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1. Introduction

On the physicochemical properties, setting
chemical reaction, and in vitro bioactivity of
aragonite—chitosan composite cement as a bone
substituteT

E. Toufik, ©2° H. Noukrati,
H. Ben Youcef, (2 ? A. Barroug

9 C. Rey,° O. Marsan,© C. Charvillat,® S. Cazalbou,®
*°d and C. Combes (0 *¢

In the field of bone substitution, calcium carbonate cements have been proposed as bioactive mineral
cements complementary to calcium phosphate cements for applications requiring a faster resorption
rate. We investigated for the first time the setting chemical reaction, physicochemical properties and the
in vitro evolution in a simulated body fluid (SBF) of calcium carbonate composite cements including
chitosan (1.5 wt%, 2.5 wt%, 3.5 wt%, and 4 wt%) in view of bone applications. We implemented a
methodology based on the X-ray diffraction data for the quantitative analysis of the four calcium
carbonate phases (aragonite, vaterite, calcite and amorphous calcium carbonate) involved in the
composite cement setting which allowed determining the setting chemical mechanism and the
underlying effect of chitosan. Interestingly, aragonite was the main phase in all the set composite
cements. Whatever the chitosan amount, we showed that the initial Mg-stabilised amorphous calcium
carbonate crystallised rapidly into a small amount of magnesium-doped calcite (<21 wt%). However, the
vaterite recrystallisation into aragonite was slowed down by the presence of chitosan in a dose-
dependent manner. The composite cement formulation including 3.5 wt% of chitosan presented the
optimal properties such as a good paste injectability (85%), a reduced initial setting time (45 min), a
compressive strength (6.5 MPa) analogous to that of spongy bone, and ductile behaviour. In vitro
evolution in the SBF showed that chitosan enhanced the bioactivity of the composite cement which
promoted the formation of a biomimetic apatite on its surface after 28 days of immersion. This
composite cement is a potential candidate for further investigation as a new injectable and resorbable
bone substitute material and could also support a new direction for building material applications.

should confer a higher in vivo biodegradation rate than that of
the CPC. In addition, some recent studies showed that CaCO;

Calcium carbonate cements (CCC) have been suggested as bio-
active mineral cements complementary to calcium phosphate
cements (CPCs), particularly when a faster resorption rate is
needed for some non-load-bearing orthopaedic applications.'™
Indeed, the presence of a calcium carbonate (CaCO;) metastable
phase such as aragonite and/or vaterite in the end-product
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cements can provide processing and performance decisive advan-
tages such as the use of CO, as a precursor of CaCO; compounds
for sustainable and carbon-negative building material applica-
tions over conventional inorganic binders.*”

Among calcium carbonate (CaCOj3) polymorphs, calcite is the
most stable under physiological conditions and is also present
as otoliths in human ears. However, it is rather an undesired
phase in bioactive bone substitutes due to its slow resorption
rate in vivo® and poor nucleation ability of apatite on its
surface.” Aragonite, vaterite, and amorphous calcium carbonate
(ACC) exhibit higher solubility than calcite and good in vitro
bioactivity.®

Combes et al.' reported on the first bone cement based only
on calcium carbonates involving a biphasic mixture of calcium
carbonate powders, Mg-stabilised ACC and vaterite; the domi-
nant phase found after the cement setting consists of aragonite
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which is a metastable phase under physiological conditions.
More recently, Myszka et al.> examined a calcium carbonate
cement based on vaterite as a main phase and its mechanical
reinforcement using poly-hydroxyethyl-methacrylate to produce
a high-strength bone cement. Sanchez et al.® reported a calcium
carbonate cement by combining Mg-free ACC and vaterite
leading to calcite as a major component of the cement. Never-
theless, in the aforementioned studies, the setting mechanism
of calcium carbonate cements and the control of their compo-
sition were not fully elucidated. Moreover, the setting time of
the cements, a crucial parameter in bone filling applications,
and its injectability were rarely considered. Therefore, calcium
carbonate cements still need major developments and optimi-
sation in terms of setting time, rheological properties and
mechanical properties to meet the clinical requirements for
bone filling applications.’

In the broader field of calcium phosphate cements, several
studies examined the incorporation of biopolymers to elaborate
composite cements with adequate setting time,® improved
injectability,” and mechanical properties.'"® Among polysac-
charides, chitosan is one of the most studied biopolymers in
the biomedical field owing to its biocompatibility, good biode-
gradation and revascularisation properties which can conse-
quently promote bone growth."*™ In addition, chitosan is one
of the fewest biopolymers that present an antibacterial activity"*
and is also known for improving the mechanical strength of
composite materials."” To the best of our knowledge, chitosan
has not been associated with the calcium carbonate cement for
the design of composite cements with adapted composition and
properties. Interestingly, this combination is found in the bio-
mineralisation area: the well-known example of nacre, a natural
biological composite material combining aragonite and chitin
(95 v/v% aragonite and 5 v/v% chitin), which exhibits good
in vivo biocompatibility, biodegradability, and osteogenic
potential higher than that of sintered bioceramics such as
hydroxyapatite.'® Inspired by the composition of this biological
material and its above-mentioned features, we investigated for
the first time the physicochemical properties, setting mecha-
nism, and the in vitro bioactivity in a simulated body fluid of a
composite cement based on calcium carbonates and chitosan in
view of bone substitute applications.

2. Materials and methods

2.1. Materials

Sodium carbonate decahydrate (Na,CO3-10H,0 > 98%), sodium
bicarbonate (NaHCO;, > 98%), calcium chloride dihydrate
(CaCl,-2H,0 > 98%), magnesium chloride hexahydrate (MgCl,-
6H,0 > 98%), calcite (CaCO; > 98%), sodium chloride
(NaCl > 98%), potassium chloride (KCl > 98%), potassium
hydrogen phosphate trihydrate (K,HPO,-3H,0 > 99%), sodium
sulfate (Na,SO, > 98%), tris(hydroxyl-methyl) aminomethane
(NH,C(CH,OH); > 99%) and hydrochloric acid (HCl: 36.5-
38%) were purchased from VWR. Low molecular weight
chitosan (50000-190000 Da) with a degree of deacetylation
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DDA of > 75% and glacial acetic acid (CH;COOH, >99%) were
obtained from Sigma-Aldrich. All the reactants were of analytical
grade and were used as received.

2.2. Calcium carbonate phases and apatite synthesis

Amorphous calcium carbonate (ACC) was synthesised using a
precipitation method at room temperature as reported previously
by Combes et al' but with an additional step of precipitate
washing. Briefly, a solution containing CaCl,-2H,O (0.3 M) and
MgCl,-6H,0 (0.15 M) (the concentrations were chosen to obtain an
atomic ratio of Mg”*/Ca®" = 0.5) was poured rapidly into a solution
of NaHCO; (0.3 M) under stirring; the pH value of the carbonate
solution was previously adjusted to 11 using ammonia solution
(20%). The obtained precipitate was immediately filtered, washed
with 200 mL of deionised water to remove unreacted counter ions
and then freeze-dried at —80 °C for 24 h. It is worth mentioning
that ACC is very reactive and a small delay in the synthesis
protocol, ie., beyond 5 min (from the solutions mixing until the
start of the freeze-drying process), could lead to its partial crystal-
lisation into calcite.

Vaterite was synthesised at room temperature using a pre-
cipitation method as previously published.'” Thus, a solution
of CaCl,-2H,0 (2 M) was added at a controlled flow rate
(12 mL min~") via a peristaltic pump in a solution of Na,CO5-
10H,O (1 M) under stirring. The product was filtered and
washed with 1.5 L of deionised water and then freeze-dried
for 48 h. Aragonite was prepared at almost 100 °C using an
already published procedure."® Briefly, the CaCl,-2H,0 solution
(0.1 M) was added manually into the Na,CO;:10 H,O solution
(0.1 M) containing SrCO;-(1 mM). The obtained precipitate was
then filtered, washed with 1 L of deionised water, freeze-dried
for 24 h, and stored in a freezer until further use. The aragonite
powder (Fig. S1, ESIt) was used as a standard for the quanti-
tative analysis of the cement chemical setting and hardening by
X-ray diffraction (see 2.5 Section).

The poorly crystalline phosphocalcic apatite was prepared as
previously published'® and used as a standard for comparison
with the XRD pattern and FTIR spectrum of the cements after
their in vitro evolution study in the SBF.

2.3. Reference and composite cement formulation

The cement was prepared by admixing the ACC and vaterite
powders (in a 1:2 weight ratio, respectively) with deionised
water as the liquid phase (a liquid-to-powder weight ratio (L/P)
of 0.72) for the reference mineral cement (CR). Composite
cements (CCs) were obtained using the same procedure with
a liquid phase containing different amounts of chitosan (1.5,
2.5, 3.5 and 4 wt% with respect to the solid phase). The
chitosan powder was dissolved in 1% (v/v) water-diluted acetic
acid solution. The prepared composite cements were referred to
as CCs1.5, CCs2.5, CCs3.5, and CCs4. Additionally, a cement
was also prepared with the acetic acid solution 1% v/v but
without chitosan to depict the potential effect of either the
acidic medium or the chitosan on the cement’s characteristics
and properties. Then, the as-prepared pastes were added into a
cylindric silicone mould (diameter: 10 mm and height: 6 mm)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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and placed into a plastic container saturated with water in an
oven at 37 °C to set and harden for two days. Finally, the cements
were unmoulded and left to dry for two more days at 37 °C.

2.4. Physicochemical characterisation of the synthesised
powders and the set cements

The phase identification and purity of the synthesised materials
were assessed by X-ray diffraction (XRD) using a D8 Advance
diffractometer (Bruker) with a Cu Ko anticathode as the radia-
tion source, a 20 range of 20-60°, and a step size of 0.02°. The
phase identification was performed using the ‘Match!’ software
(Crystal Impact, Germany). Fourier transform infrared (FTIR)
spectroscopy was carried out on a Nicolet iS50 spectrometer
(Thermo Scientific) in transmission mode using the KBr pellet
method. The spectra were recorded in the range of 400-4000 cm ™"
with a resolution of 4 cm™ " and 64 scans accumulation. In the ACC
phase including structural water, spectra were also recorded in
attenuated total reflection mode (ATR diamond, 64 scans, and a
resolution of 4 em ™) in the same range of wavenumbers to avoid
the use of hygroscopic KBr and thus more clearly distinguish ACC
water bands if present in the cement.

The Raman spectroscopy analysis was performed using a
confocal RAMAN Labram HR 800 Horiba Yvon Jobin micro-
scope. The sample was exposed to continuous laser radiation
supplied by an argon laser at 532 nm with a power of 12 mW.
The sample was placed under an Olympus BX 41 microscope
and focused using a x50 objective with a numerical aperture of
0.75 which gave the system a lateral and axial resolution of
0.72 pm and 2.61 pm, respectively. The spectrum of each point
was acquired using a 600 tr mm ' grating with a spectral
resolution of 1 ecm ™' and collected with a quantum detector
cooled at —60 °C by the double Pelletier effect (CCD Synapse).
Each spectrum of the maps was acquired with a 40 s time and 3
accumulations. The maps were obtained using an XYZ
motorised table with an accuracy of 0.1 pm and a measurement
step of 1 pm. The use of autofocus in which the amplitude
range was optimised with the roughness of the area studied
allowed us to adjust the focus of the laser. Data were processed
using the Labspec 6 curve-fitting software and the surface
mapping showing the distribution of the two main components
as a chitosan/aragonite ratio was plotted based on the bands’
ratio vC-H/v,COs.

Thermogravimetric analysis (TGA) was carried out under
argon in the range of 25-700 °C with a heating rate of 10 °C min™—"
to determine the water content in the synthesised ACC sample.

Scanning electron microscopy (SEM) was performed on a
Bruker TESCAN VEGA3 microscope on carbon-coated samples.
EDX (EDAX analyser, TESCAN VEGA 3) was calibrated using the
stoichiometric apatite and dicalcium phosphate samples to
evaluate the Ca/P ratio of samples after immersion in the SBF.

2.5. Setting reaction follow-up

A substantial amount of CR and CCsX pastes were prepared and
divided into four smaller samples placed at 37 °C for setting and
hardening as described in the 2.3 Section. One sample of each
paste formulation studied was removed from the container after

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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different maturation time periods (2 h, 6 h, 24 h, and 48 h) and
immediately freeze-dried to remove water from the paste and
thus stop the chemical setting reaction. The setting reaction of
the cements was followed up by characterising each freeze-dried
sample using FTIR spectroscopy and XRD analysis.

The XRD quantitative analysis and the crystallite size of each
calcium carbonate crystalline phase within the cements were
assessed using the software package TOPAS v.4.2 (Bruker AXS).
Crystallite sizes, microstrains, and lattice parameters were
refined for all the samples from the data obtained in the range
of 20 = [20°-60°] taking a triphasic mixture of commercial
calcite, synthesised vaterite and aragonite in a 1:1:1 ratio as
a reference sample. The chosen space groups were R3c,”® Pmcn,>'
and Ama2** for calcite, aragonite, and vaterite, respectively. No
preferred orientation was fixed in the calculations. The PONKCS
method (partial or no known crystal structures) was used to
determine the ACC content within the prepared cements.”?
Briefly, the peak phase of ACC was added using a pseudo space
group (P4) with the nano-ranged crystallite size characteristic of
the amorphous or poorly crystalline cluster (e.g;, 3.5 nm) which
was refined. This peak phase was used to fit the background of
ACC and determine its amount in the elaborated cements. This
method was repeated and verified on several prepared mixtures
of powders taken as standards (e.g, calcite:vaterite : aragonite:
ACC =1:1:1:1) with an error of +2%. The PONCKS procedure
implemented for the ACC phase quantitative analysis is detailed
in Supplementary Note A (see the ESIt).

2.6. Setting time and injectability evaluation

The initial and final setting times of each studied cement
composition were evaluated at 37 °C according to a protocol
adapted from the ASTM C266-03 and ISO 9917-1:2007 stan-
dards using a Gillmore needle standard apparatus (HM-310,
Gilson Inc.). All measurements were performed in triplicates.

The injectability of the cement pastes was evaluated after
3 min of handling (¢ = 0 corresponding to the beginning of
powder and liquid mixing): the cement paste was placed
directly into a 5 mL syringe (inner diameter of the syringe body
was 1.5 cm and the opening/exit diameter 2 mm) without a
needle. The plunger was pushed gently to evacuate the residual
air in the paste and the total weight of the paste “tw” was
measured. Then, the injectability of the cement paste samples
was evaluated by manually pushing the syringe plunger up to
the end of the syringe body and the extruded weight of the
paste “ew” was measured and the injectability was calculated
following eqn (1):

Injectability = % x 100 (1)

2.7. Porosity and compressive strength measurements

The cement paste prepared as described in Section 2.3 was
added into cylindrical moulds (diameter = 20 mm and height =
10 mm), packed, and shaken to get rid of residual air bubbles
that could later affect the mechanical behaviour of the cement
blocks. It was then placed in plastic containers including air
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saturated with water at 37 °C for setting and hardening. After 48
hours, the hardened cements were withdrawn from their
moulds and left to dry for 7 days at 37 °C. Each reference and
composite cement formulation was prepared in triplicate. The
compressive strength of the cylindrical cement blocks was then
evaluated using a Hounsfield Series S apparatus with a cross-
head speed of 0.3 mm min~". The porosity measurements of
the hardened cements were carried out using a mercury intru-
sion porosimeter (AutoPore III, Micromeritics, USA), which
allows the detection of pores in the range of 360-0.003 pm.
The percentage of the total porosity (P,) was calculated by the
following eqn (2):

Piot = Papp X Viag X 100 (2)

where pgp,;, is the apparent density of the cement and Vi is the
total mercury intrusion volume per gram of specimen analysed.
The pore size distribution was calculated as the differential
mercury intrusion volume plotted versus the pore size.

2.8. Invitro evolution of the reference and composite cements
in the SBF

Cement pellets of CR and CCs2.5 (denoted as CCs in the in vitro
study) were prepared as described in Section 2.3 and the SBF
solution was prepared following the procedure reported by
Kokubo et al.>* and the ISO standard [ISO 23317:2014] with some
modifications.”” The main difference is that cationic and anionic
solutions were prepared separately, and carbonate was added just
before starting the SBF test. Briefly, the cationic solution was
obtained by dissolving NaCl (137.4 mM), KCI (6 mM), MgCl,-
6H,0 (3 mM), and CaCl,-2H,0 (5 mM) in deionised water. The
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anionic solution was obtained by dissolving NaCl (137.4 mM),
K,HPO,-3H,0 (2 mM), and Na,SO, (1 mM) in deionised water.
Then, each solution pH was adjusted to the physiological value
(7.40) by the addition of 39 mL of HCI (1 M) and then buffered by
tris(hydroxyl-methyl) aminomethane (45 mM). Before starting the
test, both cationic and anionic solutions were mixed in equiva-
lent volumes. Then, NaHCO; (4.2 mM) was added to the prepared
mixture just before the immersion of the cement blocks in the as-
prepared SBF solution to avoid as much as possible the solution
decarbonation which may occur during its storage.

Each cement pellet was immersed into 100 mL of SBF solution
at 37 °C for different periods of time (6 hours, 3 days, 7 days, 14
days, and 28 days). The SBF solution was renewed every 3 days
and the samples were manually shaken every day. At the end of
each immersion time, the cement blocks were collected and
rinsed using 100 mL of deionised water. This washing operation
was repeated three times, and the blocks were dried at 37 °C for
24 h. All the studied specimens were weighed before and after
their immersion in the SBF and characterised by XRD and SEM-
EDX on cement pellets and FTIR spectroscopy on cement parti-
cles obtained after scratching the cement surface. The pH of the
SBF solution was also measured after each time point.

3. Results and discussion

3.1. Physicochemical characterisation of the synthesised
powders and set cements

The XRD patterns of the synthesised ACC and vaterite powders
are shown in Fig. 1a. The prepared ACC exhibits diffuse halos at
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Fig. 1 XRD patterns of (a) the synthesised starting powders (ACC, vaterite (V) and their mixture with a 1: 2 ratio (ACC + V)), the hardened cements after
48 h (reference mineral (CR) and composite cements (CCsX, X being the chitosan wt% with respect to the solid phase of the cement) and the aragonite
(JCPDS 00-041-1475), vaterite (JCPDS 33-02-68), and calcite (JCPDS 00-047-1743) from the JCPDS data base, and (b) focus in the 25-28° domain only

for the cements.
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20 = 30.26° and 46.18° on the XRD pattern corresponding to
pure ACC. The pattern of the synthesised vaterite was in
agreement with the JCPDS 33-02-68 vaterite reference file with
no detection of any other crystalline phases.>®

The XRD patterns of the set cements (Fig. 1a) showed the
formation of aragonite (JCPDS 00-041-1475) as the main phase
and a low amount of calcite (JCPDS 00-047-1743) revealed by the
peak at 20 = 29.8° assigned to the (104) diffraction plane of
calcite, known to correspond to the calcite most intense diffrac-
tion peak. Due to their lower relative intensity, the other peaks of
calcite were not visible as they overlapped with intense aragonite
peaks. It is noteworthy that no residual vaterite was detected after
the cement hardening period (48 h); the peak at 27.2° was
assigned to the (021) peak of aragonite (Fig. 1a and b). The calcite
(104) peak was slightly shifted towards a higher 20 value (29.8° vs.
29.4°) probably due to magnesium incorporation into the calcite
lattice as reported in previous studies.”*” The incorporation of
magnesium in the crystal lattice of calcite corroborated with the
refinement results of the lattice parameters of calcite (Fig. S2,
ESIt). Both the a and ¢ parameters of the calcite formed within
the cements were smaller than those of pure calcite. This could
be explained by the smaller ionic radius of Mg>* compared to that
of Ca?*, 0.72 A vs. 1 A, respectively.?® No significant change in the
lattice parameters of aragonite was noticed which correlated well
with a previously reported work.”> The XRD patterns of the
composite cements indicated that the use of chitosan gel
(2.5-4 wt%) as the liquid phase did not affect significantly the
final cement phase composition. Nevertheless, a broadening of
the diffraction peaks of aragonite was observed for the CCs4
composite cement indicating a potential effect of the presence of
the chitosan hydrogel on the aragonite crystals’ size and/or
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strains (Fig. 1b). The quantitative XRD analysis of the crystalline
phase content (Fig. 2a) revealed that the aragonite weight content
within the cements slightly increased at the expense of calcite in
the composite set cements: 76 & 2% (CR), 79 £ 3% (CCs2.5), 82 +
2% (CCs3.5) and 83 £ 2% (CCs4). In addition, the apparent size
of the formed aragonite crystallites in CR, CCs2.5, CCs3.5, and
CCs4 (Fig. 2b) decreased as a function of the amount of chitosan
introduced in the cement formulation: 117 + 6 nm, 90 + 6 nm,
96 + 5 nm, and 63 £+ 2 nm, respectively. A strong impact was
observed for the composite prepared with the highest chitosan
loading (4 wt% of chitosan): 63 nm for CCs4 vs. 96 nm for CCs3.5.
In the case of calcite, a slight decrease of the apparent crystallite
size was observed from 40 + 3 nm in CR to 27 + 2 nm, 28 +
4 nm, and 34 + 10 nm for CCs2.5, CCs3.5 and CCs4, respectively.
The microstrain values remained higher for calcite crystals
whatever the cement formulation (Fig. 2c). In correlation with
the decrease in the unit-cell dimensions of the calcite formed
within the cement, the incorporation of magnesium may also be
responsible for the high residual microstrains observed in calcite
crystals.

The formation of aragonite-based composite cements is of
interest to provide a resorbable bone substitute material.
Indeed, aragonite is metastable under physiological conditions
compared to calcite which is known to be a poorly resorbable
phase in vivo. Nevertheless, Mg-doped calcite is supposed to be
more soluble than calcite (in some cases comparable to arago-
nite at 10 mol% of magnesium>®*°); so its presence might not
be considered detrimental to the overall biodegradation rate of
these composite cements.

FTIR spectroscopy analysis was carried out to examine the
cement compositions at the molecular level (Fig. 3). The FTIR
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Fig. 2 XRD data analysis using the Rietveld refinement of the hardened reference (CR) and composite (CCsX) cement patterns after 48 h of maturation:
(a) aragonite and calcite phase contents (w%), (b) apparent crystallite size and (c) microstrain analysis of the aragonite and calcite crystals formed.
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Fig. 3 FTIR spectra of (a) the synthesised starting powders (ACC, vaterite (V) and their mixture with a 1: 2 ratio (ACC + V)), the reference and composite
cements synthesised, and (b) focus on the 1200-600 cm~* domain of the hardened mineral and composite cements.

spectrum of the synthesised ACC and vaterite showed some
similarities: both are characterised by the v;CO; band at
1080 cm ™' and the v,CO; band at 870 cm™* that are commonly
found in the other crystalline forms of CaCO;. Moreover, they
are characterised by a broad O-H stretching band between
2700 and 3600 cm ' as well as the presence of an additional
band at 1450 cm ™" on the main asymmetric stretching v;CO;
band. ACC is discerned by a shoulder band at 1650 cm "
corresponding to structural water and by the broad in-plane
deformation of the v,CO; band in the range of 700-725 cm ™.
This band is more resolved in the crystalline calcium carbonate
phases.?" Overall, ACC bands appeared broader than the crys-
talline CaCO; band which was reported to be due to the lower
coordination of the carbonate anions within ACC.** According
to Gebauer et al.,** the ACC used in this study is a protocalcite
type and it is identified by a unique symmetric v; band in the
FTIR spectrum at 1076 cm ™" (Fig. 3a). The FTIR spectra of the
elaborated cements displayed the symmetric stretching of
carbonate v;CO; at 1083 cm™ ' and out-of-plane bending vibra-
tion v,CO; at 855 cm ™' characteristic of aragonite. The out-of-
plane stretching v,CO; of calcite at 875 cm ™' was observed in
all the cements (Fig. 3b). v;CO; was also observed at 1500 cm ™"
and the in-plane bending pair v,CO; at the 700-705 cm ™
characteristic of the aragonite phase (Fig. 3). These FTIR data
confirmed the XRD results and indicated more specifically the
absence of both vaterite and ACC in the set cements. It should
be noted that the chitosan characteristic bands (i.e., C—0
stretching at 1660 cm ™', N-H deformation in amino groups
at 1532 cm ™', C-O stretching at 1030 cm ™', C-O-C asymmetric
stretching at 1151 ecm ™', and O-H deformation of ~-CH,-OH and
-CH-OH groups at 1377 cm™ ' and 1322 cm ', respectively®?)
were not observed in the composite cements due to the rather
low amount of chitosan introduced in the composite cement
formulation (<4 wt%).

The SEM micrographs of the synthesised vaterite indicated
spherical shape microparticles of approximately 3 pm in dia-
meter (Fig. 4a), while the ACC sample appeared as agglomerates
of smaller spherical particles (Fig. 4b). Chitosan exhibited the
sheet-like particle characteristic of biopolymer matter (Fig. 4c).
The hardened CR (Fig. 4d and e) displayed an entangled network
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of small aragonite needle-like crystals creating a porous micro-
structure. The SEM micrographs of the composite cements
revealed that chitosan embedded the aragonite needle-like crys-
tals leading to a distinct microstructure with the apparently
disrupted aragonite crystal network more densely packed than
that in CR (Fig. 4f-k). Moreover, agglomeration of chitosan was
observed in the composite cements (clearly observable in the
drawn yellow square in Fig. 4g) indicating probably that some
polymer chain entanglements occurred during the setting of the
cement. These microstructure modifications may be due to the
dissolution of ACC and vaterite powders and the related pH
increase leading to the deprotonation of the amine groups and
the gelation of the chitosan moiety.>> The RAMAN mapping of
CCs2.5 evidencing several chitosan-rich zones due to chitosan
chain entanglement within the composite cement (Fig. S3c,
ESIYT) supports this hypothesis. The large spherical macropores
in the CCs4 cement can be related to the CO, bubbles formed
and trapped within the paste and then in the hardened cement
due to the highly viscous composite cement paste (see the green
arrows in Fig. 4j).

3.2. Setting reaction follow-up by XRD analysis

Fig. 5 shows the X-ray diffractograms of the elaborated cements
after 2 h, 6 h, 24 h, and 48 h of maturation at 37 °C under a wet
atmosphere. A remarkable difference in the relative intensity of
the peak of aragonite at 26 = 26.2° was noticed after 6 h of
maturation of the composite cements compared to CR (Fig. 5b).
Moreover, the peak of vaterite at 20 = 24.9° was still observed in
the CCs3.5 and CCs4 formulations while it was not noticed in
the CR and CCs2.5 formulations. These results were further
confirmed using FTIR spectroscopy (Fig. S4, ESIT). These obser-
vations allowed us to deepen our investigations of the setting
reaction of the cements through a quantitative approach to both
amorphous and crystalline calcium carbonate phases involved
in the chemical setting of the mineral and composite cements.

The difficulty of characterising ACC using conventional XRD
data treatment or FTIR spectroscopy is due to (i) its diffuse halo
which is no more detectable with the XRD analysis once mixed
with another crystalline phase (see the (ACC + V) pattern in
Fig. 1a) and (ii) the superposition of its characteristic FTIR
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Fig. 4 SEM micrographs of the synthesised vaterite (a) and ACC (b)
powders, the commercial chitosan (c) and the elaborated cements after
48 h of maturation: CR (d and e), CCs2.5 (f and g), CCs3.5 (h and i), CCs4 (j
and k) (blue, yellow and green arrows indicate aragonite, chitosan and
pores, respectively).

bands compared with those of the other calcium carbonate
phases (see the (ACC + V) spectrum in Fig. 3a) present within
the cement makes it challenging to follow up its evolution in
such a complex system.

This directed us to use more advanced methods: the
PONKCS method. It allows discerning amorphous structures
in a complex mixture with other crystalline phases through the
modelling and fitting of the background of the amorphous
phase from the XRD data.*® This method evidenced that no
amorphous phase was present in the cements whatever their
studied maturation times (Fig. 6). It is worth mentioning that
ACC is extremely reactive even with the use of magnesium as a
stabiliser. The FTIR-ATR spectrum of the cement paste at 2 h
showed no characteristic water bands of ACC confirming the
quantitative XRD study results (Fig. S5, ESIT).

We then focused our investigations on the evolution of the
other reactive powder, i.e., vaterite, and the formed crystalline
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phases during setting. The quantitative results using the refine-
ment of the XRD data (Fig. 6) indicated that the incorporation
of chitosan slowed down the vaterite consumption (dissolution)
and the subsequent formation of the aragonite phase with a
dose-dependent effect: at 2 h, no significant difference was
observed, as the aragonite content formed within CR was 16 +
2 wt%, whereas these were 17 + 3 wt%, 16 + 2 wt% and 15 + 2 wt%
in CCs2.5, CCs3.5 and CCs4 composite cements, respectively. It is at
6 h that remarkable differences were observed: the proportion of
aragonite formed in CR was 62 + 2wt%, whereas these were 35 +
2 wt%, 33 + 3 wt% and 25 + 3 wt% in CCs2.5, CCs3.5 and CCs4
composite cements, respectively. Also, the remaining vaterite was
present in a fewer proportion in the CR in contrast to the composite
cements (ie., 12 + 3 wt% in the CR vs. 46 + 2 wt%, 50 + 2 wt%, and
59 + 3 wt% in CCs2.5, CCs3.5 and CCs4, respectively). The quasi-
constant amount of the formed calcite independent of the matura-
tion time in the different formulations can support our statement
that the calcite was formed from a direct and fast crystallisation of
ACC in the early stage (<2 h) of the cement setting. The amount of
magnesium-doped calcite formed was lower than the initial amount
of ACC due to the role of magnesium (from ACC), which inhibited
calcite and favoured aragonite formation. At 24 h of maturation, CR
and CCs2.5 reached already their final composition (no more
vaterite), while 11 &+ 3 wt% and 12 + 3 wt% of remaining vaterite
were still detected in the CCs3.5 and CCs4 composite cements,
respectively. Nevertheless, all the elaborated cements reached their
final composition after 48 h of maturation as no vaterite nor ACC
was detected. The fact that the amount of the formed calcite
decreased with the increasing chitosan amount within the cements
at 48 h (24 wt% of calcite in CR vs. 21 wt%, 18 wt% and 17 wt% in
CCs2.5, CCs3.5 and CCs4, respectively) could suggest that chitosan
gel also partly inhibited the crystallisation of calcite in the cement.

Despite the few studies published on calcium carbonate
cements, the chemical setting mechanism was not totally
understood. The main phenomenon involved in the calcium
carbonate cement setting is a dissolution-reprecipitation into
more stable crystalline phase(s). It may be affected by the
physico-chemical reactivity of the starting powders, in particular
ACC and its magnesium and water content,***” and by the
presence of additives (i.e., magnesium and chitosan) in the
cement formulation.

The elemental analysis of the synthesised ACC powder
exhibited a Mg>*/Ca®" ratio of 15.4 at%, which is much lower
than the ratio used in the mother solution (Mg**/Ca** of
50 at%). Its water content determined using the TGA was
10 wt% (Fig. S6, ESIt). In fact, water molecules are known to
stabilise ACC with hydrogen bonds preventing carbonate ion
re-organisation and dehydration.*”*® In addition, it has been
shown that the presence of magnesium in ACC fulfils two main
roles: (1) stabilising ACC,* and (2) orienting the recrystallisation
process into the resorbable aragonite phase.’® It was also
reported that magnesium inhibits calcite crystal growth.** That
is why the lack of magnesium and the presence of calcite
impurities in ACC synthesised by Sanchez et al.> led to the CCC
end-product containing calcite as the dominant phase with some
unreacted vaterite. Myszka et al.”> used a mixture of vaterite and
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Fig. 5 Reference (CR) and composite (CCsX) cement compositions follow-up using XRD after 2 h (a), 6 h (b), 24 h (c), and 48

maturation at 37 °C.
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Fig. 6 Quantitative analysis of the evolution of the calcium carbonate phase content within the (a) CR, (b) CCs2.5, (c) CCs3.5 and (d) CCs4 cements as a
function of maturation time, calculated from the XRD data. The PONKCS method showed no more unreacted ACC within the elaborated cements
starting from 2 h of maturation.

2778

New J. Chem., 2023, 47, 2771-2786

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nj05515e

Open Access Article. Published on 13 January 2023. Downloaded on 5/9/2026 8:18:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

NJC

Mg-stabilised ACC and SBF solution to prepare CCC mainly
comprising vaterite with small amounts of aragonite, calcite,
and unreacted ACC after setting. This complex final composition
could result from the use of SBF including several anions and
cations that may affect ACC crystallisation and aragonite for-
mation. In our study, the significant amount of magnesium in
the synthesised ACC (Mg”*/Ca®" = 15.4 at%) plays a pivotal role in
the cement final composition (mainly composed of aragonite and
Mg-doped calcite) and resorbability due to the higher solubility of
Mg-doped calcite compared with calcite. Such a composition was
observed in biomimetic calcium carbonates especially aragonite
in seawater (e.g., nacre) that was stabilised with magnesium ions
and organic matter and hence did not crystallise into calcite.**

The addition of viscous chitosan gel (Fig. S7, ESIt) to the
cement paste hindered the calcium and carbonate ion diffusion
and subsequent recrystallisation. Moreover, the affinity of
chitosan towards calcium ions***? can also limit the availability
of these ions for recrystallisation, hence delaying both the
dissolution of the reactive powders and the formation of the
reaction products. A paradox is that viscous media are often
used to grow large crystals*® but our experiments indicated an
opposite trend: the aragonite crystals obtained in the presence
of chitosan appeared smaller compared to those formed in CR
when water was used as the liquid phase. However, cement
pastes are radically different from the processes used to grow
crystals from sparingly soluble salts. Three main steps can be
identified in the cements: (i) the dissolution of the most soluble
phase, limited in our case by the dissolution equilibrium of
vaterite (Kypy = 10~%), (ii) the nucleation of a more stable phase
in our case aragonite, and (iii) the crystal growth of the newly
formed aragonite nuclei. Nucleation and crystal growth are
competitive processes determined by the local supersaturation
index (SI) defined by the following equation:

SI = Log(IAP) — Log(Ks) (3)

where IAP is the ion activity product in the solution and Ks is
the solubility product. At high supersaturation indexes, nuclea-
tion prevails on crystal growth. In conventional crystal growth
in viscous gels in a U tube,”® two solutions with precipitating
cations and anions diffuse from the extremities of the U tube.
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The supersaturation index increases progressively up to reach
the nucleation supersaturation, a nucleus which is formed,
depletes then (locally) the building ions from the surrounding
medium to reach an IAP close to the solubility product. Then,
the very slow diffusion maintains a very low supersaturation
index allowing only crystal growth. In the present cement paste,
the supersaturation index is determined by the solubility
product of the vaterite and the ions released cannot be easily
dispersed in the viscous medium as they would be in water.
Thus, domains with a higher local supersaturation index
(2.52 at best) are created in the viscous liquid, which slow
down the dissolution of vaterite but favour the formation of
aragonite nuclei with limited crystal growth. The kinetics of
vaterite crystal dissolution and aragonite crystal formation
should vary strongly with time in such systems and are related
to the supersaturation ratios and the specific surface areas of
both phases. We can hypothesise that, at the early maturation
stage (t < 6 h), vaterite crystals dominate and the supersatura-
tion with regard to aragonite formation is at its highest value
allowing the multiplication of aragonite nuclei. At higher
maturation times and with the increasing number of formed
aragonite nuclei and vaterite consumption, the remaining
dissolving vaterite crystals would fail to maintain a sufficient
supersaturation level for nourishing aragonite nucleation,
therefore, crystal growth of aragonite crystals dominates. The
composite cement is indeed a complex, heterogeneous and
viscous system where other reactions are also involved such as
pH variations and the release of CO, associated with the
precipitation of a chitosan sheet-like network.

3.3. Setting time and injectability

As can be seen (Fig. 7a), the addition of chitosan at rates of
1.5 wt%, 2.5 wt%, 3.5 wt%, and 4 wt% reduced the initial
setting time from 140 + 8 min for CR down to 110 £+ 5 min,
90 + 5 min, 45 + 4 min and 18 £ 3 min for the composite
cements, respectively.

The initial setting time showed a gradual decline correlated
with the increase of the amount of chitosan in the composite
cement formulation (from 140 + 8 min for CR to 18 + 3 min for
CCs4) (Fig. 7a). In contrast, the final setting time of the cements
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(a) Initial (blue squares, y axis on the left) and final (red circles, y axis on the right) setting times and (b) injectability of the formulated composite

cement pastes, both as a function of the amount of chitosan introduced in the composite cement (in wt% with respect to the solid phase of the

composite).
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indicated a progressive increase with an increased amount of
chitosan from 217 + 7 min for CR, to 300 £ 10 min for CCs4. It
is noteworthy that the use of acetic acid only (without chitosan)
as the liquid phase did not significantly affect both the initial
and the final setting times of the cement (140 + 8 min and
217 £ 7 min for CRvs. 150 + 6 min and 225 + 8 min with a 1% v/v
acetic acid solution). Therefore, the evolution of the setting
time of the cement appeared to be directly correlated with the
presence of chitosan gel and in a dose-dependent manner.
These results were consistent with previous studies, where the
addition of chitosan to calcium phosphate cements decreased
the initial setting time of the composites®*® and increased the
final one.” On the one hand, the chemical reaction follow-up
(Fig. 6) indicated that the initial setting time of the composite
cement was not directly dependent on the termination of the
chemical reaction involved in the setting and hardening of the
cement paste (aragonite formation). On the other hand,
the final setting time was indeed correlated with the setting
reaction since it was delayed by the increasing amount of
chitosan in the cement formulations. Such a behaviour has
been reported typically in o-tricalcium phosphate (o-TCP)-
based cements with or without additives.”” In the present
study, the faster initial setting rate could be explained by the
increase of the pH of the acidic chitosan gel from a value of 4 to
neutral. Moreover, the admixing and dissolution of basic
calcium carbonate reactive powders induced the deprotonation
of the chitosan amine groups, leading to an entanglement of
chitosan chains and an increase of the viscosity of the paste.*®
This allowed the initial setting and hardening of the cement
before the formation of a significant amount of aragonite
responsible for the final setting time. In fact, the chitosan
chains are separated when dissolved in an acetic acid solution
due to the repulsion of positively charged amino groups.
However, due to the presence of anionic carbonate ions causing
screening of the repulsions between amino groups and the
increase of the pH, chitosan then undergoes gelation when the
pH is over 6. Additionally, a physical crosslinking between
polymer chains through calcium ions coordination with the
amine groups of chitosan is also possible.*® This would result
in a pH-sensitive physical reaction®® responsible for the initial
setting/hardening of the composite cements. It should be noted
that other polysaccharides were tested (e.g., alginate, cellulose
and starch, data not presented); yet only chitosan exhibited a
remarkable decrease in the initial setting time of the cement.
The injectability of CCC was found to be high (95 + 3%) for
the CR paste owing to its inherent thixotropic behaviour and
shear thinning properties as reported in a previous study.> It
exhibits very good injectability unlike what is generally noticed
for most of the calcium phosphate cements.”" The addition of
1.5 wt%, 2.5 wt%, and 3.5 wt% of chitosan did not significantly
affect the paste injectability which remained very high: 95 +
5%, 93 + 4%, and 85 + 5% respectively (Fig. 7b). However, a
marked decrease in injectability was noticed for the paste
including 4 wt% of chitosan which can be correlated with the
remarkable reduction of its initial setting time (18 min).
Indeed, the beneficial role of chitosan in a faster mechanical
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setting competed with cement paste injectability. For the
composite paste prepared with 4 wt% of chitosan, the faster
mechanical setting and hardening process started within the very
first minutes (3 minutes) of paste preparation and maturation; it
was the predominant factor kinetically. It is worth mentioning
that the results of the cement including a chitosan-loading higher
than 4 wt% were not presented as it was not possible to obtain
a paste.

3.4. Porosity and compressive strength evaluation

The total porosity of the elaborated cements was not signifi-
cantly affected by the use of chitosan hydrogel: 60%, 54%, 56%
and 59% for CR, CCs2.5, CCs3.5 and CCs4, respectively. How-
ever, the pore size distribution (Fig. 8) showed that the compo-
site cements exhibited a smaller pore size with respect to the
CR one: the average pore size decreased from 310 nm for CR to
66 nm, 110 nm and 89 nm for CCs2.5, CCs3.5 and CCs4,
respectively. Moreover, the composite cement CCs4 displayed
additional larger pores at 670 nm, 1.2 pm and 2.1 pm (Fig. 8d).
The decrease in the pore size of the composite cements could
be due to the partial filling of the cement pores with chitosan
gel; the lowest concentration tested (2.5 wt%) leading to the less
viscous chitosan gel (liquid phase) with the highest ability to
diffuse and fill the pores (CCs2.5 showed the lowest average
pore size: 66 nm). The creation of macropores in the CCs4
formulation could be related to the entrapment of air/CO,
bubbles due to the higher viscosity of the chitosan gel used
to prepare this cement. Interestingly, the porosity of the elabo-
rated cements would enhance their bioresorption ability®> and
could make them a potential drug delivery system for the local
treatment of bone infections and/or diseases.>

The evolution of the hardened cement compressive strength
as a function of the amount of chitosan is shown in Fig. 9a. CR
exhibited the lowest value (3.0 = 0.4 MPa) compared to the
composite cements. The increase in the amount of chitosan
introduced in the cement formulation from 1.5 wt% to
3.5 wt% induced an increase of the compressive strength from
4.5 £ 0.5 MPa to 6.5 £+ 0.1 MPa (Fig. 9a). However, it decreased
to 3.6 = 0.4 MPa with the use of 4 wt% of chitosan. Further-
more, the stress-strain curves (Fig. 9b) revealed that CR exhib-
ited brittle behaviour while a plastic deformation before the
break was observed for the composite cements CCs3.5 and
CCs4. Interestingly, at 3.5 wt%, chitosan conferred some ducti-
lity to the composite cement in addition to an increase in its
compressive strength.

The increase in the compressive strength was due to the
known reinforcement effect of polysaccharides in general and
chitosan in particular, as reported previously for calcium
phosphate cements.>* Our findings could be explained by the
competition of three mechanisms: (1) the binding effect of
chitosan acting as a reinforcing agent of the brittle mineral
cement and the pores filling with chitosan gel; (2) CO, bubble
significant entrapping within the composite cement matrix
weakening the hardened cement, especially for the highest
concentration of chitosan tested; (3) the aragonite crystal
growth inhibition with high chitosan amount. Up to 3.5 wt%
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the solid phase of the composite cements): (a) compressive strength measurements, (b) stress—strain curves, and digital photograph of (c) reference

cement (CR) and (d) CCs3.5 after the compression mechanical test.

of chitosan, the mechanical behaviour of composite cements
was mainly governed by mechanism 1 whereas mechanisms 2
and 3 should be prevalent for the CCs4 cement. Indeed for the
latter, the chitosan acidic solution presented a high viscosity
preventing air/CO, evacuation resulting in larger pores/defects
(Fig. 4j and 8d) and limiting ion diffusion and thus aragonite

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

crystal growth (Fig. 2b), which in turn limited the reinforcing
ability of chitosan. Therefore, the use of chitosan amount
higher than 3.5 wt% or lower than 1.5 wt% (brittle behaviour,
data not shown) could be detrimental to the composite cement
mechanical and rheological properties, evidencing that a mini-
mum amount of chitosan is required to take advantage of the
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benefits of chitosan. Our findings are consistent with previously
reported studies on the effect of polysaccharides in other mineral
bone cements pointing out that the heterogeneity of the organic/
inorganic component mixture is one of the most reported issue
challenging the elaboration of composite materials with satis-
factory mechanical properties.”® In addition, the composite
cements including 3.5 wt% or 4 wt% of chitosan presented a
good toughness as the samples maintained their forms after the
compression tests (Fig. 9d) compared to that of CR which was
broken (Fig. 9c). This behaviour can be of interest in clinical
applications as the samples can withstand mechanical stresses
that exceed their maximum strength without losing their struc-
tural integrity before bone neoformation. This result could be
encouraging to investigate the mechanical properties of these
composites under conditions closer to the physiological ones
(wet conditions and presence of biological fluids). Overall, the
obtained compressive strength of the elaborated cements was in a
range corresponding to that of the spongy bone (2-11 MPa) and
could be used for non-load-bearing applications in orthopaedics.”®

3.5. Invitro assessment of cement evolution in the SBF
solution
3.5.1. Composition evolution of the immersed pellets. The

follow-up of the evolution of the immersed cements in the
synthetic solution such as SBF is a physicochemical tool to predict
their in vivo behaviour based on the apatite-forming ability on their
surface. The XRD analyses of the cements’ composition after
immersion during 3 days, 7 days, 14 days and 28 days in the
SBF solution are shown in Fig. 10. We observed a progressive
decrease in the intensity of the (104) peak of magnesium-doped
calcite in both CR and CCs cements, and this was more pro-
nounced in CCs after 3 days and 7 days of immersion. After 14
days, the calcite peak (104) was no more observed in both cements
suggesting the complete resorption of this phase. Besides, new
peaks were noticed, namely, the apatite peak (211) at 20 = 32° that
appeared more resolved in CR than in CCs showing a difference in
the crystallinity of the apatite formed on both cements. Interest-
ingly, after 28 days, the CCs developed the biomimetic nanocrystal-
line apatite on its surface whereas for CR, aragonite still appeared
as the main constituting phase. These observations were further
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confirmed using FTIR spectroscopy (Fig. S8, ESIT). It should be
noted that the core of the samples (inside the pellets) were also
analysed using XRD and showed that aragonite is still the main
constituent for both CR and CCs samples (data not shown)
confirming that the apatite deposited mainly on the surface of
the pellets.

3.5.2. Morphological evolution. Fig. 11 shows the SEM
micrographs of the reference and composite cements before
and after immersion in the SBF solution for different immer-
sion periods. The SEM micrographs of the reference cement
indicated agglomerated particles and a degraded surface with
no distinct morphology after 7 days of immersion (Fig. 11e),
compared to the control samples (Fig. 11a). After 14 days
(Fig. 11i), spherulite deposits were noticed on the surface of
the cement suggesting the formation of apatite deposits which
then appeared of a relatively larger size at 28 days (Fig. 11m-o).
The observed needle-like particles belong probably to aragonite
which is still present in this cement according to XRD data. The
micrographs of CCs revealed quite the same evolution with the
immersion time but with a more homogeneous covering of the
material surface by apatite deposits constituted of smaller
apatite spherulites (Fig. 11f, j and n) than those formed on
the CR surface (Fig. 11e, i and m). No aragonite needles were
observed in CCs in contrast to CR.

The EDX analysis denoted the presence of calcium, carbon,
and oxygen in both the CR (Fig. 11c) and CCs (Fig. 11d) cements.
After immersion of these materials in the SBF, an additional
phosphorus signal appeared from 7 days and its relative intensity
increased with the time of immersion and was, at each time
point, higher for CCs than that for CR. These EDX results
corroborated with the formation of the apatite deposits
observed on the surface of CR (Fig. 11g, k and o) and CCs
(Fig. 11h, I and p).

We evaluated the Ca/P ratio from the EDX analysis to check
any evolution related to apatite formation on the cement surface.
The results indicate a progressive decrease of the calculated Ca/P
ratio in both the CR and CCs cements (Table 1) as a function of
the immersion time. The Ca/P ratio for CR at 28 days (3.6) was
very high with respect to that of stoichiometric hydroxyapatite
(1.67) due to the coexistence of both aragonite and apatite in the

L L L L L L
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Fig. 10 XRD analysis of the (a) reference (CR) and (b) CCs composite cement as a function of their immersion time in the SBF (3 days, 7 days, 14 days, and

28 days).
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Fig. 11 SEM micrographs of the reference (CR) and the composite (CCs) cements before immersion (11a and 11b, respectively) and after immersion in
the SBF for 7 days (11e and 11f, respectively), 14 days (11i and 11j, respectively) and 28 days (11m, 11n, respectively), and their corresponding EDX analysis
for CR (11c (before immersion), 11g (7 days), 11k (14 days) and 11o (28 days) and for CCs (11d (before immersion), 11h (7 days), 11l (14 days) and 11p

(28 days)).

Table 1 The Ca/P atomic ratio of the immersed cements in the SBF,

calculated from the EDX ana

lysis

Ca/P (£0.1) of cements after their immersion in the SBF

end product. The Ca/P ratio of CCs at 28 days (1.8) was lower than
that for CR but remained slightly higher compared to the
stoichiometric hydroxyapatite; this result supports: (i) the
identification of the CCs surface mainly constituted of apatite

7d 14 d 28 d . " .
s s b at 28 days (Fig. 10b), (ii) the observation of a more homogeneous
CR 7.7 7.3 3.6 covering of the CCs surface by apatite (Fig. 11n) and (iii) the
CCs 6.9 3.5 1.8 2 . . ; .
substitution of phosphate with carbonate ions in the apatite
formed on the CCs cement.
s ; . . . . 14 . . . s :
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Fig. 12 Evolution of the (a) pH of the solution and (b) weight loss in CR and CCs cements as a function of their immersion time in the SBF solution.
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3.5.3. Follow-up of the solution pH and cement weight.
The pH of the medium is an important parameter allowing the
follow-up of different phenomena which may occur such as
the dissolution/release and/or reprecipitation of compounds.
The results shown in Fig. 12a indicated a progressive increase
in the pH from 7.4 to 7.7 for both CR and CCs after 3 days of
immersion followed by a progressive decrease at higher immer-
sion times where the pH values decreased to 7.35 and 7.3 at
14 days for CR and CCs, respectively. Then the pH stabilised to
around 7.5 for both cements after 28 days of immersion.

The increase of the pH in the early immersion times (up to
7 days) could be due to the release of alkaline carbonate ions in
the solution indicating the start of the magnesium-doped-
calcite resorption process. Then, the significant pH decrease
at 14 days of immersion is due to the precipitation of apatite on
both the CR and CCs cement surfaces.

As already shown by XRD and FTIR spectroscopy (Fig. 2 and 3),
CR and CCs cements have the same mineral phase composition
(mainly aragonite and some calcite) and Fig. 12b shows that they
have undergone quite similar weight loss evolution up to 28 days.
These results (positive weight losses up to 11-12 wt% at 28 days)
showed that the degradation rate remained superior to that of
apatite formation, allowing progressive resorption as a function of
immersion time in the SBF for both the CR and CCs cements.

Table 2 shows the weight loss of the developed calcium
carbonate cements compared with that of the apatitic cement
in solution as reported in the literature.’® As expected, the
weight losses of calcium carbonate cements prepared in the
present work were superior to those of apatitic materials®®>’
after their immersion in the SBF solution.

The higher apatite forming ability of the composite cement
could be explained by multiple factors: (i) the higher initial
amount of aragonite within this composite cement in contrast
to the reference cement (76 wt% in CR vs. 79 wt% in CCs, see
Fig. 2), (ii) the lower crystallite size of both aragonite (90 nm for
CCsvs. 117 nm for CR, see Fig. 2) and Mg-calcite (40 nm for CR
vs. 27 nm for CCs, see Fig. 2) formed in the composite cement,
and (iii) the presence of chitosan on its surface. The higher
resorption rate of aragonite and faster resorption of Mg-doped
calcite (Fig. 10) within the composite cement could favor a
higher apatite precipitation in the composite. Furthermore, the
lower crystallite size of aragonite formed in the presence of
chitosan gel could explain a higher reactivity and solubility®® of
this phase in CCs. In addition, chitosan appeared to favour
nucleation over crystal growth allowing an increased nucleation
rate of aragonite on the composite cement surface creating an
increased number of active sites serving as apatite seeds. Further-
more, the chitosan affinity to calcium as well as the interaction
between amino groups of chitosan and the phosphate ions
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provided by the SBF solution could accelerate the nucleation of
apatite.*’

The apatite formation ability of natural calcium carbonates
has been used as a promising approach not only to produce
bioactive compounds but also to exploit the complex hierarchical
structures of these materials."® In this context, Wang et al.>°
showed the ability of a seashell “Saxidomus purpuratus” which is
a natural aragonite-based ceramic to form apatite after immer-
sion in the SBF. Although a pre-incubation step in a phosphate
buffer solution (PBS) was used to accelerate the apatite for-
mation, it seemed that the immersed shells in the SBF for 4 weeks
were still containing aragonite. These results suggest that the
developed composite cement in our work seems to be compar-
able with the natural aragonite-containing materials and superior
to synthetic aragonite ceramic in terms of both the resorption
rate and apatite mineralisation ability.® This result indicated that
the aragonite cement which is a confined environment allowed
the growth of more resorbable aragonite probably due to a
smaller crystallite size than that of typical synthetic well-
crystallised aragonite, hence the difference in reactivity and
resorption rate.

The low crystallinity of the formed apatite on the composite
is of interest due to its similarity to the bone mineral and its
expected higher resorption rate.®® In addition, several groups™®*®*
reported that natural aragonite (nacre), composed of aragonite
and chitin (acetylated chitosan), exhibited high biocompatibility,
biodegradation as well as osteoconductivity and high osteogenic
potential.

The cytocompatibility and non-toxicity of the calcium car-
bonate cement has been already demonstrated." Moreover,
chitosan is a biocompatible and biosourced polymer reported
to induce cell attachment and proliferation with osteogenic
differentiation.®® Hence, the elaborated CCs composite cement
is expected to be biocompatible and non-cytotoxic. It led to the
deposition of a biomimetic apatite after 4 weeks of immersion
in the SBF which can be considered a promising approach also
to obtaining in situ biomimetic carbonated apatite-based bioac-
tive ceramics for bone substitution.

4. Conclusion

An injectable composite cement based mainly on aragonite and
chitosan hydrogel was developed and fully characterised. This
study was devoted to understand the role of chitosan in the
composition, microstructure, setting, injectability, mechanical
properties and the in vitro evolution in the SBF. We showed that
the presence of chitosan decreased the setting time and, up to
3.5 wt% of chitosan, it did not significantly affect neither the

Table 2 Comparison of the weight loss of apatitic materials with calcium carbonate cements in the SBF (data from literature and the present study)

Material Solution Weight loss (wt%) Ref.

CPC (apatite cement) SBF 6.5 (28 days) 56
Carbonated apatite pellet SBF 5.5 (49 days) 57
Calcium carbonate cement (aragonite + calcite) SBF CR: 11.8 + 0.4 (28 days), CCs: 11.4 + 0.3 (28 days) Our work
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composite final composition nor the paste injectability which
remained very high (> 85 + 5%). The composite cement present-
ing the best compromise in terms of setting time, injectability
and mechanical properties (analogous to those of spongy bone)
was the one including 3.5 wt% of chitosan. The setting chemical
reaction follow-up based on the X-ray diffraction data treatment
revealed the dose-dependent effect of chitosan on vaterite dis-
solution and aragonite crystallisation which were significantly
delayed during the first hours of setting in the presence of
chitosan. However, after 48 h of setting and hardening, the
composition of the four composite cements studied was almost
the same, comprising less than 20 wt% of Mg-doped calcite and
more than 80 wt% of aragonite. The in vitro evolution of the
reference and composite cements in the SBF solution at 37 °C
showed an improved apatite forming ability and a moderate
resorption rate of the composite cement leading mainly to the
deposition of a biomimetic carbonated apatite after 4 weeks of
immersion in the SBF. Future efforts will aim to investigate the
in vitro cellular and in vivo behaviour and properties of the
composite cements. This study paves the way for the develop-
ment of novel injectable bone substitute composite materials and
supports a new direction for building material applications based
on CaCO; cements which may involve a lower carbon footprint
than conventional inorganic binders.
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