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Abstract

The feasibility of calcium carbonate cements inuajvthe recrystallisation of metastable
calcium carbonate varieties has been demonstr@adium carbonate cement compositions
presented in this paper can be prepared straigtdafdly by simply mixing water (liquid
phase) with two calcium carbonate phases (solicsghavhich can be easily obtained by
precipitation. An original cement composition wdstashed by mixing amorphous calcium
carbonate and vaterite with an aqueous mediumcéheent set and hardened within 2 hours
at 37°C in an atmosphere saturated with water &edfinal composition of the cement
consisted mostly of aragonite. The hardened cem@st microporous and showed poor
mechanical properties. Cytotoxicity tests reveageaellent cytocompatibility of calcium
carbonate cement compositions. Calcium carbonatiéls & higher solubility than the
marketed calcium phosphate cements might be ofesitedo increase biomedical cement
resorption rates and to favour its replacementdneltissue.
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Introduction

Filling bone defects with materials generating rpson activity and leading to neoformed
bone tissue is one of the main subjects of condernorthopaedic and dental surgery
specialists. Many surgeons use bone hetero- ogeite or implants of natural origin (coral
for example) [1-6]. However, supply difficulty, bamgical variability and viral or bacterial
contamination risks are major drawbacks [6-7]. tdep to solve the problems inherent to
substitution with natural biomaterials, synthetiaterials have been developed as biomedical
ceramics and cements [8].

The fast-setting biomedical ionic cements have getklas an attractive concept essentially
for bone filling and reinforcement biomaterials.I&@am phosphate (CaP) bone cements have
developed considerably in the last few years dugh&r excellent biocompatibility and
bioactivity properties and also ease of use eslpe@a an injectable paste [9-17]. Several
types of reaction can be involved in CaP biomime¢éiments and most of them lead to apatite
with varying degrees of crystallisation and carlier@ntents [18]. However, one of the main
challenges is to reach higher rates of resorptih @an improvement of bone formation.
Considering that the biological resorption of baubstitute materials is generally related to
the solubility of their constituting phase(s), brite cements or associations of CaP with more
soluble mineral compounds (calcium sulfate for epl@nseemed to offer interesting cement
compositions to improve and adapt the cement résarproperties [19-20]. Furthermore
calcium carbonate could be an interesting candidatgrepare cement with improved
biodegradation rates due to its higher solubildynpared to apatite [21-23Although some
CaP cements containing a low proportion of calctarbonate have already been proposed,
the feasibility of cement composition entirely csting of calcium carbonates opens new
possibilities which have not yet been exploited, [24-26].

Three crystalline and one amorphous phases of aohyaalcium carbonates are encountered
in nature: calcite (C), aragonite (Ar), vaterite) (8d amorphous calcium carbonate (ACC)
[27-28]. The most thermodynamically stable phasecakite followed by aragonite and
vaterite [21]. Natural calcium carbonate from certeorals and nacre present the aragonite
structure. Nacre and coral-based bone substit#es been shown to be biocompatible and
bioactive biomaterials and they have been usednianre than 20 years as powders, porous
ceramics or gels [1-6, 29-31]. Many vivo studies reported that calcium carbonate-based
macroporous bioceramics, prepared by physical-atentieatment of coral, promote bone

ingrowth and resorption [1, 32-33]. However a batabetween osteogenesis and biomaterial



resorption is crucial to obtain good clinical résudnd parameters such as implant porosity,
size and association with growth factor, bone gpeprotein and/or cells can be involved to
adapt implant biodegradability [3, 5, 34-39]. Theahanical properties of coral-based graft
substitute remain poor and implant rejection canuo@robably due to the presence of
organic matter residue [7, 40]. Although severdkrapts have been made to produce
synthetic calcium carbonate bioceramics, sinterprgves to be difficult and calcium
carbonate cements, prepared by mixing calcium ceteophases with an aqueous medium,
offer an interesting way to prepare low-temperatoieceramics [41-42]. Cements, unlike
sintered materials and natural materials can eds#lyassociated with active biological
molecules (specific proteins, antibiotics...) [48:4

The feasibility of calcium carbonate-based ceméats been recently demonstrated [45-46].
The work presented herein is a preliminary studyew type of bone cement made solely of
calcium carbonate phases. The calcium carbonaterderoncept is based on the reactivity of
biphasic mixtures of calcium carbonate powders a@imy metastable phases: one highly
reactive amorphous phase and a metastable crystaltiase that can serve as seeds and orient
their (re)crystallisation into a more stable cafcicarbonate crystalline phase in the presence
of small amounts of aqueous medium. Preparatiosyothetic calcium carbonate-based
cements thus requires the synthesis of pure calaarbonate polymorphs that can be
involved in initial, transient or final cement coosgition. Several protocols for calcium
carbonate polymorphs (calcite, aragonite and wa)esynthesis and studies on their formation
and transformation have been reported [47-52].

FTIR spectroscopy and X-ray diffraction were usedhtieck the purity of the initial calcium
carbonate powders and also the composition of dak@utn carbonate cements during setting
and hardening. Setting kinetics and mechanicalgitms of calcium carbonate cements were

also investigated. Finally, the cytotoxicity of Bazement final composition was evaluated.

Materials and M ethods

Preparation and characterisation of powders

Calcium carbonate crystalline phases were prephyedouble decomposition between a
calcium chloride solution and a sodium carbonatatiem at 100°C giving aragonite and at
30°C giving vaterite.

In this preliminary work, one of the problems was grepare pure amorphous calcium

carbonate phase. Unlike amorphous calcium phosplvhteh can be easily obtained by



precipitation, amorphous calcium carbonate crystsl rapidly and, in the absence of
stabilising ions (ACC1 preparation), a mixture aétastable calcium carbonates consisting of
ACC associated with some vaterite and calcite tainobd (data not shown). A new synthesis
protocol of pure amorphous calcium carbonate (AC®a¥ set up which is based on the
introduction of magnesium ions in the cationic $iolu used for ACC precipitation by double
decomposition. Mg is known as a crystallisation inhibitor and espkgias amorphous
calcium carbonate stabiliser [53]. Amorphous cafticarbonate was rapidly prepared from a
calcium chloride solution including strontium (ACCdr magnesium (ACC2) chloride and a
sodium hydrogencarbonate solution at ambient teatpes. After filtration and washing, the

precipitates were lyophilised and the powders storea freezer.

Preparation of cement

The cement powders were made up of a mixture ohstadble calcium carbonate phases (see
Table 1). The cement paste was obtained by mixiegopbwders with an appropriate amount
of liquid phase (either deionised water or a sodalmoride solution: 0.9% w/w). We chose to
test the use of isotonic solution (0.9 % (w/w) Na&Glution) as it is already the liquid phase
of some cements (like alpha-BSMand because it could open the possibility to hised
serum as liquid phase. Moreover, the possibilitprepare CaC@Ocements with the patient’s
blood could have interesting advantages in addamigeacomponents to the cement (platelets,
proteins, growth factors ...) [45].

The wet paste was placed in a sealed containerasaduwith HO at 37°C for setting and
hardening. The maturation of cementvitro in an atmosphere saturated with water can be
compared to that occurring vivo in contact with biological tissues.

All the powders synthesised and the cement prepawse characterised by transmission
FTIR spectroscopy from KBr pellets (Perkin ElmerIRT1600 spectrometer) and X-ray
diffraction (Inel CPS 120 diffractometer) using a @nticathode. Observation of cements by
scanning electron microscopy (SEM) was carriedusiutg a Leo 435 VP microscope. Small
pieces of hardened and dried cement samples wateghnd fixed on a support with double

faced carbon tape.

FTIR quantitative analysis for the study of cement maturation

When studying a novel cement, it is important teehgualitative and quantitative data to
identify the reaction involved in the cement seftand hardening processes and to quantify
the transformation kinetics. Several analytical estigations to simultaneously quantify



vaterite and aragonite polymorphs which are prexarsf the most stable calcium carbonate
crystalline phase, i.e. calcite, are reported @ literature [54]. According to the work of
Dickinson and Mc Grath the quantitative detectiamits in binary and ternary calcium
carbonate mixtures were lower for powder X-rayrdiftion analysis than for Raman and IR
spectroscopic analysis whereas for Kontoyannis \dagenas, lower detection limits were
obtained for Raman spectroscopy compared to poX& analysis [55-56]. It should be
noticed that the accuracy of X-ray diffraction aisé8 depends strongly on the crystallinity of
the carbonate phases whereas vibrational specpiescare less sensitive to this parameter.
FTIR spectroscopy appeared as a simple and acctget@ique to identify and quantify
calcium carbonate polymorphs. Most of the IR methogies presented in the literature were
restricted to binary mixture probably because @drtapping bands for vaterite, aragonite and
calcite. Recently, Vagenas et al. presented a FhH#thod to quantitatively discriminate
between calcite, aragonite and vaterite in a tgrnakture [57]. Their methodology is based
on the deconvolution of the various polymorph€0; band but it should be noticed that the
intensity of the absorption bands remains veryilothis domain. However, a decrease of the
broad band characteristic of vaterite at 745'‘@nd an increase of the sharp bands at 713 cm
1 and 700 cni assigned to aragonite were clearly observed orspleetra of the evolving
calcium carbonate cements (data not presented).

We propose here a method for aragonite quantifinati aragonite-vaterite mixtures based on
the decomposition of the,CO; band. The quantitative evaluation of aragonitet&onby
FTIR spectroscopy was performed by curve-fittinghiev,CO; domain (940-800 ciy using
Grams/32 software (Galactic Industries Corporatidn)this domain aragonite and vaterite
showed a sharp and intense absorption band atr83%ud 875 crif respectively. However,
the method proposed cannot be used for simultandmgsimination of the three calcium
carbonate polymorphs and for aragonite quantificatin ternary mixtures (i.e. calcite,
aragonite and vaterite mixtures) as calcite aneéritatboth show a band around 875"tm
Further investigation into this method of analyseeds to be performed to determine the
aragonite detection limit and relative error in tpheoportion of aragonite (in w/w %)
calculated for the binary mixture.

All the IR spectra were decomposed with the sanrameters according to the following
protocol. First, a baseline correction was perfato@ each spectrum. Peak positions and
some curve parameters (lorentzian peaks) werensetised as initial input in a curve-fitting

program. Iterations were continued until the bastvés obtained. The output of this analysis



was expressed as relative peak area and peakopogitiom these decomposition results, we
calculated the ratio of aragonite peak area tadbed v,CO; band area. Figure 1a shows an
example of decomposition of theCO; band into two main sub-bands at 875 cemd 855
cm* respectively assigned to vaterite and aragonite.

A calibration curve was built from standard mixw@ aragonite and vaterite (15 %, 25 %,
50 %, 75 % aragonite w/w) whose spectra were deoeatp according to the procedure
detailed above, see figure 1b. A good correlatiorr (0.9993) between the experimental
points (from 15% to 75 % (w/w) of aragonite) wasaibed.

In order to follow up, step by step, the variatiamishe cement composition during setting
and hardening, samples of (ACC2+V) cement prepasidd water were freeze dried to stop
their maturation after different periods of timehelsamples were then analysed by FTIR
spectroscopy and their spectra decomposed accdalihg procedure detailed above.

Setting time and compressive strength

The setting rate of the cement was followed withAa-XT2 Texture Analyser fitted with a
cylindrical needle (0.7 mm in diameter). It was sidered that the cement had set when the
paste developed a resistance to needle penetrdtmmer 600 g/mrh

The compressive strength of the cement was evaluesieg a Hounsfield Series S apparatus.
The cement paste was placed in a cylindrical m¢ngaght / diameter ratial 2 and diameter
equal to 10.5 mm) and packed tightly to eliminatebaibbles trapped in the paste. After
setting and hardening of the paste placed at 3 °&€ sealed container saturated with water
for 1 day, the hardened cement was withdrawn fieencontainer and left to dry for 1 week at

37°C. The cement was then removed from the mouddfa® compressive test performed.

Indirect cytotoxicity study

Cytoxicity tests are essential befam vivo evaluation of new bioceramics. The indirect
cytotoxicity evaluation of calcium carbonate cemeaimpositions was assessed by an
extraction method according to NFEN30993-5 ISO B39958-59]. Osteoprogenitor cells

obtained from human bone marrow, according to Vilmma-Amédée et al. with some

modifications, were used for testing the extracts eultured in Iscove Modified Dulbecco's

Medium (IMDM, Sigma Aldrich, France) containing 10f#etal calf serum (FSC, Sigma,

France) [60]. The cells were seeded at a densi#00000 cells/crin 96-well microtiter

plates (Nunc, Denmark) and the culture was maiathat 37°C for 96 h after cell plating. At



subconfluency the medium was replaced by the nadtexxtraction vehicle. To obtain
extraction vehicles, fragments of sterile hardecatent were immersed in IMDM. The ratio
of the sample surface area to the volume of thdclehvas 5 crfiiml. Extractions were
performed in borosilicate glass tubes at 37°C 20 h without stirring according to the
standard procedures. Borosilicate tubes contaiwi@gtical extraction vehicles with either no
material or a solution of phenol at a concentratwdr6.4 g/l (known to be cytotoxic) were
processed under the same conditions to providetimegand positive controls, respectively.
The medium was removed and replaced by controhetstrat various concentrations (100%
(V/v), 50% (v/v), 10% (v/v), 1% (v/v)) in the culermedium for 24 h at 37°C. At the end of
the extract incubation period, tests were perforngetl viability (Neutral Red assay) and cell
metabolic activity (MTT assay) [61-62]. The intagsof the colours obtained (red and blue
respectively) is directly proportional to the vidlyi and metabolic activity of the cell
population and inversely proportional to the tayi@f the material. Indirect cytotoxicity tests
were duplicated for each cement composition. Tharmalues of absorbance measurements
obtained from colorimetric tests and their correspog standard deviationt$D) were
calculated. The results are expressed as a pegeeafahe negative control (plastic) tested

during the same experiment.

Results

Among the various powder mixtures associating reac@morphous and crystalline CagZO
phases, the compositions leading to hardened dmsbo@ cement are reported in table 1. The
liquid-to-solid ratio (L/S) ranges between 0.4 @n@ depending on the composition of the
powder mixture probably due to powder particle se@ecific surface area and thus to the
powder mixture reactivity. We did not consider #hgmrameters in this preliminary study,
and the amount of solution was determined to alleevformation of a mouldable paste. For
one cement composition, the L/S ratio can vary dmes extent but the reported value
corresponds to the optimum final mechanical rescaaf the cement.

Of all the powder combinations tested, the ACC2 aatkrite powder mixture (in the
proportion 1:2 respectively) appeared as the masmising formulation for calcium
carbonate cements and was selected for furtherstigations on these novel calcium
carbonate cements as it presented optimum cemdmsiom and mechanical resistance.
However the initial cement compositions are notitih to those presented in table 1 and

other calcium carbonate powder mixtures ((ACC+V}ihwdifferent L/S ratio and phase



proportions, (Ar+V) mixture and (ACC+Ar) mixture)are tested. They led to setting pastes
but the compressive strengths remained very poor.

Figure 2 showed the X-ray diffraction (XRD) diagramh two hardened cements. It is
interesting to note that the final phase of the CA€V) mixture is calcite whereas that of
(ACC2+V) is mostly aragonite. These results pout the importance of the composition of
the initial mixture of metastable calcium carbonpl&ses in the orientation of the setting
reactions and the final composition of the cement.

The FTIR spectra in th®,CO; domain of cements analysed after different periotls
maturation at 37°C are presented in figure 3. A®telapses, we can clearly notice a decrease
of the absorption band assigned to vaterite (arcifsl cm') and the appearance of the
absorption band characteristic of aragonite at &3 after 2h of maturation at 37°C. The
aragonite band progressively increased for 24h witereached maximum mechanical
strength. After two days or more, no significantia&on was noticed.

To further analyse setting and hardening of theesgmevolution, a quantitative study based
on FTIR spectroscopy data in thgCO; domain was carried out. The proportion of aragonit
(w/w) in the cement was determined using the catlibn curve presented in figure 1 and is
reported in table 2. The data show a strong inereashe proportion of aragonite during the
first day at 37°C and especially during the firsth@urs. After 2 days, the final cement
composition consisting of 90 % (w/w) aragonite weasched.

The steady increase in the proportion of aragomés also revealed by SEM observations of
(ACC2+V) cement fragments after various periodsnaturation (see figure 4). Indeed, SEM
micrographs indicated a visible change in crystarghology during cement setting and
hardening, especially between 2 h and 8 h, wheee vidterite lentil-like morphology
disappeared while entangled more elongated cryatalwvisible in figures 4c and 4d. In the
latter micrographs, entangled small needle-likestalg were observed suggesting the
presence of aragonite. These observations corrabithe FTIR spectroscopy and X-ray
diffraction results. Figure 5 showed SEM microgmspifi block of hardened cement prepared
with sodium chloride solution (0.9 % NaCl w/w) aguid phase. We can see the
entanglement of small needles of aragonite (fighbib¢ arranged around many spherical
micropores.

The setting time and the cement compressive stiaargtreported in table 3. Just after mixing
the powder with the liquid phase, the paste wasous and easily moldable for several
minutes then the cements set and hardened. Fastigsand higher mechanical resistance

were measured for cement prepared with ACC1.



Results of the indirect biocompatibility study fmlNing incubation of cells with material
extracts at different dilutions showed no cytotayieffect of cements prepared with (ACC1
+ V) and (ACC2 + V) mixtures, see figure 6. Valudscell viability obtained for undiluted
extract were (94 13 )% for (ACC1 +V) and (1028 10) % for (ACC2+V) which are close to
the 100% value for the referenced control (plastid)e results of the metabolic activity
measurement for undiluted extract were also clas¢hé 100% value for the referenced
control (plastic) ((10& 7 )% for (ACC1 +V) and (92 9) % for (ACC2+V)). In no cases, did
we notice a significant difference for the two cemeompositions or between the different
extract dilutions (1 to 100 %).

Discussion

Cement compositions

The calcium carbonate cements presented hereithartdal composition (ACC2+V; 1:2) are
the first biomedical cements entirely consistingcalcium carbonates ever reported. Several
CaP biomedical cement formulations that incorpogateertain proportion of CaGChave
been designed, the Cag0eing present to improve cement mechanical prigsercement
compliance or to create macroporosity but the prtogo of calcium carbonate in such
cements did not exceed 15% (w/w) and the final peoddid not contain only calcium
carbonate phases.

The calcium carbonate cement compositions preseintethis paper can be prepared
straightforwardly by simply mixing water (liquid pke) with two calcium carbonate phases
(solid phase) which can be easily obtained by pietion. The initial composition of
calcium carbonate cements comprising a biphasicdpownixture including amorphous
calcium carbonate and a metastable crystallineephas be related to teBSM”~ cement
concept (ETEX Corporation). The latter involvesamorphous CaP phase and a crystalline
metastable CaP phase (DCPD) acting as a templéeitibate apatite crystal nucleation and
growth [63]. In this new type of calcium carbonatement, the initial crystalline phase
probably seeded the crystallisation of a more stablcium carbonate phase. The presence of
such a metastable crystalline phase appears eddenttement setting and hardening as upon
admixture with water, ACC2 powder (pure ACC) didt farden whereas ACC1 powder
(mixture of ACC, calcite and vaterite) set and leaed (data not presented).

The possibility of orienting the recrystallisatiai a calcium carbonate polymorph during

cement setting and controlling the phase(s) conipasof the hardened cement appeared as



an interesting feature of these cements to adapthiodegradation properties to the intended

application.

Setting and hardening reaction

In a preliminary study of calcium carbonate cemeomtpositions, especially mixtures of
ACC1 and aragonite (in the proportion 3:1 respetyiv FTIR spectroscopy analyses
revealed that cement setting did not occur if viefrom the initial metastable CaGO
powder, remained in the final cement and/or if gineportion of aragonite in the resulting
cement was lower than 50 % (w/w) (data not presinihese preliminary results suggested
that the transformation of vaterite into aragomites the key reaction of cement setting. In the
present study, we determined the composition offi@ phase (FTIR data) comprising
mostly aragonite which indicated that the settgction of (ACC2+V) is the recrystallisation
of vaterite into aragonite.

With regards to the FTIR quantification resultsagonite represented 90% w/w of the set
cement and the remaining 10 % could be untransirregerite and calcite which are
indistinguishable in the,COsinfrared domain. As aragonite and calcite polymerphe also
difficult to discriminate in thev4CO; infrared domain, X-ray diffraction analysis foreth
identification of minor phase(s) possibly existing the final composition of (ACC2+V)
cement was complementary to FTIR spectroscopy ctaarsation. The presence of small
amounts of calcite was confirmed as the most ieteeiection peak (104) of calcite appeared
very small on (ACC2+V) cement X-ray diagram. (sigeife 2). This result suggests that our
evaluation of aragonite proportion in the cememntalfi composition, based on FTIR
spectroscopic data for aragonite-vaterite mixtuness approximative. Complementary FTIR
analysis of a prepared binary mixture of aragoaitd calcite in the proportio®0:10 % w/w,
(data not presented) confirmed the presence oftab@@o (w/w) of calcite in (ACC2+V)
cement. However, for future investigations, we wiidlve to set a semi-quantitative method
applicable to ternary mixture (vaterite, aragoraied calcite) to precisely determine the
transient and final compositions of Cag&@ment.

Observations of the changing crystal morphologySiEM confirmed the recrystallisation of
the metastable calcium carbonate phases (amorgiabtism carbonate and vaterite) mostly
into aragonite during setting and hardening. Cilysédion of calcium carbonate polymorphs
and entanglement of crystals are responsible foneog¢ setting and hardening. These
processes are also involved in the setting andelnard of all CaP cements [8]. However, the

type of reaction responsible for setting and hardgthese novel calcium carbonate-based



bone cements differs from the well-studied and eflgyed CaP-based cements in several
aspects. CaP biomedical cements can be classifiedwo categories: apatite and brushite
cements that respectively lead to hydroxyapatitel dmushite (Dicalcium Phosphate
Dihydrate: DCPD) which is converted into apatitevivo [8, 64]. Two types of setting
reactions can be distinguished for CaP cementd:lzse reaction and/or fast hydrolysis of a
metastable CaP phase into apatite associated @sffectively more or less pH variation of
the paste during setting. In the case of calciurbaraate cements, the formation of a more
stable crystalline phase (aragonite or calcitepnsbably involved due to a dissolution-
reprecipitation process of the unstable ACC prasgra high solubility. We have shown that
aragonite crystallisation is progressive during fir& 24 hours of cement hardening and no
transient phase was detected by FTIR spectrosadpycan assume that this type of CaCO
transformation does not lead to significant pH aton of the paste during cement formation.
Moreover, no visible change in pH (solution colowas observed when fragments of
hardened cement were immersed and equilibratdaeifMDM solution used for the indirect
cytotoxicity test. Thus, it means that the produstshe setting reaction and/or the residues
are, as expected, not highly acidic and/or basapounds.

Studying the transformation mechanism of calciumbcaate in water, Ogino et al. reported
that the gradual transformation of metastable polyihs (ACC, V and Ar) to the stable form,
calcite, depends on the temperature within theogest time ranging between 60 min to 1300
min [52]. Formation of all three polymorphs (C, Af) was observed around 40°C and the
authors showed that vaterite transformation to @rag through dissolution-reprecipitation
can be fast (1h) whereas aragonite to calcite fibamstion is the limiting step as it takes
longer (15h). Even though the amount of water meglifor calcium carbonate cement
preparation is very low (L/S = 0.6 w/w), water igry probably involved in the (re-
)crystallisation of ACC2 and vaterite. We can cdesithat for the (ACC2+V) mixture the
setting and hardening processes were too fastade abmplete transformation of metastable
phases up to the most stable Ca@6lymorph (calcite).

Another parameter that could influence the finameat composition is the presence of
significant amounts of magnesium ions in the AC@&¥vger (2.5 % w/w of Mg, data not
presented) which was precipitated from a catiortut®on containing magnesium ions.
Several authors reported that adsorption of magnmesons inhibits the growth and the
dissolution of calcite whereas crystallisation alissolution processes of aragonite are less
kinetically altered by the presence of Md53, 65-68]. Thus, in the case of (ACC2+V),
aragonite would crystallise rather than calcite tuthe presence of magnesium ions.



The case of (ACC1+V) cement composition is différas calcite crystals were present in
ACC1 powder and they can seed the recrystallisaifanetastable calcium carbonate phases
included in the initial powder mixture (ACC and eate).

Further studies need to be done to understand @ndise the setting and hardening reactions
of these emerging calcium carbonate cement compasit

As the setting and hardening reaction does notcedun increase of cement temperature or
large pH variations in the cement, we can consadsociation of the paste with biologically

active molecules (growth factors, specific protgm®moting tissue repair.

Calcium carbonate cement properties

Even though the compressive strength of the caldarbonate cement remained poor in all
cases (Bmp < 13 MPa), such mechanical properties would not beardicap forin vivo
applications such as bone filling especially in lovechanical stress locations. Moreover,
these properties can probably be improved by opingithe specific surface area of the
reactive powders and thus the L/S ratio. Shortétingetimes and higher compressive
strengths were obtained for the (ACC1+V) mixturdahiHed to cement mostly consisting of
calcite (Table 3). The lower liquid-to-solid rat@an explain the differences observed in
mechanical properties but the effect of calcitestalyentanglement should also be considered.
However, as the preparation of such a cement iegdbbhe metastable ACC1 the complex
composition of which is difficult to control duringynthesis, we decided to discard this
composition for future investigations on calciuntbzmate cements. Furthermore, aragonite,
which the (ACC2+V) hardened cement mostly comprisa@s been used as a biocompatible
and bioactive biomaterial for more than 20 years.

The excellent cytocompatibility of the calcium camlate cement compositions revealed by
indirect cytotoxicity evaluation is probably reldtéo the stability of pH involved in the
setting reaction and the low solubility of the @aha carbonate involved. Another advantage
of such calcium carbonate cements is that timeitrvo biodegradation would release calcium
and carbonate ions and/or €@hich are non-cytotoxic metabolites under the maiab
control of the organism.

Observations of the hardened cement body by scgratettron microscopy showed that the
cement prepared either with water or sodium chérgblution as liquid phase was
microporous. However, the use of sodium chloridetgm lead to a more structured cement
with numerous spherical micropores that appearetdonnected. In future investigations we

can consider introducing macroporosity into calciaarbonate cement based on the easy



release of gaseous G slightly acidic conditions which could allow I[ceehabitation and
bone formation within the cement. An open macropibtyoassociated with this new type of
cement would enable macroporous calcium carbondédekd to be prepared at low
temperature which can be very interesting for #ssngineering applications.

The expected higher rates of cement biodegradaimh bone reconstruction after in vivo
implantation of this cement compared to CaP cemwotdd be a decisive advantage for the
development of calcium carbonate cement formulatiespecially to improve bone

regeneration in dental or orthopaedic surgery.

Conclusions

The feasibility of calcium carbonate biomedical estts composed of 100 % Caglas been
demonstrated and an original cement composition wagposed. Following the phase
composition during the setting and hardening pariedidenced the recrystallisation of the
initial metastable calcium carbonate phases masttyaragonite and/or calcite depending on
the initial powder mixture. We did not detect anyit effects for the human osteoprogenitor

cells suggesting good cytocompatibility of Ca3@ment compositions.
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Figure 1. Quantitative analysis of aragonite weight projportin aragonite-vaterite mixtures
using FTIR spectroscopy data:
a) Example of decomposition of thgCO; band (920-820 cif) of (ACC2+V) cement
b) Calibration curve giving aragonite peak areavgdO; band total area ratio versus

the aragonite proportion (w/w) in aragonite-vatentixture.

Figure 2. X-ray diffraction diagrams of the ending phasegg)calcium carbonate cements
prepared with a) ACC1+V (1:1; L/S=0.5) and b) AC&24.:2; L/S=0.55).

Figure 3: FTIR spectra in the,CO; domain (920-820 ci) of the cement (ACC2+V; 1:2;
L/S=0.55) during setting and hardening.

Figure 4: SEM micrographs of the (ACC2+V) cement fragmendigring setting and
hardening.

a) (ACC2 + V) powders initial mixture

b) cement after 2 hours of maturation

c) cement after 8 hours of maturation

d) cement after 2 days of maturation

Figure 5. SEM micrographs of the (ACC2+V) cement prepareith veéodium chloride
solution (0.9 % NaCl w/w) as liquid phase.

a) Magnification: x 1000

b) Magnification: x 2500

Figure6: Indirect cytotoxicity evaluation of the two caloucarbonate cement compositions
a) Cell viability
b) Metabolic activity



Table 1. Calcium carbonate cements: initial compositions.

Powder mixtures Powder weight ratio |L/S (w/w)
ACCl1+V 1.2 0.4
ACC2 +V 11 0.55
ACC2+V 1.2 0.6
ACC2 +V 1:3 0.5

L = liquid; S = solid
V = vaterite

ACC1 and ACC2: amorphous calcium carbonate pegpir different
conditions



Table 2: Proportion of aragonite (w/w) determined from FEpectroscopy data (calibration
curve in figure 3b) of the (ACC2+V) cement durirgjteng and hardening.

Time Arearatio Proportion of
(Ar /total area) | Aragonite (w/w)

5 min 0.11 12 %
2h 0.20 22 %
4 h 0.28 31 %
8h 0.52 58 %
1 day 0.73 81 %
2 days 0.81 90 %
6 days 0.82 91 %




Table 3 : Setting
compositions.

time and compressive

strength of

two aaicicarbonate

cement

Powder Powder L/S Major final tsetting Rcomp
mixtures weight ratio| (w/w) phase (min) (MPa)
ACC1+V 1:2 0.4 Calcite 30 13
ACC2+V 1:2 0.55 Aragonite 112 3
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