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1. Introduction

Amorphous calcium pyrophosphate bone cement
sets without crystallization: a physico-chemical
and in vitro biological study

L. Touati,® M. Y. Hammami,® C. Damia, M. Renard,°® D. Bertrand,® M. Durand,®*’
J. Amédée,’ C. Bonhomme® and C. Combes (2 *?

Calcium phosphate cements have been developed since the 1980s for bone reconstruction. Generally,
mixing the solid phase with the liquid phase results in the formation of agglomerated apatite or brushite
crystals. This study aimed at formulating the first amorphous calcium phosphate cement constituted of
pure amorphous calcium pyrophosphate (a-CPPc: Ca,P,0,-nH,0) after setting and hardening at 37 °C
in view of developing a bioactive material for bone applications. The amorphous phases involved at each
step of the cement preparation were thoroughly characterized using complementary techniques to
investigate on the chemical setting reaction. The key role of the structural water content (n) and the
presence of some orthophosphate ions on the stability of these amorphous phases were evidenced,
preventing crystallization but not cement setting and hardening. The acellular in vitro study in SBF or
TRIS buffer medium including or not alkaline phosphatase enzymes (ALP) showed the bioactivity of this
amorphous cement, which remained amorphous after two weeks in SBF solution. In TRIS it transforms
into a more stable calcium pyrophosphate crystalline phase and its orthophosphate and calcium ions
release is enhanced in presence of ALP. The hydrolysis by ALP of pyrophosphate ions released was
demonstrated by phosphate ions titration. The cement cytotoxicity assessment combined with chemical
titration allowed optimizing potassium pyrophosphate to be incorporated into the liquid phase (2.5% w/w).
Overall, this first set of physico-chemical and biological results on this original biologically responsive
a-CPPc cement formulation paves the way to widen the family of bioactive phosphocalcic bone cements
with this amorphous hydrated calcium pyrophosphate cement.

materials based on calcium pyro- and/or poly-phosphates have
been implanted in vivo for bone substitution applications."™°

Calcium phosphate cements (CPCs) have been developed for
more than thirty years and several formulations have reached
the market."* CPCs formulations are mainly constituted
of calcium orthophosphates, in some cases associated with
other mineral phases such as hydrated calcium sulfate,>®
calcium carbonate”® or calcium pyrophosphate®"' and/or
(bio)polymers.”'? Their self-setting reaction leads to the forma-
tion mainly of a more or less crystalline hydroxyapatite
or brushite phase thanks to a dissolution-crystallization mecha-
nism. Regarding the whole calcium phosphates family, several
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Among them, Lee et al. have assessed the potential of calcium
polyphosphate cement for hard tissue reconstruction and
compared it to brushite cements.’® They showed that poly-
phosphate cement dissolved much faster (2.5 times) than
brushite cement in phosphate buffered saline (PBS) solution
at 37 °C. Other authors studied the 3D-printing of polypho-
sphate cement involving a powder constituted of anhydrous
calcium pyrophosphate phase (B-CPP), calcium hydroxide and
alginate using water-based binder jetting additive manu-
facturing but they did not examine the setting reaction.'”
Very recently an original formulation of a crystalline calcium
pyrophosphate dihydrate (CPPD) cement has been studied
and its physico-chemical and biological bioactivity assessed
in vitro."® Interestingly the m-CPPD cement combines a quite
high stability in aqueous media even in presence of alkaline
phosphatase (ALP) while releasing higher calcium and ortho-
phosphate ions concentration than a biomimetic apatite
cement.
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On the one hand, pyrophosphate ions are known to inhibit
calcium phosphate and especially apatite crystallization and
dissolution.”®" On the other hand, ALP (or other pyropho-
sphatase enzymes) which are present in living cells are known
to hydrolyze the pyrophosphate ions into orthophosphate ions,
thus decreasing the mineralization inhibition and favoring
apatite formation by increasing orthophosphate concentra-
tion locally. So, there is an interest in developing calcium
pyrophosphate-based cement as biologically responsive materials
thanks to the action of ALP enzymes naturally associated to most
living cells. Grover et al.’ studied the effect of the presence of
amorphous calcium pyrophosphate in a brushite cement formu-
lated from a mixture of B-TCP, pyrophosphoric acid and ortho-
phosphoric acid. Their in vivo results showed that after three
months of implantation the cement resorption and bone neo-
formation were higher than for the non-modified brushite cement
(without pyrophosphate). However, these authors did not fully
characterize the calcium pyrophosphate amorphous phase which
could be responsible for such biological response of the
pyrophosphate-modified brushite cement.

Amorphous calcium phosphate materials have gained
interest for hard tissue applications due to their bioactivity
related to their intrinsic metastability in aqueous media. The
latter is of a great biological relevance in dental and skeletal
biomineralization and promising as synthetic bone engineer-
ing materials.>>>> The amorphous calcium phosphate phases
may be distinguished mainly by the type of phosphate groups
associated with calcium, ie. either orthophosphate ions*
or pyrophosphate ions**?” or both.>®**° The high reactivity
of amorphous calcium orthophosphate (Ca;(PO,),-nH,0),
known as a precursor of apatite, is supported by its quite fast
transformation into biomimetic apatite, in vitro and in vivo.>' >
Amorphous calcium pyrophosphate (a-CPP: Ca,P,0,-nH,0)
shows a high stability for a calcium phosphate amorphous
phase®®?” due to the number of potential conformations
related to its P-O-P angle.>®*”% As already mentioned above,
the ability of pyrophosphate ions to be hydrolyzed into ortho-
phosphate ions in vitro and in vivo by enzymes such as ALP or
in slightly acidic conditions, such as during the few hours or
days of inflammation occurring after surgery and/or in patho-
logical conditions, may counterbalance their physicochemical
stability.’”*° Recently Yang et al.*' studied amorphous cal-
cium and magnesium pyrophosphates synthesized by ultra-
sonic processing in aqueous solution. These authors showed
that the amorphous materials obtained were amorphous
pyrophosphates associated with orthophosphate ions (about
3-4 times less) probably resulting from the internal pyropho-
sphate hydrolysis during the ultrasonic synthesis process. The
powder prepared with a Mg/Ca molar ratio of 3, with a (Ca +
Mg)/P of 1, presented good in vitro biological properties in
terms of osteogenic differentiation and angiogenic ability
associated to a higher release of phosphate and magnesium
in SBF. This is the only study demonstrating the bioactivity of
pure calcium pyrophosphate amorphous powders materials;
the Mg>" ions stabilize and control the bioactive amorphous
structure.
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Overall, considering the quite high stability of a-CPP phase
in aqueous medium, one may consider obtaining this phase
through the cement route while avoiding its crystallization and
thus maintaining its bioactivity. To the best of our knowledge,
there is no a-CPP-based cement and even beyond no CPCs
formulation whose final composition is fully constituted of an
amorphous phase. Indeed, such a cement route may be coun-
terintuitive for amorphous calcium phosphate cements which
setting is in all cases expected to be based on a dissolution
crystallization process. Our hypothesis is that developing a
formulation of amorphous calcium pyrophosphate self-setting
paste could bring several advantages to fit perfectly the bone
defect shape and then lead to a cohesive and biologically
responsive monolith material after in vivo setting. The expected
biologically-responsive self-setting material would be related to
its composition (fully based on calcium pyrophosphate which
should promote ALP enzyme activity) and its bioactivity (its
ability to release phosphates and calcium) due to the metast-
ability of the amorphous CPP phase. Development of such
strategy and original amorphous calcium pyrophosphate
cement material may also widen the range of the well-known
phosphocalcic bone cements available to obtain customized
materials in terms of resorption and bioactivity.

The objective of this study is to demonstrate for the first
time the feasibility to formulate a phosphocalcic cement lead-
ing to a fully amorphous calcium pyrophosphate phase after
setting and hardening in view of developing a novel design of
bioactive and biologically responsive cement for bone filling
and repair applications. We developed a self-setting amorphous
calcium pyrophosphate cement formulation and assess in vitro
its cytocompatibility. The amorphous calcium pyrophosphate
phases involved at each step of the cement preparation have
been fully characterized using complementary techniques
(XRD, solid state NMR, TGA). The evolution follow-up of the
fully amorphous calcium pyrophosphate set cement was inves-
tigated in various aqueous media including or not ALP enzymes
to evaluate in vitro its bioactivity.

2. Materials and methods

2.1 Reagents

Calcium nitrate tetrahydrate (Ca(NOs),-4H,0, Sigma Aldrich,
CAS: 13477-34-4, purity: 99.0%) and pyrophosphate precursor
salts (K,P,0,, Sigma Aldrich, CAS: 7320-34-5, purity: 97% or
Na,P,0,-10H,0, Sigma Aldrich, CAS: 13472-36-1, purity: 99.5%)
were used to prepare the cement reactive powders by double
decomposition method in aqueous medium and also incorpo-
rated in the cement liquid phase. The solutions used for the
a-CPP phase precipitation and for the a-CPP cement (named
a-CPPc) formulation were prepared by dissolving the salts in
deionized water.

2.2 Synthesis of calcium pyrophosphates powders

The amorphous hydrated calcium pyrophosphate a-CPP
(Ca,P,0,-nH,0) was synthesized according to a previously

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Simplified diagram of the amorphous material preparation steps
involved in the development of the fully amorphous a-CPPc cement
formulation: a-CPP, a-CPP act, and a-CPPc.

published protocol.'® In summary, a calcium nitrate solution
was vigorously stirred at room temperature while a potassium
pyrophosphate reagent solution was manually and rapidly
added to this calcium solution. Once the addition was com-
pleted, the resulting precipitate was filtered, washed and then
dried in an oven at 37 °C. The as-prepared amorphous phase
(a-CPP) was then partially dehydrated (sample called a-CPP act)
in a muffle furnace at 100 °C for 60 minutes to enhance its
reactivity in the cement formulation (see Fig. 1).

To go further in understanding the role of the number of
structural water molecules associated to the starting amorphous
powder (a-CPP) in the reactivity of the a-CPP act intermediary
powder and then the final a-CPPc cement composition, other
drying conditions (duration of the treatment at 37 °C or same
drying time but using another drying process: lyophilization) for
the precipitated a-CPP was tested.

Also, we synthesized an amorphous calcium pyrophosphate
starting powder (called a-CPP P.G) using another protocol®”
(“P.G” protocol) and then treated and used according to steps
summarized in Fig. 1, meaning in the same way as to obtain
a-CPP act and a-CPPc from a-CPP precursor powder (Sections
2.2 and 2.3). The a-CPP P.G synthesis protocol differs in terms
of calcium concentration and rate at which calcium is added to
the pyrophosphate solution: both parameters were lower for
a-CPP P.G synthesis than for a-CPP sample; the latter being
thus precipitated at higher supersaturation compared to the
a-CPP P.G sample.

2.3 Cement preparation

The a-CPPc cement formulation leading to pure amorphous
calcium pyrophosphate cement was obtained by mixing manually
an appropriate amount of a-CPP act powder with an aqueous
solution of K,P,0, (in deionized water) used as cement liquid
phase and also setting accelerator (Fig. 1). The composition of the
cement powder and liquid phase is reported in Table 1. The paste
was then molded into a silicone mold (cylindrical disk of 9 mm
in diameter and 2 mm thick) and put in an oven at 37 °C for

Table 1 Solid and liquid phase composition for a-CPPc cement
formulation

Solid phase Liquid phase

LIS
CPP phase Mass (g) Composition Mass (g) (w/w)
Thermally activated  0.60 2.5% w/w K,P,O0, 0.70 1.16

a-CPP (a-CPP act)

This journal is © The Royal Society of Chemistry 2026
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24 hours to set and harden in a water-saturated atmosphere, and
finally dried in air.

2.4 Characterization of amorphous powders and cement

The a-CPP and a-CPP act reactive powders and a-CPPc cement
(before and after in vitro tests) were systematically characterized
by X-ray diffraction (XRD), Fourier transform infrared (FTIR)
spectroscopy and scanning electron microscopy (SEM). To go
further chemical analysis, Raman spectroscopy and solid-state
NMR were also performed. The physical characteristics of
a-CPPc cement were also investigated.

Powders and materials were observed by SEM (FEI Quanta
450 microscope), in low vacuum mode. All samples were stuck
onto double-sided carbon tape before their observation. XRD
analyses were performed using a Bruker D8 diffractometer,
with a copper anticathode K, Ac, = 1.5418 A. Complementary
structural information was obtained by FTIR spectroscopy
using a Thermo Electron Nicolet iS50 spectrometer in transmis-
sion mode (KBr pellet) with 64 scans at a resolution of 4 cm ™.

Calcium and phosphorus (orthophosphate and pyropho-
sphate ions) in amorphous samples (a-CPP, a-CPP act and
a-CPPc) were titrated in triplicate using a complexometric
method with EDTA and visible spectrophotometry at A =
460 nm (using Shimadzu UV1800 spectrophotometer) of yellow
coloration of phospho-vanadomolybdenum complex in acidic
solution, respectively and as described previously.'®>°

Thermogravimetric analyses (TGA) and differential thermal
analyses (DTA) were performed with a Setsys Evolution System
(Setaram) instrument in the temperature range from 25 to
500 °C with a heating rate of 5 °C per minute in airflow. The
measurements were performed in triplicate and the uncertainty
in the measurement is 0.2%. The standard deviation (SD) on
the number of structural water molecules determined from
these measurements has been evaluated. Also, the significance
of the differences between these results was assessed by per-
forming a “Two sample t-test” using Origin software after
having checked normality of values distribution (“Normality
test””). Pvalues < 0.05 were considered statistically significant.

Raman spectroscopy analyses were carried out using a
Raman confocal microscope, Labram HR 800 Horiba Yvon
Jobin with a 532 nm argon diode laser and a cooled CCD
Synapse quantum detector. To provide a representative analysis
of sample, each analysis was performed three times in a single
point (lateral resolution = 0.72 um, axial resolution = 2.63 um).

'H and *'P NMR data were collected on a Bruker Avance
NEO solid-state NMR spectrometer operating at a magnetic
field of 16.44 T (standard bore magnet) using a 4 mm H/X probe
at a spinning frequency of 14 kHz. The resonance frequency
of 'H and *'P were 699.68 MHz and 283.23 MHz respectively.
"H MAS NMR spectra were acquired using a composite pulse
sequence to filter background signal before acquisition, with a
90° pulse duration of 4.2 ps, a recycle delay of 5 s, and a number
of scans of 8.

"H-*'P cross-polarization (CP) MAS NMR spectra were per-
formed using a contact time of 3 ms. A pre-saturation was
applied systematically on *'P channel to eliminate direct

J. Mater. Chem. B
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Zeeman contributions. The recycle delay is set at 5 s, number
of scans at 512. Spinal64 is used as 'H-*'P decoupling
scheme.*?

All chemical shifts were referenced indirectly using *'P NMR
(H3PO,) frequency and xiref referencing. All equipment used
for filling rotors were cleaned with ethanol and dried after each
experiment. Cement samples were slightly crushed to ensure
better homogeneity of rotor filling. Spectra were treated using
the ssNake program (https://github.com/smeerten/ssnake).

The cement sample porosity was determined by mercury
intrusion porometry (Micromeritics Auto Pore 9510 porosi-
meter, uncertainty on measurement: 1 to 1.5%). The initial
and final setting time of the cement paste was evaluated using
the Gillmore Needles standard method (ASTM-C266-89).

2.5 Follow-up of the a-CPPc cement paste setting chemical
reaction

The setting chemical reaction of the a-CPPc cement paste was
monitored by XRD, SEM and FTIR spectroscopy after several
maturation times at 37 °C and in wet atmosphere: 0, 20 min,
1 h, 6 h, 24 h, 48 h, 72 h and 7 days. The protocol has been
previously published."® Briefly, at each selected time point the
paste was subjected to quenching in liquid nitrogen, followed
by lyophilization to stop the setting chemical reaction, and then
characterized.

The characterization of the samples was found to be repro-
ducible; consequently, only one of the triplicate samples char-
acterized is presented in the figures. The time referred as “¢,”
corresponds to the cement solid phase (i.e. a-CPP act) before
the liquid phase was added.

2.6 Evolution study of the set and dried cement in different
aqueous media

The physico-chemical evolution of set and dried fully amorphous
a-CPPc cement material (prepared as described in Section 2.3) in
three types of aqueous media was investigated. Three aqueous
media (SBF, TRIS buffer and TRIS buffer + ALP enzyme) were
tested; protocols for preparing these three different aqueous
media has already been described.'®*® SBF solution which simu-
lates the inorganic ions composition of the blood plasma and
includes tris(hydroxymethyl)aminomethane (TRIS, VWR, CAS 77-
86-1, purity > 99%) buffer to stabilize the pH of the solution at
7.4, TRIS buffer solution and a TRIS buffer solution including
alkaline phosphatase enzymes (Alkaline phosphatase from bovine
intestinal mucosa, Sigma Aldrich, CAS: 9001-78-9, medium
named TRIS + ALP). The pH of the latter being set at 8.1 for
optimized ALP enzyme activity. The goal of the study, pH and
time points investigated for each experiment in specific type of
medium are summarized in Table 2.

a-CPPc cement disk (about 100 mg, “Initial disk”) was
immersed in the prepared solution (100 mL of SBF, TRIS or
TRIS + ALP solution), in a tightly closed container and placed in
a bath at 37 °C and under low magnetic stirring. Experiments
were performed in triplicate for each time point and each
aqueous medium. For each time point selected, a-CPPc
cements were removed from the solution, rinsed in deionized

J. Mater. Chem. B
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Table 2 pH and selected time points for the study of the a-CPPc cement
evolution in the different aqueous media at 37 °C

Aqueous

media Goal of the study pH  Evolution times

SBF Testing cement’s bioactivity 7.4 7 h; 2,7 and
15 days

TRIS Effect of ALP enzymes on

TRIS + ALP 8.1 2 and 6 days

bioactivity of a-CPPc cement

water and ethanol bath, dried at room temperature and finally
the disks were weighed and characterized. Solutions were
filtered on a 0.45 pm cellulose porous membrane before pH
measurement and chemical titration.

To investigate the possible chemical and structural compo-
sition evolution of the a-CPPc cement, samples were analyzed
by XRD, FTIR spectroscopy and SEM as mentioned in Section 2.4.
The mass loss of the a-CPPc cement was also evaluated.

Titration of calcium and phosphate ions (orthophosphate
and pyrophosphate ions) in the medium after cement immer-
sion has been achieved for each selected contact time point.
The titration methods have been described in the literature:'®>°
Ca”" titration was carried out by atomic absorption spectrometry
(AAS, Thermo Scientific ICE 3000 spectrometer; Waltham, MA,
USA). Orthophosphate ions (PO,*~ or HPO,>") were titrated by
visible spectrophotometry (as described in Section 2.4). Finally,
P,0,"” ions released were titrated using a commercial kit, PPI
Light kit (Lonza), and using a luminometer (Berthold, Junior
luminometer LB 9509). The pH of the medium was measured at
each time point.

To check the significance of the differences between the
results we performed a ‘“Two sample ¢-test” using Origin soft-
ware after having checked normality of values distribution
(“Normality test”). Pvalues < 0.05 were considered statistically
significant.

2.7 Cement in vitro biological assessment

Cement disks were sterilized by y-ray (25 KGy) or UV irradiation
(BLX-254 Bio-Link UV irradiation system, 1 hour) before the cell
culture assays.

The MTT (methylthiazolyldiphenyl tetrazolium bromide) assay
is a quantitative colorimetric measure of cell viability (ISO 10993-
5). The method has already been described.** a-CPPc cement
disks were prepared from a liquid phase containing 2.5% w/w or
5% w/w K,P,0,. These disks were incubated for 48 hours (37 °C,
60 rpm) at 3 cm® mL " in serum-free culture medium (Eagle’s
minimum essential medium (EMEM), ATCC). After 48 hours, the
extracts showed microparticles incompatible with this test on
clear extract solutions (no particle in suspension), so the extracts
were centrifuged (12 000g for 10 min) and then filtered at 0.2 pm.
The filtered extracts were finally supplemented with 10% horse
serum, then dilutions were made in 10% serum medium to
obtain 4 concentrations: 100%, 50%, 10% and 1%. Only the pure
extract (100%) is considered for cytotoxicity; other dilutions allow
us to understand the severity of cytotoxicity. Thermanox™" cover-
slip was used as negative control, while latex-based biomaterial
was used as positive control.

This journal is © The Royal Society of Chemistry 2026
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1929 cells (Fibroblast cell line, CCL1 (ATCC)) were cultured
in EMEM medium (ATCC) supplemented with 10% (v/v) of
horse serum (bio sera). Cells, seeded at 3.3 x 10* cm™? in
96 wells (0.31 cm?® wells), were cultured 24 hours before
depositing the extracts and then cultured in the presence of
the extracts for 24 h before the MTT assay. The supernatant was
removed (and stored for later experiments of potassium ions
titration) and cells were rinsed with PBS. Living cells transform
tetrazolium salts (CAS 298-93-1, yellow in color) into formazan
crystals (insoluble in aqueous media, blue-violet in color). The
viable cell count corresponds to the color intensity determined
by photometric measurements after dissolution of the forma-
zan. The cells were incubated for two hours at 37 °C, 5% CO,, in
a wet atmosphere in the presence of 1 mg mL™* of tetrazolium
salt in culture medium without phenol red or serum. At the end
of the incubation period, the reagent is decanted, and the
formazan crystals present in the cells were then solubilized
using DMSO and the absorbance read at 550 nm.

Potassium ions concentration in extracts, supernatants and
medium (EMEM + 10% v/v serum) samples were titrated by
atomic absorption spectrometry (AAS, Thermo Scientific ICE
3000, Waltham, MA, USA). Each sample solution analyzed was
acidified by adding 1% v/v of nitric acid (HNO; at 69%, 1.01799,
No. CAS: 7697-37-2, VWR), and also 0.5% v/v of LaCl; (Cat. 140-
003-421, SCP SCIENCE) and 0.5% v/v of CsCl (Cat. 140-003-241,
SCP SCIENCE) as matrix modifiers in order to enhance the
titration of potassium and overcome interference related to the
presence of phosphate ions in the solutions. The wavelength
for potassium ion analysis is 766.5 nm and the calibration line
was [0.5, 0.75, 1, 1.25, 1.5 and 1.75 ppm] prepared in identical
experimental conditions from a potassium standard solution
(1000 ppm; Cat. 140-001-191, SCP SCIENCE).

3. Results and discussion

3.1 Physico-chemical characterization of the amorphous
powders and a-CPPc cement

3.1.1 Study of the a-CPPc cement paste maturation and
setting. As already demonstrated in a previous study,"® charac-
terization of the a-CPP and a-CPP act phases by XRD, FTIR
spectroscopy and SEM confirmed that the amorphous nature of
the a-CPP phase is maintained after heat treatment.>® A more
thorough analysis of possible structural changes that occurred
between a-CPP and a-CPP act samples is presented later in this
article.

After a preliminary test showing the feasibility of this self-
setting paste prepared from a-CPP act reactive powder, Fig. 2
and 3 illustrate the XRD and SEM monitoring of the physico-
chemical evolution of the a-CPPc cement paste during its
maturation in a wet environment at 37 °C. The composition
of the cement is homogeneous and the amorphous structure
maintained up to 48 hours as presented on XRD analysis
(Fig. 2). A significant increase of the proportion of a crystalline
phase, identified as calcium pyrophosphate dihydrate (1-CPPD:
Ca,P,0,-2H,0), was observed after a maturation period of 7 days.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Focus in 5-55° (20) domain of XRD diffractograms of the a-CPPc
cement paste during its maturation, i.e. setting and hardening, between tg
to 7 days (to constitutes the point before addition of the liquid phase to the
dried a-CPP act powder). The square legends indicate the four main peaks
selected to illustrate the presence of the m-CPPD phase in the cement
paste.

Fig. 3 SEM images of a-CPPc cement paste during setting and hardening,
between ty and 7 days (tg corresponds to the dried a-CPP act powder,
before addition of the liquid phase). Red arrows indicate some of the
m-CPPD crystals in the sample.

FTIR spectroscopy (Fig. S1) and SEM analysis (Fig. 3) confirm the
presence of an amorphous phase of calcium pyrophosphate in
form of agglomerates for up to 48 hours. However, after one week
of maturation, the main phase is found to be the m-CPPD
crystalline phase showing the characteristic needle shape crystals.
Interestingly, the a-CPPc cement presents no significant structural
change during 48 hours of maturation time even though mechan-
ical consolidation occurs during this stage: a-CPPc cement
remains fully amorphous at least up to 48 h of maturation while

J. Mater. Chem. B
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its initial and final setting time measured using the Gillmore
needles method were 22 + 2 and 270 £+ 10 minutes, respectively.
For the rest of the study a-CPPc cement corresponds to a fully
amorphous calcium pyrophosphate hard and cohesive cement
(see XRD on Fig. S2a) obtained after 24 hours of maturation time
(37 °C, wet atmosphere) and dried during 24 hours in the oven
(37 °C) as mentioned in Section 2.3. This a-CPPc cement showed a
high porosity (70%), its porogram is presented on Fig. S2b.

3.1.2 Comparison of the various amorphous calcium pyro-
phosphate phases involved from the a-CPP precursor powder to
the set a-CPPc cement. The chemical composition (calcium and
phosphate) in the amorphous materials (a-CPP, a-CPP act
and a-CPPc cement after 24 hours of maturation and drying
at 37 °C) is reported in Table 3. The results show that the
proportion of phosphorus in the form of orthophosphate ions
(PO,*~ or HPO,*") in the a-CPP act and a-CPPc samples is
higher than in the a-CPP samples. Orthophosphate ions have
been identified in the literature as a stabilizing agent of
amorphous mineral phases, and in particular they are known
to inhibit the crystallization of CPP phases.>**** As expected,
the difference between the Ca/P obtained for a-CPP and a-CPP
act powders was found to be non-significant considering the
standard deviation on these Ca/P values. The Ca/P ratio
obtained for the a-CPPc cement should be lower than that
expected for the CPP phases, i.e. Ca/P = 1. Indeed, considering
all the Ca and P introduced initially in the a-CPPc formulation
(Table 1), the calculated Ca/P is 0.97 (lower than 1) due to the
contribution of pyrophosphate ions also introduced via the
liquid phase (K,P,0, salt dissolved). The latter leads to an
excess of P content (as pyro- and ortho-phosphates, see Table 3)
as compare to that of a-CPP act powder, which decreases the
Ca/P ratio for the a-CPPc samples. The experimental value
obtained from chemical analyses results (Table 3) is slightly
lower (0.86 + 0.06).

TGA analyses of these amorphous samples (a-CPP, a-CPP act
and a-CPPc after 24 hours of maturation and drying at 37 °C)
point out a one-step mass loss for all samples (Fig. S3), in
agreement with the literature.”” Table 4 summarizes the number
of water molecules associated to each amorphous sample, as-
determined by TGA analysis. The precipitated a-CPP phase dried
at 37 °C has 3.68 water molecules, which is consistent with the
description proposed in the literature (number of structural water
molecules (1) ranging from 3.8 to 4.2).°**® Thermal activation of
this phase leading to a-CPP act powder reduces the water content
to 2.25 molecules. The a-CPPc cement prepared from the latter
includes 2.72 water molecules. It therefore appears that during

Table 3 Calcium and phosphorus as P,O,*~, PO,*~ and HPO,%™ ions
contents (and the related Ca/P atomic ratio) in a-CPP and a-CPP act
powders and a-CPPc cement, determined by chemical analyses

P: P,O,%" P: PO,>” or
Samples (%w) HPO,>” (%w) Ca*" (%w) Ca/P
a-CPP 16.8 £ 0.2  0.68 + 0.04 21.9+ 0.7 0.97 +0.06
a-CPP act 16,14+ 0.1  1.38 & 0.04 249+ 0.8  1.10 + 0.09
a-CPPc 17.9+£03  1.43 £0.08 21.5+ 0.7  0.86 £ 0.06
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Table 4 Number of structural water molecules determined by TGA ana-
lyses for a-CPP, a-CPP act and a-CPPc amorphous materials, Ca,P,07-nH,O

Average number of

Mass water molecules (n)
Sample loss (%w) per Ca,P,0, (+SD)
a-CPP 20.7 3.68 + 0.05
a-CPP act (thermal activation) 13.8 2.25 + 0.05
a-CPPc (after 48 h 15.8 2.72 £ 0.06

of maturation time)

cement setting, the paste formed by mixing the solid phase with
the liquid phase hydrates slightly. However, in the end the a-CPPc
cement has a structural water content (n = 2.72) that is closer to
that of the m-CPPD phase (Ca,P,0;-2H,0) compared to the initial
a-CPP powder (n = 3.68).

The environment of phosphorus within a-CPP, a-CPP act,
and a-CPPc samples was further investigated using solid state
NMR spectroscopy. The objective is to identify the influence of
each stage of cement production (illustrated in Fig. 1) on the
organization of amorphous materials obtained. Fig. 4 presents
the "H MAS and "H-*'P CP MAS spectra of the three types of
amorphous samples prepared according to protocols presented
in Fig. 1. The isotropic chemical shifts of the "H or *'P are
summarized in Table S1. A simulation of the NMR spectra was
performed using ssNake software to support the analysis of the
spectra obtained (Fig. S4).

The amorphous samples exhibit two distinct environments
around 5 ppm and between 0 ppm and 4 ppm (Fig. 4A). It can
be seen that the a-CPP peak is broader than that of the a-CPP
act, indicating a potential increase in the organization of
H-bond network induced by the thermal activation step (a-CPP
act sample). In agreement with the work of Gras et al.,*® the
resonance around 5 ppm corresponds to weakly bound water
molecules (but nevertheless in H-bond networks). Within
a-CPPc, this peak widens further, which could correspond to
a less organized phase. Peaks between 0 ppm and 2 ppm are
similar to those associated with biomimetic apatite samples;
more specifically, the peak at 0.20 ppm could correspond to
OH™ ions.*” However, these low-intensity peaks represent less
than 1% of the spectrum (according to the simulation in
Fig. S4) and their interpretation is delicate and debatable.
By the way, hydroxyapatite is not detected by powder XRD
meaning that its amount is indeed extremely small. The peaks
at 1.24 and 3.83 ppm may correspond to some residues of
ethanol which was used to wash the rotor.

The 'H-*'P CP MAS NMR spectra displays a major, broad
component centered around —7 ppm, associated with pyropho-
sphate species as identified by Slater et al.’>® and Gras et al.*®
A more or less pronounced shoulder is observed between 0 and
8 ppm, its intensity increasing after activation of the samples
(vellow band in Fig. 4B). We checked the significance of the
differences observed between NMR spectra of a-CPP and a-CPP
act powders (Fig. 4C.1) and a-CPP and a-CPPc (Fig. 4C.2).
We can see that the difference between the spectra (1 and 2)
is well over the noise. It should be noted that each spectrum
has been treated in the same way (same chemical shifts

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 'H (A) and H-3P CP MAS (B) NMR spectra obtained for an a-CPP sample, as well as for the associated a-CPP act and a-CPPc samples.
(C) Overlapped *H->'P CP MAS NMR spectra obtained for a-CPP (green), a-CPP act (orange) and a-CPPc (red) samples as presented in B: (1) corresponds
to the subtraction between a-CPP and a-CPP act spectra; (2) corresponds to the subtraction between a-CPP and a-CPPc spectra.

reference, same phase). We can clearly see that it is at the final
step (a-CPPc cement) that a slightly more pronounced differ-
ence between spectra (2) is affecting the main contribution of
the signal. In both cases (1,2), the appearance of a shoulder at
higher chemical shift is observed. This shoulder corresponds to
orthophosphate ions (PO,*~, HPO,>") as suggested by the work
of Slater et al®® and Gras et al>® which is confirmed by
the phosphorus titration presented in Table 3. However, in
'H NMR, the contribution of HPO,>" ions is hardly visible,
which leads us to believe that these environments of phos-
phorus are assigned to PO,*>~ species. In addition, *'P MAS and
CP MAS spectra are comparable meaning that PO,*>~ species
are mainly present. These observations contradict those
observed by Slater et al.,>® who had identified the formation
of HPO,>~ ions.

To go further in the interpretation of NMR results and refine
materials characterization, it would be interesting to perform

This journal is © The Royal Society of Chemistry 2026

2D 'H-*'P CP MAS experiments with low contact time. The
presence of any correlation patterns would directly highlight
the proximity of the *'P and "H nuclei of the POH groups within
the HPO,>~ ions.

3.1.3 Discussion on a-CPPc stability and reactivity. The
more refined characterization of the various amorphous sam-
ples: a-CPP and a-CPP act (starting reagents) and final a-CPPc
cement using 'H MAS and "H->"P CP NMR spectroscopy does
not reveal significant changes in the organization of the water
molecules in the synthesized a-CPP sample and the resulting
a-CPPc cement (Fig. 4). To go further an a-CPPc cement was
also prepared from an amorphous a-CPP starting powder
synthesized using the protocol developed by Gras et al.>” (called
a-CPP P.G) and then treated and used in the same way as a-CPP
sample synthesized as described in Section 2.2 and according
to steps summarized in Fig. 1 (a-CPP act and a-CPPc).
As indicated in Section 2.2, the a-CPP P.G synthesis protocol
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differs from a-CPP protocol in terms of supersaturation:
a-CPP precipitated at higher supersaturation condition com-
pared to a-CPP P.G. The "H MAS and "H-*'P CP NMR spectra
(Fig. S5 and Table S2) show that a-CPP ‘“P.G” protocol leads to
the formation of amorphous materials a-CPP P.G and its
related a-CPP act and a-CPPc with additional 'H environ-
ments. This result indicates that hydrogen bond network of
water molecules within the a-CPP and a-CPP act phases
depends on the synthesis protocol used for the amorphous
calcium pyrophosphate starting powder (a-CPP or a-CPP P.G),
and this structure is preserved within the corresponding
a-CPPc cement.

*'P NMR (Fig. 4) and chemical analysis (Table 3) of amor-
phous samples revealed the presence of orthophosphate ions.
Both techniques agree that the proportion of orthophosphate is
higher in the corresponding a-CPP act and a-CPPc cement
samples compared to the initial a-CPP precipitated powder
(a-CPP, a-CPP act and a-CPPc as presented in Fig. 1). In the
case of thermally activated a-CPP (a-CPP act), previous work has
demonstrated that heat treatment (140-220 °C) can promote
the internal hydrolysis of pyrophosphate ions to form ortho-
phosphate ions according to the following equations:*®

P,0,*” + H,0 — 2 HPO,*>~ (1)
HPO,>” + H,0 < PO,*” + H;0" (2)

The presence and subsequent increase of orthophosphate ions
formed during the thermal activation step contribute to the
stabilization of a-CPP act amorphous sample, while the loss of
structural water molecules associated with this amorphous
phase (Table 2) contributes to its reactivity. The work of Slater
et al.’® has also demonstrated the spontaneous nature of the
hydrolysis reaction of pyrophosphate ions within the amor-
phous a-CPP phase (equations 1 and 2). It appears that the
present cement route is associated with the formation of
orthophosphate ions via various hydrolysis processes: the inter-
nal hydrolysis of pyrophosphate ions induced by the thermal
activation of the amorphous reactive powder (a-CPP act) and
the one intrinsically related to the amorphous nature/reactivity
of such hydrated amorphous phases (a-CPP and a-CPP act).
Indeed, the stabilizing role of these orthophosphate ions has
been identified in the literature, as they inhibit the crystal-
lization of calcium pyrophosphate.'®>"444¢

TGA analyses have shown that a-CPPc cement consists of a
number of structural water molecules closer to the a-CPP act
phase (approximately 2.2) than to the initial a-CPP (3.7).
It consists of approximately 2.6 water molecules closer to the

View Article Online
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dihydrate calcium pyrophosphate m-CPPD. This observation is
consistent with the partial crystallization of the a-CPPc paste
into m-CPPD phase identified from 72 hours of maturation at
37 °C in a wet environment (Fig. 2). The crystallization of
a-CPP after 7 days of immersion in acidic water at pH 5.8 and
50 °C was also reported.”” In order to further evaluate the
influence of structural water molecules in the a-CPP act
reactive phase on the structure and crystallization of a-CPPc
cement paste, the latter was prepared using three different a-
CPP act powders. Indeed, the a-CPP starting phase was dried
using three different methods: dried in oven at 37 °C during
16 h or over 24 h or lyophilized during 16 h (Table 5). Then
it should be noted that the protocol of thermal activation
(a-CPP act) of these three a-CPP samples was strictly identical
(a-CPP act obtained after 1 hour at 100 °C). Also, the three
related a-CPPc cements were dried after 7 days of maturation
time (wet atmosphere, 37 °C) to ensure with such a long
maturation time that any potential crystallization of the amor-
phous cement towards a crystalline phase could be observed
(Table 5).

The water content in the reactive a-CPP act phase varies
between 1.57 and 3.36 water molecules per Ca,P,0, unit (see
TGA curves of the three a-CPP act in Fig. S6.A), whereas the a-
CPPc cement obtained contains a maximum of 2.5 water
molecules, and a minimum of 2.1 molecules. The case of a-
CPPc sample no. 1 is noteworthy, as it has the lowest number of
water molecules per Ca,P,0; unit (n = 2.1) and is very close to
that of the m-CPPD dihydrated phase. Furthermore, after 7 days
of maturation, it is the only cement sample for which crystal-
lization towards the m-CPPD phase (see X-ray diffractograms of
the three a-CPPc cements in Fig. $6.B) has been observed while
it was obtained from the a-CPP act sample with the highest
water molecule content tested (n = 3.36).

The structure and number of water molecules per Ca,P,0;
unit present in a-CPP reactive powder (a-CPP act) appear to
influence both the organization of the final hydrogen network
of the cement obtained and the stability of its amorphous
structure. The crucial role of the number of structural water
molecules is also known to stabilize other amorphous mineral
phases as amorphous calcium carbonate.***° This is the first
phosphocalcic cement formulation that result in cohesive and
fully amorphous cement composition after setting and hard-
ening. This raises the question of the mechanism responsible
for setting of such a-CPPc cement compared to the well-known
CPC cements, which setting and hardening is associated to the
entanglement of crystals of the more stable crystalline phase
that is formed during setting and hardening.

Table 5 Average number of structural water molecules (n) per Ca,P,07 unit (Ca,P,07-nH,0) determined by TGA analyses of the a-CPP dried using three
different protocols, and their related a-CPP act and a-CPPc amorphous calcium pyrophosphate phases

a-CPPc cement (after 7 days n of a-CPP act n of a-CPPc Composition of the
of maturation time) a-CPP drying protocol (£0.03) (£0.03) set a-CPPc cement
1 37 °C during 16 h 3.36 2.10 m-CPPD + a-CPP

2 37 °C during > 24 h 2.25 2.27 a-CPP

3 Lyophilization during 16 h 1.57 2.48 a-CPP

J. Mater. Chem. B
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3.2 Study of the set and dried a-CPPc cement evolution in
different aqueous media

3.2.1 Evolution in SBF solution. The XRD patterns of the a-
CPPc cement before and after immersion in SBF points out the
beginning of the crystallization of the amorphous a-CPP phase
into m-CPPD phase after 2 days of immersion in the SBF
solution (Fig. 5). Indeed, from day 2 some peaks of very low
intensity may be slightly distinguished from 20 = 25° to 30° on
the diffuse halo but their relative intensity did not increase
significantly with time thereafter, the amorphous phase
remaining in great majority (Fig. 5). The vibrational signatures
of the amorphous CPP phase were revealed also by FTIR and
Raman spectroscopy (Fig. S7). In addition, after 7 and 15 days
of immersion in SBF medium, Raman spectra of a-CPPc exhib-
ited a band at 955 cm™ ', which demonstrates an increased
intensity after 15 days. This band can be assigned to v°PO, of
orthophosphate ions which are observed in apatite structure
(see Fig. S7). The SEM images (Fig. 6) illustrate the formation
on the surface of the cement of needle-shaped crystals char-
acteristic of the m-CPPD phase, which was identified by XRD
analyses to contribute in very low amount (Fig. 5). Finally,
cracks are clearly observed on the surface of the a-CPPc cement
at day 7 and 15 (Fig. 6). These cracks may be due to the drying
of the disk (after its evolution in solution and before its
observation by SEM) provoking a shrinkage during water elimi-
nation from the sample surface, and/or to the degradation of
the material itself in the aqueous medium.

The mass loss values of a-CPPc cement disk as function of
its time of immersion in SBF solution are reported in Table 6.
The difference in mass loss is very low in all cases. Indeed, the
statistical test did not reveal significant difference between the
values corresponding to a different immersion time. However,

Initial disk

Intensity (a.u)

m-CPPD

T T T T T T T
10 20 26(°) 30 40

Fig. 5 XRD diffractograms of a-CPPc cement before (initial disk) and after
its immersion during 7 h, 2, 7 and 15 days in SBF solution.
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Fig. 6 SEM images at different magnifications of a-CPPc disk surface
before and after 7 and 15 days of immersion in SBF solution.

Table 6 Evolution of a-CPPc cement disk mass after different periods of
immersion in SBF solution. The value is expressed as a percentage of the
initial mass of the cement disk (tests realized in triplicate)

Immersion time Am (%) Standard deviation (%)
7h -9 2
D2 —13 6
D7 -11 1
D15 —6 1

a slight tendency to an increase may appear at 2 to 7 day
coinciding with the beginning of the crystallization of the
m-CPPD phase identified by XRD (Fig. 5) and observed on
cement disk surface by SEM (Fig. 6).

The titration of the solutions collected after cement material
immersion in SBF solution and their pH evolution are pre-
sented in Fig. 7. These results showed an early release of
calcium and pyrophosphate ions associated with a fast decrease
of the pH down to nearly acidic pH. After 2 days of a-CPPc
immersion, the pH decreased rapidly down to 6.2 and then
increased up to neutral pH at day 7 to finally reached a pH close
to 8 after 15 days.

The maximum concentrations of calcium and pyropho-
sphate ions detected in SBF medium are 2.9 mM and 0.13
mM, respectively after 7 days of immersion. Then, these con-
centrations decrease, following a Ca/Pyro ratio around 2.5,
down to 2.8 mM and 0.09 mM at 15 days of immersion. These
variations in concentration and ratio are consistent with the
precipitation of the m-CPPD phase (Ca/Pyro = 2) as a slight
crystallization of a-CPPc into m-CPPD was identified by XRD (Fig. 5)
and SEM (Fig. 6) from 7 days of immersion. The concentration of
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Fig. 7 Evolution of SBF solution as function of the duration of a-CPPc immersion (7 h, 48 h, 7 and 15 days). (Left) Concentration of calcium,
orthophosphate (OrthoP) and pyrophosphate (PyroP) ions in SBF solution. The initial calcium and orthophosphate (OrthoP) ions concentrations are
shown by the parallel doted lines (2.6 mM and 1.0 mM respectively). (Right) Evolution of the pH, initial pH of the SBF solution was around 7.4 (see red

dotted line).

orthophosphate ions is stable and remains close to the initial value
(1.0 mM) in SBF with a peak concentration at 1.02 mM.

3.2.2 Evolution in TRIS and TRIS + ALP. XRD analyses of a-
CPPc cement after immersion in TRIS or TRIS + ALP media
illustrate the evolution of the amorphous phase towards two
crystalline phases after two days of immersion in the TRIS
medium, m-CPPT- (Ca,P,0,-4H,0) and m-CPPD (Ca,P,0,
2H,0). In the presence of ALP enzymes (in TRIS + ALP medium)
the partial crystallization of a-CPPc cement appears more
pronounced at day 2 and m-CPPD phase is favored, particularly
after 6 days of immersion in TRIS + ALP.

The a-CPPc cement disk remaining mass follow-up after
immersion in TRIS or TRIS + ALP during 2 and 6 days and
photographs of a-CPPc cement before and after 6 days of
immersion in TRIS or TRIS + ALP are presented in Fig. 9A
and B, respectively.

In the TRIS medium, an increase in disk mass is observed
after 2 days of immersion, probably associated with insufficient
drying of materials after the evolution test, followed by a low
decrease of approximately 3% at day 6. In the case of TRIS +
ALP medium, there was an important variability of the mass
values mainly due to partial disintegration of the cement disk
in presence of ALP enzyme contributing in the variability of
these measurements especially at day 2. That is the main
reason why the differences between the TRIS + ALP mass data
at day 2 and 6 cannot be considered as significant even if a
mass loss may be associated with the transformation/crystal-
lization of a-CPP into m-CPPD crystalline phase in the cement
sample as identified by XRD analysis (Fig. 8). In addition,
photographs of the a-CPPc disks (Fig. 9B) before and after 6
days of immersion in the TRIS or TRIS + ALP medium demon-
strate the influence of ALP enzyme activity on the cement
sample physical aspect and size. Indeed, after immersion in
TRIS medium the global dimension of the cement disk remains
the same even if a “shell” was observed around the disk also
with some porosities. After immersion in the TRIS + ALP

J. Mater. Chem. B
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Fig. 8 XRD diffractograms of a-CPPc cement disk before (initial disk) and
after immersion during 2 and 6 days in TRIS or TRIS + ALP solution.

medium the disk surface was visibly degraded/eroded by the
action of the enzymes, which is evidenced by the presence of
some cement particles next to the disk (Fig. 9B) and the
decrease of disk diameter down to 0.75 cm.

After immersion in the TRIS medium, SEM observations
made on the center of the pellet or on the ‘“shell” are
illustrated in Fig. 10. After two days, the center of the pellet
consists of crystals in the form of thin platelets that may
correspond to the characteristic morphology of the m-CPPT-§
phase. At D6, a needle-like crystals morphology characteristic
of the m-CPPD phase is evident. On the ‘“shell,” after two days,
the observation of m-CPPT-B crystals in the form of platelets
indicates greater crystallization. After six days, crystals corres-
ponding to both the m-CPPT-f phase (platelets) and the

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 (A) a-CPPc cement disks remaining mass (in triplicate), expressed
as a percentage of mass remaining relative to mass before immersion, of
a-CPPc cement after 2 and 6 days of immersion in TRIS medium with
(TRIS + ALP) or without (TRIS) ALP enzymes. (B) Photographs of a-CPPc
disks before and after 6 days of immersion in TRIS or TRIS + ALP medium.

m-CPPD phase (needles) are observed, which is consistent
with the XRD results.

After 2 and 6 days of immersion in the TRIS + ALP medium,
the a-CPPc cements exhibit a surface including smaller and less
defined particles (than those observed in TRIS) which are
characteristic of an amorphous phase; some needle-like
crystals characteristic of the m-CPPD phase are also observed
(Fig. 11). In agreement with XRD results (Fig. 8), in the presence
of enzymes (TRIS + ALP), the m-CPPT-$ phase (platelet-like
crystals) no longer appears to be present on the sample surface.

After 6 days of immersion of the cements in the TRIS
medium, the pH increased to a maximum of 9.2 whereas
in the presence of enzymes (TRIS + ALP medium) the final
pH measured is lower (around 8.6).

Fig. 12 shows the concentration of calcium, orthophosphate,
and pyrophosphate ions titrated in TRIS and TRIS + ALP
medium after a-CPPc cement immersion. In the TRIS medium,
the measured ion concentration is close to 0.10 mM for each
type of ion. A decrease in the concentration of pyrophosphate
and calcium ions can be observed in the TRIS medium after
immersion of a-CPPc cement for 2 and 6 days. In fact, the
orthophosphate ion concentration decreases from 0.10 mM to
0.08 mM and the calcium ion concentration from 0.11 mM to
0.09 mM, which is consistent with the precipitation of m-CPPD
and/or m-CPPT-f phases, both with a Ca/P equal to 1 and
identified by XRD and SEM. In the TRIS + ALP medium,
the presence of pyrophosphate ions is not detectable in the
medium (< 0.02 pM), whereas orthophosphate ions concen-
tration is much higher than in the TRIS medium (without
enzyme) with a maximum concentration of 0.91 mM. These
observations confirm that ALP enzyme activity induces the
hydrolysis of pyrophosphate ions into orthophosphate ions.

3.3 Cytotoxicity and cytocompatibility of a-CPPc cement

Fig. 13A shows the cytotoxicity assessment of a-CPPc cements
prepared with a liquid phase containing 2.5% w/w K,P,05

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 SEM images of a-CPPc cement before and after 2 and 6 days of
immersion in TRIS solution. Images have been taken on the center or the
“shell” of the a-CPPc cement disks, the area of interest is marked by a red
cross on the picture presented at the top left side of the corresponding
micrograph.

(right) or 5% w/w K,P,0, (left). The 100% extract of the
formulation prepared with 2.5% w/w K,P,0y is at the threshold
of cytotoxicity, while the 5% w/w K,P,O, formulation is cyto-
toxic at 10%. Our hypothesis is that the proportion of potas-
sium ions incorporated into the cement paste via the liquid
phase including 2.5% or 5% w/w K,P,0, could be a crucial
parameter for the cement’s biological properties. Therefore,
to go further, potassium ions were titrated in two extracts
(the least and most diluted extracts were selected: 100% and 1%
extracts, respectively) from a-CPPc samples including 5% or 2.5%
w/w K,P,0; in the liquid phase (Fig. 13B). The concentration of
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Fig. 11 SEM images of a-CPPc cement after 2 and 6 days of immersion in
TRIS + ALP medium.
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Fig. 12 Concentration of calcium, orthophosphate (OrthoP), and pyro-
phosphate (PyroP) ions in TRIS medium with (TRIS + ALP) and without
(TRIS) ALP enzymes after 2 (D2) and 6 days (D6) of a-CPPc cement
immersion. In the presence of ALP enzymes (TRIS + ALP), the concen-
tration of pyrophosphate ions could not be measured because it was
below the detection limit of the assay kit used (< 0.02 pM).

potassium ions measured in extracts in contact with the two
a-CPPc cement formulations and diluted to 1% is between 230
and 300 ppm, and both samples were found to be non-cytotoxic
(Fig. 13A). The pure extract (100%) in contact with a-CPPc cement
at 5% w/w K,P,0, is cytotoxic (Fig. 13A) and the potassium
concentration is around 6000 ppm (Fig. 13B). This is about six
times higher than for the 100% extract of the a-CPPc formulation
with 2.5% w/w K,P,0-, which has been found to be at the limit of
cytotoxicity. These results indicate that above 1000 ppm, the
potassium concentration in the medium could contribute to the
cytotoxicity of the a-CPPc cements. Finally, the potassium con-
centrations measured in the extracts and in the supernatants
(medium after the extract has been in contact with the cells)
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Fig. 13 (A) MTT assay for the evaluation of the cytotoxicity of a-CPPc
cements prepared with a liquid phase containing 2.5% w/w K4P,0O5 (right)
or 5% wi/w K4P,05 (left): viability of L929 cells (clone NCTC 929, CCL1
(ATCQC)), a murine fibroblast cell line, exposed to cement extracts obtained
after 48 hours of contact with serum-free culture medium. Thermanox is
the negative control and latex is the positive control for cytotoxicity.
A cement is considered non-cytotoxic if the percentage of viable cells is
equal to or greater than 70% compared to the negative control. ****p <
0.0001 for the difference between the cements and the positive control,
and between the positive and negative controls (one-way ANOVA, Graph-
PadPrism). (B) Concentration of potassium ions measured in undiluted
(100%) and 1% diluted extracts and supernatant related to the MTT assay of
a-CPPc cements and the medium before assays.

displays a difference of less than 8%, therefore we can consider
that the presence of cells did not alter the potassium concen-
tration in the medium.

XRD and SEM characterization of the two types of a-CPPc
cement (prepared with 2.5% or 5% w/w of K,P,0; in the liquid
phase) after 48 h of immersion in EMEM serum free medium
are presented in Fig. 14 and Fig. S8. SEM images illustrate the
presence of needle-shaped crystals of varying size on the sur-
face of the cement disks, identified as m-CPPD by XRD. Using a
higher concentration of K,P,0; in the liquid phase led to a
significant crystallization of a-CPPc samples, which amorphous
halo on XRD patterns is less noticeable compared to the a-CPPc
prepared with 2.5% w/w of K,P,0,. Raman spectroscopy ana-
lyses (Fig. S9) are consistent with SEM and XRD observations
and reveal that a-CPPc containing 5% w/w of K,P,0; is fully
transformed into m-CPPD crystalline phase.

Furthermore, m-CPPD crystals formed during the evolution
of a-CPPc in EMEM medium (Fig. 14) shows variations in peak
relative intensity at 20 of 27.3° and 29.3° on the XRD pattern,
in comparison to the m-CPPD reference pattern (ICDD: COD
2107462). These observations have previously been confirmed

This journal is © The Royal Society of Chemistry 2026
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Fig. 14 X-ray diffractograms of a-CPPc cements prepared with a liquid
phase containing 2.5% w/w K4P,O; (top) or 5% w/w K4P,O; (bottom),
before and after 48 hours of immersion in EMEM serum-free medium. The
m-CPPD reference X-ray diffraction pattern is also presented (ICDD: COD
2107462).

for agglomerated m-CPPDc crystals obtained by the cement
route."® It suggests that crystallization mechanisms of a-CPP
to m-CPPD inhibits or promotes crystal growth in specific
directions.

3.4 Discussion on the in vitro physico-chemical and biological
properties of a-CPPc cements

The acellular in vitro study of a-CPPc in aqueous medium
highlighted the chemical reactivity of a-CPPc cement, which
tends to crystallize in some conditions (in presence of ALP
enzymes or in culture medium in absence of cells) into more
stable crystalline phases such as m-CPPD and m-CPPT-f.
In addition, the a-CPPc material exhibits an ability to release
bioactive ions such as calcium and orthophosphate ions in the
presence or not of ALP enzyme.

In the SBF solution, a-CPPc cement releases calcium and
pyrophosphate ions, but the measured orthophosphate ion
concentration is close to that initially present in the SBF.
Furthermore, a higher proportion of orthophosphate ions was
detected by Raman spectroscopy in the a-CPPc materials after
15 days of immersion in SBF. The presence of these ions in
a-CPPc (demonstrated also by '"H NMR and chemical titration)
participates in stabilization of the amorphous structure and
may explain why the release of orthophosphate ions into
medium is very low. We did not observe apatite precipitation
on the surface of the a-CPPc cement immersed in SBF.
In previous work carried out under similar conditions on
m-CPPD-based novel cement formulation, apatite formation
was not observed on the surface of this cement too.'® That can
be explained by the potential of pyrophosphate ions to inhibit
apatite crystallization as mentioned by several authors.'®*4
In addition, the pyrophosphate ion concentrations measured in
the medium in contact with a-CPPc cement are up to nearly
10 times higher than those for m-CPPD cement reported in the
literature demonstrating the in vitro bioactivity of this original
a-CPPc amorphous cement formulation.*®

This journal is © The Royal Society of Chemistry 2026
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In TRIS medium, with or without ALP enzyme, a-CPPc
cement releases orthophosphate ions in addition to calcium
and pyrophosphate ions. The differences observed in the ion
release mechanism between SBF and TRIS media (with or
without enzyme) can be explained by the effect of the presence
of inorganic ions (Ca**, HPO,>") in the former medium.
It would be interesting to determine whether the supersatura-
tion necessary for apatite precipitation was achieved in these
different media.

In the presence of ALP enzyme, pyrophosphate ions are not
detectable in the aqueous solution, whereas the orthopho-
sphate ion concentration is much higher than that for the test
in TRIS medium without enzyme (TRIS). After 6 days, the
orthophosphate ion concentration in the a-CPPc cement filtrate
is more than six times higher in the presence of ALP, with a
maximum of 0.91 mM. These observations confirm that ALP
enzyme activity induces the hydrolysis of pyrophosphate ions
into orthophosphate ions. Compared to an apatite cement
studied under the same experimental conditions,'® the maxi-
mum orthophosphate ion concentration measured in the TRIS
medium is twice as high for apatite. However, in the presence
of ALP enzyme, the orthophosphate concentration measured in
the a-CPPc cement filtrate is at least twice as high as that in
contact with apatite or m-CPPD cement demonstrating the
higher bioactivity of the present original amorphous calcium
pyrophosphate cement. Similarly, the concentration of calcium
ions released into the TRIS medium, with or without ALP
enzyme, is much higher for a-CPPc cements than for apatite
cement.'® Altogether these results highlight the decisive advan-
tages of obtaining such an amorphous calcium phosphate
cement for bone applications. It should be noted that the
hydrolysis of pyrophosphate ions according to eqn (1) and (2)
can occur through various mechanisms discussed in the litera-
ture, namely direct hydrolysis of pyrophosphate ions in the
medium by the ALP enzyme, which can be favored by the
temperature of the medium (37 °C).” But also, direct hydrolysis
by enzymes on the surface of materials, leading to their partial
degradation, as shown in the photographs in Fig. 9B.°

In vitro cell tests carried out on a-CPPc point that this
cement is non-cytotoxic when prepared with 2.5% w/w K,P,05,
unlike m-CPPD cement, whose cytotoxicity was also assessed
by a direct method.'® However, by increasing the potassium
ion concentration in the liquid phase to 5% w/w K,P,0-,
a cytotoxic response of cells is observed (Fig. 13A). Our results
(Fig. 13a and B) showed that this cellular response could
be correlated with the concentration of K ions present
in the medium after contact with the a-CPPc cements. Indeed,
when the potassium concentration measured in the
medium exceeds 1000 ppm (equivalent to 25.6 mmol L), a
cytotoxic response is observed in our experiment. Cell potas-
sium homeostasis is known to be critical for cell viability.>*:>>
For instance, hyperkaliemia results in persistent depolariza-
tion of cell membranes, leading to inactivation of sodium
channels and impaired excitability.”® In human body, hyper-
kalemia is defined as serum potassium level higher than
5.0 mmol L' The mechanism by which the extracellular
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potassium in our experiment would impair cell survival
should be investigated.

In addition, the concentration of potassium released in
extracts and supernatant related to the MTT assay correlates
with the results of acellular tests. Indeed, the latter reflect the
high reactivity of a-CPPc cement in all media, evolving towards
more stable crystalline phases, such as m-CPPD, and releasing
higher concentrations of calcium ions, pyrophosphate and
orthophosphate ions compared to other calcium (pyro)-
phosphate-based cement formulations.'® Finally, the K™ ion
concentration incorporated into the cement formulation also
appears to influence the chemical stability of the a-CPP phase.
Formulation with 2.5% w/w K,P,0, retains an amorphous
phase, while the 5% w/w K,P,0, formulation seems to be fully
transformed into m-CPPD.

4. Conclusion

This study aimed to develop an amorphous calcium pyropho-
sphate cement. The mixture of a solid phase constituted of a
thermally activated a-CPP and an aqueous solution containing
2.5% or 5% w/w of K,P,0- results, after 24 hours of maturation
in a wet atmosphere at 37 °C, in an amorphous, hard, and
cohesive cement. The initial setting time is 22 £ 2 minutes.
Thermogravimetric analysis of a-CPPc confirms the presence in
a-CPPc of an amorphous phase of hydrated calcium pyropho-
sphate including in average n = 2.72 water molecules per
Ca,P,0; unit. The chemical setting reaction follow-up showed
that this amorphous phase is stable for up to 48 hours of
maturation time, after which the cement paste partially crystallizes
into a calcium pyrophosphate dihydrate, m-CPPD (Ca,P,0,-2H,0)
phase. This phenomenon has been linked to the similarity in
the number of structural water molecules between a-CPPc and the
m-CPPD phase. The amount of structural water associated with
the a-CPP act reagent also appears to influence the stability of
the a-CPP phase, with a higher number of water molecules
stabilizing the amorphous phase in a-CPP paste over time. The
characterization of the various amorphous calcium pyropho-
sphate phases involved in this cement route (a-CPP, a-CPP act,
and a-CPPc) using 'H and "H-*'P NMR spectroscopy indicates
that synthesis protocol of the a-CPP reagent influences the
organization of the water molecules in synthesized a-CPP,
which then has an impact on the a-CPP act and a-CPPc samples
obtained. "H-*'P NMR and chemical analysis of the thermally
activated a-CPP and the corresponding cement revealed the
presence of orthophosphate ions, contributing in the stabili-
zation of the amorphous calcium pyrophosphate. The thermal
activation of a-CPP phase contributes to its stabilization by
forming orthophosphate ions, conversely, the loss of structural
water molecules associated with this amorphous phase con-
tributes to its reactivity. Indeed, the latter confers some bioac-
tivity to this a-CPPc cement, resulting in a significant release of
calcium and orthophosphates ions, which are known to be
essential for bone apatite formation. The action of the ALP
enzyme induces twice as much release of these bioactive ions
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from a-CPPc cement as from a biomimetic apatite-based
cement or other crystalline calcium pyrophosphate formula-
tions, such as m-CPPD cement. The in vitro cytotoxicity results
showed that a-CPPc cement is non-cytotoxic when prepared
with a liquid phase with the lowest potassium ions concen-
tration tested, the latter being a key parameter of cement
formulation for its biological properties as demonstrated by
chemical titration. These in vitro physicochemical and biologi-
cal results on this intrinsically bioactive and biologically
responsive original and fully amorphous hydrated calcium
pyrophosphate cement formulation paves the way to widen
the family of bioactive calcium phosphate cements for bone
reconstruction. The transformation of the amorphous phase
into a more stable crystalline phases also opens up interesting
prospects. Indeed, the hydrolysis of crystalline calcium pyro-
phosphate phases (m-CPPD, ¢-CPPD) could lead to the formation
of brushite, which can itself be hydrolyzed into hydroxyapatite.
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