro 3 after 10 days of soaking in SBF solution. Differences in the
behavior of Simicro samples during soaking in 0.9% NaCl solution demonstrate ion release
in Fig. 3b. In the case of Simicro 1 and 2 with a higher portion of aTCP, dissolution of this
phase was very slow at starting period in Simicro 1 because low concentrations of both
Ca?" and phosphate ions with the following rise after 24 hours of soaking were found in
solution. On the other hand, up to 2-3 mM of calcium ions were released to a solution with
a gradual decrease after 24 hours from Simicro 2. In both sample solutions, the amount of
released phosphate ions rapidly rose after 48 hours whereas the concentration of calcium
ions fell below the 0.1 mM level. After 48 hours of soaking, the decrease in pH to 7.8-8
was confirmed (Fig. 3c), which corresponds with an enhanced concentration of phosphate
ions.

The concentration of calcium ions in Simicro 3 solution achieved minimum after
24 hours of soaking with a gradual rise to 2.5 mM after 5 days. The amount of released
phosphate ions (about 0.2 mM), as well as the pH (above 9), were almost the same during
Simicro 3 soaking. For supplementing the above results, the morphology of particles in
Simicro samples before and after 5 days of soaking in SBF was observed by SEM (Fig. 4).
Very thin coating composed of extremely fine nanoparticles of newly formed phase was
revealed on original particles of all Simicro and no other changes in particle morphology
were found.

Microstructure of composite cements

The microstructure of CPC’s 1-3 with 30 wt. % addition of Simicro is shown in
Fig. 5. In the microstructure of CPC1 (Fig. 5a), a small portion of larger irregularly shaped
micropores of 10-20 um size and a high number of micropores about 1-2 pm size is visible.
Large spherical pinholes (40-60 pm in diameter) found in all CPC microstructures originate
from the ripping of microgranules after the fracturing of samples. In Fig. 5c, the core of the
microgranule (80 pm size) only partially pulled out from the CPC3 cement matrix is clearly
observed. In detailed images (e.g. Fig. 5d), the dense microstructure of the CPC1 matrix
with a gradual rise in porosity with distance from the original microgranule’s boundary was
verified (arrow showed an increase in porosity). From the point of view of the morphology
of HAP particles, formed at the boundaries between CPC matrix and the original particles
of microgranules, after 7 days setting in SBF solution, the 200-500 nm size and rod-like
morphology of HAP particles in CPC1 changed to the plate-like one with similar size in
CPC2 and very fine rod-like (about 100 nm in size) in the case of CPC3.
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Fig. 4. Microstructure of Simicro before (left) and after (right) soaking in SBF for 5 days at
37 °C: a) — Simcrol; b ) Simicro2; ¢) Simicro3.
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Fig. 5. Microstructure of CPC’s 1-3 with 30 wt.% addition of Simicro: a) CPC1 (arrow
shows the location of microgranule); b) CPC2 (circle indicates the microgranule in the
matrix); ¢) CPC3; d) CPC1 boundary between Simicrol and cement matrix with EDX point
analyses.

Compressive strength and setting characteristics of CPC

Wet and dry compressive strengths of CPC1-3 are compared in Tab. 1. Values of
CS of all composite cements with 30 wt. % addition of Simicro were much lower (about
30%) than of TTCPMH (CPCO) cement, but no significant differences (p<0.05) were
measured between composite cements containing fine and middle fractions of Simicro. It
was found that the decrease of Simicro content in CPC caused the rise in CS, which verified
the negative influence of Simicro addition on the mechanical properties of composite
cements. Similarly, despite the rise in dry CS of CPC’s as compared with the wet ones, they
were almost half of CS of CPCO. CS of cements in a dry state characterizes the strength of
cement microstructure without side effects like capillary forces and viscosity of aqueous
media in the filled micropores in the wet microstructure. In the case of setting time (ST),
the ST rose with a decrease in aTCP content in microgranules and the transformation rate
of calcium phosphate phases in cements where ST of CPC3 was about 16+1 min which was
double of ST values for CPCO and CPC1.
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Tab. 2. Compressive strength (CS) and setting time of composite cements

CS [MPa]

Samples wet dry wet ST [min]
CPCO 24+3 4542 5+1
30 wt. % Simicro 10 wt. % Simicro 30 wt. % Simicro 10 wt. % Simicro
CPC1 17+2 332 23+3 7+1 61
CPC2 152 263 2634 11+£2 8+1
CPC3 132 2442 2143 16+1 10+2
Note:

CPC 1 =TTCPMH + Simicrol; (Simicrol: volume ratios of SizN,/Ca3(PQO,), — 3/7)
CPC 2 = TTCPMH + Simicro2; (Simicro2: volume ratios of SizN,/Ca3(PQO,), — 1/1)
CPC 3 =TTCPMH + Simicro3; (Simicro3: volume ratios of SisN4/Cas(PO,), — 7/3)

Evaluation of in vitro cytotoxicity

No cytotoxicity of Simicro extracts was verified and this fact confirmed that the
concentration of released ions was less than cytotoxicity level (70% of control) (Fig. 6a).
On the other hand, a significantly lowered viability (p<0.001) of osteoblasts in contact with
the composite cement surfaces was measured after 2 and 10 days of culture but the viability
of cells cultured on CPC1 cement exceeds cytotoxicity (p<0.05) level characterized by 70
% of negative control viability (Fig. 6b).

Release of dexamethasone from CPC

In Fig. 7, the release of dexamethasone from CPCO (TTCPMH powder mixture)
and CPC2 composite cements are compared. A burst effect was measured during the first
2h of dex release, characterized by a rapid rise of concentration up to ~0.05 pg/ml, what
equals 15% and 35% of total amount of dex, added to the TTCPMH and CPC2 mixtures
respectively.

A large difference in the cumulative relative amount of dex released from these
cements is caused by the higher content of dex in TTCPMH due to the fact that CPC2
contained only 30 wt. % of Simicro2dex with the same content as in TTCPMHdex. It
should be noted that almost the full amount of dex (about 97%) was released from Simicro2
during the first 2 h of release in the separated experiment, from which is evident
insignificant drug adsorption on the surface or pores of microgranules.
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DISCUSSION

Based on preliminary experiments focused on the optimization of mechanical
properties and microstructure of composite cements resulted in an insignificant difference
between fine and middle fractions Simicro but it was hard to achieve good homogeneity
and distribution of coarser Simicro in CPC. Besides the fine Simicro fractions contained a
larger amount of irregularly shaped particles with size <10 um, which were not appropriate
in an application for controlled drug release (especially with slower release rate) due to the
lower inner volume of the open pores (smaller amount of drug can be introduced to pores of
microgranules) and higher releasing rate (shorter distances between surface and core of
microgranules as well as a large surface area). For these reasons, CPC composite cements
with the addition of the middle fraction of Simicro were characterized only. Open porosity
of Simicro 1, 2, and 3 measured by He pycnometer was close to 80 vol. % but a higher
density of samples with enhanced oTCP content was found which corresponds with a
strengthened microstructure of microgranules.

The coarser particles were clearly visible on Simicrol and 2 (with a higher fraction
of aTCP) after soaking in SBF which can indicate a thicker calcium phosphate layer on the
particles. Notably, all coarser microgranules were disintegrated to particle agglomerates
with the size of <10 um even after 1 day of soaking in SBF, which demonstrates both the
weak mechanical strength of microgranules, so as a partial dissolution of oTCP phase
which were strengthening their original microstructure. Thus, soaking in SBF solution
revealed relatively low bioactivity of microgranules to the formation of calcium phosphate
coating on Simicro 2 and 3 which is in accordance with XRD and FTIR analyses. In the
case of composite cements, the XRD analysis (Fig. 2d) showed that the final product of the
cement transformation was nanocrystalline calcium deficient HA (PDF4 01-071-5048).

Notable, that the microstructure and the shape of microgranules were not damaged
during the preparation of cements, which had a key role in the total porosity of CPC
composites and utilization for the change of drug release rate. Microgranules were tightly
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interconnected with the surrounding CPC matrix via HAP particles formed at the
boundaries of the original Simicro particles. In all SEM images of cements shells or surface
layers from the original microgranules with a thickness of about 10 pm can be found. They
were not able to detach from the matrix due to the sufficient bonding, contrary to the core
of microgranules in deeper regions (at the far distance from the calcium phosphate matrix).
From the above-described facts results that the Simicro cores were not able to strengthen
the CPC because the maximum concentration of calcium and phosphate ions was reached in
close contact with cement matrix during the transformation of starting calcium phosphates
in cements.

In all cements, HAP nanoparticles form islands or globular agglomerates growing
on original particles of microgranules (especially fine in CPC3) or were present in the form
of more compact agglomerates in the cement matrix. The comparison showed the
dependence of HAP particle dimensions at Simicro boundaries on the amount of aTCP in
microgranules.

The highest value of CS had CPC1 with Simicro 1, containing the largest amount
of oTCP. From the comparison of CS of CPCO and composite cements, concerning a
microstructure, it is clear, that the reduced strength of microgranules was responsible for
the decrease in CS of final composite cements, despite the good interconnection between
the boundaries of microgranules and a stronger cement matrix. It should be noted, that the
density of composite cements was about 20% lower after the addition of Simicro due to the
higher porosity of microgranules (CPCO had about 43% porosity contrary to 59% porosities
of CPC1-3). The compact whisker-reinforced CPC, with a 5 wt. % addition of SrHA
revealed the highest compressive strength of 2.92 MPa, which was almost 2-times higher
than that of the pure CPC [26]. The addition of SiC/nanosilica whiskers to CPC filler
applied in Bis-GMA-based resins caused the rise in flexural strength from 50 MPa to 160
MPa [24]. Because of the complications with the analysis of correct mechanical strength of
Simicro, for a better understanding of the measured strengths, it should be mentioned CS of
SizN,4 porous ceramics with close porosity as was measured here for Simicro. For example,
ceramics with about 70% porosity had CS less than 8 MPa [34] or in the case of silicon
nitride prepared using 3D printing — only about 5 MPa [35]. Naturally, there are differences
in composition and the pore size distribution as compared with our CPC composites, but
values lower than 10 MPa of CS were registered.

Contrary to the previous preparation procedure, where microgranules with similar
composition were synthesized using the flame synthesis and relatively severe in vitro
cytotoxicity of extracts was observed [36], analysis of cytotoxicity of Simicro extracts
showed the acceptable composition of Simicro prepared by the presented method.

In the case of contact cytotoxicity of cements, despite the rise in the viability of
osteoblasts (more than fivefold) with cultivation time on composite cements CPC 2 and 3,
both samples were potentially cytotoxic after 10 days culture. We assume that the reason
for the lower viability for cements was the surface cement texture which strongly affects
the cell adhesion. Live/dead staining of osteoblasts (Fig. 6 c,d,e) demonstrated a low
number of adhered live cells after 48 hours of cultivation with the rapid population growth
after 10 days of culture which was in accordance with the results of the MTS proliferation
test.

Compared to TTCPMHdex (0.3 ng dex per hour), the faster release of dex was
revealed for CPC2dex (0.7 ng dex per hour) and the full amount of dex was released from
CPC2dex after 10 days of soaking. In the case of TTCPMHdex, the slow gradual increase
of dex concentration with releasing time was observed and the amount of dex released, after
10 days of soaking, reached about 25% of total dex content. The above-described facts
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demonstrated that the addition of Simicrodex to TTCPMH significantly accelerated the
release rate of dex due to the lower density of composite cement with a more opened
microstructure. For a description of release kinetics, data were fitted by the various models.
From detailed analysis, based on the comparison of correlation coefficients, resulted that
the dexamethasone release kinetics from CPC2dex was well characterized by the Higuchi’s
equation (R?=0.994 contrary to 0.942 of TTCPMHdex) which is an appropriate model for
the description of the release of drug particles in the uniform matrix or diffusion-controlled
release of low soluble drugs from the solid matrix. In the case of TTCPMHdex cement,
kinetics meet the equation for the first-order kinetics (R*=0.998 in comparison with 0.947
for CPC2dex) which characterize the behavior of water-soluble drugs in the porous matrix
[37]. In the case of CPC2dex, dexamethasone was initially absorbed in Simicro micropores
where could be dissolved higher amount of drug with the following transfer by diffusion
over more opened microstructure containing the enhanced volume of the aqueous medium.
On the other hand, a much lower amount of dexamethasone was released from
TTCPMHdex because of the higher cement density and smaller volume of aqueous media,
despite summary higher content of dexamethasone in the cement matrix. Note that the
release rate of dex can be affected by a combination of Simicrodex with TTCPMHdex or by
the change of dexamethasone content in microgranules. The cumulative release rate of
TTCPMHdex was comparable with the one from dex-loaded porous calcium phosphate
cements where dex was added to hardening liquid [38]. The release kinetics of drugs from
porous hydroxyapatite cement matrix is usually diffusion-controlled because of the
resorption ability and the solubility of hydroxyapatite, which is much lower than the
diffusion rate of drugs [39].

CONCLUSIONS

The Simicro showed good SBF in vitro bioactivity characterized by the formation
of calcium phosphate coating with increasing content of aTCP in microgranules. The
addition of Simicrodex to TTCPMH accelerated the release rate of dexamethasone from
CPC due to lower density with more opened cement microstructure which resulted in the
effective action of microgranules on control of drug release. Mechanical properties of
CPCO cement were reduced after the addition of Simicro contrary to their improvement
with the amount of o TCP in Simicro but more strengthen microgranules should be prepared
for cement strengthening. The final phase after CPC setting was calcium deficient
hydroxyapatite and setting time decreased with the content of o TCP in Simicro. Simicro
was sufficiently interconnected with calcium phosphate cement matrix via precipitated
hydroxyapatite at boundaries but the compressive strength of CPC composites was strongly
influenced by the weak strength of the highly porous microstructure of microgranules. No
cytotoxicity of Simicro extracts was found contrary to revealed enhanced contact
cytotoxicity of CPC’s containing Simicro with lowered content of o TCP.
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